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Lys (K) : Lysine
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NPs : nanoparticles

OD : Optical density
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Abstract

Designing nanomaterials for biological applications has become an
emerging interdisciplinary area of science; however that raises the need to
understand the materials interaction with different biological components at
the nano-bio interface. Such basic understanding required for the
development of nanomaterials-based diagnosis, therapy and medicine.
Majority of recent work have focussed on how the size, shape, stability,
surface charge and composition of inorganic nanomaterials control their
interaction with the biological entity, whereas other parameters pertaining to
the nanoparticles surface such as the surface layer consisting of molecules,
ions, hydrophilic or hydrophobic nature and their synergistic effects are
often overlooked. Therefore, the major focus of the thesis is to understand
that how the variation in surface functionalization in conjunction with
inorganic nanoparticles composition reflects on their ability to produce
reactive oxygen species and imparts non-specific or selective toxicity against
different bacterial strains. However, presence of organic component hinders
their application in gene delivery; therefore additionally, organic
nanostructures were employed to understand their interaction with DNA
and bacterial transformation.

First focus was to develop the synthetic methodologies in controlling
the surface functionalization and composition of nanoparticles in a single
step using green and eco-friendly routes. Tryptophan and tyrosine amino
acids were employed as reducing and stabilizing agents to synthesize gold,

silver and their bimetallic alloy nanoparticles. These amino acid
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functionalized nanoparticles have been chosen in the research work because
the side functional groups present in the amino acids reduce either single
metal ions or two different types of metal ions to form monometallic and
bimetallic nanoparticles, respectively, while leaving the amine and
carboxylic acid groups intact. Hence these nanoparticles can be viewed as
amino acid functional groups anchored on a nanoparticles surfaces, which
can render these surfaces similar to enzymes. In the context of biological
application, usually nanoparticles exhibit toxicity due to their ability to
induce production of reactive oxygen species. This can be evaluated by their
peroxidise-like activity by catalysing the oxidation of chromogenic substrate.
Therefore, these amino acid surface functionalized nanoparticles were
subjected to investigate their intrinsic peroxidise enzyme-like behaviour. The
peroxidise-like activity was found to be composition, temperature and
surface functionalization dependant and it was revealed that the peroxidise-
like behaviour originates from the synergistic effects of Ag fraction of the
nanoparticles and the amino acid shell. Further, antibacterial studies of
these nanoparticles demonstrated that toxicity against Gram positive
bacteria (Staphylococcus albus) originates only from the amino acid shell
present on the nanoparticles surface and composition of nanoparticles
doesn’t have any significant role. Conversely, antibacterial activity against
Gram negative bacterium (Escherichia colij was composition dependent and
capping of amino acids had little influence. Morphological studies of
nanoparticles treated bacterial cells revealed that after interaction with
amino acid surface functionalized nanoparticles, most of the bacterial cells

lost their integrity and confirmed level of damage. These findings established
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correlation between the surface corona and metal composition of
nanoparticles and their antibacterial activities against two different bacterial
strains.

Moreover, in order to demarcate how this surface functionalization
plays a critical role; non-toxic Au nanoparticles were chosen and revealed
significant influence of surface functionalization against Gram negative
bacteria. Tyrosine reduced Au nanoparticles that were found to be non-toxic
to E. coli, turns out to be a potential antibacterial agent after they were
sequentially functionalized by polyoxometalates and lysine. Functional
polyoxometalate ions imparted antibacterial potential on the surface of
tyrosine synthesized Au nanoparticles and the cationic nature of lysine
worked as guide to target negatively charged bacterial cells for antibacterial
activities. The same sequential surface functionalization was extended to Ag
nanoparticles, wherein these nanoparticles showed very high antibacterial
activity even in smaller concentrations. These nanoparticle-based functional
antibacterial agents seen to employ a physical mode of action against
bacteria by causing pore formation, cell wall cleavage and cell lysis.

As-mentioned earlier, inorganic nanoparticles are not suitable for DNA
delivery applications and bacterial transformation studies due to their
inherent toxicity as well as long residence time of the inorganic
nanomaterials within the living system. Moreover, it is not easy to clear
inorganic nanomaterials from the living systems due to their strong
association with different cellular components. Therefore, DNA delivery
vector requies an organic nanomaterial that encapsulate the DNA instead of

inorganic nanomaterials. Another reason to choose organic nanostructures
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is they can be broken down by enzymatic reactions within the bacterial
cells. In this context, organic materials based nanostructures were employed
for DNA delivery applications and to understand their interaction with DNA.
Tri-block copolymer (PEO20-PPOeso-PEO20) was used as the organic material
and it is known to undergo self-assembly to form micelles in water. When
plasmid DNA was mixed along with the polymer, they form self-assembled
structures and these nanostructures are used as non-viral DNA delivery
vehicles. The electrostatic interaction between the phosphate group (PO43-) of
pDNA and the hydrophilic segment (PEO) of tri-block polymer drives the self-
assembly process. Different weight ratios of DNA and polymer were screened
to find out the optimum weight ratio to achieve highest level of bacterial
transformation. At 1:10 weight ratio of DNA and polymer the bacterial
transformation was found to be the maximum and it was over 6 folds higher
transformation. Furthermore, during transformation studies, the integrity
and functionality of the green fluorescent protein (GFP) pDNA in
nanostructures were also demonstrated within the cellular environment by

the expression of GFP gene.
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Chapter I

Introduction

This chapter provides a general introduction about the historical
development of nanoscience, nanobiotechnology and nanotoxicology. Special
emphasis is given on the cell-nanomaterial interaction at the nano-bio
interface and how various physicochemical properties of nanomaterials
influence this interaction. Subsequently, a variety of mechanisms by which
nanomaterials illustrate antibacterial activities have been discussed and
basic differences between Gram positive and Gram negative bacterial strains
are discussed. Additionally, synthesis, stability and important
physicochemical properties of metallic nanoparticles have been discussed.
In the later part of this chapter, the aims of the thesis have been designed to
address the gaps in the aforementioned area. Finally, a chapter wise

summary of the thesis has been presented.
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1.1. Nanosciences to nanobiotechnology

On December 29 1959, an influential lecture “There’s plenty of room
at the bottom” was delivered by Professor Richard Feynman at the American
Physical Society meeting at California Institute of Technology (Caltech),
where he initiated the need to implement miniaturization in future
technologies. His lecture provoked curiosity to fabricate future devices,
which can be portable, powered by small energy devices, using less
materials etc.[1] Since that day, the potential of nanotechnology was
realized, as we are witnessing the fact that almost each and every electronic,
optical, magnetic, sensing, energy and volumetric devices are made as small
as possible to support the concept of miniaturization given by Prof. Feynman

in his legendary lecture.[1]

small molecules lipid bilayer dsDNA protein cells (e.g. neuron) brain

biomolecules

Figure.1.1. Comparative sizes of biological components at nanoscale
dimension (adopted from reference [2])

In addition to technological devices, other significant developments in
the field of nanosciences have shown extensive impact on almost all areas of
natural and applied sciences including material science, physics, chemistry,
biology, medicine, microbiology, biotechnology and engineering.[3-7] In the
context of biomedical sciences, this influence is possible because the basic

biological entities and biomolecules like enzymes, DNA, membrane, motor
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proteins etc are complex biological components, and fall in the nanoscale
dimension as illustrated in Figure 1.1.[2]

Furthermore, the potential applications of nanoscience in
biotechnology, bio-sensing, medicine and microbiology gave birth to the new
field called “nanobiotechnology” [8] because most of the biological systems
can be integrated with nanomaterials due to their comparable sizes.
Moreover, the integration of nanomaterials with biomolecules have
illustrated excellent applications in biomedicine that can potentially reach to
previously inaccessible targets [9-11] due to multi functionality and higher
sensitivity [8] of hybrid nanobiomaterials with desired physical and chemical
properties.[12-14]

Thus, the interdisciplinary nature of nanobiotechnology opens up a
new avenue of multifunctional hybrid nanomaterials to resolve biological
problems. In this perspective, conceivably the most striking example of
employing nanomaterials is to control infections. Some of the most common
and lethal infections are caused by bacteria and a variety of nanomaterials
have been evaluated for their antimicrobial properties that are used to
control bacterial growth including those bacterial strains that have evolved
resistance to antibiotics.[15-19] Therefore, it is essential to develop
nanomaterials for antibacterial applications and to understand the
interaction of these nanomaterials with bacterial cells, which is the major
focus of this thesis. Moreover, the medicinal potential and environmental
impact of nanomaterials could be fully realized only after extensive
investigations at the interface of nanobiotechnology. Therefore, this research

work has been undertaken to examine that how properties of nanomaterials
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influence their interaction with bacterial cells and what happens to the
bacteria after being in contact with nanomaterials. These understandings
may assist to evaluate biological impacts of functionalized nanomaterials

and their potential applications.

1.2. What is ‘NANO’ and why it is different?

According to the International standard organization (ISO), a
nanomaterial is any object with at least one, two or all the three dimensions
in the nanoscale range (1 to 100 nm). At the range of nano meter level,
materials begin to show distinct mechanical, electrical, optical, magnetic,
electro-optical, magneto-optical, physical, and chemical properties, which
are different from their bulk and molecular counterparts. Therefore,
nanotechnology enables to change some basic properties of a material such
as functionality, shape, size, and surface charge without changing its
chemical composition [10, 20, 21] and these nano objects may have higher
toxicity, greater catalytically activity and different characteristics.

Nanoparticles and composite nanomaterials are found to have wide
applications in magnetic storage devices, electronics, optics, catalysis and
sensing etc. [3, 4, 22-27] and in the context of biology and medicine
nanomaterials have shown outstanding and promising applications.[10, 28-
33] Nanomaterials can be explored for novel applications where the
properties of the atomic or bulk material are unsuitable. Moreover, during
synthesis, growth of nanomaterials can be restricted to obtain 1, 2 or 3
dimensional object thus nanomaterials can be nanoparticles, nanoplates or

nanofibres respectively, having 3, 2 or 1 dimensions within the nano-scale
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as illustrated in Figure 1.2. Additional terms nanoprism or nanocube have
been used to discuss polyhedral nanoparticles. For nanofibres the object
may be referred as nanorods or nanotubes, depending upon whether the
structure is hollow or solid. Along with nano-size, dimensions of
nanomaterials have considerable influence on their properties and biological

activities.[25, 33-42]

1D constraint

1D nanostructures

2D constraint / /
CE—

2D nanostructures

® 0 A
Bulk material 3D constraint CLS A -
TP A g Aage

3D nanoparticles
Figure.1.2. Schematic representation of various dimensions of materials at

nanoscale

1.3. Nano-bio interface, toxicity and fabrication of nanomaterials

It is imperative to understand that nanotechnology is not just a new
step toward miniaturization. Recent advances in the field of nanotechnology
have revealed that this is a powerful transformative technology and this is
evident from the utilization of nanotechnology based products in every
sector of the society and strong influence of nanotechnology on the future of
mankind has been predicted.[43-45] There are numerous areas where
nanoparticulate systems have shown great technological and scientific
significance. For instance, applications of nanotechnology have potential to

transform the field of biotechnology, agriculture, manufacturing,
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information technology, telecommunication, electronic, materials, medical
and other sciences.[10, 30-32, 43, 46-48]

In milieu of biological applications, the major objective of
nanotechnology is to engineer and manufacture nanomaterials at the atomic
or molecular level to exhibit entirely novel therapeutic applications with
better functionality, efficiency and specificity.[49] Since, cells are highly
sensitive to their environment [S0] and basic biological components are
functional configurations at nanometer level, nanobiotechnology has the
potential to tailor material’s physiochemical properties to achieve the desired

level of sensitivity with improved functionality, efficiency and specificity.

Biomolecules Functional

on surface ,.-’ groups and
Dissolution & . ) ligands

Q (2 4 . Surface
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. . :9 e A
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Size Shape

Figure.1.3. Schematic representation of various physicochemical properties

of nanomaterials which influences nanoparticle-cell interaction

Chapter I Page 6



PhD Thesis Hemant Kumar Daima RMIT University, Australia

Various physical and chemical properties of nanomaterials such as
surface charge, composition, shape, size, hydrophilic or hydrophobic nature
and dissolution effect, presence of biomolecules, functional groups or ligand
on the surface of nanomaterials have significant influence at nano-bio
interface.[51-56] For instance, cell membranes possess negative charge and
if nanomaterials have the similar surface charge, due to the effective
repulsion, interaction between cell-nanomaterial will not be possible, while
positive surface charge on nanomaterials can provide an opportunity to
interact with membrane due to the electrostatic attraction. Further,
nanomaterials have intrinsic potential to produce reactive oxygen species
(ROS) within or outside of the cell which can challenge cellular integrity and
cell survival. After internalization, due to the dissolution effect of
nanoparticles cellular functions may be affected severely leading to toxic
effects of nanomaterials.[51, 52, 57-59]

Furthermore, presence of diverse functional groups or ligands on the
surface of nanomaterials can determine the level of interaction at the nano-
bio interface and may damage cells by physical action or by interaction with
sub cellular units and genetic material.[2, 59-66] In general, surface
expressed bio-molecules, drugs or pharmaceutical chemicals dominate the
biological impacts and presence of these molecules on the surface of
nanoparticles could be highly significant.[67] Chemical moieties present on
the nanoparticles surface have impact on their interaction with biological
system therefore strong control over nanoparticles-cell interactions could be

primarily controlled by tailoring surface properties of nanomaterials.[68-86]
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This discussion illustrates that the principles governing the
interactions between biological species and nanomaterials are of significant
importance. Therefore, it is imperative to understand that the interactions of
designer made functional nanoparticles within biological systems (living
organisms) is multidimensional and understanding of these interactions is
critically important for further development of nanobiotechnology for
biomedical applications and in terms of nano-safety to achieve a particular
and controlled biological action.[69, 79, 87]

Nanotoxicology is a vital and emerging part of nanobiotechnology
which refers to the study of interactions of engineered nanomaterials with
biological system or environment. In nanotoxicology, particular emphasis is
on the correlation between the physicochemical properties of nanomaterials
with induction of toxic biological responses.[88] Additionally, this field aims
to find favourable characteristic of nanoparticulate systems which render
them more amenable for the use in biological environment.[31, 89]

In this perspective, Dawson and co-workers have revealed that at the
interface of cell and nanoparticles, the effective unit of interaction is not the
nanoparticles itself, but the corona present around the nanoparticles is the
unit of interest.[67, 70, 90] Surface corona is the key unit of interest for a
living entity which ultimately exhibits biological action.[69, 91-94| Likewise,
it have been shown that nanomaterials offer large surface areas and their
controlled structure and surface functionality can make them outstanding
scaffolds for biomedical applications.[55, 71, 78, 79, 84, 85] Furthermore, it
has been demonstrated that nanoparticles can be effectively fabricated by

amino acid functionalization to afford tailored surfaces for peptide
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reorganization, DNA receptors, sensing, imaging and drug or gene delivery
applications.[71-73, 83] Moreover, functionalized nanoparticles recognize
target biomolecular surfaces via complementary interactions, which can lead

toward a desired nanoparticle-cell interaction for biomedical applications.

1.4. Interactions between nanoparticles and bacterial cells

The major objective of this thesis is to investigate how functionalized
nanoparticles interact with different bacterial strains and try to understand
the impact of nanoparticles surface corona in conjugation with composition
on Dbacterial cells. Therefore, well-known model microorganisms
Staphylococcus albus (Gram positive) and Escherichia coli (Gram negative)
were used in this study. Both the bacterial strains used in this thesis
possess a strong cell wall, which gives them shape and protects from
osmotic lysis and it is the site of action of some antibiotics.[95] Therefore, it
is essential to understand the basic structure of these bacterial cell walls
before probing the interaction between nanoparticles and bacteria.[95]

After Christian Gram developed the Gram staining technique, bacteria
are divided into two major groups based on their response to the Gram stain
procedure.[96] Gram positive bacteria stained purple, while Gram negative
bacteria were coloured pink or red by this technique [96-98] due to the
structural difference between these two groups of bacteria. The Gram
positive cell wall consists of a single 20 to 80 nm thick homogeneous
peptidoglycan or murein layer outside the plasma membrane. In contrast,

the Gram negative cell wall is quite complex and has a 2 to 7 nm
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peptidoglycan layer surrounded by a 7 to 8 nm thick outer membrane.[99]
1.4.1. Structure of Gram positive and negative bacterial cell wall

Peptidoglycan is a polymer composed of two sugar derivatives (N-
acetylglucosamine [NAG] and N-acetylmuramic acid [NAM]) and several
different amino acids, especially three of which viz. D-glutamic acid, D-
alanine and meso-diaminopimelic acid, are not found in proteins. The
backbone of this polymer is composed of alternating NAG and NAM residues
as presented in Figure 1.4.[95] A peptide chain of four alternating D- and L-
amino acids is connected to the carboxyl group of NAM. Chains of linked
peptidoglycan subunits are joined by cross linkers between the peptides.
Often the carboxylic group of the terminal D-alanine is connected directly to
the amino group of diaminopimelic acid, but a peptide inter-bridge may be

used instead. Most Gram negative cell wall peptidoglycan lacks the peptide

N-Acetylmuramic acid M Q\

N-Acetylglucosamine —»‘ ‘ ‘

n\\a <+ Peptide chain

Penta lycine interbridge
’t - oy :

Figure.1.4. Schematic representation of peptidoglycan structure

inter-bridge.

As illustrated in Figure 1.5 a Gram-positive bacterium has thick and
homogeneous cell wall which is composed of peptidoglycan and contains a

peptide inter-bridge and large amount of teichoic acids (polymers of glycerol
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or ribitol joined by phosphate groups).[99] Amino acids such as D-alanine or
sugars like glucose are attached to the glycerol and ribitol groups. The
teichoic acids are connected to either peptidoglycan itself by a covalent bond
with the six hydroxyl of NAM or to plasma membrane lipids (called
lipoteichoic acids). Teichoic acid extends to the surface of the peptidoglycan,
and because of its negative charge it gives the Gram-positive cell wall its

negative charge. Teichoic acid is not present in Gram negative bacteria.

Teichoic acid >

«— Peptidoglycan
Lipoteichoic acid

| m . ‘ _J— Periplasmic space

Figure.1.5. Schematic diagram of the structure of Gram positive bacterial

Protein
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cell wall

Porins > |\ Psss :: :: :: :: :: =4 Outer
Lipopolysachharide —/\ plasma
membrane
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Peptidoglycan — space
J Inner plasma
membrane

Figure.1.6. Schematic representation of Gram negative bacterial cell wall

In Escherichia coli, thin peptidoglycan layer next to the plasma

membrane constitute 5-10 % of the wall weight and it is about 2-7 nm thick.
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The outer membrane lies outside the thin peptidoglycan layer as shown in
Figure 1.6. The outer membrane of Gram negative bacteria is more
permeable than the plasma membrane and permits the passage of small
molecules like glucose and other monosaccharide. This is due to the
presence of special porin proteins. Three porin molecules clusters together
and span the outer membrane to form a narrow channel through which
molecules smaller than about 600-700 Daltons can pass. Large and complex
lipopolysaccharides (LPSs) contain both lipids and carbohydrates and
considered unusual constituent of the outer membrane. The most abundant
membrane proteins in Gram negative bacteria are Braun’s lipoprotein, a
small lipoprotein covalently joined to the underlying peptidoglycan and
embedded in the outer membrane by its hydrophobic end. The outer
membrane and peptidoglycan are so firmly linked by this lipoprotein such

that they can be isolated as one unit.

1.4.2. Antibiotics, antimicrobial peptides and nanomaterial as

antibacterial agents

In bacterial cells, the most important function of cell wall is to serve
as a protective barrier as discussed. It prevents or slows the entry of salts,
antibiotics and other toxic substances that are lethal / toxic to the
bacterium. Antibiotics and antimicrobial peptides interact with bacterial
cells through a variety of mechanism to kill or control bacterial growth.

Conventional antibiotics such as ciprofloxacin, doxycycline and
ceftazidime penetrate into bacteria and act on a particular sub-cellular

target to inhibit bacterial growth. Rather than causing physical damage to
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the cell wall, these antibiotics typically interact chemically with bacterial
genetic material, block cell-division and sometimes trigger autolysis in target
microorganism. In this manner, bacterial morphology is preserved and
therefore, bacterial species may develop resistance.

On the other hand, antimicrobial peptides are an abundant and
diverse group of molecules which have potential to damage and kill
microorganism by pore formation. The composition of amino acids,
amphipathicity, cationic charge and small size of these antimicrobial
peptides make them suitable class of antibacterial agents.[100] Due to
cationic changes these interact with the cell wall through an electrostatic
interaction which causes physical damage to the bacterial cells by forming
pores. This physical action prevents microbes from developing resistance
and indeed it has been demonstrated that cationic antimicrobial peptides
and nanomaterials can overcome bacterial resistance.[101-103]

Moreover, silver (Ag) has long been known for its antibacterial activity
and applications due to its considerably lower toxicity toward human cells
then to bacteria.[86, 104-108] Additionally, antibacterial nanoparticles have
been synthesised from copper, iron, cerium oxide, zinc oxide, titanium oxide
and silicon dioxide.[16, 109-120] In general, it has been demonstrated that
nanoparticles cause disruption of cell wall, cell lysis, release Ag" ions,
denature bacterial surface proteins, interact with genetic material and
generate reactive oxygen species (ROS) and thereby exert antimicrobial

activities as illustrated in Figure 1.7.[16, 104, 111, 120-128]
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Figure.1.7. Schematic representation of mechanism of antibacterial

activities exerted by nanoparticles

In this perspective of antibacterial applications of nanoparticles, gold
nanoparticles are considered relatively inactive.[82] Interestingly, the inert
Au nanoparticles were found to exhibit antibacterial activities after their
surface functionalization with antibiotics and ionic surfactant.[74, 82, 129-
131] In this thesis, Au and Ag nanoparticles were chosen to tailor their
surface properties in conjugation with Au-Ag composition to formulate
controlled antibacterial nanoparticles and effects of Au-Ag composition and
surface functionalization was studied at the interface of nanoparticles and
bacterial cells. Furthermore, since the presence of peptidoglycan layer is a
specific membrane feature of bacterial species (not mammalian -cells),
therefore it was predicted that if the antibacterial effect of nanoparticles is
associated with the cell wall; it may be more appropriate to use such

nanoparticles as an antibacterial agent under in-vivo environment.[132]
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1.5. Other applications of nanobiotechnology

In addition to develop antimicrobial agents for infectious disease,
nanobiotechnology has many other biomedical applications.[133-137] For
instance, nanomaterials are being used for electrochemical bioassays, DNA
and protein detection (Au and Ag metal based), quantum dots (QDs)
bioconjugates in cell and tissue imaging, immunological assays, nanoscale
localized surface plasmon resonance biosensors, catalysis, in-vitro diagnosis
of cancer and other disease etc.[8, 13, 14, 29, 135, 138-154]

In addition to the above mentioned applications, nanobiotechnology
has prototypical applications in bacterial transformation. In molecular
biology, the study of bacterial transformation is a routine practice, which
involves introduction of foreign genetic material to other bacteria for a
variety of applications. Moreover, gene therapy is one of the most frequently
used approach in medicine, wherein foreign DNA is introduced into cells of
patients to express the pharmaceutical proteins and nucleic acid based
drugs to control gene expression. Likewise, antisense therapy involves
transfer of oligonucleotides, which can be used to suppress the expression
of the disease causing genes. Therefore, these therapies can be regarded as
promising and ultimate cure for many life threatening and debilitating
diseases including cancer.[155, 156] Therefore, it is necessary to develop
efficient DNA delivery vectors and to understand their interaction with DNA
in order to realize the full potential of these therapies.

Conventionally, viral vectors have been used for introduction of

genetic material from one species to other but due to their possible side
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effects [157] and development in nanobiotechnology have influenced design
of a variety of functional nanomaterials for such application, which includes
functional Au nanoparticles, silica materials, QDs, plant based vesicles and
polymers.[71, 155, 158-170] Although, the major objective of this thesis is to
explore interaction of functionalized metal nanoparticles with different
bacterial cells at nano-bio interface, employing the same nanoparticles for
DNA delivery is limited because it is difficult to remove these inorganic
nanomaterials from the biological systems and the metal based
nanoparticles may exhibit toxicity. Hence, it is imperative to utilize organic
materials based nanostructures for such biological applications because
compared to inorganic nanostructures, organic nanostructures can be
broken down within the biological system. Therefore, polymer based
nanostructures were additionally employed to understand the interactions
governing DNA-polymer self-assembly and furthermore for transformation
studies.

The applications of nanobiotechnology described here may have
significant potential but based on the theme of this thesis a variety of Au
and Ag nanoparticles are fabricated to understand the influence of surface
functionalization and metal composition on bacterial cells and their enzyme-
like activities. Therefore, the next part of this chapter discusses about the
available nanoparticles synthesise methodologies, their stability, special

surface plasmon resonance property, etc.
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1.6. Production of nanoparticles by top-down or bottom-up approach

In general, nanomaterials synthesis can be done by employing either a
‘top-down’ or ‘bottom-up’ approach as illustrated in Figure 1.8. Initially,
these terms were introduced by the Foresight Institute (1989) in the field of
nanotechnology.[171] In the top-down strategy, traditional methods such as
mechanical grinding, erosion or controlled tools are used to mill, cut and
shape materials in to a desired structure.[137, 172] Conversely, in the
bottom-up approach chemical methods are applied to assemble useful
nanostructures based on the concept of molecular self-assembly or

molecular recognition.
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Figure.1.8. Schematic representation of the ‘bottom-up’ and ‘top-down’

synthesis processes of nanomaterials with the popular techniques
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In this thesis, the bottom-up strategy is applied to synthesise different
nanoparticles. Among the different kinds of nanomaterials, noble metal
nanoparticles such as mainly Au and Ag are used in the thesis work,
therefore the following section describes the synthetic methodologies of

these nanoparticles, their stability and important properties.

1.7. Metal nanoparticles formation and their stability

Size and shape of the metal nanoparticles need to be uniform for any
of their applications, thus it is important to follow synthetic methods that
control the size and shape of the particles. Physical, chemical and biological
methods have been developed for the synthesis of various inorganic
nanoparticles.[173-193] Among these methods, wet chemical methods are
the most promising because it is relatively easier to control the particles size
during synthesis. Chemical methods of nanoparticles formation involve the
reduction of metal ions by a suitable reducing agent in the presence of a
capping agent. It is similar to the conventional colloids preparation, where a
precipitating agent is added to induce the colloid formation. In 1875,
Faraday published a report on chemical reduction of gold salt in the
presence of stabilizing agent to produce zerovalent gold colloids.[194] Later,
Turkevich established standard protocol for the synthesis of metal colloids
such as 20 nm Au nanoparticles by the reduction of [AuCl4]- with sodium
citrate.[192, 195, 196]

Stability of synthesized nanoparticles against aggregation is always an
important concern before these nanoparticles can be used for any biological

or medicinal applications. Stability of these nanoparticles typically depends
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on the pH of the medium in which the nanoparticles are dispersed and the
electrolyte concentration in the solvent.[197] Nanoparticles synthesized in
solvents are inherently unstable and tend to aggregate due to their high
surface free energy as a result of their small size.[197-199] Therefore,
stabilization of metal nanoparticles in the solution can be achieved by
adding shielding, stabilizing or protecting agents which are necessary to
prevent agglomeration. The two basic modes of nanoparticles stabilization
are electrostatic and steric stabilization, as illustrated in Figure 1.9 (A and

B, respectively).

Electrostatic
B repulsion

repulsion
Figure.1.9. Scheme illustrating the stabilization of metal nanoparticles by (A)

electrostatic and (B) steric interactions

An electrical double layer is formed by the adsorption of precursor
ions and the corresponding counter ions surrounding nanoparticles surface
when nanoparticles are synthesized in aqueous medium as shown in Figure

1.9 (A). For example, Au nanoparticles are prepared by the reduction of
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[AuCl4]- with sodium citrate.[192, 195, 196] These nanoparticles have
unreduced [AuCly]- ions and citrate ions on their surface, which renders
these nanoparticles surface negative charge. If these nanoparticles come
close to each other, due to the same surface charge of each nanoparticle,
Coulombic repulsive force would prevent aggregation. Under solution
conditions of low ionic strength and moderate surface potentials the
electrostatic repulsion between particles is normally sufficient to avert the
attractive forces from causing the particle to aggregate.

Conversely, in the case of organic medium where electrostatic forces
are less effective, stability of nanoparticles comes from steric
interactions.[200] Steric stabilization is achieved by the formation of a
protective shield on the metallic nanoparticles surface using sterically
demanding organic molecules. In general, polymers, block co-polymers,
surfactants and ligands are used as shielding or protecting agents to avoid
aggregation using adsorption of these molecules on the surface of

nanoparticles by physical or chemical adsorption methods.[198, 199]

1.8. Surface plasmon of metallic Au and Ag nanoparticles

Au and Ag nanoparticles dispersed in solvents exhibit wine red and
yellow colours respectively and these materials have very strong intense
absorption bands around 520 nm and 400 nm.[201-204] These bands arise
from the collective oscillation of the conduction electrons due to the
resonant excitation by the incident photos as shown in Figure 1.10 and this
phenomenon is known as ‘Surface Plasmon Resonance’ (SPR). In a bulk

metal, presence of free electrons and the cationic cores form a plasma state.
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These free electrons can set into oscillations relative to cationic lattice when
it interacts with light or any kind of electromagnetic radiation. In this
manner a dipolar oscillation of electrons is created (called plasma
oscillations) with a certain frequency called bulk plasma frequency that
usually falls in the range of ultraviolet frequencies.[205]

hv Electromagnetic

71& field

—>

|

electron cloud

Figure.1.10. Schematic representation of the interaction of light with metal
nanoparticles (Adapted from the reference[206])

When the physical dimension of the metal is smaller than the mean
free path of the electron, these bulk plasma frequencies are quantized
especially in the case of gold, silver and copper and now these frequencies
are called Surface Plasmon Resonant (SPR) frequencies. These absorptions
are quite strong in the visible region of the electromagnetic spectrum, which
becomes the characteristic property of these metal nanoparticles.
Furthermore, size, shape, solvent, surface ligand, core charge and
temperature also have significant influence on the SPR bands of
nanoparticles.[37, 205-208] Significant red-shift of SPR frequency,
broadening in SPR band and change in the solution colour from wine red to
blue is indication of aggregation due to the inter-particle plasmon

coupling.[209]
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1.9. Objective of the thesis

Using nanomaterials for a variety of biological applications has
become an emerging interdisciplinary area of science; however that raises
the need to understand the nanomaterials interaction with different
biological components.[29, 140, 210] Understanding of biologically inspired
and naturally occurring materials can lead us to develop nanomaterials,
nanodevices and processes with desirable functionality, as nature has
evolved with desired biological and chemical functionality using commonly
found materials.[211] Understanding of biology at molecular level can
provide directions in construction and design of nanomaterials with novel
applications. The four major fundamental bio-macromolecules are nucleic
acid, proteins, lipids and polysaccharides, which are made up of nucleotide,
amino acids, fatty acids and sugars respectively.[212]

Therefore, amino acid functionalized nanoparticles have been chosen
in the current PhD thesis because their synthetic routes don’t involve
noxious chemicals, they involve simple purification procedures, available
binding sites for different chemical functionalization, multi-valent
interactions and stable form of nanoparticles in a wide range of pH. The side
functional groups present in the amino acids reduce either single metal ions
or two different types of metal ions to form monometallic or bimetallic
nanoparticles, respectively, while leaving the amine and carboxylic acid
groups intact. Thus, nanomaterials fabricated in this thesis can be
considered novel hybrid nanobiomaterials consisting of an inorganic core
and amino acid shell/surface, which may be viewed as supported

proteins/enzymes.
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Moreover, the physicochemical properties of nanoparticles and the
biochemical properties of amino acids can be synergistically combined and it
will be interesting to evaluate for their enzyme-like behaviour and
interaction with bacterial cells because such basic understanding are
required for the development of nanomaterial based diagnosis, therapy and
medicine. Majority of recent work have focussed on that how the size, shape,
surface charge, stability and composition of inorganic nanomaterials control
their interaction with the biological systems, while they often overlook the
other parameters and synergistic effects of above-mention parameters.
Surface chemistry and all the above discussed parameters (Figurel.3) drive
the initial interaction and diffusion across the biological world, help in
binding with biomolecules, mode of entry and interaction within the cells.
Furthermore, the potential of nanomaterials to mimic naturally occurring
enzymes has been demonstrated and these intrinsic biocatalyst-like
activities can be tuned.[213-218] Still, the influence of amino acid surface
functionalized nanoparticles and in combination with different metal
composition on their enzymes-like activity has not been studied.

Therefore, the major focus of the thesis is how the variation in surface
functionalization in conjunction with nanoparticles composition imparts
enzyme-like activity, non-specific or selective toxicity, and total
biocompatibility toward biological entities such as bacteria. Furthermore,
what happens to the bacterial system after their interaction with

functionalized nanoparticles has been attempted to be answered.
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1.10. Outline of thesis

This thesis consists of six chapters.

Chapter omne provides a brief account of nanosciences,
nanobiotechnology and nanotoxicology along with a detailed description
about the cell-nanomaterials interaction at nano-bio interface. This chapter
demonstrates various dimension and physicochemical properties of
nanomaterials involved at the nano-bio interface based on the available
literature. Morphology of Gram positive and negative bacterial cells is briefly
discussed. Furthermore, in the context of antimicrobial application of
nanobiotechnology, mechanisms exerted by nanomaterials to exhibit
antibacterial activities are discussed and additional biology relevant
applications are illustrated. Towards the end of this chapter, formation of
metallic nanoparticles and their important physicochemical properties have
been discussed to gain insight toward designing nanomaterials to achieve a
control over the nano-bio interface.

Chapter two covers the experimental details on the instruments used
in this research work. The underlying physical principles of UV-Visible
Spectroscopy (UV-Vis), Fourier Transform Infrared Spectroscopy (FTIR),
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy
(SEM), X-ray Photoelectron Spectroscopy (XPS), Zeta potential and Cyclic
Voltametric methods and their use in the present thesis work are discussed
in detail. Additionally, this chapter describes significance of these
techniques to understand correlation between various physicochemical

properties of synthesized nanoparticles and observed biological applications
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(antibacterial, enzyme like activities and gene delivery) presented in the
thesis.

Chapter three focuses on development of synthetic methodologies in
controlling surface functionality and composition of nanoparticles in a single
step using green and eco-friendly synthetic routes. Two different amino
acids were employed as reducing and stabilizing agents to synthesize Au, Ag
and Au-Ag alloy nanoparticles in a highly controlled manner. Second part of
the chapter deals how the individual and synergistic role of the surface
bound amino acids and nanoparticles composition enables their action as
synthetic nanozymes and antimicrobial active materials. Finally at the
interface of nanoparticles-bacterial cells, the correlation between the surface
corona and composition of nanoparticles and the observed biological
applications has been established.

Chapter four deals with functionalizing the metal nanoparticles
surface with polyoxometalates (POMs) and the cationic amino acid lysine to
enhance their interaction with bacteria and render them antimicrobial
active. Tyrosine reduced Au nanoparticles were non-toxic to Gram negative
bacteria and after their sequential surface functionalization with POMs and
lysine, due to the enhanced interaction at the nano-bio interface these
functionalized nanoparticles turns out to be a potential antibacterial agent.
The same sequential surface functionalization approach was extended to Ag
nanoparticles, wherein these nanoparticles showed very high antibacterial
activity even at smaller concentrations.

Chapter five focuses on constructing self-assembled soft

nanostructures of plasmid DNA and biocompatible tri-block copolymer (P-
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123) and to understand the nature of interaction between pDNA and tri-
block copolymer. Further, transformation studies were performed in cellular
environment using Escherichia coli as a model microorganism and the
integrity of the pDNA in self-assembled soft nanostructures was
demonstrated. Additionally, optimum weight ratio of pDNA and P-123 has
been screened to achieve highest level of bacterial transformation.

Chapter six provides a summary of the research work presented in

the thesis and offers a scope for future work in the area studied.
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Chapter II

Characterization techniques

Spectroscopic, microscopic and other analytical characterization of
nanomaterials are indispensable to correlate their structure, their properties
and their interaction with biological systems. Thus the physical principles
and instrumentation of different characterization techniques consisting
various spectroscopic, electron microscopic and other physicochemical
techniques used during the course of the present work are discussed in this

chapter.

. ]
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2.1. Introduction

Nanotechnology and nanoscience are considered as the most
important technologies of modern era and the basic of their development lies
in the fact that properties of bulk materials changes extensively when their
size is reduced to nano-meter scale. However, there are many challenges in
the research and development of nano-scale based products and efforts are
being made around the globe to create smart, intelligent and multifunctional
nanomaterials to exhibit extraordinary applications in the field of catalysis,
biology and medicine.[1-5]

It is imperative to understand fundamental key characteristics that
contribute to the uniqueness of nanomaterials and ultimately defines their
fate in biological entity.[3, 6-8] Size, shape, surface charge, surface area,
surface functionality, composition, hydrophilic/hydrophobic nature and
structure are the main characteristics on nanomaterials and their for all the
synthesised and functionalized nanomaterials prepared in this thesis have
been characterized by microscopic and spectroscopic techniques to
understand their size, size distribution, shape, physical, chemical and other
properties at nano-meter level.

The main emphasis of the thesis is the formation of inorganic and
organic nanostructures and investigation of their biological applications.
Prior to biological applications, these all the nanomaterials were
characterized by UV-Visible, Fourier Transform Infrared (FTIR), X-Ray
Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM), Atomic Absorption Spectroscopy

(AAS), Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS), Dynamic
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Light Scattering (DLS) Zeta Potential and Cyclic Voltammetry (CV)
techniques. This chapter is devoted to physical principles and
instrumentation of the various characterization techniques employed in this
thesis, to characterize nanomaterials and to correlate with observed

biological applications.

2.2. Microscopy techniques

Micron sized materials can be observed using optical microscopes with
a reasonable resolution but due to lens aberrations and higher wavelength
of visible light, higher magnification to image sub-micron materials cannot
be achieved or rather difficult. Therefore, powerful imaging techniques like
TEM was used in this thesis to characterize nanostructures and surface
functionalized nanomaterials. Wherein, SEM imaging was carried out to
study morphological changes in bacteria after their treatments with various
nanoparticles. Basic principles and applications of these imaging techniques

used in this thesis are described below.

2.2.1. Transmission electron microscopy (TEM)

The TEM is used extensively both in materials science and biological
sciences. In both the cases, the samples must be very thin and able to bear-
up the high vacuum (HV) present inside the instrument. Nanostructures
prepared in this thesis for assorted biological applications at nano-bio
interface have structural and morphological diversity and the use of TEM
enabled the direct imaging of nanostructures. Primary, information about
the particles size, shape and surface layers (coatings) were collected from

TEM.
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Figure.2.1. Schematic representation of the major components of the optical
systems of a TEM (adopted from the reference [9]) (equivalent terms of light
and electron microscopy are also shown)

Typically in TEM, a beam of electrons emitted from a cathode (usually
tungsten or occasionally lanthanum hexaboride) are accelerated using
accelerating voltage (#100 kV) and directed to a thin sample through the use
of magnetic condenser lenses. The sample (specimen) must be prepared as
thin as possible so that the electron beam can penetrate through the
sample. After the interaction with the thin sample, the incident electron
beam have several possible fates such as (i) the electrons may pass thought

the sample and remain un-deflected; (ii) it may be elastically scattered

Chapter II Page 55



PhD Thesis Hemant Kumar Daima RMIT University, Australia

(conserve all energy of incident electron beam) or (iii) it may be in-elastically
scattered (a portion of energy is lost of the incident electron beam). If all
these three interactions contribute to the obtained image, all the regions
would look identical or there would be no contrast, but if the scattered
electrons are removed through an aperture after interaction the image
formed will therefore be a direct correlation to the thickness and type of the
material that the electron beam has passes through.[9] This image, formed
by the transmitted electrons (through the specimen), magnified and focused
by an objective lens and appears on an imaging screen as shown in Figure
2.1.

All the TEM images presented in this thesis were carried out using a
JEOL 1010 TEM instrument operated at an accelerating voltage at 100 KV
and samples were prepared by drop caste on to strong carbon coated 200
mesh copper grid and the solvent was allowed to evaporate at room

temperature.

2.2.2. Scanning electron microscopy (SEM)

To a certain extent SEM is considered as a limited tool to characterize
nanoparticles because sometimes it is not possible to clearly distinguish the
nanoparticles from the substrate and this becomes more critical when
nanomaterials, which are under study have tendency to adhere strongly to
each other, forming agglomerates. Further, in contrast to TEM, SEM cannot
determine the inner structure of these domains. In this thesis,
microorganism (Escherichia coli and Staphylococcus albus) were analysed

under SEM before and after their treatments with various nanoparticles to
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obtain information related to their surface structure or morphological
changes with great clarity.
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Figure.2.2. Schematic representation of electron-sample interaction in SEM

Similar to TEM, SEM uses a beam of electrons to image surface of the
sample. As similar to TEM, which generates electrons through thermionic
emission, the SEM also generates electrons through thermionic or using
Field Emission Gun (FEG) which operated by holding a sharp pointed
tungsten emitter at several kV negative potential relative to a nearby counter
electrode. A FEG is able to produce an electron beam that has much greater
current density, is smaller in diameter and is more than conventional
thermionic emitters. When the beam of electrons strikes on the specimen or
sample, signals are generated in the form of secondary electrons (SE), back

scattered electrons (BSE) and characteristic X-rays that contains important
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information of the specimen’s topography and composition. The SEM
produces high resolution image of specimen surface, revealing details =1-5
nm in size in its primary detection mode for instance SE imaging.
Characteristic X-rays in SEM are used to recognize the elemental
composition of the specimen by energy dispersive X-ray (EDX) technique.
BSE from the specimen may also be used to form an image and this image
often used in analytical SEM along with the spectra made from the
characteristic X-ray as the confirmation of the elemental composition of the

specimen.[10]
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Figure.2.3. Schematic representation of scanning electron microscope

In this thesis, SEM analysis of bacterial cells without any treatment
(control) and after their interaction with nanoparticles were performed on a

FEI Nova-SEM, operated at an accelerating voltage of 15 kV, 3.5 nm spot
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size and 5 mm working distance. The samples were drop casted on glass
cover slips, which were mounted on aluminium SEM stub using double-
sided carbon tape. SEM requires that the specimen should be conductive for
the electron beam to scan the surface and that the electrons have a path to
ground for conventional imaging. Therefore, before SEM imaging, all the
samples were coated with a 20 A thick platinum film using precision etching
coating system (Gatan model 682). The coatings were done at rock angle
20°, speed 40°/sec, rotation 25 rpm and beam current 5 KeV to avoid

sample charging issues.

2.3. Spectroscopy techniques

Electronic, Vibrational and photoelectron spectroscopic techniques are
mainly used to study the surface plasmon resonant features of
nanoparticles, functional groups bound to the surface of nanoparticles and

the chemical state of elements respectively.

2.3.1. Ultraviolet-visible (UV-vis) spectroscopy

UV-vis spectrophotometer is consists of a light source, reference and
sample beams, a monochromator and a detector. In the field of
nanobiotechnology, UV-vis spectroscopy is being used to characterize the
metal nanoparticles based on their distinct SPR features. Primarily, the
broadening and peak shift in the absorption spectra of the nanoparticles,
how they depend on their size, shape, state of aggregation and the local
dielectric environment. Compared to other methods, this is faster, more

flexible and less complicated technique, but it is not conclusive and needs to
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be performed in association with other complementary spectroscopic and
structural investigations.

The magnitude, peak wavelength and spectral bandwidth of the
plasmon resonance associated with a nanoparticle are dependent on the
particles size, shape, and materials composition as well as the local
environment.[11, 12] According to Mie’s theory, only a single SPR band is
expected in the absorption spectra of spherical metal nanoparticles, whereas
anisotropic metal particles could give rise to two or more SPR bands
depending on the shape of the particles.

All the UV-visible (UV-vis) spectra presented in this thesis were
obtained using Varian Cary 50 Bio Spectrophotometer operated at a
resolution of 2 nm over a wavelength of 200-800 nm. In this thesis, we have
designed mono and bimetallic alloy nanoparticles of gold and silver and UV-
vis spectroscopy was used primary technique to confirm the formation of

nanoparticles and nano-alloys.

2.3.2. Fourier transform infrared (FTIR) spectroscopy

In this technique, materials are analysed by observing the atomic
vibrations of molecules when exposed to electromagnetic radiation typically
in the wavelength ranging from 2.5 to 25 um, equivalent to 4000-400 cm-!
are employed, an order of magnitude greater than those used in UV-vis
spectroscopy. Both, RAMAN and FTIR spectroscopy techniques investigate
vibrational modes and provides complementary information which can
assist molecular interaction studies such as hydrogen bonding and give

molecular orientation information for surface studies.[13]
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In the field of nano-biotechnology, these spectroscopic methods not
only used to detect conformational changes, they also confirm the amino
acid functionalization onto nanoparticles through the appearance of
additional characteristic bands. In fact, both the techniques have different
selection rules and specific advantages and disadvantages for biomedical
applications. FTIR spectroscopy has been used to monitor the structure of
amino acids bound to the nanoparticles bound protein and also confirm the
secondary structure of the proteins on the basis of the absorption of amide
bonds. Side chains present in amino acids are fundamentally important in
stabilising protein structure and in catalysing enzyme reactions.[14]

In this thesis, FTIR spectroscopy was used to obtain information
about the surface properties of amino acid reduced nanoparticles and to
detect amino acid binding onto the nanoparticles surface. Also, FTIR
analysis was carried out to understand the nature of interaction between
plasmid DNA and tri-block copolymer. All the FTIR spectra presented in
different chapters of this thesis were recorded in diffuse reflectance
spectroscopy (DRS) mode using Perkin-Elmer D100 spectrophotometer with

a resolution of 4 cm-!.

2.3.3. Other spectroscopic techniques
2.3.3.1. Atomic absorption spectroscope (AAS)

AAS is an analytical method for the qualitative detection and
quantitative determination of elements through the absorption of optical
radiation by free atoms in the gas phase. This follows the Beer Lambert Law,

which states that absorbance (denoted as A, negative logarithm of the
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transmission factor) is proportional to the concentration ¢ of the absorbing

substance and the thickness d of the absorbing layer:

A=-log ¢.(2) = ked

“0,(4)
Where O: is the power of transmitted radiation and @; is the power of
incident radiation.

AAS analysis of nanoparticles (concentrations of gold and silver,
present in nanoparticles) discussed in this thesis were analysed using a
Varian PerkinElmer atomic absorption spectrometer after dissolution of
samples in freshly prepared aqua regia. Aqua regia is a yellow-reddish

coloured corrosive mixture of concentrated nitric acid and hydrochloric acid

(HNOs3 + HCI) in a volume ratio of 1:3.

2.3.3.2. Inductively coupled plasma mass spectroscopy (ICP-MS)

ICP-MS is a special type of mass spectroscopy technique, which is
capable to determine metals and some non-metals up to the concentration
of part per trillion (one part of 10-12). This is accomplished by the ionizing
the sample with inductively couple plasma and using a mass spectrometer
to separate and quantify those ions. In compare to AAS, ICP-MS has better
speed, precision and sensitivity.

In this thesis, ICP-MS analysis was carried out to detect the presence
of molybdenum (Mo) and tungsten (W) concentrations qualitatively and
quantitatively in surface functionalized gold and silver nanomaterials using
Agilent Technologies machine (7700 series ICP-MS) after dissolution of

samples in freshly prepared aqua regia.
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2.4. X-ray based characterization techniques

2.4.1. X-ray photoemission spectroscopy (XPS)

XPS is also known as electron spectroscopy for chemical analysis
(ESCA) and PES (photo emission spectroscopy). This is a quantitative
spectroscopic surface chemical analysis technique to estimate the elemental
composition, empirical formula and chemical or electronic state (oxidation
state) of the element on the surface of a material (up to 10 nm).[15] It also
detects the contamination, if any, exist on the surface or the bulk of the
sample.
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Figure.2.4. Schematic representation of the XPS process, showing photo-
ionization of an atom by the ejection of a 1s electron[135]

Under ultra-high vacuum (UHV), X-ray irradiation on a material leads
to the emission of electrons from the core orbital of the surface elements.
Kinetic energy (KE) measurement and the number of electrons escaping
from the surface of the material give the XPS spectrum. From the KE of the
electrons, the binding energy (BE) of the electrons can be calculated. This

BE (of electrons) reflects the oxidation state of the specific element present
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on the surface. The number of electrons reflects the proportion of the
specific elements on the surface. As the energy of a particular X-ray
wavelength used to excite the electron from a core orbital is a known
quantity, electron BE of each of the emitted electrons can be determined
using the following equation:

Ebinding = Ephoton — Ekinetic — @

This equation is based on the work of Ernest Rutherford (1914), where
Ebinding is the energy of the electron emitted from one electron configuration
within the atom; Ephoton is the energy of the X-ray photons being used; Exinetic
is the kinetic energy of the emitted electrons as measured be the
instrument; and @ is the work function of the spectrometer (not the
material).

All the XPS analysis presented in this thesis were performed using a
THERMO K-Alpha XPS machine, at a pressure better than 1 x 10-° Torr (1
Torr = 1.333 x 102 Pa). The core level spectra for all the samples studied in
this thesis were recorded with un-monochromatized Mg Ka radiation
(photon energy of 1253.6 eV) at pass energy of 50 eV and electron take off
angle of 90°. The overall resolution was 0.1 eV for XPS measurements. The
core level spectra were background corrected using Shirley algorithm,[16]
binding energies (BEs) were aligned with adventitious carbon binding energy
of 285 eV and chemically distinct species were resolved using a nonlinear

least squares fitting procedure.
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2.4.2. Energy dispersive X-ray analysis (EDX)

EDX is a useful technique to analyse near surface elements and to
estimate their proportion at different positions of the specimen. In general,
this technique is employed in the conjugation with SEM and it provides an
overall mapping of the specimen. In this technique, an electron beam
(typically in the range of 10-20 keV) strikes or interacts with the surface of a
specimen and causes X-ray to be emitted from the material. Energy of these
emitted X-ray depends on the type of element present in the material.
Actually, the X-rays are generated in a region about 2 microns (um) in depth
and therefore EDX is not a true surface technique. By moving the electron
beam across the specimen an image of each element in the sample can be
obtained. The composition or the amount of nanoparticles near and on the
surface can be estimated using the EDX. Elements of low atomic number

are difficult to be detected by EDX.

2.5. Particles size analyser

Size and size distribution of the nanomaterials have influence on their
biological activities and therefore, size and size distribution study of the
nanomaterials in the dispersion as well as suspension is important before
applying for any biological or medical application. Particles size and particles
size distribution (PSD) can be measured using different techniques like
acoustic spectroscopy, laser diffraction methods, electro resistance
counting, optical counting, sedimentation techniques or dynamic light
scattering (DLS). Although, UV-vis spectroscopy gives an idea about the

particle size, while electron microscopy provides direct and visual indication
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about the particles size and morphology but DLS is the most commonly
used technique to measure particles size and PSD. Therefore, this technique
was employed as an additional characterization tool in this thesis for
obtaining size distribution of nanomaterials prior to investigate their

biological uses.

2.5.1. Dynamic light scattering (DLS)

DLS is an invasive and well-established characterization technique to
determine the size distribution profile of colloidal particles. This is also
known as photon correlation spectroscopy (PCS) or quasi-elastic light
scattering (QELS). Due to the thermal energy of solvent molecules,
suspension of particles, emulsions or molecules undergo Brownian motion.
If these colloidal particles or molecules are illuminated with a laser light, the
intensity of the scattered light fluctuates which is dependent upon the size
of the particles (smaller particles move more rapidly than larger particles).
Analysis of this intensity fluctuations yield the velocity of the Brownian
motion and hence the particles size (hydrodynamic radius) using the stokes-
Einstein relationship, as shown below:

rxk=KT/6nnD
Where K is the Boltzmann’s constant; T, the temperature in K; 7, the solvent
viscosity and D, the diffusion coefficient.

However, it is important to notice that there is often a concentration of
ions, or any surface structure around the colloidal particles that can affect

how the particles diffuse within the fluid, the diameter that is measured in
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DLS is known as the hydrodynamic diameter and can often be larger that

measured by electron microscopy.

2.6. Zeta potential measurement (particles charge analyser)

Many nanoparticles in solution bear an electrostatic charge on their
surface that hinders the inter particle interaction/aggregation by
electrostatic repulsion. However, ions and ionic surfactants in the solution
can adsorb onto the nanoparticles surface, modifying the overall surface
charge and forming an electrical double layer around each particle. This
consists of an inner layer, called Stern layer, more strongly bound to the
surface and an outer diffuse layer less firmly bound to the nanoparticles
surface. Within the diffuse layer, there is a boundary, the slipping plane,
inside which the ions and particles from a stable entity (and travel together
under an electric field), and the zeta ({) potential measures the electric

potential at the slipping plane.
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Figure.2.5. Schematic representation of the electrical double layer on the

surface of nanoparticle
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Generally, nanoparticles characterized by a larger { potential repel
each other and do not flocculate, thereby forming a stable dispersion. Thus,
the ¢ potential gives information on the surface charge of the nanoparticles
and can be used to detect protein binding to the nanoparticles surface as
this will change the overall surface charge. Therefore, the surface charge of
the nanomaterials is a standard parameter to be characterized and reported
as it is one of the most basic and crucial properties influencing the
environmental interactions of nanoparticulate matter.

The initial electrostatic interaction of nanomaterials with biological
entity critically depends on the surface charge of nanomaterials and cationic
surface charged nanoparticles are reported to have an influence on toxicity
on living organisms and the barrier integrity.[17] Also, this is recognized for
the stability of the nanoparticles suspension, which is achieved by
electrostatic repulsion (or sometimes by the steric hindrance). Therefore, in
the field of nano-biotechnology, surface charge analysis of the nanoparticles
is essential to achieve assorted and controlled biological applications.
Surface charge of nanomaterials developed during this thesis work were
determined by the Zeta potential measurements performed in deionized

water using a Malvern 2000 Zetasizer.

2.7. Electrochemical studies using cyclic voltammetry (CV)

In analytical chemistry, CV is used to study the electrochemical
properties of an analyte in solution. CV is a type of potentiodynamic
electrochemical measurement.[18] For CV characterization, analyte has to

be redox active and must display reversible wave. Once an analyte is
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reduced/oxidized on a forward scan and then reoxidized / rereduced in
expected manner on return scan, is known as reversible wave.

In the field of nanobiotechnology, CV studies are relatively new and in
this thesis, CV measurements were performed to understand
electrochemical behaviour of fabricated nanomaterials to correlate their
redox behaviour to the observed biological activities. For CV analysis, SuL of
the relevant nanoparticle solution was drop caste onto an ITO-coated glass
electrode surface and allowed to dry at room temperature. CV experiments
were conducted using a CH Instruments (CHI 760C) electrochemical
analyser in a three electrode setup. A modified 3mm GC (BAS) with
nanoparticles was used as the working electrode, which in each case prior to
modification was polished with an aqueous 0.3pm alumina slurry on a
polishing cloth (Microcloth, Buehler), sonicated in deionized water for 5 min
and dried with a flow of nitrogen gas. A Ag/AgCl (3 M NacCl) reference and a
Pt wire counter electrode were used. The electrolyte solutions were degassed

with nitrogen for 10 min prior to any electrochemical measurement.
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Chapter III

Influence of composition and surface
functionalization of nanomaterials towards
their biological activities

This chapter first focuses on the development of synthetic methodologies in
controlling surface functionality and composition of metal nanoparticles in a
single step using green and eco-friendly synthetic routes. Tryptophan and
tyrosine amino acids were employed as reducing and stabilizing agents to
synthesize gold, silver and their bimetallic alloy nanoparticles in a highly
controlled manner. Second part of the chapter shows influence of the
individual and synergistic role of the surface bound amino acids and
nanoparticle composition on intrinsic enzyme-like and antimicrobial
activities. Finally the correlation between the surface corona and metal
composition of nanoparticles and the observed biological applications has

been established.
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3.1. Introduction

Nanomaterials illustrate dimensional similarities with biomolecules
such as enzymes, antigens, antibodies and DNA therefore nanomaterial are
emerging for myriads of biological applications. Understanding the interface
of nanomaterials and biomolecules is imperative because functionalization
of nanomaterials with biomolecules can impart unique recognition, catalytic
and other properties along with their well-known physicochemical properties
(electronic, photonic, optical etc.). Moreover, these hybrid nanomaterials can
be employed for several applications in the field of materials science,
chemistry, biology and nanomedicine.[1-4] In the context of biology and
nanomedicine, designing inorganic nanomaterials requires a deep
understanding of interaction between these materials and complex biological
systems at the nanometer level to achieve the desired type of selective
biological action.[5-9]

In living organisms, nanomaterial interaction with the cell wall, cell
membrane, cell organelles, cytoplasm, proteins and genetic material
critically depends on many parameters including the size, shape, surface
charge, surface functionality, composition, hydrophobicity or hydrophilicity
and the surface roughness of nanomaterials as illustrated in Figure 1.3.[10-
17] Moreover, either individually or cooperatively all these parameters
influence the initial electrostatic adhesion of particles on the cell surface,
their cellular uptake or direct penetration inside the cells, and their

interaction with cellular components, which ultimately translates into the
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level of toxicity posed by inorganic materials towards a specific living
organism.[11, 18, 19]

Recently it has been reported that nanomaterials have the potential to
mimic natural enzymes as they possess intrinsic biocatalyst-like properties
[20-25] and these enzyme-like activities can be tuned in a controlled
manner.[23, 26] Especially, nanomaterials are found to function similar to
peroxidase- or catalase-like enzymes. Furthermore, it has been documented
that nanomaterials which have peroxidase-like activity possess considerable
ability to induce production of reactive oxygen species (ROS) thereby
exhibiting assorted biological activities. Presence of higher level of ROS in
any biological system is harmful due to the significant changes in
homeostasis and it may induce cell damage irrevocably while a lesser
amount of ROS can be effectively neutralized by natural antioxidants.[27-35]
Therefore, to achieve specific applications in the field of biology and
nanomedicine, the intrinsic properties, surface chemistry and composition
of nanomaterials must be tailored carefully and there is a need to
understand their interaction at the nano-bio interface.[36-38]

In this perspective, a range of nanomaterials have been evaluated for
antibacterial applications wherein the majority of focus is on the toxicity of
the inorganic component [39-47] while relatively few reports discuss the
surface charge induced toxicity.[48-51] As highlighted in a recent review,
most of the previous studies have utilized as-synthesized metal nanoparticle
solutions for antimicrobial studies, without taking into account the
contribution of antimicrobial activities originating from unreduced metal ion

component in metal nanoparticle solutions; due to this combination it is
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rather difficult to unequivocally assign the antimicrobial effect to metal
nanoparticles.[39]

In general, toxicity of metal ions or nanoparticles is believed to be
arisen through cation induced cell wall rupturing,[9, 52-54| uncoupling of
the respiratory chain from oxidative phosphorylation, denaturation of thiol
containing membrane proteins and DNA damage.[40, 55-59]| In the context
of nanoparticles composition, silver nanoparticles (Ag nanoparticles) are
typically found to exhibit significantly higher level of toxicity, [40, 44, 55, 57,
58, 60-69] whereas gold nanoparticles (Au nanoparticles) are proven to be
biocompatible.[40, 70, 71] The toxicity of Ag nanoparticles is attributed to
the partial oxidation of Ag nanoparticles into Ag* cations, which leads to
rupturing of the negatively charged bacterial cell wall.[S5] Further, in an
interesting study it was confirmed that cationic Au nanoparticles may also
be made moderately toxic causing cell lysis, whereas anionic Au
nanoparticles were found nontoxic. This clearly indicates that even the most
biocompatible nanomaterials such as Au nanoparticles can be made toxic by
tuning its surface charge.[72] Also, functionalization of Au nanoparticles
surface by small molecules can render their biocompatible nature to target
bacterial cells.[73]

Additionally, it must be noted that most of the nanoparticle-based
antimicrobial agents reported in the literature have shown profound toxic
effect on Gram negative bacteria, [41, 43, 45, 56, 58, 73-75] whereas those
nanomaterials didn’t show much antibacterial activity against Gram positive
bacteria.[40, 76] This is predominantly because Gram negative bacteria

such as Escherichia coli containing a negatively charged cell membrane can
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be ruptured by interaction with positively charged nanoparticles or
cations,[9, 33, 72, 77] whereas Gram positive bacteria such as
Staphylococcus have stronger defence mechanism due to the thick
peptidoglycan cell wall, which is difficult to be decomposed by
nanoparticles.[78] However, nature has developed its own defence
mechanism against Gram positive bacteria wusing lysozymes and
antimicrobial peptides that are known to hydrolyse the peptidoglycan cell
wall.[79, 80]

Lysozymes and antibacterial peptides consisting of simple amino acids
are capable of hydrolysing the polymeric linkage between NAG and NAM
present in peptidoglycan layer. The structural features, conformation and
selectivity of these proteins help in their binding with the bacterial cell wall,
thereby enabling amino acids to cooperatively hydrolyse the glycosidic bond
to break the cell walls of Gram positive bacteria. Therefore, metal
nanoparticles enveloped within a protein or amino acid corona may offer
opportunities for the initial interaction of nanomaterials with the
peptidoglycan cell wall, followed by hydrolysis and bacterial cell death. This
concept is also supported by some of the previous reports which suggest
that metal nanoparticulate systems surrounded by a protein corona may
mimic natural enzymatic catalysis processes, in which metal nanoparticles
act as support to render stability, limited mobility and conformation
constraint to the enzymes.[81, 82]

From the above discussion, it is apparent that the guiding principles
toward designing an efficient metal nanoparticle-based antibacterial agent

for Gram positive bacteria are not clearly understood. Even though
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nanoparticle composition and surface charge are considered two major
factors influencing antibacterial activity, the additional role of surface
functionality in tailoring antibacterial profile of metal nanoparticles has
further scope of the study. Furthermore, it is important to use metal ion free
nanoparticle solutions for antibacterial studies to unequivocally assign the
antibacterial effect to metal nanoparticles. Also, the effect of Au-Ag alloy
nanoparticles in comparison with pristine Au or Ag nanoparticles on
antibacterial activity has hitherto not been studied. Varying the proportions
of two metal components in different compositions of Au-Ag alloy
nanoparticles may be a uniquely interesting aspect for controlling intrinsic
enzyme-like activity and metal toxicity, since the interaction of these
systems is expected to be different from the monometallic Au or Ag
nanoparticles.

The major focus of this chapter is to address the aforementioned
issues by developing Au, Ag and their bimetallic Au-Ag alloy nanoparticles in
a highly facile and controllable manner using amino acids as reducing and
functionalizing agents. Although, amino acid based synthesis of
nanomaterials is available in literature, [83-86] their application at the
nano-bio interface has not been explored widely. Moreover, their capability
to produce bimetallic Au-Ag alloy nanoparticles provides an opportunity to
investigate their biological applications with different composition and
surface functionality.

The amino acids were chosen over conventional reducing agents for
metal nanoparticles synthesis because amino acids-mediated synthesis of

nanoparticles offers advantages of making alloy nanoparticles of different
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compositions in a single step without using any additional stabilizers or
toxic chemical reducing agents in contrast to using other reducing agents
[87-89] and this is a major step towards greener synthesis of
nanomaterials.[90-92] Further, amino acids such as tryptophan and
tyrosine have the potential to reduce gold and silver ions into their
nanoparticulate forms through their indole and phenol groups, respectively,
[84, 85] while their amine and carboxylic acid groups remain intact and may
essentially behave the similar manner as amino acids in a protein.
Therefore, amino acid-modified nanomaterials may resemble the naturally
occurring Gram positive antibacterial agents such as lysozymes and
antimicrobial peptides, thereby enabling the formulation of efficient
antimicrobial agents against Gram positive bacteria.

Additionally, the availability of amine and carboxyl groups of the
amino acids on the nanoparticle surface may provide further opportunities
and Dbiological identity to anchor amino acid-functionalized metal
nanoparticles to biological surfaces through polyvalent interactions, similar
to that in enzymatic interaction with any substrate. Moreover, amino acids
are zwitterionic in nature and therefore surface charge of amino acid-
functionalized nanoparticles can be easily tuned by varying the solution pH.
These properties of amino acids, when combined with the nanoparticle
composition in a cooperative manner, amino acid-functionalized
nanomaterials have significant potential to be used as generic materials for

enzyme-like or antibacterial applications.
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3.2. Scheme of the work

In first part of this chapter, a green and eco-friendly synthetic method
using amino acid mediated synthesis of Au, Ag and their Au-Ag alloy
nanoparticles is described. Tryptophan (Trp or W) and tyrosine (Tyr or Y)
amino acids were selected as reducing agent to produce different surface
functionalization on nanoparticulate systems due to their similar isoelectric
points (tryptophan: 5.89, tyrosine: 5.66) and hydropathy indexes
(tryptophan: -0.9, tyrosine: -1.3,), however both the amino acids have
different side functional groups (tyrosine: phenol group, tryptophan: indole
ring) and these side groups are responsible for the reduction of metal ions.

Structures of tryptophan and tyrosine amino acids are illustrated in Figure

3.1.
O O
I |
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Figure.3.1. Chemical structures of tryptophan and tyrosine amino acids
To achieve control over the composition of bimetallic Au-Ag alloy
nanoparticles, three different ratios of precursor gold and silver ions such as
75:25 (in Au rich alloy), 50:50 (in Au=Ag alloy) and 25:75 (in Ag rich alloy)
respectively, were introduced in the solution containing amino acids as
represented in Figure 3.2. In the next step, all these nanoparticles were
subjected to dialysis to remove potentially unbound amino acids and free

metal ions, if any. Further, all these mono and bimetallic nanoparticles were
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thoroughly characterized using various spectroscopic, microscopic and other

analytical techniques.

Au*3 (50%)
Agt (50%)

Au r_ich alloy Ag rich alloy

\V‘V_% e @® Ph-OH

©Oc 5%y @ COOH

et YoL ‘o @7
Au™” ions Ag’ ions Amino acid

Figure.3.2. Schematic representation of synthesis of Au, Ag and their alloy
nanoparticles with different compositions and surface functionality

Next part of the chapter focuses to investigate the biocatalytic
properties of amino acid shell present on the surface of nanoparticles and to
study how it get affected by the varying metal composition. In this context,
intrinsic peroxidase-like activities of these nanoparticles were investigated
by catalysing the oxidation of 3,37,5,5 -tetramethylbenzidine (TMB)
substrate. Finally, antibacterial potential of all these nanoparticles were
evaluated against model Gram positive bacterium Staphylococcus albus and

Gram negative bacterium Escherichia coli. Nano-SEM imaging was carried

out to understand the influence of nanoparticle composition and amino acid
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shell towards these bacterial strains and bacterial-nanoparticles

interactions.

3.3. Experimental section
3.3.1. Synthesis of Au, Ag and Au-Ag alloy nanoparticles

In a typical experiment, 100 mL aqueous solution containing either
0.5 mM L-tryptophan or 0.1 mM L-tyrosine, along with 1 mM KOH were
allowed to boil. To this boiling solution, either [AuCl4]- ions, Ag* ions or both
[AuCl4]- and Ag* ions were added to obtain pristine Au, pristine Ag and three
different compositions of Au-Ag alloy nanoparticles, respectively. The
concentrations of metal ions used and details of the reaction products are

summarised in Table 3.1.

Terminology | HAuCls(mM) | AgNOs(mM) Sample details
Auioo™P 0.20 0.00 Trp-reduced Au
Au7sAgosTp 0.15 0.05 Trp-reduced Au rich Au-Ag alloy
AusoAgsoTP 0.10 0.10 Trp-reduced equimolar Au-Ag
alloy
AupsAgsoTP 0.05 0.15 Trp-reduced Ag rich Au-Ag alloy
Agio0T™P 0.01 0.20 Trp-reduced Ag
Auio0™r 0.20 0.00 Tyr-reduced Au
Au7sAgosTyr 0.15 0.05 Tyr-reduced Au rich Au-Ag alloy
AusoAgsoDyr 0.10 0.10 Tyr-reduced equimolar Au-Ag
alloy
AuzsAgsoTyr 0.05 0.15 Tyr-reduced Ag rich Au-Ag alloy
Agioo™yr 0.00 0.20 Tyr-reduced Ag

Table.3.1. Concentration of HAuCls and AgNO3 used for the synthesis of
Au, Ag and Au-Ag alloy nanoparticles using tryptophan and tyrosine
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The total concentrations of metal ions were kept constant at 0.2 mM
in all the reactions. Here, it must be noted that although tyrosine amino
acid could efficiently synthesize pristine Ag nanoparticles (Agioo™*), despite
repeated efforts, tryptophan amino acid failed to reduce Ag*" ions into Ag
nanoparticles. Therefore, a minute amount of [AuCls4]- ions (10 uM) was
added to obtain Ag nanoparticles by tryptophan-mediated reduction

(Ag100™P).

3.3.2. Processing of nanoparticles by concentration and dialysis

All of the ten nanoparticle solutions were heated in water bath to
concentrate the nanoparticle solutions (20 times). These solutions were
overnight dialysed to remove free metal ions and unbound amino acids from
the nanoparticle solutions against deionized water using 12 kDa dialysis
membranes. After concentration and dialysis, all the metal nanoparticles
solutions remained stable, indicating that these nanoparticles were strongly
capped with amino acids. The solutions thus obtained were found stable
under standard laboratory storage conditions at room temperature over 6
months, and used as such for materials characterisation and biological

studies.

3.3.3. Peroxidase-like activity of Au, Ag and Au-Ag nanoparticles

The peroxidase enzyme-like behaviour of monometallic Au, Ag and
bimetallic Au-Ag alloy nanoparticles was examined wusing 3,3°,5,5-
tetramethylbenzidine (TMB) as a chromogenic substrate by catalysing the
oxidation of the substrate. Different metal concentrations of mono- and bi-

metallic nanoparticles were incubated with TMB substrate in the presence of
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H202 to evaluate effects of nanoparticle concentration and composition on
their peroxidise-like activity, in dark.

In dark experimental conditions, the blue colour developed as the
reaction proceeded was monitored kinetically wusing a multimode
spectrophotometer. TMB conversion was measured at 650 nm. All these
experiments were performed at three different temperatures, 20°C, 37°C and
55°C to investigate effects of temperature on peroxidise-like activities along
with surface functionalization and metal composition. Pure tryptophan,
tyrosine and precursor metal ions were also evaluated for their peroxidase

enzyme-like activities under same experimental conditions for comparison

purposes.
3.3.4. Antibacterial assays of Au, Ag and Au-Ag alloy
nanoparticles

Quantitative assessment of antimicrobial performance of monometallic
Au, Ag and bimetallic Au-Ag alloy nanoparticles was made using colony
count methods. Gram positive bacterium S. albus and Gram negative
bacterium E. coli were used as model microorganism for antibacterial
studies. Before performing microbiological experiments, all the culture
media, glass-wares, containers and micro tips were sterilized by autoclaving
at 121°C for 15 min.

To assess antimicrobial activity by colony counting method, 104
colony forming units (CFU) of bacteria were incubated with different
nanoparticle solutions for 24 hours at 4°C in LB broth, followed by spread-

plating of 100 pl aliquots onto nutrient agar (NA) plates. The NA plates were
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incubated for 24 hours (E. colij and 48 hours (S. albus) at 37 °C and colonies
formed after incubation were counted. These colonies correspond to the
number of live (viable) bacteria in each suspension at the time of aliquot
withdrawal. Plot of the bacterial viability versus the dose of nanoparticles
were constructed to visualize the dose dependant bacterial activity. All the
bacterial toxicity tests were performed in duplicates and repeated at 3
different times to ensure reproducibility. Further, Nano-SEM was employed
to reveal the morphological changes in treated bacterial cells after bacteria-

nanoparticles interaction.

3.4. Results and discussion

Tryptophan and tyrosine amino acids can be employed as a reducing
agents for gold and silver ions for the synthesis of stable metal nanoparticles
in aqueous medium, wherein indole group in tryptophan was found to
participate in the metal ions reduction, whereas tyrosine reduces the metal
ions through its phenol group.[84, 85]

In this thesis the capability of these amino acids was further explored
to form Au-Ag alloy metal nanoparticles of varying composition and surface
functionalization. This demonstrated that natural biomolecules such as
amino acids can act as green and eco-friendly reducing agents to achieve
control over the synthesis of metal alloys in a single step without any

requirement of extra additives or special reaction conditions.
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3.4.1. UV-visible spectral studies of Au, Ag and Au-Ag alloy

nanoparticles

SPR absorption bands are strong characteristic signatures for the
noble metal and their alloy nanoparticles.[87] Usually, bimetallic
nanoparticles can be either core-shell or alloy type and UV-visible
spectrophotometer analysis can differentiate between these two systems.
The core-shell nanoparticles give rise to two different SPR bands and the
intensities of these individual bands will depend on the relative percentage
of each metal present in the core-shell system [93-95] and the similar
condition will occur from a dispersion containing separate Au nanoparticles
and Ag nanoparticles. Conversely, the single SPR feature of metal alloys will
lie between those of two independent metal nanoparticles. Therefore, the
formation of alloy nanoparticles can be confirmed using UV-visible

absorption spectroscopy.

—Trp

A Tyr

Absorbance (a.u.)
Absorbance (a.u.)
Absorbance (a.u.)

200 240 280 320 250 400 550 700 850 250 400 550 700 850
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure.3.3. UV-visible absorbance spectra of (A) tryptophan (Trp) and
tyrosine (Tyr), (B) tryptophan- and (C) tyrosine- reduced Au, Ag and Au-Ag

alloy nanoparticles, respectively
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In order to examine whether the nanoparticles synthesized using
tryptophan and tyrosine amino acids were alloys or core shell particles, UV-
visible absorption spectroscopic studies were carried out and presented in
Figure 3.3 (B and C). Illustrated in Figures 3.3 A is UV-vis absorbance
spectra of pure tryptophan and tyrosine amino acids. Since tryptophan and
tyrosine has indole and phenol groups, they have absorbance at 280 and
275 nm, respectively.

A single absorption band was obtained in UV-vis absorbance spectra
of Au, Au7sAges (gold-rich alloy), AusoAgso (equimolar Au and Ag alloy),
AussAgrs (silver-rich alloy) and Ag nanoparticles obtained from tryptophan
and tyrosine mediated reduction of metal ions (Figures 3.3 B and C,
respectively). Figures 3.3 B illustrates that tryptophan reduced Auioo™® and
Agi00™P nanoparticles that showed their respective SPR bands at ca. 530 nm
and 420 nm, whereas the three alloy nanoparticles showed SPR features at
ca. 515 nm (AursAges™P), 495 (AusoAgso™™) and 425 nm (AursAgesT™P),
respectively. Likewise, tyrosine reduced Auioo™r, AursAgesyr, AusoAgsolyr,
Au7sAgos™yr and Agioo™T nanoparticles show their respective SPR bands at ca.
520, 510, 485, 425 and 415 nm, respectively (Figures 3.3 C). A clear blue
shift of Au SPR features with an increase in Ag content, along with absence
of any noticeable additional features in the spectra of alloy nanoparticles
provides an evidence towards the formation of a Au-Ag alloy phase, without
forming any heterogeneous population of Au and Ag, or a core-shell type
structure.[87, 96| Additionally, the positions of the SPR absorption bands of
metal and metal alloy nanoparticles observed in this study are very similar

to those reported previously.[87]
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Figure.3.4. Digital photographs of metal nanoparticle solutions synthesised
using (A) tryptophan and (B) tyrosine

The digital photographs of metal nanoparticle solutions obtained by
tryptophan and tyrosine mediated reduction are illustrated in Figure 3.4 (A
and B, respectively), which clearly show a transition in solution colour in
both the cases from ruby red (Au) to yellow (Ag), respectively. The
intermediate compositions resulted in colours that were varying between
ruby red and yellow as can be seen from the digital photographs in Figure
3.4 demonstrating the alloy forming capability of tryptophan and tyrosine
amino acids. This is interesting that simple biomolecules such as amino
acids can provide a facile handle to control the composition of metal alloys
because synthesis of alloys almost always involve a reducing agent along
with a capping agent.

Additionally, UV-visible absorbance spectroscopy was employed to
compare nanoparticles as-obtained (post-synthesis), and after dialysis as
discussed earlier and shown in Appendix C.1. Interestingly, no considerable
changes in the position of the SPR plasmon of nanoparticles was observed

post- dialysis, except that reduction of m-m* absorption band due to the
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aromatic rings of tryptophan and tyrosine at ca. 280 or 275 nm, suggesting
that the final nanoparticle solutions are free from unbound amino acids.
Since removal of free metal ions and capping agents from metal
nanoparticle solution typically results in nanoparticle aggregation, absence
of any such behaviour after dialysis in amino-acid reduced metal
nanoparticles indicates that amino acids strongly cap these nanoparticles
during synthesis. The stability of amino acid-reduced metal nanoparticles
was also evident when these particles showed no evidence of aggregation on
storage under standard laboratory conditions in deionized water for over six
months. Therefore, synthesis of highly stable, metal ion free, monometallic
and alloy nanoparticles is an important advantage of amino acids-mediated

synthesis of these nanomaterials.

3.4.2. TEM studies of amino acid reduced Au, Ag and Au-Ag alloy

nanoparticles

[Mlustrated in Figure 3.5 are TEM images, mean particle size and size
distribution histogram of tryptophan reduced Auico (Al); AursAgos (A2);
AusoAgso (A3); AuzsAgzs (A4) and Agioo (AS) nanoparticles, respectively.

As shown in Figure 3.5 (A1-AS5), all these nanoparticles are quasi-
spherical in shape. The mean particle size of Aui00™P is around 8.2 nm with
a standard deviation of 4.4 nm, while Agi00™™ nanoparticles are ~10.8 nm in
size with a standard deviation of 5.5 nm. The mean particles size for alloy

nanoparticles is ranging from 5 to 6 nm in size.
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Mean particle -
Sample A6

size (nm) * SD

Al 8.2+4.0
A2 58+1.9
A3 49+22
A4 53+28
A5 10.8+5.5

120+
1054
90+
751
60+
45+
30+
15

Frequency (%)

0

Particles Diameter (nm)

Figure.3.5. TEM images and particle size distribution histogram of
tryptophan reduced Au, Ag and their alloy nanoparticles. Scale bars
correspond to 100 nm. Average particle sizes along with standard deviations
are also shown (A6)

Figure 3.6 shows TEM images, mean particle size and particle size
distribution histogram of tyrosine synthesised Au, Ag and their Au-Ag alloy
nanoparticles. All these nanoparticles are spherical in shape. As shown in
Figure 3.6 (B1-B4), the mean particles size of Auio0™* and Au containing all

the three alloys are ~ 5.5 to 6.5 nm in size with a standard deviation of ~2.5

nm. Conversely, Figure 3.6 (B5) shows that Agioo™r are comparatively bigger
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in size then all the other nanoparticles synthesised either by tryptophan or
tyrosine and the mean particles size of Agioo™r is around 26.8 nm with a

standard deviation of 5.8 nm.

Sample | Mean particle

size (nm) = SD

Bl 6.5+2.0
B2 6.6+2.4
B3 6.3+2.1
B4 55+£28
BS 26.8+5.8

105+
90+
751
60+
45+
30+
15+

Frequency (%)

4 6 8 10 4 6 8 1012 56 7 89 6 121824303642

Particles Diameter (nm)

Figure.3.6. TEM images and particle size distribution histogram of tyrosine
reduced Au, Ag and Au-Ag alloy nanoparticles. Scale bars correspond to 100
nm. Corresponding average particle sizes along with standard deviations are

also shown (B6)
Shape and size of nanoparticles has considerable effects on their

biological activities.[31, 74, 97-100] All the nanoparticle synthesised with

amino acids are spherical or quasi-spherical in shape and 5 to 10 nm in size
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(except Agioo™r). This is the size domain where size-dependent toxicity of
metal nanoparticles was typically not observed. Hence, shape and size of
these nanoparticles does not have significant influence on the biological
effects and therefore biological effects of composition and different surface

functionalization can be compared confidently.

3.4.3. Estimation of the metal content present in dialysed

nanoparticle solutions

Atomic absorption spectroscopy (AAS) was employed to measure the
metal content in each sample after nanoparticles synthesis because it is
likely that not all of the metal ions employed in the reaction are reduced
during metal nanoparticles synthesis, as discussed earlier. Therefore, after
nanoparticle formation and purification by dialysis, AAS studies were
performed on aqua regia (corrosive mixture of 1HNOs + 3HCI) digested
nanoparticle solutions.

AAS results indicated that Au:Ag ratios in finally obtained
nanoparticle samples follow a distinct trend as shown in Table 3.2, which is
very close to the initial ratios of metal ions used during the synthesis of
metal nanoparticles (Table 3.1). Further, AAS results indicated that in
different alloy compositions, amino acids have a tendency to form a Ag-rich
alloy on the cost of gold ions used during the synthesis. For instance, the
initial molar ratios of [AuCl4]- and Ag' ions used to form Au7sAges™P alloy
was 75:25, however in the nanoparticles, Au and Ag metal was found to be
in 68:32 ratio. Similarly, in the case of Au7sAges™yr it was found to be 66:34

for Au:Ag. This is most likely because it is easier to reduce Ag® ions in
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comparison to [AuCls]- ions, and therefore when both [AuCl4]- and Ag* ions

coexist in a single system, a Ag-rich Au-Ag alloy is obtained.

Sample % Molar ratios Zeta potential
Au Ag (mV)
Auioo™P 100 0 -34.6
Au7sAgosTrp 68 32 -41.0
AusoAgsoTP 46 54 -21.1
AuzsAgsoTP 26 74 -41.6
Agioo™P 8 92 -36.8
Auioo™y* 100 0 42 .4
AuzsAgasTyT 66 34 -44 .4
AusoAgsoTyr 43 57 -42.1
AuosAgsolyT 23 77 -43.8
Agio0™T 0 100 -42.9

Table.3.2: Molar ratios (%) of Au and Ag estimated from AAS and zeta
potential measurements of nanoparticle solutions
AAS results further emphasize that by finely controlling the molar
ratios of metal ions during amino acid-mediated reduction, Au-Ag alloy
composition can be delicately tuned. It is noteworthy that the ratio of Au
and Ag in both tyrosine and tryptophan-reduced alloys were very similar,
which makes them suitable for comparison during peroxidase-like and

antibacterial studies.

3.4.4. Zeta potential measurements of Au, Ag and Au-Ag alloy

nanoparticles

[llustrated in Table 3.2 are zeta potential values of different metal

nanoparticles. The { potential reflects the charge on the surface of
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nanomaterials. Interestingly, all the monometallic Au or Ag and bimetallic
Au-Ag nanoparticles possess high negative surface charge at physiological
pH. The pH of the nanoparticle solutions can indicate about the possible
surface charge of the nanoparticles due to the presence of tryptophan and
tyrosine amino acids on their surfaces. In principle, if pH of solution is
above the isoelectric point of tryptophan or tyrosine (5.89 or 5.66,
respectively), relevant nanoparticles must bear a negative surface charge.
Conversely, if the pH of the nanoparticles solution is below the isoelectric
point of amino acid the nanoparticles must bear a positive surface charge.
The negative zeta potential values were expected since these
nanoparticles were stabilized with tryptophan or tyrosine, thus making them
negatively charged at physiological pH. A high negative zeta potential value
also indicated that these particles have good stability, which is required to
prevent these nanoparticles from aggregation in bacterial growth media
because inorganic salts and other nutrients may induce aggregation.
Further, as all these nanoparticles have similar type of surface charge, it
excludes any possibility of surface charge dependent biological activities. It
is also imperative to add that charge on the surface of amino acids-capped
nanoparticles can be easily controlled by changing the solution pH due to

the zwitterionic nature of tryptophan and tyrosine.

3.4.5. X-ray photoemission spectroscopy analysis of Au, Ag and

Au-Ag alloy nanoparticles

XPS analysis was carried out to confirm zerovalent state of gold (Au9)

and silver (Ag% in mono and bimetallic alloy nanoparticles after reduction of
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respective [AuClsy]- and Ag* ions with tryptophan and tyrosine amino acids.
XPS is regarded as a highly surface sensitive technique, therefore presence
of amino acid shell on the surface of dialysed nanoparticles samples were
also confirmed using XPS. All the spectra discussed in this thesis have been
background corrected using Shirley algorithm[101] and their core level
binding energies were aligned with respect to the adventitious Cls binding

energy (BE) of 285 eV.

84 86 88 90

Intensity (a.u.)

Au4f
Tyr %

84 86 88 90 368 371 374 377 368 371 374 377
Binding Energy (eV)

Figure.3.7. Core level Au4f and Ag3d spectra of tryptophan and tyrosine
synthesised Au and Ag nanoparticles (A-D) and core level Au4f (E) and Ag3d

(F) spectra arising from AusoAgso™P alloy nanoparticles, respectively
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XPS studies were undertaken for all the 10 different compositions of
tryptophan and tyrosine reduced metal and metal alloy nanoparticles.
However, selected representative spectra have been shown for brevity. These
include Auioo™P, Auioo™r and AusoAgso™P. All the Au4f core level spectra
presented in Figure 3.7 (A, B and E for Auioo™P, Auioo™* and AusoAgsol™P,
respectively) could be decomposed into two chemically distinct spin-orbit
pairs. The chemically distinct components are observed ca. 83.5 eV and
85.8 eV, respectively. The Au4f signal at the lower BE (~83.5 eV) Au4f7,2 is
attributed to fully reduced metallic Au®. On the other hand, it is interesting
to detect the presence of higher BE component (at ~85.8 eV) in all the
samples, which indicated the presence of a small amount of unreduced
[AuCl4]- ions absorbed on the surface of nanoparticles and even extensive
dialysis could not remove these ions due to strong electrostatic complexation
of absorbed gold ions with amino acids. Similar Au4f spectra were observed
in all the samples containing Au.

The core level XPS spectrum of Ag3d originating from Agioo™?, Agioo™"
and AusoAgso™ are illustrated in Figure 3.7 C, D and F, respectively. Similar
to Au4f core level spectra, the Ag3d spectra also could be decomposed into
two chemically distinctive spin-orbit pairs. Two chemically distinct BEs for
Ag3d appeared at 368.2 and 371.6 eV, respectively. Here, the low BE
component is attributed to metallic silver (Ag®), whereas the high BE
component occurs from the unreduced ions, demonstrating some Ag* ions
bound on the surface of Ag nanoparticles.

Figure 3.8 (A-B) illustrates spectra of Cls core level recorded for

pristine tryptophan and tyrosine amino acids, respectively. Figure 3.8 (C-D)
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shows the core level Cls, spectra taken from tryptophan and tyrosine
synthesised Au nanoparticles, respectively. N1s and K2p spectra taken from
tryptophan synthesised Au nanoparticles (Auioo™P) are presented in Figure

3.8 E and F, respectively.
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Figure.3.8. Core level XPS spectra of Cls in pristine tryptophan (A), tyrosine
(B), Au100™P(C) and Aui00™* (D) respectively. Core level N1s (E) and K2p (F)
spectra of tryptophan synthesised Auioo™?, respectively

C1s core level spectra recorded for pure tryptophan and tyrosine can

be decomposed into four energy levels (Figure 3.8 A-B). BE at 285.0 €V is

assigned to alkyl chain and aromatic carbon chain, shoulder of higher BE at
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286.4 could be assigned to carbon attached with oxygen and nitrogen (C-O
and C-N) species. The high BE at 289.1 eV can be attributed to the
corboxylic group present in amino acids. Whereas, additional shaken-up
satellite feature at 291.9 eV in both the amino acids arises from the benzyl
side chain.[102] Likewise, the Cls core level spectra recorded from the
Aui00™? and Auioo™r Figure 3.8 (C and D, respectively) could be decomposed
into three major chemically distinct components at ca. 285, 286.4 and 288.3
eV. The higher BE component observed at 288.3 eV can be assigned to the
carboxylate carbon (-COO-) from nanoparticles-bound amino acid molecules
(tryptophan or tyrosine), another evidence suggesting why these
nanoparticles have very high negative zeta potential. Whereas 286.4 eV BE
peak is attributed to the C-N and C-O species again coming from respective
amino acid shell present on nanoparticles.

The existence of Nls signals is indicative of surface bound amine
groups of amino acids. The representative XPS spectrum of N1s is illustrated
in Figure 3.8-E. Furthermore, it was interesting to detect the presence of
K2p3/2 core levels at ca. 293 eV in the all the samples. Representative, XPS
spectrum of K2p recorded for Auioo™p is shown in Figure 3.8 (F). The source
of potassium ions in these samples was mainly due to the usage of KOH
solution during the synthesis of nanoparticles. Presence of K*' in
nanoparticles even after extensive dialysis of samples suggests that K* ions
bind strongly to negatively charged nanoparticle to counter balance their
surface charges and to maintain electro-neutrality,[10, 11] which leads to

highly stable metal nanoparticles in aqueous solutions.
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3.4.6. FTIR analysis for the confirmation of amino acid shell

FTIR spectroscopic analysis of Au, Ag and Au-Ag alloy nanoparticles
obtained by amino acids was carried out to understand that how the
functional groups present in tryptophan or tyrosine amino acids interact
with the metal nanoparticles. Furthermore, FTIR analysis provides
information about the surface chemistry of nanoparticle. Illustrated in
Figure 3.9, identical vibrational frequencies in respective panels (A for
tryptophan and B for tyrosine capped nanoparticles) suggested that the

functional nature of all these materials must be similar.

\/

LGN

W = o Jo

™\

Transmittance (a.u.)

N
o
W . N B oie

A
2200 2000 1800 1600 2200 2000 1800 1600
Wavenumber (cm-1)

*

Figure.3.9. FTIR spectral analysis of (A) tryptophan- (curve 1) and (B)
tyrosine- (curve 1) reduced Auioo (curve 2); AuzsAgos (curve 3); AusoAgso
(curve 4); AuzsAgrs (curve 5) and Agioo (curve 6) nanoparticles, respectively

Figure 3.9 (A) shows the FTIR spectra of tryptophan synthesised

nanoparticles, wherein the shift of the carbonyl stretching frequency of

tryptophan from *1667 cm! (Figure 3.9 A, curve 1) to 1703 cm! and 1700
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cm-! were observed for Auio0o™ and Au rich alloy, as shown in Figure 3.9 A
curve 2 and 3, respectively. While in the case of Agioo™P (Figure 3.9 A curve
6) and Ag rich alloys (Figure 3.9 A, curve 4 and 5) it was observed at 1736
cm-! which can be attributed to the formation of carboxylate ions during the
reaction.[103] The difference in the value of shifts observed in different
samples correspond to varying degree of carboxylate ion formation in
different samples.

As shown in Figure 3.9 B, tyrosine has a carbonyl stretching
frequency around *1609 cm! (Figure 3.9 B, curve 1) that shifted to 1739
cm! in case of Auioo™ (Figure 3.9 B, curve 2) or 1737 cm-!in case of Agioo™"
(Figure 3.9 B, curve 3) after nanoparticles synthesis, due to the carboxylate
ion formation. Hence, it was evident from the FTIR spectroscopy that
nanoparticles have surface carboxylate groups, which was in support of XPS
analysis. Further, the presence of K* ions observed in the dialysed samples
during XPS analysis supported that carboxylic group of amino acid bound
onto metal nanoparticle surface was deprotonated into carboxylate ions.
Additionally, presence of surface carboxylate groups also supported the
negative surface charge determined by zeta potential measurements.

Moreover, the mechanism of reduction of [AuCl4]- ions and Ag* ions by
tryptophan or tyrosine molecules is clearly understood by comparing FTIR
spectra of pristine amino acids and after reduction of metal ions.
Heterocyclic amine such as pyrrole and indole undergo oxidative
polymerization in the presence of an oxidizing agent and pyrrole is reported
to reduce [AuCl4] ions to produce Au nanoparticles.[104] On the other hand,

electrochemical methods are documented for oxidative polymerization of
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indole through its secondary amine or the o-C of the secondary amine.[105]
The amino acid tryptophan has a benzopyrrole (indole) group, which can
undergo oxidative polymerization in a similar manner to reduce [AuCl4]-
ions and Ag' ions to create Au and Ag nanoparticles, respectively. Both
tryptophan and tyrosine molecules show a peak at *2080 cm-! due to the
asymmetrical NH3z* bending vibration. The absence of this peak after
nanoparticles formation indicates that deprotonation of amine groups
during the reduction of metal ions. Further, the similar vibrational features
of all these nanoparticles suggest they all have similar amino acid shells on
the surface and the symmetry in the vibrational bands indicating that these
amino acids were accommodated on the surface of metal in a structured

fashion.

3.4.7. Electrochemical behaviour of amino acid capped Au, Ag and

their alloy nanoparticles

The binding capacity of amino acids on the surface of metal
nanoparticles will have considerable impact on the redox behaviour of Au,
Ag and Au-Ag alloy nanoparticles. This kind of fundamental understanding
of capping behaviour of tryptophan and tyrosine amino acids on
monometallic Au or Ag nanoparticles and on the surface of bimetallic Au-Ag
alloy nanoparticles is imperative to design effective nanomaterials for
biological activities. Furthermore, it is important to study the distribution of
Au and Ag atoms in the bimetallic alloy nanoparticles, which might be
affected by the strength of interactions occurring between metallic surface

and respective amino acids. Therefore, electrochemical behaviour of Au, Ag
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nanoparticles and Au-Ag alloy nanoparticles was studied by employing
cyclic voltammetry (CV). CV is an excellent electrochemical technique to
study the aforementioned properties and cyclic voltammograms of these
nanoparticles were carried out by drop-casting these nanoparticles onto GC

substrates and the results are presented in Figure 3.10 (A and B).

Current [uA]
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Figure.3.10. Cyclic voltametric profiles of tryptophan- (A) and tyrosine (B)
synthesised nanoparticles recorded at 5 mV s-1in 1 M H>SO4

In the case of tryptophan-reduced nanoparticles, the CV profile was
found to be remarkably similar for the Auioo™P, Au7sAgoes™, AusoAgso™ and
AuzsAgzsTe samples, all of which contained gold in different proportions. No
indication of the CV profile typically observed for gold in acidic solution was
seen (Figure 3.10 A), where typical gold-oxide formation and reduction is
observed in Figure 3.11 (A). The complete absence of a gold oxide reduction
process suggests that the capping by the tryptophan amino acid effectively
blocked the underlying metallic surface. However, another broad oxidation
process was reflected in Auioo™P, AuzsAgesT™P, AusoAgsoT™ and AuzsAgrsTe
samples from 0.80 to 1.40 V, which is similar to that recorded for a 1 mM

tryptophan solution in 1 M H2SO4 recorded at a GC electrode (Figure 3.11-
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B). This broad response is most likely due to the oxidation of the tryptophan
capping agent on the nanoparticle surface, leading to formation of poly-

tryptophan.[83]
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Figure.3.11. Cyclic voltametric profiles of (A) typical gold oxide formation
and reduction (B) CV profile of 1 mM tryptophan in 1 M H2SO4 and (C) CV
profile of tyrosine oxidation

Interestingly, a distinctly different profile is seen for Agioo™ sample
that showed a characteristic Ag oxidative stripping peak at 0.30 V (Figure
3.10-A).[106, 107] This suggests that during tryptophan-mediated synthesis
of pristine Ag nanoparticles, a complete compact coverage of the
nanoparticle surface with a capping layer does not occur as effectively as in
the presence of Au in the sample. Notably, upon increasing the silver
content within the alloy, a feature in the range of 0.30 to 0.80 V does begin
to emerge, which shifts to more negative potential as the Ag content is
increased (highlighted by arrow in Figure 3.10-A). This illustrates the ease
with which the nanomaterial can be oxidised, thus indicating a decrease in
the blocking ability of the capping agent with increase in Ag content.

In the case of tyrosine-reduced nanoparticles, evidence of the gold-

oxide reduction process at 0.90 V was seen in all the alloys containing Au,
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including Au7sAgasTyr, AusoAgso™™ and AussAgzs™yr samples as shown in
Figure 3.10 B. However such feature was found absent in Auioo™* sample,
suggesting again a blocking capping layer to electrochemical surface oxide
formation. Interestingly, as the Ag fraction is increased across the samples
from Au7sAgosTyr, AusoAgso™r and AussAgrs™yr to AgiooDr, the feature from
0.30 to 0.70 V increases and shifts to a more negative potential indicating a
material which is more readily oxidised until sample Agioo™*. The broad
process recorded from 0.90 to 1.40 V in all the tyrosine-reduced samples
most likely consists also of some contribution from tyrosine oxidation, that
recorded for a 1 mM tyrosine solution in 1 M HzSO4 recorded at a GC
electrode (Figure 3.11 C).

Thus, CV analysis suggested that in the case of tryptophan-reduced
nanoparticles get very strongly capped due to the formation of poly-
tryptophan during synthesis, which interferes with oxidation of Ag present
in tryptophan-reduced alloy nanoparticles. Conversely, in the case of
tyrosine-reduced nanoparticles they are not as strongly capped, and Ag
present in these alloy nanoparticles can be feasibly oxidized during CV
experiments. These observations may have significant impact on biological
profile of amino acid-reduced nanoparticles due to diverse surface
functionality. Moreover, when different metal nanoparticles are exposed to
biological system, the ease in oxidation of metal into metal ions may

determine the ultimate biological action (toxicity) of these materials.
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3.5. Rational behind employing these nanomaterials for biological
applications

Tryptophan and tyrosine amino acids utilize their side functional
groups to reduce metal ions to form nanoparticles, while retaining their
amine and carboxylic acid groups intact on the nanoparticle surface. Hence
these tryptophan and tyrosine capped nanoparticles can be viewed as amino
acids supported on an inorganic nanoparticle, which can provide biological
identity to inorganic nanoparticles. Further, amino acids are the basic
building blocks for proteins and enzymes, and they become the active sites
of many enzymes for adsorption of selective substrates. The selectivity is
induced by the geometrical constraints specified by the structure of enzyme.
Therefore, amino acids supported on the surface of an inorganic
nanoparticle may function like a synthetic enzyme and it is essential to
study the enzymatic-behaviour of these systems in order to use these
materials for any other biological application.

In addition to the various properties of amino acids, when they
combine with the suitable metal composition of nanoparticles in a
cooperative manner, this will modulate their biophysical and biochemical
properties. Therefore, these carefully tailored nanoparticles were subjected

to investigate their enzyme-like behaviour and antimicrobial applications.

3.5.1. In vitro peroxidase-like behaviour of amino acids capped Au, Ag

and Au-Ag alloy nanoparticles

A variety of nanomaterials have been designed to exhibit biological

activities which depend on their considerable ability to provoke production
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of reactive oxygen species (ROS). High level of ROS present in any biological
system is harmful due to the significant changes in homeostasis, which can
induce cell damage irrevocably while the lesser amount of ROS can be
effectively neutralized by natural antioxidants.[27-34, 108-112] Recently,
Ferrum-based (Fe) materials such as iron oxide nanoparticles have been
discovered to execute peroxidise enzyme-like activity. This peroxidise-like
activity of iron oxide nanoparticles has been attributed due to their close
resemblance with Fe present in the heme unit of natural peroxidases.[20,
21, 24, 113] Other nanomaterials have also been employed to explore
peroxidases enzyme-like activity or to mimic naturally occurring enzymes
besides Fe-based nanoparticles.[22, 26, 114, 115]

Tryptophan and tyrosine amino acids are two important building
blocks of natural enzymes and their capping on the surface of Au, Ag and
Au-Ag alloy nanoparticles has potential to act as synthetic ‘nanozymes’.
Therefore, in vitro study of peroxidases enzymes-like activity has been
explored to understand the significance of amino acids shell on inorganic
nanoparticles support in combination with metal composition in alloy
nanoparticles.

Au, Ag and Au-Ag alloy nanoparticles capped with tryptophan and
tyrosine amino acids exhibited peroxidise-like activity by catalysing the
oxidation of TMB substrate in the presence of H2O2 to produce a blue
coloured reaction product as shown in Figure 3.12. Prior to peroxidase-like
activity, various solutions of tryptophan and tyrosine synthesised
nanoparticles showed ruby red (Au nanoparticles) to yellow colour (Ag

nanoparticles) (Figure 3.13-A) based on the composition of nanoparticles, as
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discussed previously. Intensities of these colours varied because the
concentrations employed to investigate peroxidase-like activity were different

such as 20, 10 and 5 ppm.

Figure.3.12. Schematic representation of oxidation of TMB by H202
catalysed by nanoparticles
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Figure.3.13. Peroxidase-like behaviour of tryptophan- and tyrosine- capped

Au, Ag and Au-Ag alloy nanoparticles with different concentrations
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Nlustrated in Figure 3.13 B is the optical photograph showing blue
colour response after peroxidase-like activity of amino acid capped
nanoparticles. It was visualized in Figure 3.13 that the peroxidase-like
activity of amino acid capped metal nanoparticles were modulated by the
composition and the type of amino acid that forms the surface corona
around the nanoparticles. Further, quantitative potential of nanoparticles
synthesised by amino acids were measured by absorption as a function of
reaction time for peroxidase-like behaviour and correlated with temperature,

composition and surface functionalization.
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Figure.3.14. Temperature dependent peroxidase-like activity of tryptophan-
and tyrosine- capped Au and Ag nanoparticles In all the panels, curve 1, 2,
3 and 4 correspond to Auio00™P, Aui100™r, Ag100™P and Agioo™T, respectively

Figure.3.14 illustrates the kinetics of peroxidase-like behaviour of
monometallic Au and Ag nanoparticles at 5 ppm metal concentration on
20°C, 37°C and 55°C temperatures in panel A, B and C respectively. In all
the panels of Figure.3.14, curve 1 and 2 shows peroxidase-like behaviour of
tryptophan and tyrosine synthesised Au nanoparticles, whereas, curves 3

and 4 correspond to respective amino acids synthesised Ag nanoparticles.
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Relatively, tyrosine capped Au nanoparticles demonstrated higher catalysing
potential toward TMB substrate, indicating that tyrosine capping of Au
nanoparticles have comparatively higher peroxidase-like activity then
tryptophan capped Au nanoparticles. These results show that amino acid
shell/corona present on the surface of nanoparticles also had some
influence on the peroxidase-like behaviour.

At all the examined temperatures (panels A, B and C), it was seen that
the activity of Ag based nanoparticles was significantly higher than Au
nanoparticles in both tryptophan and tyrosine capping, while there were
slight difference in the catalysing potential of Agioo™ and Agioo™*. This
phenomenon suggests that the peroxidase-like behaviour of amino acid
capped metal nanoparticles predominantly depends on the core metal,
whereas amino acid surface corona has slight influence of peroxidase-like
activity. For example, at 20°C (Figure.3.14, panel A) after 4 hour, Agioo™™P
illustrated over six time higher oxidation of TMB substrate then Auioo™? in
the form of absorbance at 650 nm, signifying impact of core material.

Moreover, temperature has significant influence on the peroxidase-like
activity of Ag nanoparticles. As illustrated, at 37°C (Figure.3.14-B) the
activity was optimal, whereas at 55°C (Figure.3.14-C) their activity was
found to be lowest while moderate activity was reported at 37°C
(Figure.3.14-A). Conversely for Au nanoparticles, a slight reduction in
peroxidase-like activity was observed with increase in temperature from 20
to 37 to 55°C. There observations demonstrate that temperature plays an
influential role in peroxidase-like activity of Ag nanoparticles. These

observations revealed the importance of inorganic core metal content and
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amino acid surface corona present around the nanoparticles and shows that
the peroxidase-like behaviour of nanomaterials depends on both the
composition and surface functionalization. These observations, further
suggest that the composition and surface chemistry of nanomaterials may
have cooperative effects on any biological activity, which is in general
overlooked. Therefore, to further understand the role of surface functionality
and metal composition along with temperature on peroxidase-like
behaviour, tryptophan and tyrosine capped alloys nanoparticles were
subjected for investigation under similar experimental conditions. [llustrated
in Figure.3.15 is peroxidase-like behaviour of Au-Ag nanoalloys synthesised
by tryptophan (Panel A, B and C) and tyrosine (Panel D, E and F) amino
acids at 20°C (Panel A and D), 37°C (Panel B and E) and 55°C (Panel C and
F) respectively. In all panels, curve 1, 2 and 3 correspond to AursAgos,
AusoAgso and AuzsAgrs composition either prepared by tryptophan or
tyrosine, respectively.

Furthermore, Figure.3.15 revealed the significant effect of amino acid
corona on peroxidase-like activity. Comparison of same stoichiometric alloys
with different amino acids showed different peroxidase-like activity in all the
temperatures. Assessment between different panels (such as A with D, B
with E and C with F) captivatingly revealed that the presence of surface
corona has considerable influence on peroxidise-like behaviour along with
temperature and composition. As it could be seen that the core material
employed to construct curves 1, 2 and 3 during peroxidise-like activity in all
panels are similar but the absorbance is considerably different revealing

different catalysing power of these nanomaterials towards TMB. It was
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interesting to detect that tyrosine capped alloy nanoparticles have
significantly higher peroxidise-like activity then tryptophan capped
nanoparticles. For instance, Figure 3.15.panel A, in the case of tryptophan
reduced AuzsAgos™P (curve 1), AusoAgso™™ (curve 2), AuasAgrs™ (curve 3) the
absorbance was found to be less than 0.2 after 6 hours in all the cases. On
the contrary, assessment of similar composition and temperature with
different surface functionalization (in case of tyrosine Figure 3.15.panel D),
Au7sAgosTyr (curve 1), AusoAgso™r (curve 2), AuasAgzs™yr (curve 3) showed 0.3,
0.6 and 0.9 absorbance revealing differential catalysing potential of alloy
nanoparticles, respectively.

Peroxidise-like behaviour of amino acid capped alloy nanoparticles
was found to be metal composition dependent and with respective increment
in the Ag fraction of alloy the peroxidise-like behaviour shows enhancement
by catalysing TMB substrate as it shows increment in absorbance at 650
nm. This tendency is widespread in all tested temperatures irrespective to
surface functionalization, although the effects were more prominent in the
case of tyrosine capped Au-Ag alloy nanoparticles. These results are in good
agreement with observations obtained during peroxidise-like behaviour of
monometallic Au and Ag nanoparticles. Thus, validating the hypothesis that
the peroxidise-like activity of inorganic nanoparticles depends on the core
material or composition used to prepare nanoparticles.

Moreover, to validate these results and observations, control
experiments were performed in parallel, wherein pure tryptophan, tyrosine
and free metal ions were used under same experimental conditions to

investigate their effects on peroxidase-like activity. It was interesting to
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discover that free amino acids and metal ions alone do not have any
peroxidase-like activity as they could not catalyse oxidation of TMB to
produce blue coloured reaction product. These control experiments further
confirmed that the peroxidase-like activity of amino acid capped
nanoparticles were intrinsic nature of nanoparticulate systems which was
introduced during their synthesis and controlling nanomaterials
composition and surface functionalization has potential to fine tune their

biological activity.
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Figure.3.15. Temperature dependent peroxidase-like activity of tryptophan
(Panel A, B and C) and tyrosine (Panel D, E and F) capped Au-Ag nanoalloys.
In all the panels, curve 1, 2 and 3 correspond to AursAgas, AusoAgso and

AuosAgrs respectively
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These observations on composition and surface-functionality
dependent peroxidase-like activity of Au, Ag and Au-Ag alloy nanoparticles
are particularly interesting. As discussed in cyclic voltametric studies, due
to the presence of poly tryptophan, Ag stripping of alloy nanoparticles was
not possible, while in the case of tyrosine capped alloys, Ag stripping was
observed. Peroxidase-like activity of alloy nanoparticles was considerably
influenced by the Ag stripping from the alloy nanoparticles and therefore
tyrosine capped alloy nanomaterials exhibited higher activity. These results
suggest that choice of an appropriate biological capping agent can play a
major role in cooperative manner with composition in controlling the
biological action of nanomaterials. Similar influence of composition,
temperature and amino acid corona were obtained when the metal
concentrations of nanoparticles were kept 10 and 20 ppm to evaluate
peroxidase-like activity. Appendix C (Figure C.2 and C.3) illustrates
temperature dependent peroxidase-like activity of tryptophan- and tyrosine-

capped Au, Ag and Au-Ag alloy nanoparticles at 10 ppm.

3.5.2. Antibacterial assays of amino acid capped nanoparticles
Peroxidase-like activity of amino acid-functionalized Au, Ag and Au-Ag
alloy mnanoparticles was found to be composition and surface
functionalization dependent. Due to the high intrinsic peroxidase-like
behaviour, these amino acid-functionalized nanoparticles are expected to
have other biological applications as well. Therefore, composition and
surface functionality dependent antibacterial activities of these amino acid-

functionalized nanoparticles were investigated against model Gram positive
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bacterium Staphylococcus albus and Gram negative bacterium Escherichia
coli. Two different bacterial strains are preferred because these bacterial
strains have chemically dissimilar cell walls, which provide first line of
defence for these bacterial strains. Hence, the cooperative effect of metal
composition and surface functionalization may be entirely different toward
different bacterial strains as it was observed in the case of peroxidase-like

behaviour.

3.5.2.1. Antibacterial effects of nanoparticles and influence of

surface functionalization

A colony counting method was adopted to investigate the antibacterial
potential of amino acid functionalized Au and Ag nanoparticles. To evaluate
influence of surface functionalization on different bacterial strains, constant
metal concentration (25 ppm) was introduced to 10% colony forming units
(CFU) of bacteria and allowed to interact for 24 hours at 4°C, followed by
spread-plating onto nutrient agar plates. Colonies formed after incubation
were counted and curves of the bacterial viability versus nanoparticles dose
effect were constructed and shown in Figurer 3.16 A and B.

Nlustrated in Figurer 3.16 A is antibacterial effect of tryptophan and
tyrosine functionalized Au and Ag nanoparticles against Gram negative
bacterium E. coli. At 25 ppm metal concentration, similar antibacterial
activity was observed by both tryptophan and tyrosine capped
nanoparticles. In the case of Au nanoparticles, both Auioo™ and Auioo™r
caused minimal cell death as the bacterial viability was found to be over

85% and 95% respectively. Relatively, tryptophan capped Auioo™?
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nanoparticles have more toxic effects than tyrosine capped AuiooD*
nanoparticles. Comparative difference in the cell viability shows that amino
acid surface functionalization has slight influence on the antibacterial
activity against E. coli as the core material is identical. Whereas, in the case
of amino acid functionalized Ag nanoparticles at the same 25 ppm
concentration both Agioo™ and Agioo™r nanoparticles exhibited significantly
higher level of toxicity against E. coli. In both cases cell viability was found
to be less than 5% (Figure 3.16 A). This is expected as Ag nanoparticles are
considered as highly efficient Gram negative antibacterial agents and
biocompatible nature of Au nanoparticles is well established.[41, 56, 58]
These results demonstrates that in the case of Gram negative bacteria (E.
coli), although the surface functionalization has some influence (shown by
Au nanoparticles) on antibacterial activity but predominantly it depends on
the metal fraction of nanoparticles (shown by Ag nanoparticles).
Furthermore, shown in Figurer 3.16 B is antibacterial potential of
amino acids functionalized Au and Ag nanoparticles against Gram positive
bacterium S. albus. It was interesting to observe that both tryptophan and
tyrosine capped Au and Ag nanoparticles demonstrate significantly higher
toxicity (>90%) against Gram positive bacteria. In the case of Ag® ions it is
expected to perform such a high level of toxicity due to their known
interaction with building elements of bacterial cells, DNA and proteins.[77]
The ease of Ag' ions stripping in both Agioo™ and Agioo™' nanoparticles
provide strong rational behind the toxicity of these tryptophan and tyrosine
functionalized Ag nanoparticles as discussed during cyclic voltammetry

analysis.
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Figure.3.16. Assessment of antibacterial potential of amino acid capped Au
and Ag nanoparticles against (A) E. coli and (B) S. albus, respectively

Recently, Dawson and co-workers established that during interaction,
a cell sees the surface corona or other biomolecules present on the surface
of nanoparticles rather than bare nanoparticles itself, [36, 116, 117] which
gives a rationale behind the unusual toxicity of Auioo™ and Auioo™* toward
S. albus that the toxicity is originating through the amino acid surface
functionalization toward Gram positive bacteria. Therefore, in the case of
Gram positive bacteria, it is believed that the toxicity arises due to the
amino acid shell because there was no considerable change in toxicity
whether Au or Ag nanoparticles were employed for antibacterial studies.
These interesting results suggest that there is a strong interaction between

the amino acid shell and the Gram positive bacterial cell wall that causes
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disruption of the cell wall. These observations are further confirmed by
nano-SEM imaging where the amino acids present on metal nanoparticles
act cooperatively to destroy the integrity of Gram positive bacterial cell wall
and is discussed in the later part of this chapter.

Additionally, in order to validate this mechanism, control experiments
were performed in which pure amino acids were directly added in the
bacterial culture, where these amino acids were found to have comparatively
higher toxicity towards Gram positive bacteria than Gram negative bacteria.
For instant, after treatments with tryptophan amino acid (ImM), E. coli
bacteria showed 75% cell viability while at the similar concentration, S.
albus illustrated only 20% cell viability. Likewise, at the similar
concentration in the case of tyrosine, E. coli and S. albus exhibited 68% and
16% bacterial viability, which was in support of the proposed hypothesis.
The exact mechanism how amino acids are capable of hydrolysing Gram
positive bacterial cells in more effective manner is not clear at this stage and
requires further investigations. Therefore, amino acid-reduced metal
nanoparticles enveloped within an amino acid corona may offer
opportunities against controlling Gram positive bacteria by enabling initial
interaction of these nanomaterials with the peptidoglycan cell wall, followed

by cell wall lysis and finally bacterial cell death.

3.5.2.2. Effect of metal composition on antibacterial activity

employing Au-Ag alloy nanoparticles

Additionally, to evaluate the antibacterial effects of tryptophan and

tyrosine synthesised Au-Ag alloy nanoparticles, dilutions were made in such
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a way that only Ag fraction present in Au-Ag alloy nanoparticles remain
constant. During this approach, Au concentrations were only varied in the
Au-Ag alloy nanoparticles, which could explain the effect of increasing
amount of Au content with respect to Ag fraction. This strategy made
possible to understand the role of metal composition and surface amino acid
shell towards antibacterial activity against E. coli and S. albus as shown in

Figure 3.17 (A and B).
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Figure.3.17. Antibacterial activity of Au-Ag alloy nanoparticles synthesized
by tryptophan and tyrosine against E. coli (A) and S. albus (B)
[lustrated in Figure 3.17 (A) is the antibacterial effect of amino acid
synthesised Au-Ag alloy nanoparticles against E. coli. In the case of E. coli,
with the decreasing concentration of Au fraction (with respect to the

constant Ag content present in alloy nanoparticles, from AursAges—
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AusoAgso— AuasAgrs), bacterial cell viability decreases significantly and this
trend was observed for both tryptophan and tyrosine amino acid capped Au-
Ag alloy nanoparticles (Figure 3.17.A). These observations are in strong
support that antibacterial activity against Gram negative bacteria arises
from the Ag fraction of the nanoparticles, as discussed in previous section.
Furthermore, tryptophan capped alloy nanoparticles were found to have
relatively more toxic effects than tyrosine capped alloy nanoparticles as
reflected in pristine Auioo™ and Auioco™" nanoparticles as well (Figure
3.16.A). For instance, 40% cell viability was observed in AuzsAges™?, which
increased up to 10% in the case of Au7sAges™r wherein the central material
is identical, confirming the influence of surface functionalization.
Comparative variation in the cell viability of E. coli shows that amino acid
surface functionalization has control on the antibacterial activity and
validating results discussed in the case of pristine Au and Ag nanoparticles.
Conversely, in the case of S. albus (Figure 3.17.B) there were no
considerable changes observed in bacterial viability with the decreasing
amount of Au fraction present in Au-Ag alloy nanoparticles (from Auz7sAges—
AusoAgso— AuasAgrs). However, there is a slight reduction in bacterial cell
viability in the case of tyrosine capped alloy nanoparticles, but overall their
toxicity was higher than toxicity observed in E. coli. These results are also in
support that in the case of Gram positive bacteria, composition of Au-Ag
alloy nanoparticles do not have significant influence. Additionally, Figure
3.17.B demonstrated that in the case of S. albus also, tryptophan capped
alloy nanoparticles have significantly higher toxicity compared to tyrosine

capped alloy nanoparticles. For instance, Au7sAges™ has less than 5%
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bacterial viability whereas AursAges™r has over 25% cell viability, which
clearly explains the effect of surface corona present on nanoparticles in the

form of the amino acid.

3.5.2.3. Morphological studies of Au and Ag nanoparticles treated

E. coli and S. albus bacterial cells

Towards antimicrobial activities, it is hypothesized that nanomaterials
and cations such as Ag*' ions primarily affect the function of membrane-
bound enzymes including enzymes of the respiratory chain. The inhibitory
mechanism of nanoparticles on microorganisms shows that after treatment,
DNA loses its replication ability; expression of ribosomal subunits proteins
and other cellular proteins and enzymes essential for ATP production
becomes inactive.[45, 53, 56, 58, 59, 74, 77] However, the mechanism of
antibacterial action of nanomaterials is still not clearly understood but
reported literature could highlight that bacterial morphology and its
membrane integrity is one of the key factors, which is crucial for bacterial
survival. Therefore, to understand the effects of amino acid surface
functionalized metal nanoparticles on bacterial morphology nano-scanning
electron microscopy (Nano-SEM) was employed to visualize changes in
bacterial cell wall and morphology after their treatments.

SEM micrographs of E. coli bacterial cells before and after their
treatments with nanoparticles are illustrated in Figure 3.18. E. coli bacterial
cells without any treatment (control cells) showed intact cell architecture
and the cells are around 3 pm X 1 pm size and appeared as small rod

shaped as illustrated in Figure 3.18 A. Bacterial cells exposed to amino
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acids capped Au nanoparticles (Aui0o™ or Aui100™") are shown in Figure 3.18
B and D respectively. These cells revealed that there were no significant
changes in their morphology and they had intact cell architecture as
untreated E. coli cells. Although, these bacterial cells appeared smaller in
size compare to untreated cells. Conversely, illustrated in Figure 3.18 C and
E are bacterial cells treated with Agioo™ or Agioo™r nanoparticles,
respectively. In contrast to untreated or Au nanoparticles treated bacterial
cells, Ag nanoparticles treated bacterial cells revealed distinct changes in
cell morphology. In lower magnification micrographs of Figure 3.18 C and E
it could be seen that treated E. coli cells were dissolved and their cellular
components were disintegrated, wherein higher magnification images
exposed that Agioo™ (Figure 3.18 c) treated bacterial cell were entirely
disintegrated and severely damaged. While in the case of Agioo™* (Figure
3.18 e), it could be seen that the bacterial cell were broken in small pieces
along with distinct morphology and confirmed patchy bacterial cells.

The components of E. coli bacterial cell wall became disorganised and
scattered from their original order and close arrangement after their
exposure to amino acid coated Ag nanoparticles. Thus confirming that
amino acid coated Ag nanoparticles had significant influence on the E. coli
bacterial cell morphology, while similar surface functionality on Au
nanoparticles did not show any influential toxic effect on bacterial cells.
These observations revealed that in the case of Gram negative bacterium E.
coli the toxicity depends on the metal fraction of nanoparticles and presence
of either amino acid on the surface of nanoparticles did not exhibited any

toxic effect.

Chapter III Page 120



PhD Thesis Hemant Kumar Daima RMIT University, Australia

Figure.3.18. SEM micrographs of E. coli before and after their treatments
with tryptophan and tyrosine synthesised nanoparticles (Scale bar 5 and 1

uM, respectively)
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Figure.3.19. SEM micrographs of S. albus before and after their treatments

with tryptophan and tyrosine synthesised nanoparticles (Scale bar 5 and 1

uM, respectively)
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Nlustrated in Figure 3.19 (A) are S. albus bacterial cells without any
treatment showing spherical shape and in lower magnification micrograph
the bacterial cluster resembles grapes along with integral cell morphology.
Wherein, the higher magnification image shows that these bacterial cells
have slightly rough surface. Figure 3.19 B and C, treated with tryptophan
coated Au and Ag nanoparticles shows that after treatment S. albus cells are
dissolved and dispersed. At higher magnification, it could be seen that the
bacterial cell wall is peeling out from the bacteria after their exposure to
Auioo™p (Figure 3.19 b); while the dispersion effect is clearly evident in
bacterial cells treated with Agioo™ (Figure 3.19 c). Similar, experiments were
performed on the tyrosine synthesised nanoparticles, which revealed that
these nanomaterials have even more severe morphological changes and
along with dissolving bacterial cells tyrosine capped nanoparticles shows
significantly higher level of roughness on the bacterial surface (Figure 3.19
D and E). After treatments, the cell wall components became disorganised
and scattered from their original ordered and close arrangement. In this sort
of morphology and disintegration, it is believed that cell wall possibly lost
their natural function which ultimately leads to bacterial cell death. These
observations revealed that even the most biocompatible Au nanoparticles
may exhibit significant toxicity toward Gram positive bacteria (S. albus) by
rupturing and collapsing the bacterial cell wall.

The rationale behind this is that in the case of E. coli only Ag
nanoparticles exhibited significant toxicity compare to the Au nanoparticles
because the metal fraction of the nanoparticles was responsible for

antibacterial studies as reported in previous studies. Conversely, in case of
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S. albus, due to the presence of the amino acids on the surface of
nanoparticles these materials caused structural changes which finally lead
to cell death. Based on the observed antibacterial activity and existing
literature, Figure 3.20 demonstrates various mechanisms by which Au and
Ag nanoparticles exhibit antibacterial activities toward Gram positive and

Gram negative bacteria.

E. coli

Non-toxic

‘ Protein oxidation DNA damage

Figure.3.20. Schematic illustration of antibacterial activity of Au and Ag

nanoparticles toward E. coli and S. albus
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3.6. Conclusions

In existing literature, stabilizer or toxic chemical reducing agents have
been employed to synthesis bimetallic nanoparticles, whereas the method
adopted in this chapter provides highly stable, water dispersible metal
nanoparticles with different metal composition and surface functionalization
without using any additional stabilizer or noxious chemical. [87, 89, 92] In
this chapter, a green and eco-friendly method has been developed to prepare
Au, Ag and Au-Ag alloy nanoparticles with different metal composition and
functionalization using tryptophan and tyrosine amino acids. Indole and
phenols groups present in tryptophan and tyrosine are found to reduce gold
and silver ions into their respective mono and bimetallic nanoparticulate
forms. Thus this is a major step towards greener synthesis of nanomaterials.

Moreover, presence of amino acid corona may provide biological
identity to these nanoparticles and these nanomaterials may have
significant potential for biological applications. In general, Ag nanoparticles
are regarded as toxic by their nature whereas Au nanoparticles are
considered as biocompatible.[66, 70, 118] Co-existence of both the metals in
Au-Ag alloy nanoparticles in different ratios may have differential biological
activity. Therefore, prior to investigate biological activities of these amino
acid-functionalized nanoparticles, these nanomaterials were thoroughly
characterized by UV-vis, AAS, FTIR, XPS, Zeta potential, TEM and cyclic
voltammetry studies to understand their physicochemical nature.

The amino acid-functionalized nanoparticles exhibited intrinsic
peroxidase enzyme-like activity, which was found to be metal composition,

surface functionalization and temperature dependent. Ag nanoparticles
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exhibited higher peroxidase-like activity compared to Au nanoparticles and
in the case of alloy nanoparticles; this activity was dependant on the Ag
fraction. Presence of tyrosine corona on nanoparticles surface had
significant influence on peroxidase-like behaviour. Further, antibacterial
potential of these amino acid-functionalized Au, Ag and Au-Ag nanoparticles
were investigated on Gram positive (S. albus) and Gram negative bacteria (E.
coli) bacteria. Both, tryptophan and tyrosine synthesised Au, Ag and Au-Ag
alloy nanoparticles have significant activity towards S. albus, whereas in E.
coli, only Ag nanoparticles or Ag rich alloy nanoparticles were considerably
active. This study indicates that even biocompatible Au nanoparticles can be
made toxic. Moreover, it was revealed that toxic effect towards S. albus is
due to the presence of amino acid shell, wherein the toxicity originates due
to the Ag fraction of nanoparticles against E. coli Nano-SEM validated
observed antibacterial results and confirmed morphological changes and

level of damage in treated bacterial cells.
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Chapter IV

Sequential surface functionalization of metal
nanoparticles using polyoxometalates and
lysine to controllably enhance their
antibacterial potential

Sequential surface functionalization of metal nanoparticles to improve their
antibacterial potential is the major focus of this chapter. In the previous
chapter, tyrosine reduced gold nanoparticles were found to be non-toxic
toward Gram negative bacteria. Step-wise surface functionalization of
biocompatible gold nanoparticles by polyoxometalates (POMs) and the
cationic amino acid lysine turned them strong antimicrobial active agent in
a sequential manner. The similar strategy was extended to tyrosine capped
silver nanoparticles to enhance their antibacterial potential and as a result,
these nanoparticles exhibited very high antibacterial activity even at smaller
concentrations. This chapter revealed that suitable surface functionalization
of nanomaterials either enable them antibacterial active or improve their

antibacterial potential.
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4.1. Introduction

In the previous chapter, it has been shown that how different amino
acid capped metal nanoparticles exhibit antibacterial activities against Gram
negative and Gram positive bacteria via different mechanisms. In the case of
Gram positive bacteria, it was shown that the surface bound amino acids
are responsible for the observed antibacterial activity, whereas composition
of nanoparticle played a significant role in rendering them as antibacterial
active against Gram negative bacteria. In particular, tyrosine functionalized
silver nanoparticles (AgNPsTyr) were found to be toxic; while the same
tyrosine functionalized gold nanoparticles (AuNPsT™y) were found to be non-
toxic against E. coli. Since both the nanoparticles (AuNPsTyr and AgNPsTyr)
have similar surface bound tyrosine ligand shell and similar type of surface
charge, these nanoparticles are expected to interact and taken up by the E.
coli bacterium in a similar manner, though the antibacterial activity was
observed only in the case of AgNPs™yr.

Silver (Ag) has long been known for its antimicrobial activities and it
has been used in many related applications.[l1] Among different
nanomaterials, Ag nanoparticles are found to exhibit a significantly higher
level of antibacterial activity, [2-4] as they are known to initiate denaturation
of proteins and DNA, which instigate toxicity.[3-13] Ag binds to many
cellular and membrane components and it is not clearly understood that
how the strong binding of Ag to different biological sub-components controls
its toxicity.[14] Moreover, antibacterial activity of Ag nanoparticles is size

and shape dependent and direct interaction between nanoparticles and
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bacterial cells are important to demonstrate antimicrobial activities.[10, 11,
15, 16]

Conversely, AuNPsTyr didn’t demonstrate any appreciable toxicity,
which shows that these nanoparticles did not affect bacterial growth.
Though, in contrast to Ag nanoparticles, Au nanoparticles are considered as
biocompatible,[2, 17, 18] interestingly it was shown that cationic Au
nanoparticles may exhibit toxic effects, whereas anionic Au nanoparticles
were found to be nontoxic.[19] Furthermore, it has been demonstrated that
Au nanoparticles capped with small molecules may work as potential
antibacterial agents.[20] In this perspective, Au nanoparticles were
chemically surface functionalized with amino-substituted pyrimidine and
other drug molecules and it was revealed that these functionalized Au
nanoparticles became effective antimicrobial and anticancer agents due to
their tailored surface properties.[20-23] Aforementioned arguments are clear
evidence of the importance of surface modification / functionalization of
nanomaterials for their biological applications and states that even the most
biocompatible nanomaterials may be rendered toxic by carefully tuning their
surface chemistry.

Therefore, it is believed that appropriate surface functionalization of
both tyrosine synthesised Au and Ag nanoparticles may improve their
antibacterial activities due to the additional toxic effects created by the
surface bound molecules and ions.[24-27] This concept stems from the fact
that conventional antibiotics such as ciprofloxacin, doxycycline and
ceftazidime selectively penetrate into the bacterial membrane and act on

specific target to inhibit bacterial growth. Rather than causing physical
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damage to bacterial cell wall, these antibiotics chemically interact with
genetic material of bacteria, block cell-division and sometimes trigger
autolysins in targeted pathogens. In this manner, bacterial morphology is
preserved and therefore, bacterial species have possibility to develop
resistance.[28] After discovery of bacterial-resistance through genetic
mutations or physical integrity, it was realized that it is a critical issue
related to public health[29, 30] and rapid development in the field of
nanomedicine may provide an excellent opportunity to control pathogenic
microorganisms and bacterial strains.[31-37]

In this context, it has been revealed that many cationic antimicrobial
peptides do not have a specific target in bacteria and usually they interact
with the bacterial cell wall through an electrostatic interaction which causes
physical damage to bacterial cells by forming pores.[38, 39| This physical
action prevents microbes from developing resistance against antimicrobial
peptides and in fact it is proven that cationic antimicrobial peptides and
nanomaterials have potential to overcome bacterial resistance.[13, 28, 38-
40] In addition to this, it has been reported that surface coatings of
nanoparticles have a significant effect on antimicrobial profiles of
functionalized nanoparticles [20, 41-49] and predominantly, polymers and
poly-electrolytes are the most commonly used surface coatings to tailor the
surface properties of antibacterial nanomaterials. These peripheral coatings
can impart charge to the particles (for example positive or negative surface
charge) and can stabilize them against aggregation. Furthermore, toxic
effects from positively charged nanoparticles have been explored, but these

effects were not observed when the same particles were coated with
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negatively charged functional groups.[50, 51] The rationale behind this is
that if the antimicrobial composition had the same surface charge as the
bacterial cells, this induces repulsion and prevents direct contact. Therefore,
controlling the surface charge of formulated nanomaterials using surface
coatings have considerably possibilities to improve the activity of the
formulation[52] because surface charge of antibacterial nanomaterials may
be crucial for initial electrostatic attraction and their activity.

Thus, antibacterial activity of nanomaterials involves direct contact
between cellular (bacterial) surface and nanoparticles; this suggests that the
surface chemistry / functionalization, size and morphology of nanomaterials
could be very influential for toxicity against bacteria.[53] Additionally, as
shown in previous chapters, biologically inspired understanding of naturally
occurring materials can lead to the development of nanomaterials,
nanodevices and processes with desirable functionality, as nature has
evolved with desired biological and chemical functionality using commonly
found materials.[54] Moreover to improve efficiency, nanomaterials can be
modified to facilitate their application in different fields such as bacteriology
and nanomedicine. Therefore, the major focus of this chapter is design
surface functionalized Au and Ag nanoparticles for their step wise improved
antibacterial potential, which causes toxicity by physical damage. To achieve
this, metal nanoparticles were successively surface functionalized with
polyoxometalates (POMs) and the cationic amino acid lysine as illustrated in
Figure 4.1 and their antibacterial potential was investigated against model
Gram negative bacterium E. coli. Inorganic Au nanoparticles were used as

inert support to stabilize POMs ions on their surface since Au nanoparticles
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are biologically inert and they do not have any direct biological effect.
Therefore, Au nanoparticles are the most suitable material for nanomedicine
applications. Conversely, Ag nanoparticles are already known for their
antibacterial activity, hence their surface functionalization with other
molecules such as POMs may enhance their antibacterial potential in
synergistic manner, whereas these Ag nanoparticles can also work as active
core and support.

To control the surface functionalization of metal nanoparticles, POMs
and the cationic amino acid (lysine or lys) were used as functional
molecules. POMs are inorganic anionic clusters of early transition metals
such as tungsten, molybdenum or vanadium etc, and oxygen, formed by the
self-assembly processes.[55-57] Furthermore, these POMs are known to
induce ROS and bacterial resistance against inorganic systems are relatively
difficult. POMs have molecular diversity which makes them a versatile class
of inorganic clusters for surface coating applications.[58] In the field of
biomedicine, these inorganic compounds are known for their antibacterial,
antiviral and anticancer activities.[55, 58, 59] However, most of the POMs
are unstable in aqueous solution at physiological pH and degrade in to
mixture of inorganic products, which limits their medicinal and biological
applications.[55] Since they are anionic in nature, they can electrostatically
bind with any cationic molecules, which can provide additional stability to
POMs and at the same time the cationic system may elevate additional
toxicity. Therefore, in this regard tyrosine synthesized Au and Ag
nanoparticles are employed as discussed earlier. Additionally, lysine is used

because it has two amine groups, so it is believed to bind to POMs at one
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end and while the other terminal amine group can be used to tether to the

negatively charged bacterial wall or membrane faster.

4.2. Scheme of the work

The major part of this chapter focuses on the development of the
sequential surface functionalization strategy of tyrosine synthesised metal
nanoparticles. As discussed in chapter 3, AuNPs™yr were synthesised
employing tyrosine amino acid and sequentially surface functionalized with
POMs and lysine, which resulted in functional AuNPsTy@POMs and
AuNPsTyr@POMs-Lys  nanoparticles, respectively (Figure 4.1). The similar
strategy was also employed toward tyrosine reduced silver nanoparticles
(AgNPsTyr) to develop highly active Ag nanoparticles base antibacterial active
agents.

Two different POMs such as 12-phosphotungstic acid (PTA) and 12-
phosphomolybdic acid (PMA) were employed for surface functionalization
due to their well-known biomedical applications,[58, 60-62] which could be
imparted on metal nanoparticles, whereas inorganic metal nanoparticles
anchor POMs onto their surface. In this surface functionalization strategy,
lysine amino acid was used due to its cationic nature, which can work as
guiding molecule toward negatively charged bacterial cells to initiate
electrostatic attraction. Physicochemical characterization of these Au and Ag
based functional nanoparticles was carried out by UV vis, FTIR, XPS, Zeta
potential, AAS, ICPMA and TEM studies. Gram negative bacterium E. coli
was used as model microorganism to understand the effects of surface

functionalization
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Figure.4.1. Schematic representation of sequential functionalization of

tyrosine capped gold nanoparticles by polyoxometalates and lysine

4.3. Experimental section

4.3.1. Synthesis of gold and silver nanoparticles

Tyrosine capped Au and Ag nanoparticles were synthesized as

discussed in chapter 3, with slight modifications. Briefly, 300 ml aqueous
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solution consisting of 0.1 mM L-tyrosine and 0.1 mM KOH were allowed to
boil. Under alkaline boiling conditions, 0.2 mM equivalent of [AuCl4]- or Ag*
ions were added to the above solution. These solutions were further boiled
for 5 minutes, which resulted in a ruby-red or yellow coloured solution
consisting of tyrosine-reduced AuNPsTyr or AgNPsTy* nanoparticles,

respectively.

4.3.2. Processing and dialysis of tyrosine capped nanoparticles

To increase the metal concentration of these solutions by the factor of
three, these solutions were further allowed to boil to reduce the volume to
100 mL. These colloidal solutions were found to be highly stable even after
concentration, signifying that both Au and Ag nanoparticles were strongly
capped by tyrosine amino acid. Further, concentrated solutions of AuNPsTyr
and AgNPsTyr were dialyzed three times against deionized MilliQ water using
cellulose dialysis membrane to remove the excess amount of KOH,

unreduced metal ions and unbound amino acid, if any.

4.3.3. Sequential surface functionalization with POMs and lysine

After processing and purification of Au and Ag nanoparticles, these
materials were successively surface functionalized with POMs and lysine.
For surface functionalization of Au and Ag nanoparticles with POMs viz. PTA
and PMA, concentrated Au and Ag nanoparticles were separately mixed with
aqueous solution of either PTA or PMA to achieve 0.1 mM POMs
concentration in these solutions, and incubated for 24 hours under vigorous
stirring. Following incubation, these solutions were again subjected to

dialysis to remove uncoordinated PTA or PMA molecules; thereby resulting
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in POM functionalized Au or Ag nanoparticles (AuNPsTYr@PTA or AgNPsTyr@PTA
and AuNPsTyr@PMA or AgNPsTyr@PMA) - Subsequently, these POMs functionalized
Au and Ag nanoparticles were further modified with a cationic amino acid
lysine by adding aqueous solution of L-lysine amino acid to these solutions
(final lysine concentration 0.1 mM), incubating for 24 hours under vigorous
stirring, followed by dialysis to remove uncoordinated lysine molecules,
which resulted in lysine-functionalized nanomaterials viz. AuNPsTyr@PTA-Lys or

AgNPsTyr@PTA-Lys and AuNPsTyr@PMA-Lys or AgNPsTyr@PMA-lys gs represented in

Figure 4.1.
4.3.4. Antibacterial activity of POMs and lysine functionalized
nanoparticles

Two diverse strategies were employed to investigate antibacterial
activities of POMs and lysine functionalized Au and Ag nanoparticles
because Au nanoparticles are non-toxic by their nature, while Ag
nanoparticles are known to have antibacterial activities. In the case of Au
nanoparticles, parent solutions of POMs and lysine functionalized
nanomaterials were diluted to obtain stock solutions containing the overall
molybdenum (Mo) or tungsten (W) concentrations of 25 pM in solutions to
evaluate dose or concentration dependent antibacterial activity. Conversely,
in the case of Ag nanoparticles, functionalized parental solutions were
diluted to acquire overall silver (Ag) concentration of 25 pM in all the
solutions. All the bacterial toxicity tests were performed in duplicate and
were performed three times to ensure reproducibility. Before performing

antibacterial assay, at each step, dialysis was considered essential to ensure
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that the observed antibacterial action is due to nanomaterials, and not from
unreduced metal ions, free amino acids and free POMs (PTA or PMA).

To perform antibacterial assessment, different concentrations of Mo or
W (present in functionalized Au nanoparticles) or Ag (present in
functionalized Ag nanoparticles) were introduced to the bacterial culture
containing approximately 10% CFU/ml of E. coli Four different
concentrations equivalent of 1 pM, 2 pM, 5 pM and 10 pM of W/Mo/Ag
were introduced to the bacterial culture (in 1 ml total reaction) and
incubated for 15 minutes followed by 100 pl aliquots being spread onto
nutrient agar plates. Colonies formed after overnight incubation at 37°C
were counted. These colonies correspond to the number of live bacteria in
each suspension at the time of aliquot withdrawal. Plot of the bacterial cell
viability versus dose of the nanoparticles (concentrations of W or Mo or Ag
present on the surface of functionalized nanoparticles) were constructed to

visualize the dose effect on cell viability.

4.4. Results and Discussion

Nlustrated in Figure 4.1 are different steps involved in sequential
surface functionalization strategy to formulate antibacterial nanoparticles in
a highly controlled manner. Initially, [AuCls]- and Ag" ions were reduced
using tyrosine amino acid under alkaline reaction conditions to form
tyrosine-capped AuNPsTyr and AgNPsTyr, respectively. Under alkaline
conditions, phenolic group of tyrosine acts as a reducing functional
group,[63] which assists in reduction of metal ions to form tyrosine-capped

nanoparticles, and during this reduction process oxidized tyrosine molecules
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act as a capping agent to stabilize nanoparticles in the aqueous solution as
discussed in chapter 3. These solutions were concentrated and extensively
dialyzed followed by their sequential surface functionalization with POMs

and lysine to control and enhance their antibacterial performance.

4.4.1. Surface charge measurements of POMs and lysine

functionalized Au and Ag nanoparticles using zeta potential

The pH of these AuNPs™r and AgNPsTyr nanoparticles can indicate
about the possible surface charge of these nanoparticles due to the presence
of tyrosine amino acid on their surfaces. In principle, if the pH of the
solution is above the isoelectric point of tyrosine (pI~5.66), respective
nanoparticle must bear a negative surface charge and conversely, if the
solution pH is below the isoelectric point of amino acid the nanoparticles
must bear a positive surface charge. The pH values of the extensively
dialyzed solutions containing AuNPsTyr and AgNPs™y* nanoparticles were
found to be 8.4 and 8.6 respectively, which is well above the isoelectric point
of tyrosine amino acid. Therefore, in principle, both the AuNPsTyr and
AgNPsTyr nanoparticles should bear a negative surface charge, which was
further confirmed by the negative zetapotential values of -29 mV and -38.8
mV for AuNPsTyr and AgNPsTyr, respectively. These high negative
zetapotential values further indicated the stability of AuNPs™yr and AgNPsTyr
nanoparticles, as discussed in pervious chapter.

In the next step of surface functionalization, AuNPsTyr and AgNPsTyr
were separately surface functionalized with PTA or PMA molecules to obtain

AuNPsTYy@PTA or AgNPsTyM@PTA and AuNPsTy@PMA or AgNPsTyr@PMA respectively.
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Since POMs are highly acidic in nature, when PTA and PMA molecules were
added to AuNPsTyr and AgNPs™yr nanoparticles solutions, the pH of solutions
immediately dropped significantly to ca. 1.5-2.0 (AuNPs™r) and 2.0-2.5
(AgNPsTyr), which remained 3.7 and 4.2, for AuNPsTY@PTA and AuNPsTyr@PMA
and 3.6 and 4.5, for AgNPs™y"@PTA and AgNPsTy@PMA | respectively even after
extensive dialysis. Since these pH values are well below the pl value of
tyrosine, it is expected that as soon as POMs (PTA or PMA) were added to
the solutions containing AuNPs™y* or AgNPs™yr nanoparticles, the protonation
of amine groups in the surface bound tyrosine molecules occurred and this
enabled highly negatively charged POM molecules to bind electrostatically to
AuNPsTyr  and AgNPsTr nanoparticles, resulting in AuNPsTy@PTA  or
AgNPsTyr@PTA agnd AuNPsTYy@PMA or AgNPsTyr@PMA wyith zetapotential values of -
35.5 and -46.3 (AuNPsTY@PTA agand AuNPsTyr@PMA)" or -35.0 and -38.8
(AgNPsTyr@PTA gnd AgNPsTyr@PMA) respectively.

In the last step of surface functionalization (of AuNPsTyr@PTA or
AuNPsTyr@PMA and AgNPsTyr@PTA or AgNPsTyr@PMA) " when lysine amino acid (pl —
9.74) was introduced to the solutions, the pH of the solutions returned back
to 6.1 and 6.4 (AuNPsTy@PTA and AuNPsTy@PMA) " or 4.5 and 5.2 (AgNPsTyr@PTA
and AgNPsTyr@PMA) respectively after extensive dialysis. These pH values are
significantly lower than the pl of lysine; therefore amine groups of lysine will
be protonated at these pH values, which will enable lysine molecules to
efficiently functionalize negatively charged AuNPsTY"@PTA and AuNPsTyr@PMA to
form AuNPsTyr@PTA-Lys and AuNPsTyr@PMA-Lys - or AgNPsTyr@PTA and AgNPsTyr@PMA
to form AgNPsTyr@PTA-Lys and AgNPsTyr@PMA-Lys respectively. This is evident from

a reduction in negative zetapotential values from -35.5 mV to -30.9 mV in
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case of AuNPsTyr@PTA-lys and from -46.3 mV to -17.9 mV in case of
AuNPsTyr@PMA-Lys - However, it should also be noted that the solution pH of
lysine-functionalized materials is closer to the pl of tyrosine, which is likely
to result in both the negatively and positively charged functional groups of
tyrosine residues (zwitterionic state) activated at this pH. This may also
potentially result in the rearrangement of the POM and lysine molecules,
wherein due to the highly cationic nature of lysine molecules, it is likely that

some of the lysine molecules are sequestered between tyrosine and POMs.

4.4.2. Estimation of metal content using AAS and ICP-MS studies

AAS and inductively coupled plasma mass spectroscopy (ICP-MS)
analysis were employed to quantify metal content present in dialyzed
nanoparticle solutions after their digestion with aqua regia. AAS analysis
was carried out to estimate Au or Ag concentrations while ICP-MS was used
to quantify tungsten (W) or molybdenum (Mo) concentrations present in
functionalized nanoparticles samples. Existence of W and Mo in dialyzed
nanoparticle solutions was in support of effective surface functionalization
of Au and Ag nanoparticles since unbound POMs (W or Mo) have been
removed during the dialysis process.

Furthermore, AAS and ICP-MS studies supported the possibility of
molecular rearrangement in the nanoparticle surface corona from the
quantification of tungsten (W from PTA) and molybdenum (Mo from PMA) in
different samples for fixed amount of Au, which indicates that 27% w/w W
(PTA molecules) and 56% w/w Mo (PMA molecules) were lost through lysine

functionalization. Similarly, 60% w/w PTA molecules and 31% w/w PMA

Chapter IV Page 155



PhD Thesis Hemant Kumar Daima RMIT University, Australia

molecules were lost during lysine functionalization of AgNPsTyr@PTA to
AgNPsTyr@PTA-Lys and AgNPsTyr@PMA to AgNPsTyr@PMA-Lys - respectively. Therefore,
although it may appear from the zetapotential measurements that these
sequentially functionalized nanomaterials bear an overall negative surface
charge at the physiological pH (at which antimicrobial activities were
assessed), the surfaces of these nanomaterials are rather complex and it is
most likely that the amine groups of lysine will be protonated within this
complex surface environment and may rather act as guiding molecules to

facilitate their interaction with negatively charged bacterial cells.

4.4.3. UV-visible spectroscopic analysis of sequential surface

Sfunctionalized nanoparticles

UV-visible absorption analysis of AuNPsT™Yr and AgNPsTyr
nanoparticles, after their sequential surface functionalization with POMs
and lysine, were carried out before and after dialysis. Further, it is
noteworthy to mention that all nanoparticle absorbance spectra (Figure 4.2
and 4.3) are normalized against nanoparticle SPR absorbance maxima to
have a fair assessment of surface functionalization.

Nlustrated in Figure 4.2 are UV-visible absorbance spectra of AuNPsTyr
before and after their surface functionalization with PTA/lysine Figure 4.2
(A) and PMA/lysine Figure 4.2 (B), respectively. In UV-vis, there were no
considerable changes in the position of the AuNPs™* or AgNPsTyr plasmon
absorption even after extensive dialysis, except the absence of pi-pi*
absorption band around 280 nm due to the aromatic rings of tyrosine as

discussed in chapter 3. Pristine AuNPsTyr showed a SPR band with
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maximum at 525 nm, which red shifted to 535 nm after their surface
functionalization with PTA in AuNPs@PTA whereas no considerable
changes were observed after lysine binding on the surface of AUNPsTyr@PTA to
form AuNPsTyr@PTA-Lys Eigure 4.2 (A). 10 nm shift in SPR band maxima
position after PTA functionalization indicated binding of electron-rich PTA
molecules to AuNPs™yr surface. Additionally, after surface functionalization
of AuNPsTyr with PTA, AuNPsTy"@PTA gnd AuNPsTyr@PTA-Lys showed blue shifts in
the absorbance maximum of PTA. For instance, pristine PTA molecules
exhibited their absorbance maxima at 255* nm, which shifted to 250* nm in

AuNPsTyr@PTA gnd AuNPsTyr@PTA-Lys,

—PTA —PMA
—— AuNPs™" A —— AuNPs™" B
_AUNPSTyr@PTA - AUNPSTyr@PMA

— AuNPsTVr@PTA-Lys AUuNPsTYT@PMA-Lys

Absorbance (a.u.)
Absorbance (a.u.)

200 400 600 800 200 400 600 800
Wavelength (nm) Wavelength (nm)

Figure.4.2. UV-visible absorbance spectra of AuNPs™r and after their surface

functionalization with (A) PTA/lysine and (B) PMA/lysine molecules

[lustrated in Figure 4.2 (B) are UV-visible absorbance spectra of
pristine PMA, AuNPsTyr, AuNPsTyr@PMA and AuNPsTyr@PMA-Lys = respectively.

After surface functionalization of AuNPsTyr with PMA molecules, a 5 nm red
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shift in the SPR band maxima position was observed and it showed an SPR
band at 530 nm for both AuNPsTy@PMA and AuNPsTyr@PMA-Lys  This shift
indicates surface modification of AuNPs™yr with electron-rich PMA molecules.
The similar blue shift, as discussed in the case of PTA functionalization, was
observed in the case of PMA which shifted to 215* nm wherein the original
position was found at 205* nm in Pristine PMA. The blue shift in the
absorbance maximum of PTA and PMA molecules concomitant with the red
shift of AuNPs™yr SPR affirms the strong association of PTA and PMA

molecules with the AuNPsTyr surface.

—PTA —PMA

—— AgNPs ™' A — AgNPs™" B
—— Ag NpsTYr@PTA L Ag NPs TYr@PMA
I Ag NPSTYI’@PTA-LYS I Ag NPSTYI’@PMA-LyS

E3

Absorbance (a.u.)
Absorbance (a.u.)

200 400 600 800 200 400 600 800
Wavelength (nm) Wavelength (nm)

Figure.4.3. UV-visible absorbance spectra of AgNPs™yr and after their surface
functionalization with (A) PTA/lysine and (B) PMA/lysine molecules

UV-visible absorption spectroscopic analysis of AgNPsTyr before and

after dialysis was carried out and dialyzed spectra are presented in Figure

4.3 (A and B). Figure 4.3 (A) illustrates the UV-visible absorption spectra of

AgNPsTyr at different stages of surface functionalization with PTA and lysine

Chapter IV Page 158



PhD Thesis Hemant Kumar Daima RMIT University, Australia

whereas Figure 4.3 (B) shows the similar stages of surface functionalization
with PMA and lysine molecules.

Pristine AgNPsTyr showed their SPR band with maximum at 420 nm,
and modification of these AgNPs™yr with POMs and lysine did not result in
any significant spectral shifts in the SPR absorbance maxima. Although,
there were no considerable changes in the position of SPR band maxima of
AgNPsTyr before and after their surface functionalization, post-POMs
functionalization, all the functionalized nanoparticles displayed 5 to 10 nm
blue shifts in the absorbance maximum of POMs. For instance, pristine PTA
showed 5 nm shift from 255* nm to 250* nm in AgNPsTY@PTA and
AgNPsTyr@PTA-Lys Figure 4.3 (A), whereas pristine PMA exhibited 10 nm shift
from 215* nm to 205* nm in AgNPsTy"@PMA gnd AgNPsTyr@PMA-Lys Figure 4.3 (B),
respectively. Occurrence of additional absorbance bands of PTA and PMA
along with the observed blue shift is an indication of the binding of electron-
rich POMs molecules on the surface of tyrosine-capped AgNPsTyr,

It is believed that these POMs molecules (PTA or PMA) are strongly
associated with the Au and Ag nanoparticle surface even after dialysis as
discussed in the previous section during AAS and ICP-MS analysis. This was
further confirmed employing FTIR and XPS studies and discussed in the

later part of this chapter.

4.4.4. TEM and DLS measurements of functionalized Au and Ag

nanoparticles

TEM images corresponding to sequentially surface functionalized

AuNPsTyr and AgNPsTYr nanoparticles are illustrated in Figure 4.4 and 4.5,
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respectively. Corresponding particle size histograms of respective
nanoparticles are also illustrated in Figure 4.4 and 4.5, whereas inserted
tables showe mean particles size and standard deviation for surface

functionalized nanoparticles calculated using ImagedJ software.

Mean particle
size £ SD
6.001 + .852
6.157 + .868
6.145 + .986
6.152 + .869
6.068 + .926
o
S eof Al B | 5l Clel 7 Dleo E
>, 50 ¢ 50 7 20, a7 50 2 50 77
8 40! 40 0 40 40
g 301 30 Z 30 30
O 20| 20 | 20 20
()
II10< % % 10 % 10‘% 10% % 10 % %
Z 7z iy, 7 = %
45678 456 7 45678 45678 45678

Particles Diameter (nm)

Figure.4.4. TEM images and particle size distribution histograms of (A)
AuNPsTyr, (B) AuNPsTyr@PTA | (C) AuNPsTyr@PTA-Lys (D) AuNPsTyr@PMA and (E)
AuNPsTy@PMA-Lys - Scale bar correspond to 50 nm (Inset scale bar 5 nm)

TEM images revealed that AuNPs™r obtained using tyrosine amino
acid as a reducing and capping agent are spherical in shape and these
nanoparticles are highly monodispersed. These nanoparticles showed
narrow size distribution and average diameter of these AuNPsTyr is round of

6 nm with 0.85 standard deviation (Figure.4.4, A). It was interesting to
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observe that AuNPsTyr maintained their monodispersity after their surface
functionalization with POMs and lysine molecules. Even the size of
sequential surface functionalized Au nanoparticles did not exhibit any
significant changes in AuNPsTy@PTA AyNPsTyr@PTA-Lys  AuNPsTyr@PMA  and
AuNPsTyr@PMA-Lys - respectively (Figure.4.4, B-E).

Furthermore, the TEM analysis of all these nanoparticles revealed that
there was no aggregation, even after their surface functionalization with
lysine, which is in good agreement with UV-vis spectroscopic analysis. The
particle size distribution histograms are shown at the bottom of TEM images
in Figure 4.4 A-E and average particle diameters are listed in table. It is
reported that the shape and size of nanomaterials has considerable effect on
nanomaterials biological activities.[16, 64-66] The spherical shape and good
monodispersity in the size of all these functionalized Au nanoparticles
excluded any such possibility of shape or size dependant antibacterial
activity.

Dynamic light scattering (DLS) is an intensive and well-established
technique to determine the size distribution profile of nanoparticles and DLS
provides information about the hydrodynamic radii of nanoparticles in
solution. Therefore, to confirm the hydrodynamic radii and surface
functionalization of nanoparticles in solution, DLS analysis was carried out
on all the functional Au nanoparticles. Interestingly, DLS measurements
revealed that the average hydrodynamic radii of these nanoparticles
corresponded to ca. 12-15 nm. Since DLS provides information about the

hydrodynamic radii of nanoparticles in solution, an apparent increase in
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AuNPs size from DLS over TEM measurements further confirmed successful

functionalization of AuNPs with POMs and lysine.

Sample Mean particle
size * SD
A 18.2+1.9
B 32555
C 325+5.3
D 30.4+£55
E 30.6 +£5.2
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Figure.4.5. TEM images and corresponding particle size distribution
histograms of (A) AgNPs™yr, (B) AgNPsTyr@PTA (C) AgNPsTyr@PTA-Lys - (D)
AgNPsTyr@PMA and (E) AgNPsTyr@PMA-Lys . Scale bar correspond to 50 nm

TEM images corresponding to step-wise surface functionalization of
tyrosine capped AgNPs™yr are presented in Figure 4.5 (A-E) along with their
particle size histograms. The tyrosine reduced AgNPs™yr are spherical in
shape with an average diameter of around 18.2 nm with 1.9 nm standard
deviation as illustrated in Figure.4.5, A. After surface functionalization of

these AgNPsTyr with PTA and PMA molecules average diameter of resulted
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nanoparticles increase in AgNPsTyr@PTA and AgNPsTy@PMA to 32.5 + 5.5 and
30.4 = 5.5 nm for respectively. The increase in the average particles size
suggests effective surface functionalization of Ag nanoparticles with PTA and
PMA molecules, thus confirming UV-vis absorption spectroscopy results.
After lysine functionalization of AgNPsTYr@PTA gnd AgNPsTyr@PMA the average
particle size in AgNPsTyr@PTA-Lys and AgNPsTyr@PMA-Lys were found to be 32.5 %
5.3 and 30.6 = 5.2 nm, respectively.

Furthermore, it can be clearly seen in TEM images that there were no
signs of aggregation after POMs and lysine binding on the surface of
AgNPsTyr.  Additionally, DLS analysis was carried out on AgNPsTyr,
AgNPsTyr@PTA = AgNPSTyr@PMA - AgNPsTyr@PTA-Lys and AgNPsTyr@PMA-Lys to validate
TEM results. Interestingly, DLS measurements revealed that the average
hydrodynamic radii at the initial stage of functionalization was 19.9 nm
(hydrodynamic diameter 40 nm) in AgNPsTyr, which increased to 28.2 and
21.1 nm in AgNPsTyr@PTA-Lys and AgNPsTy@PMA-Lys respectively, at the final
stage of surface functionalization. Thus, increase in the hydrodynamic radii

confirms surface functionalization of AgNPsTyr,

4.4.5. FTIR spectral analysis to understand surface corona of

Sfunctionalized nanoparticles

FTIR spectroscopy was employed to elucidate the surface
functionalization of different species onto AuNPsTYr and AgNPsTr,
Additionally, FTIR spectroscopy provides experimental evidence that the

amino acids and POMs used for sequential functionalization of Au and Ag
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nanoparticles constructs a stable corona that remains present on the

surface of nanoparticles even after extensive dialysis.

Transmittance (a.u.)

1700 1650 1600 1550 1200 1100 1000 900 800 1200 1100 1000 900 800
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Figure.4.6. FTIR spectra in Panel A: tyrosine, AuNPsTyr and AgNPs™yr; in
Panel B: PTA, AuNPsTyr@PTA - AuNPsTyr@PTA-Lys - AgNPSTyr@PTA gnd AgNPsTyr@PTA-
Lys; and in Panel C: PMA, AuNPsTyr@PMA = AyNPsTyr@PMA-Lys = AgNPsTyr@PMA gand

AgNPsTyr@PMA-Lys - respectively

Nlustrated in Figure 4.6 are FTIR spectra of pure tyrosine amino acid
and tyrosine capped Au and Ag nanoparticles (Panel A), pristine PTA and
PTA surface functionalized Au or Ag nanoparticles (Panel B) and pristine
PMA and PMA surface functionalized Au or Ag nanoparticles (Panel C). FTIR
analysis presents clear evidence that the carbonyl stretching vibration from
the carboxylate ion in tyrosine shifts from 1608 cm-! (in the case of pristine
tyrosine, Figure 4.6-A, curve 1) to 1632 cm! in AuNPsTr (Figure 4.6-A,
curve 2) and 1656 cm™! AgNPsTyr (Figure 4.6-A, curve 3). This shift may be
attributed to formation of a quinone type structure on the surface of Au and
Ag nanoparticles due to oxidation of the phenolic group in tyrosine while
tyrosine molecules act as reducing agent for [AuCls4]- and Ag* ions, as shown

in the Figure 4.7.[63, 67]
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Further, binding modes of PTA and PMA molecules on the surface of
tyrosine capped Au and Ag nanoparticles were analysed by comparing the
FTIR spectra originating from pristine POMs molecules (PTA or PMA
respectively) and spectra coming from the POMs functionalized Au and Ag
nanoparticles as shown in Figure 4.6 (Panel B and C). The Keggin structures
of POMs (PTA — H3PWi12040 and PMA — H3PMo012040) consist of a cage of
either tungsten (W) or Molybdenum (Mo) atoms linked by oxygen atoms with

the phosphorus atom at the centre of the tetrahedra.[68-71]
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Figure.4.7. Schematic representation of formation of quinone type structure
during reduction of Ag* ions

Oxygen atoms form distinct bonds both in case of PTA (P-O, W-O-W,
and W=0) and PMA (P-O, Mo-O-Mo, and Mo=0) within their Keggin
structure, which have distinguishable infrared vibrational frequencies.
Wherein, P-O (1075 cm! and 1058 cm! for PTA and PMA, respectively)
corresponds to an asymmetric stretching vibrational mode between
phosphorus and oxygen atoms at the center of the Keggin structure; W-O-W
or Mo-O-Mo (874 cm! or 864 cm! for PTA and PMA, respectively)

corresponds to bending vibrational modes of oxygen atoms that form a

bridge between the two W or Mo atoms within the Keggin structure; and
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W=0 or Mo=0O (972 cm! or 950 cm! for PTA and PMA, respectively)
corresponds to the asymmetric stretching of terminal oxygen atoms.

The binding of PTA and PMA molecules on the surface of tyrosine
capped Au and Ag nanoparticles is evident from the shifts observed in the
vibrational modes of PTA and PMA molecules originating from POMs surface
functionalized Au and Ag nanoparticles. For instance, FTIR spectral
signature of pristine PTA for P-O, W-O and W-O-W appeared at 1075, 972
and 874 cm!, respectively (Figure 4.6-B, curve 1), whereas the FTIR spectral
signatures appeared at 1097, 966 and 861 cm-! for AuNPs™yr@PTA (Figure 4.6-
B, curve 2) and at 1097, 971 and 860 cm-! for AgNPsTY@PTA" respectively
(Figure 4.6-B, curve 4). Likewise, notable FTIR spectral signature of pristine
PMA for P-O, Mo-O and Mo-O-Mo appeared at 1058, 950 and 864 cm!
(Figure 4.6-C curve 1) whereas the similar FTIR spectral signatures were
found at 1078, 944 and 849 cm-! for AuNPsTy"@PMA (Figure 4.6-C curve 2) and
at 1085, 958 and 857 cm-! for AgNPsTyr@PMA " respectively (Figure 4.6-C curve
4).

Subsequently, lysine functionalization of AuNPsTy@PTA  and
AgNPsTyr@PTA Jeading to form AuNPsTyr@PTA-Lys and AgNPsTyr@PTA-Lys was also
established by observed shifts in comparing the FTIR spectra. In case of
AuNPsTyr@PTA-Lys  distinguished FTIR spectral signature of PTA molecules
showed additional changes and originated at 1062, 938 and 850 cm-!
(Figure 4.6-B curve 3), while corresponding signature of AgNPsTyr@PTA-Lys
instigated at 1089, 951 and 852 cm!, respectively (Figure 4.6-B curve 5).
Further functionalization of AuNPsTyr@PMA yith lysine leading to form

AuNPsTyr@PMA-Lys was confirmed by FTIR spectra of these samples since
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distinguished features emerged at 1062, 938 and 850 cm,
respectively(Figure 4.6-C curve 3). These additional shifts observed after
lysine functionalization provide evidence that these nanoparticles were
effectively surface functionalized with lysine amino acid.

These vibrational shifts were in agreement to those previously
reported, indicating the complexation of tyrosine and lysine amino acids
with POMs, leading to an amino acid-POM salt-like structure.[72] Therefore,
FTIR spectroscopy provides strong evidence that the amino acids and POMs
used for sequential functionalization of Au and Ag nanoparticles provide a

stable surface corona around nanoparticles.

4.4.6. XPS analysis of POMs and lysine functionalized

nanoparticles

XPS analysis was carried out to understand surface chemistry of
these functionalized Au and Ag nanoparticles. Furthermore, the presence of
zerovalent colloidal gold (Au®) and silver (Ag®) in all the samples as well as
existence of tungsten (W) or molybdenum (Mo) containing PTA or PMA
molecules, were confirmed by XPS analysis. The Au4f, Cls, W4f and Mo4f
core levels recorded from the XPS and representative spectra are illustrated
in Figure 4.8. All these spectra have been background corrected using
Shirley algorithm [73] prior to curve resolution and the core levels are
aligned with respect to the adventitious Cls BE of 285 eV.[63, 74-77]

The Au4f core level spectra of all the Au based samples are illustrated
in Figure4.8 (A-E) and all these spectra could be stripped into two

chemically distinct spin-orbit pairs. The chemically distinct components are
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observed at 83.5 eV and 85.7 eV. The Au4f signal at the lower BE Au4f7,.
(83.5) is attributed to fully reduced metallic AuNPsTyr. Conversely, is was
interesting to detect the presence of a smaller higher BE component (at 85.7
eV) in all the samples, which indicated the presence of small amount of
unreduced [AuCls4]- ions absorbed on the surface of metallic AuNPs™y* and
even extensive dialysis could not remove these ions due to strong

electrostatic complexation with amino acids.[78]
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Figure.4.8. Core level spectra of Au4f (A-E), recorded in AuNPsTyr,
AuNPsTyr@PTA - AyNPsTyr@PTA-Lys - AUNPsTyr@PMA gand AuNPsTyr@PMA-Lys samples,
respectively. Core level spectra of Cls (F), W4f (G-H), Mo4f (I-J) recorded in
AuNPsTyr, AuUNPsTyr@PTA - AyNPsTyr@PTA-Lys . AyNPsTyr@PMA gnd AuNPsTyr@PMA-Lys

respectively

The Cls core level spectra recorded from the AuNPsTyr could be
decomposed into three main chemically distinct components at 285, 286.6
and 288.8 eV (Figure 4.8-F). The higher BE component observed at 288.8 eV

can be assigned to the carboxylate carbon and 286.6 eV BE peak is
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attributed to the C-N and C-O species present in tyrosine amino acid bound
to nanoparticle surface. Furthermore, as shown in Figure 4.8 (G-H), W4f
signals obtained from PTA functionalized AuNPsTy@PTA and AuNPsTyr@PTA-Lys
nanoparticles, respectively. Similarly, Figure 4.8-1 and J illustrate Mo4f
signals acquired from PMA surface functionalized AuNPsTy"@PMA  and
AuNPsTyr@PMA-Lys - respectively. Presence of additional signals of W4f and Mo4f
in successively functionalized nanoparticles confirmed that tyrosine-capped
Au nanoparticles are effectively coated with PTA and PMA molecules in their

respective samples.
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Figure.4.9. Core level spectra of Ag3d (A), W4f (B-C), Mo4f (D-E) recorded in

AgNPsTyr, AgNPsTyr@PTA - AgNPsTyr@PTA-Lys - AgNPsTyr@PMA and AgNPsTyr@PMA-Lys
samples, respectively

The core level XPS spectrum of Ag3d originated from the tyrosine
capped Ag nanoparticles is illustrated in Figure 4.9 (A). The Ag3d spectrum
could be decomposed into two chemically distinctive spin-orbit pairs. Two
chemically distinct BEs for Ag3d appeared at 368 and 371.5 eV,
respectively. Here, the low BE component is attributed to metallic silver
nanocore, whereas the high BE component arises from the unreduced ions,
indicating that small fraction of silver ions remain bound to the surface of

Ag nanoparticles. Similar to AuNPsTyr, Cls core level spectra recorded from
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the surface of AgNPs™r could be decomposed into three chemically distinct
components, as discussed earlier. Moreover, Figure 4.9 (B-E) showed W4f
and Mo4f signals obtained from PTA and PMA functionalized Ag
nanoparticles confirming the presence of W and Mo in respective samples
which verifies that this functionalized strategy produced effectively and

stable surface corona around nanoparticles.

4.5. Antibacterial applications of functionalized nanoparticles

Presence and stability of functional molecules (POMs and lysine) on
the surface of Au and Ag nanoparticles were confirmed by various
physicochemical characterisation techniques. Once, it was established that
strategy employed in sequentially surface functionalization, resulted in well-
controlled functional nanoparticulate systems with different surface
functionalities, the antibacterial potential of these functionalized

nanomaterials were evaluated against Gram negative bacterium E. coli.

4.5.1. Assessment of antibacterial activities of gold, silver and

their POMs and lysine functionalized nanoparticles

Metallic Au nanoparticles are predominantly considered highly
biocompatible as discussed,[17] whereas POMs such as PTA or PMA
molecules are considered toxic to the cells due to the presence of toxic heavy
metals in their structure such as tungsten (W) and molybdenum (Mo),
respectively.[58, 79] It has been reported that in combination with (-lactam,
polyoxotungstates, enhance the antibiotic efficiency against otherwise
resistance strains of bacteria.[61] Moreover, due to their specific three-

dimensional structure and high negative charge, POMs might selectively
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bind to the positive patches of proteins. Whereas, presence of cationic lysine
molecules in the corona, may guide these nanoparticles toward negatively
charged bacterial cells, which may result in higher antibacterial activity.
Therefore, it is interesting to investigate the toxicity of sequentially surface
functionalized materials in a concentration-dependent manner. Since,
AuNPsTyr did not exhibit any significant toxicity toward E. coli, as established
in previous chapter (III), the amount of W or Mo were kept constant in
different samples to investigate toxicity of surface functionalized Au
nanoparticles. Furthermore, since AuNPs™r did not contain any W or Mo,
the amount of AuNPs™yr used as respective controls was equivalent to the

highest amount of Au present as shown in Table 4.1 below.

Sample Name Metal concentrations (pM) used for antibacterial studies
oo o | o [ | oo [ [ o [

AuNPsTyr 16.25 0 32.50 0 81.25 0 162.5 0

AuNPsTyr@PTA 1.86 1 3.72 2 9.3 5 18.6 10

AuNPsTyr@PTA-Lys | D 55 1 5.10 2 12.75 S 25.5 10

AuNPsTyr@PMA 7.24 1 14.48 2 36.2 S 72.4 10

AuNPsTyr@PMA-Lys | 16.04 1 32.08 2 80.2 S 160.4 10

Table.4.1. Relative concentrations of Au and W or Mo present on the surface
of functionalized Au nanoparticles, as used for antibacterial studies
[Mlustrated in Figure 4.10-A and B are antibacterial activities of
nanoparticles at each step of surface functionalization involving PTA or PMA
and lysine molecules. AuNPs™yr were found to be non-toxic to the E. coli cells
even at the highest concentration (162.5 uM) used for antibacterial studies
and bacterial cell viability was found over 93%, indicating that surface

capping of AuNPs with oxidized tyrosine amino acid residues during their
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synthesis does not significantly manipulate their biocompatible nature.
However, surface functionalization of these nanoparticles with POMs
rendered them antibacterial active and further surface modification with
cationic amino acid lysine enhanced their antibacterial potential
significantly (Figure 4.10-A and B). This is evident from comparing the
antibacterial activity of different materials at a particular POMs

concentration.

100 - }\:I 100 - i:i i il
N7 . D V)

o

o
1
—

N

o

o
1
4

Bacterial viability (%)
(e}
o
Bacterial viability (%)
(@))
o

AN
o
1
N
o
1

Y

N

(@)

1

N

(@)

1
/ I
|

2 4 6 8 10 2 4 6 8 10
Doses (uM) Doses (uM)

Figure.4.10. Dose dependent antibacterial activity of PTA (Panels A), PMA
(Panels B) and lysine functionalized Au nanoparticles
For instance, as shown in Figure 4.10-A at a fixed W concentration of
10 uM, AuNPsTyr cause ca. 7% bacterial cell death (Figure 4.10-A Curve 2),
which increases to 43% in the case of AuNPsTy@PTA (Figure 4.10-A Curve 3)
with a further increase to more than 75% cell death by AuNPsTyr@PTA-Lys
(Figure 4.10-A Curve 4). In comparison to PTA, equivalent amount of PMA

(10 uM) exhibited higher antibacterial activity as shown in Figure 4.10-B.

Chapter IV Page 172



PhD Thesis Hemant Kumar Daima RMIT University, Australia

AuNPsTyr@PMA (Figure 4.10-B Curve 3) caused ca. 49% bacterial cell death
which increased to 96% after treatments with AuNPsTyr@PMA-Lys (Figure 4.10-
B Curve 4). It is remarkable that at the highest concentration of 10 uM PMA
used, the same concentration of lysine functionalization (AuNPsTyr@PMA-Lys)
resulted in almost doubling the antibacterial potential of AuNPsTyr@PMA,
Captivatingly, the difference in the antibacterial profile of AUNPsTy@PTA and
AuNPsTyr@PTA-Lys (Figure 4.10-A) at lower concentration of W (e.g. 2 uM) is
even more remarkable suggesting that lysine functionalization may enhance
the antibacterial efficiency by almost seven times. Furthermore, to
investigate whether this increase in toxicity arises from the cationic nature
of lysine which might assist in improving the interaction of nanomaterials
with negatively charged bacterial cell wall, control experiments were
performed under same experimental conditions wherein bacterial cells were
incubated directly with lysine amino acid; however no significant toxicity
was observed.

Since POMs and lysine functionalization have capability to modify the
biocompatible nature of Au nanoparticles, these molecules may also provide
an opportunity to work with Ag nanoparticles in a synergistic manner to
enhance their intrinsic antibacterial activity. As discussed, Ag nanoparticles
are regarded as antibacterial agent by their nature due to their interaction
with cellular proteins, enzymes and nucleic acid. Therefore, it is fascinating
to explore their antibacterial potential after their surface functionalization
with POMs and lysine molecules. Therefore, toxicity of sequentially surface
functionalized Ag nanoparticles has been investigated in a dose-dependent

manner. To evaluate antibacterial performance of functionalized Ag
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nanoparticles, a different strategy has been adopted compared to
functionalized Au nanomaterials. Since AgNPs™yr are antibacterial active, in
this approach amount of Ag was kept constant in all the nanoparticles
samples and effect of surface functionalization and stable corona was
observed comparatively. The amount of metals present in respective

nanoparticles samples used for antibacterial activities are illustrated below

in Table 4.2.

Sample Name Metal concentrations (uM) used for antibacterial studies
W or W or W or W or

Ag Mo Ag Mo Ag Mo Ag Mo

AgNPsTyr 1 0 2 0 5 0 0 0

AgNPsTyr@PTA 1 2.38 2 4.76 5 11.9 10 23.8
AgNPsTyr@PTA-Lys 1 1.63 2 3.26 5 8.15 10 16.3
AgNPsTyr@PMA 1 0.51 2 1.02 5 2.55 10 5.10
AgNPsTI@RMATyS 1 0.16 2 0.32 S 0.80 10 3.20

Table.4.2. Relative concentrations of Ag and W or Mo present on the surface
of functionalized Ag nanoparticles, as used for antibacterial studies

[lustrated in Figure 4.11-A is antibacterial performance of different Ag
nanoparticles involving PTA in one of the functionalization steps while
Figure 4.11-B compares those involving PMA in surface functionalization
steps. It is not ideal to evaluate the effects of surface functionalization at 5
or 10 uM Ag concentrations since at higher doses AgNPTyr exhibited
significantly high level of antibacterial activity. Whereas, at lower amount of
doses (1 or 2 uM) antibacterial performances are significantly different and
reveals the effect of surface functionalization. This is evident from comparing
the antibacterial activity of different nanoparticles at a particular Ag

concentration. For instance, at a fixed Ag dose of 1 uM, AgNPsTyr cause ca.
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36 % bacterial cell death, which increases up to 85 % in the case of
AgNPsTyr@PTA with further slight increase after lysine funtionalization. The

similar trend was observed for 2 and 5 uM as shown in Figure 4.11-A.
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Figure.4.11. Dose dependent antibacterial activity of PTA (Panels A), PMA
(Panels B) and lysine functionalized Ag nanoparticles

In comparison to PTA functionalized Ag nanoparticles at constant Ag
concentration PMA functionalized Ag nanoparticles exhibited less
antibacterial activity, ca. 66 % and 70 % bacterial cell death after treatments
with AgNPsTyt@PMA and AgNPsTyr@PMA-Lys - respectively. Here, it must be taken
in account that loading of PMA molecules on the surface of AgNPsTyr
compared to PTA molecules is comparatively less as illustrated in Table 4.2,
hence the amount of PMA present on the identical dose of Ag nanoparticles
(ca.1 uM) was comparatively less. Furthermore, the effect of lysine
functionalization was not as significant as was observed in the case of

functionalized Au nanoparticles. Although, a slight influence of lysine
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modification was observed and it was prominent at 2 and 5 uM
concentrations in PMA functionalized system as illustrated in Figure.4.11

(B).

4.5.2. Morphological changes in bacterial cell after their

treatments with gold, silver and functionalized nanoparticles

Physical integrity of bacterial cell is imperative for its survival and to
overcome environmental changes and stress. Therefore, the morphological
changes occurring in bacterial cells after their interaction with Au, Ag
nanoparticles and their POMs and lysine functionalized nanoparticles, were
visualized under Nano-SEM as shown in Figure 4.12 and 4.13.

The SEM images of bacteria without treatment (Figure 4.12-A) and
those treated with AuNPsTyr (Figure 4.12-B) were almost similar, showing an
intact cell architecture with an oval morphology, thereby supporting the fact
that AuNPsTyr were non-toxic to bacteria. However treatment of bacteria with
POMs- (Figure 4.12 C and E) and lysine-modified nanoparticles (Figure 4.12
D and F) for 20 min reveal distinct morphological changes indicative of
significant damage to the bacterial cell integrity. The higher level of damage
caused to the bacterial cells by lysine-functionalized materials in
comparison to those functionalized only with POMs (PTA or PMA) is also
evident.

For example, AuUNPsTyr@PTA (Figure 4.12C) or AuNPsTyr@PMA (Figure 4.12
E) treatment of bacterial cells resulted in reduction in the bacterial cell
thickness (from original ca. 1 uym to ca. 500 nm) along with significant

roughening of the bacterial cell, which clearly suggests the disruption of
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bacterial cell wall and membrane. In comparison, AuNPsTyr@PTA-Lys (Figure
4.12 D) and AuNPsTyr@PMA-lys (Figure 4.12 F) treatment resulted in further
damage to bacteria, wherein sub-cellular components of bacteria discharged
due to complete disintegration of the bacterial and bacterial cells become
indiscernible. Further, the most prominent effect of AuNPsTyr@PMA-Lys goainst
E. coli in comparison to other nanoparticle systems is also evident from the
comparison of these Nano-SEM micrographs. From antimicrobial
experiments and Nano-SEM imaging of bacterial cells, it is clear that Au
nanoparticles sequentially surface functionalized with POMs and lysine
cause irreversible bacterial cell damage and ultimate cell death by

disrupting the integrity of bacterial cell wall and membrane.

Figure.4.12. SEM micrographs of Escherichia coli cells (A) untreated and
after their treatments with (B) AuNPsTyr, (C) AuNPsTyr@PTA | (D) AuNPsTyr@PTA-
Lys (E) AuNPsTy@PMA " and (F) AuNPsTyr@PMA-Lys_ (Scale bars 1 pm)
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Figure.4.13. SEM micrographs of Escherichia coli cells (A) untreated and
after treatments with (B) AgNPsTyr, (C) AgNPsTyr@PTA (D) AgNPsTyr@PTA-Lys - (E)
AgNPsTyr@PMA " and (F) AgNPsTyr@PMA-Lys  (Scale bars correspond to 2 pm)

[lustrated in Figure 4.13 are Nano-SEM micrographs of bacterial cells
before and after their treatments with different Ag based nanoparticles
revealing mode of interaction of different nanomaterials with bacterial cells.
AgNPsTyr treated bacterial cells (Figure 4.13 B) reveal distinct morphological
changes, in contrast to untreated bacterial cells (Figure 4.13 A). After
treatments with AgNPsTyr, the cell wall of bacteria was dissolved and
significant damage was observed to the bacterial cell integrity. Furthermore,
broken bacterial cell are visible with distinct morphology and patchy cells.

Functionalization of AgNPs™yr with PTA molecules created big holes in
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bacterial cells (Figure 4.13 C). Additional functionalization of these
AgNPsTyr@PTA nanoparticles with cationic lysine, enhanced level of damage
and along with big holes, small broken pieces of bacterial cells and patchy
morphology are clearly detectable in nano-SEM micrograph (Figure 4.13 D)
Similarly, Figure 4.13 E and F demonstrate bacterial images of AgNPsTyr@PMA

AgNPsTyr@PMA-Lys treated bacterial cells.
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Figure.4.14. Interaction of Au, Ag and their POMs and lysine surface

functionalized nanoparticles with E. coli bacterial cells
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Treatment of bacterial cells resulted in reduction in the bacterial cell
thickness along with significant roughening of the bacterial cell, which
clearly shows the disruption of bacterial cell wall and membrane, wherein
sub-cellular components discharged from bacteria due to complete
disintegration of the bacterial cells. Figure 4.14 illustrates interaction of Au,
Ag and sequentially surface functionalized nanoparticles with bacterial cells.
Since functionalized Au nanoparticles, Ag nanoparticles and functionalized
Ag nanoparticles, utilize physical mode of action against bacteria by causing
pore formation, cell wall cleavage and cell lysis, it is likely that such
nanomaterials may offer significant opportunities to control pathogenic

bacteria by preventing them to develop resistance.

4.6. Conclusions

It has been reported that molecules or ions present on the surface of
nanomaterials may control or create additional toxic effects because surface
functionalization or peripheral coating can impart charge on the surface of
nanoparticles and may stabilize them against aggregation.[24, 27, 46] Thus,
appropriate formulation of surface corona of nanoparticle is essential to
improve their biological activities.[52] In this context, present chapter
demonstrated the sequential surface functionalization strategy to control
surface corona and surface chemistry of Au and Ag nanoparticles and
revealed noteworthy influence of surface bound ions or molecules on
antibacterial activities.

Polyoxometalates are known for their biological applications and they

have shown antibacterial, anticancer and antiviral activities.[58] Therefore,
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two different POMs (PTA and PMA) were employed as functional molecules to
impart antibacterial potential on the surface of tyrosine synthesized Au
nanoparticles. Sequentially, the cationic amino acid lysine was used as a
guiding molecule to target negatively charged bacterial cells for antibacterial
activities. Antibacterial studies against E. coli showed that after surface
functionalization due to the presence of surface bound POMs, biocompatible
Au nanoparticles exhibited antibacterial activities and the effect was
enhanced in the presence of lysine modified nanoparticles. The similar
strategy was extended to tyrosine synthesized Ag nanoparticles and it was
found that after surface functionalization with POMs and lysine,
antibacterial potential of Ag nanoparticles enhanced significantly and these
nanoparticles exhibited antibacterial activity even at smaller concentrations.

Moreover, this chapter provide strong evidence that since Au and Ag
nanoparticle-based functional antibacterial agents employ a physical mode
of action against bacteria by causing pore formation, cell wall cleavage and
cell lysis, it is likely that such designer made functional nanomaterials may
offer significant opportunities to control pathogenic microorganisms by
preventing them to develop resistance in contrast to most of the

conventional antibiotics.
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Chapter V

Self-assembled soft nanostructures of plasmid
DNA and tri-block copolymer as non-viral DNA
delivery vehicle

The major focus of this chapter is to construct self-assembled soft
nanostructures of plasmid DNA (pDNA) and biocompatible tri-block
copolymer P-123 (PEO20-PPOeo-PEO20). A variety of characterization
techniques have been discussed, which were employed to understand the
nature of interaction between pDNA and PEO20-PPOgo-PEO20 and how this
interaction governed the self-assembly process. Further, these
nanostructures were subjected to screen optimum weight ratio of pDNA and
PEO20-PPOg9-PEO2o to achieve highest level of bacterial transformation.
Transformation studies of these structures were performed in cellular
environment using Escherichia coli DH5a as model. During transformation,
the integrity and functionality of the pDNA in nanostructures were also
demonstrated within the cellular environment by the expression of green

fluorescent protein (GFP) gene.
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5.1. Introduction

In previous chapters, significance of inorganic metal nanoparticles has
been explored for their peroxidase-like behavior and antibacterial activities.
Small size of these nanoparticles and easy tailoring of their surface
properties provide an opportunity to employ them for a variety of other
applications including drug, proteins and even nucleic acids (DNA or RNA)
delivery for medicinal purposes.[1-5] In the context of nucleic acid delivery,
conventional viral vectors have been used and still considered favorably
because of their small particle size, protective core (viral capsid), presence of
receptor specific moieties and membrane fusogenic elements. Beside all
these important features, viral vectors have potential side effects which limit
their application.[6, 7] Therefore, advanced nanomaterials have gained
significant attraction within the scientific community for such applications
and functional gold nanoparticles, silica materials, quantum dots (QDs),
plant based cationic vesicles and cationic polymers are some of the
advanced materials currently in use for DNA delivery.[2, 5, 8-23]

Among these advanced nanomaterials due to nanotoxicological
properties, inorganic nanomaterials are typically not suitable for DNA
delivery applications and moreover, it is not easy to clear inorganic
nanomaterials from the living organism due to their strong association with
different cellular components. Therefore, it is imperative to utilize organic
materials based nanostructures for drug or DNA delivery applications
because compared to inorganic nanostructures, organic nanostructures can

be easily broken down within the biological system due to enzymatic
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reactions. However, applications of such soft organic nanostructures in the
field of biology and medicine has not been fully explored and has
predominantly been restricted in imaging, screening and sensing [24] while
cellular environment and cell itself is a soft object which is composed of
organic molecules in complex and functional configurations.[25, 26]

In this perspective, self-assembled vesicles or micelles are at the
forefront with possible uses ranging from biomedicine to nano reactors.[27-
31] In biomedicine, it is essential to realize that numerous human diseases
originate form defective genetic material [11] and gene or antisense therapies
are the most frequently used approaches to treat such genetic disorders. In
gene therapy, pDNA is introduced into cells of patients to express the
pharmaceutical proteins and nucleic acid based drugs and these have
emerged as potential new drugs, which could control gene expression.
Conversely, in antisense therapy an oligonucleotide could be used to
suppress the expression of the disease causing genes. These therapies have
remarkable possibilities in cancer treatment because of genetic differences
between cancer and normal cells.[32, 33] Therefore, it is necessary to
develop efficient non-viral DNA delivery vectors in order to realize the full
potential of these therapies and to overcome the safety issues related to viral
delivery systems.[34]

In this context, ‘polyplexes’ have been designed which are typically
complex structures of nucleic acids and synthetic polymers formed by self-
assembly processes through entropically driven interactions in aqueous
solutions. Formation of polyplexes is possible due to the electrostatic

interactions between negatively charged DNA and the positively charged
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groups of polymers (poly-cations).[7, 35-37] Conventional cationic polymer
vehicles very strongly condense genetic material within the polymer vesicle,
which result in low transformation efficiency and sometimes cationic
polymers illustrate toxicity.[38] Therefore, additionally amphiphilic block
copolymers also have been screened to enhance DNA vaccination for
therapeutic needs and it has been discovered that appropriate formulation
of block copolymer and DNA can reduce the dose of antigen-encoding
plasmid.[39-43] Moreover, block copolymer systems have shown thermo
reversible gelation around body temperature (37°C) and stimuli responsive
(temperature, pH, redox condition etc.) delivery. Therefore, they are
particularly attractive for biomedical applications such as drug or DNA
delivery and tissue engineering.[12, 13, 41, 44-47]

In addition to aforementioned properties, block copolymer systems
have a range of designer made polymers, wherein especially tri-block
copolymers have been extensively used in chemical and pharmaceutical
industries as detergents, colloidal dispersion stabilizers and even in
cosmetic products.[48] Furthermore, these block copolymers are biologically
active polymers which can self-assemble into micelle structures and has
spontaneous association with poly-anionic DNA to form block copolymer-
DNA micelles.[7, 49]

In the context of tri-block copolymers, it is remarkable to know that
PEO-PPO-PEO are known to have diverse effects on lipid membrane and
activities of these copolymers on bio-membranes mainly depend on the
hydrophobic and hydrophilic component of the copolymers. Hydrophobic

part (PPO chain) of the PEO-PPO-PEO has potential to insert into the lipid
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bilayers while hydrophilic part (PEO chain) of PEO-PPO-PEO weekly adsorb
at the membrane surface.[49-51] Thus, depending upon the length of the
hydrophobic and hydrophilic chains PEO-PPO-PEO has capability to act as
membrane sealant or as membrane permeabilizer to enhance interaction
with biological membrane.[7, 50| Further, it has been reported that PEO
chain (hydrophilic part) can offer solubility to the block copolymer and mask
DNA-block copolymer complex from immune recognition which can

efficiently protect DNA from degradation from nucleases.[7, 52, 53]
HO —ECHZCHZOHCHZ?HOHCHZCHZOJ— H
n CH;dm n
PEO PPO PEO
Figure.5.1. Chemical structure of tri-block copolymer (PEO-PPO-PEO)

Therefore, in current chapter, organic tri-block copolymers PEO2o-
PPOg9-PEO2o [poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)]
(Figure 5.1) was chosen to understand its interaction with pDNA and for
bacterial transformation studies since it has high molecular diversity, well-
known physicochemical characteristics and its physicochemical properties
can be simply modified for biomedical applications. This tri-block copolymer
has basic linear A-B-A type architecture in which the end of one segment is
covalently joined to the head of the other segment as illustrated in Figure
5.1. This polymer is also known as P-123 and it has an average molecular
weight of 5750, in which PEO contributes 30% of total weight. The studied
tri-block copolymer was found capable to self-assemble with pDNA and it

created compact soft nano-conjugate system of pDNA and PEQO20-PPOgo-
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PEO20 on heating over 31°C (melting point of polymer). These soft self-
assembled structures can preserve integrity and functionality of the pDNA

and can improve DNA transformation.

5.2. Scheme of the work

The major aim of this chapter is to prepare soft nanostructures of
pDNA and tri-block copolymer using self-assembly process. A-B-A type tri-
block copolymer (PEO20-PPOgo-PEO20) started micellization after heating at
50°C and formed polymer micelles, which on incubation with pDNA lead to
PDNA/PEO20-PPOgo-PEO2¢ complex as illustrated in Figure 5.2. After
encapsulation of pDNA within the complex nanostructures, since very little
is known about the physicochemical aspects that govern the association of
the negatively charged polyelectrolyte (pDNA) and tri-block copolymer,
different techniques including TEM, FTIR, and XPS were employed to

understand the interaction between pDNA and PEO20-PPOgo-PEO20.

PEO-PPO-PEO %,
£ 23S 8y 223§
%4%fs§§$§“ 2%¢%s§§$§“§
Wth W Wi s % Wiw
my, WM WMM 4 % wimnw
Wi %IMM wmn % s % %’MV‘
W M WNE % % B

Polymer micelle Polymer /pDNA complex

Figure.5.2. Schematic representation of self-assembly process of A-B-A type
tri-block copolymer and pDNA
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Moreover, these self-assembled nanostructures of pDNA/PEO2o-
PPOe9-PEO2o were utilized for bacterial transformation studies in the cellular
environment. Escherichia coli DH5a was used as a model microorganism to
study transformation of these self-assembled complex nanostructures.
During transformation studies, optimum weight ratio of pDNA and PEO2o-
PPOg9-PEO20 was screened to achieve highest level of transformation. In
addition to transformation, the integrity of pDNA in the studied delivery
system was demonstrated by the expression of green fluorescence protein

(GFP) gene.

5.3. Experimental Section

5.3.1. Isolation of pDNA and purification

pDNA containing green fluorescence protein (GFP) and ampicillin
resistance genes was isolated according to the Shambrook et al. with some
modifications.[54] Briefly, overnight grown fresh culture of E. coli DH 5 a
was inoculated in LB medium and incubated for 3 hours. Cells were
harvested by centrifugation and suspended in chilled Solution I (glucose +
Tris + EDTA) followed by vortex. Then, Solution II (NaOH + SDS) and chilled
Solution III (potassium acetate + glacial acetic acid) were added sequentially
and mixed gently, and supernatant was recovered by centrifugation (c/f) and
treated with 20 pl/ml RNase to remove RNA contamination, if any. After
that, equal volume of cholophenol : isoamyl alcohol (24:1 V/V) was added
and mixed gently and centrifuged. Aqueous phase obtained in this process
was transferred in fresh tubes and 0.7 Volume of chilled isopropanol was

added and kept in deep freezer for 2 hours and centrifuged. Finally,
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precipitated pDNA was washed with 70% ethanol and dissolved in Tris-

EDTA (TE) buffer solution.

5.3.2. Preparation of pDNA and PEO-PPO-PEO complex

Under vigorous stirring, 10 g of PEO20-PPOeo-PEO20 was dissolved in
100 ml deionised miliQ water at 5S0°C to obtain stock solution of PEO2o-
PPOeo-PEO2o. Different volumes of this solution were incubated with fixed
amount of pDNA for 2 hours at 37°C to form self-assembled nanostructure.
Details of the final weight ratios of pDNA and PEO20-PPOgo-PEO20 employed
for complex nanostructure formation in 1 ml reaction solutions are
illustrated in table 5.1. This approach was utilized to screen the optimum
weight ratio of pDNA and PEO20-PPOgo-PEO2o to achieve higher level of

bacterial transformation.

S.No. pDNA PEO-PPO-PEO Weight ratio
(pDNA : PEO-PPO-PEOQO)

1 10 ug - 1:0

2 10 ug 10 pg 1:1

3 10 ug 50 ug 1:5

4 10 pg 100 pg 1:10
S 10 ug 150 ug 1:15
6 10 ug 200 pg 1:20
7 10 ug 500 ug 1:50
8 10 ug 1000 pg 1:100

Table.5.1. Weight ratios of pDNA and PEO20-PPOg9o-PEO20 employed to

prepare self-assembled nanostructures
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5.3.3. Preparation of competent cells

E. coli DHSa competent cells were prepared by modified CaCla.MgCl»
mediated method in the presence of tetracycline as illustrated in flow chart
given below.[54, 55] These competent cells were employed to study
transformation of pDNA and PEO20-PPOeo-PEO20 complexes at varying
weight ratios.

In 10 ml LB medium containing (10 pug/ml tetracycline), single colony of E.
coli DH 5 o was introduced
| Overnight incubation (37°C, 200 rpm)
1 ml fresh inoculum was introduced in 50 ml LB medium
| 3 hours incubation at (37° C, 200 rpm)
Kept in ice (1 hour) and transferred into chilled centrifuged tubes
| Centrifugation (4,000 rpm, 10 minutes)
Supernatant was discarded; tubes were inverted on paper towel for 1 minute

!

Cells were suspended in freshly prepared CaClz/MgClz (ice cold) solution
| Centrifugation (4,000 rpm, 10 minutes)

Re-suspended bacterial cells in ice cold CaClz/MgCl> solution

| Centrifugation (4,000 rpm, 10 minutes)

Finally bacterial cells were suspended in 1.5 ml ice cold freshly prepared

CaClz (100 mM) solution
More specifically, 1 ml of overnight grown fresh bacterial culture was
used to inoculate LB broth containing 10ug/ml tetracycline for 3 hours at
37°C or till optical density reached at 0.5-0.6 at 600 nm. This culture was
stored on ice for 1 hour and transferred into sterilized and ice cooled tubes
and centrifuged at 4000 rpm for 10 min at 4°C. The obtained pellet was re-
suspended in freshly prepared ice cold CaCl..MgCly solution (20 mM CaClz

and 80 mM MgCl:). The cells were recovered by centrifugation and re-
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suspended in CaCl,.MgCl> solution. Finally, recovered cells were suspended
in ice cold and freshly prepared 100 mM CaCly solution and used for
transformation studies.
5.3.4. Transformation and gene expression

To perform bacterial transformation, pDNA and PEO20-PPOgo-PEO20
complexes were mixed with 200 pl of freshly prepared competent cells (E.
coli and incubated on ice. After 30 minutes incubation, heat shock was
given for 90 seconds at 42°C (to expand the pore size of bacterial cell wall to
facilitate DNA uptake) and instantly transferred in ice for 2 minutes (to
narrow down the pore size to keep foreign pDNA within the bacteria)
followed by addition of 800 pl of LB media. Finally, these bacterial cells were
subjected to incubate at 37°C for 1 hour, followed by spreading 100 pl
aliquots on nutrient agar plates containing 10 pg/ml ampicillin. Colonies
grown after overnight incubation (37°C) were counted and graph was plotted
between number of transformed colonies (Y axis) and the ratio of pDNA and
PEO20-PPOg9-PEO2o complex (X axis), respectively. During these
experiments, 200 pl of competent cells and 800 pl of LB media was used as
negative control, while equal amount of pDNA under same experimental
conditions was employed as positive control. Further, integrity and
functionality of pDNA after transformation was demonstrated in the E. coli

cellular environment through the expression of GFP gene.

5.4. Results and Discussion
In aqueous solution, tri-block copolymer (PEO-PPO-PEO) has a

tendency to self-assemble into soft spherical micelles like structures. The
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size and shape of these soft structures predominantly depends on the
concentration of PEO-PPO-PEO present in the solution. Since, PEO-PPO-
PEO has the hydrophilic PEO segment, it weakly coordinates to the DNA by
electrostatic interactions and form spherical vesicles wherein DNA is
entrapped inside [38] as illustrated in Figure 5.2. Soft structures, made up
of pDNA and PEO20-PPOeo-PEO2 were characterized using various
techniques to understand interaction between pDNA and PEO20-PPOego-
PEO2o. Towards the end of this chapter, pDNA and PEO20-PPOg9-PEO20

complexes were employed for bacterial transformation studies.

5.4.1. TEM studies of self-assembled structures of pDNA and PEO-
PPO-PEO with varying weight ratios

It is reported that at a sufficient charge ratio of nitrogen to phosphate
(N:P), the polymer can condense DNA to sizes, suitable for cellular uptake
and also provides steric protection from degradation.[56]| Therefore, different
weight ratios of pDNA and PEO20-PPOeo-PEO2o were prepared to screen
optimum size of the complex hybrid nanostructures of pDNA and PEOq2o-
PPOe9-PEO2o as discussed in section 5.3.2. (Table 5.1).

Figure 5.3 illustrates TEM images of as-formed PEO20-PPOgo-PEO20
micelles at 0.1 mg/ml (A), 0.5 mg/ml (B), and 1 mg/ml (C) concentrations,
and pDNA polymer complexes (pDNA : PEO20-PPOgo-PEO20) at 1:1 (D), 1:5
(E), and 1:10 (F), respectively. Pure PEO20-PPOeo-PEO29 was pseudo-
spherical in shape at lower concentration such as 0.1 mg/ml as shown in
Figure 5.3 (A). With the increasing concentration of PEO20-PPOgo-PEO20, it

developed spherical shapes and additionally size of these spherical
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structures increased significantly from 0.1 mg/ml to 1 mg/ml from 80 nm to
around 3 um as shown in Figure 5.3 (A and C), which confirmed structural

dependence of size of polymer structures on concentration.

5000 nm

Figure.5.3. TEM images of as-formed (A-C) PEO-PPO-PEO micelles at

different concentrations and after their complex formation with pDNA (D-F)

Figure 5.3 (D-F) shows soft nanostructures of pPDNA and PEO20-PPOgo-
PEO2o at 1:1 (D), 1:5 (E), and 1:10 (F) weight ratios containing 0.01, 0.05
and 0.1 mg/ml equivalent of polymer, respectively. With the increasing
concentration of PEO20-PPOgo-PEO20 with respect to pDNA, an increase in
the complex size was noted. Further, it is interesting to observe that in the
complex of pDNA and PEO20-PPOgo-PEO20, when samples containing
equivalent amount of polymer (A-F) were compared, the organization became

compact in the presence of pDNA and relative size of the complex
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significantly increased in contrast to pure PEO20-PPOgo-PEO2¢. This increase
in size (1-2 um) is compatible to the size of bacteria and therefore it may be
well-suited for parallel bacterial transformation, while further increment in
size may decrease transformation efficiency and this hypothesis was further

validated during bacterial transformation studies.

5.4.2. FTIR spectral analysis to recognize chemical interaction of

self-assembled pDNA and PEO-PPO-PEO complex

FTIR analysis of PEO20-PPOeo-PEO20, pPDNA and after their complex
formation were carried out to understand chemical interaction during self-
assembly process. Figure 5.4 shows comparative FTIR spectra of pure
PEO20-PPOgo-PEO2o (curve 1), pure pDNA (curve 2) and after their complex

formation at 1:1 (curve 3) and 1:10 concentrations (curve 4).

1
—
2

Transmittance (a.u.)

1800 1600 1400 1200 1000 800
Wavenumber (cm'l)

Figure.5.4. FTIR spectra of PEO-PPO-PEO (curve 1), pDNA (curve 2), and

after their complexation at 1:1 and 1:10 ratios (curve 3 and 4), respectively
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FTIR studies of pure pDNA show specific vibrational frequencies
comparable to the nitrogenous bases of DNA in region 1700-1500 cm-! and
phosphate (PO43-) stretching frequencies in 1250-1050* cm-!. For instance,
illustrated in Figure 5.4 curve 2, the two very strong absorption bands
located at 1230 and 1088 cm! (marked with *) are assigned to the
asymmetric and symmetric stretching vibrations of PO43- group, respectively.
Other vibrational frequencies at 1701, 1661, 1610, 1582 (shoulder), 1534
and 1482 cm'! are assigned to guanine (C7=N stretching), thymine (C2=0
stretching), adenine (C7=N stretching), purine stretching (N7), in-plane
vibration of cytosine and guanine and in-plane vibration of cytosine,
respectively. Additionally, C-C deoxyribose stretching was observed at 969
cm-! while deoxyribose, B-marker frequency was measured at 875 cm™!. The
observed pDNA vibrational frequencies were in good harmony with reported
literature.[S57-60]

Comparative analysis of FTIR spectra provided clear evidence for an
interaction between the PO43- groups of pDNA and PEO20-PPOeo-PEO20
during soft complex nanostructure formation. In the case of pristine PEO2o-
PPOg9-PEO2o (curve 1), there were no vibrational frequencies in the region
between 1700 to 1500 cm-1 but interestingly all these signatures appeared
in the self-assembled soft nanostructure of pPDNA and PEO20-PPOg9o-PEO20
without any significant changes (curve 3 and 4). Further, FTIR spectroscopy
confirmed that PO43- groups present in pDNA interacted with PEO20-PPOgo-
PEO2o during self-assembly process to form complex structures of pDNA and
PEO20-PPOgo-PEO20. As shown in curve 3 and 4 (pDNA and PEO20-PPOgo-

PEOg2o ratio 1:1 and 1: 10, respectively) after interaction between pDNA and

Chapter V Page 205



PhD Thesis Hemant Kumar Daima RMIT University, Australia

PEO20-PPOgo-PEO2¢ in the complex, shifts were observed in both the
asymmetric and symmetric stretching vibrations of PO43- from 1230 to 1237
(1:1) and 1242 (1:10) cm'! and from 1088 to 1118 cm!, respectively. While
there were no considerable changes in vibrational frequencies comparable to
other groups. Therefore, FTIR spectroscopy provided strong confirmation
that PO43- group of pDNA is chemically involved with PEO20-PPOgo-PEO20
during self-organization process to make soft nanostructures of pDNA and

PEO20-PPOg9o-PEO20.

5.4.3. XPS spectral analysis of self-assembled structures of pDNA
and PEO-PPO-PEO

XPS analysis of pDNA, PEO20-PPOgo-PEO20 and after their self-
assembly were carried out to understand surface composition and for
qualitative estimation of the presence of the oxygen, carbon and nitrogen.
Nlustrated in Figure 5.5 are core level XPS spectra of Cls, P2p, N1s and
O1ls, which are the four basic elements of pDNA. Wherein, Figure 5.6 shows
core level XPS spectra of Cls, Ols present in tri-block copolymer and Nls
(in pDNA:PEO20-PPOg9-PEO2o at 1:1 ratio) and Cls (in pDNA:PEO20-PPOeo-
PEO2o at 1:10 ratio), respectively. All these spectra have been background
corrected using Shirley algorithm [61] and their core level binding energies
were aligned with respect to the adventitious Cls BE of 285 eV.

As shown in Figure 5.5 core level XPS spectra of Cls recorded for
pDNA can be decomposed into three energy levels. BE at 285.0 eV is
assigned to the aromatic carbon chain whereas the BE at 286.4 eV can be
assigned to carbon attached with O and N species. While the higher BE at

287.9 eV can be specified to C=0, present in nitrogenous bases. The core
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level XPS spectrum of P2p coming from pDNA shows its BE at 133.4 eV and
it can be assigned to phosphate group (PO43-) of pDNA. The core level XPS
spectra of N1s can be decomposed into two energy levels, in which the lower
BE at 399.2 eV can be assigned to -C=N group whereas the higher BE at
400.4 eV can be denoted to -NH». Similarly, the O1ls recorded for pure pDNA
sample can be decomposed into two energy levels. The BEs were observed at
531.3 and 532.75 eV, which may be assigned to phosphate-oxygen and

deoxyribose sugar-oxygen respectively.

e Nils N Ols

Q.

Intensity (a.u.)

284 286 288 132 133 134 135 398 399 400 401 402 530 532 534
Binding Energy (eV)
Figure.5.5. Core level XPS spectra of four principal elements present in

pDNA

[Mlustrated in Figure 5.6 are core level XPS spectra of Cls and Ols
present in PEQO20-PPOgo-PEO20. The core level Cls spectrum can be
decomposed into two major energy levels at 285.0 eV and 286.5 eV. The
lower BE at 285.0 €V is assigned to the alkyl chain present in PEO20-PPOgo-
PEO20 and the higher BE at 286.5 eV can be assigned to carbon attached
with oxygen. BE at 532.7 eV was recorded for Ols core level spectrum
originating from PEO20-PPOeo-PEO20. Since pristine PEO20-PPOgo-PEO20 did

not have nitrogen, N signatures were not seen in XPS analysis, while N
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signatures appeared in pDNA and PEO20-PPOgo-PEO2o structures,
suggesting association of pDNA and PEO20-PPOeo-PEO20. Representative
core level XPS spectra of N1s (in pDNA: PEO-PPO-PEO at 1:1 ratio) is shown
in Figure 5.6, which illustrated single BE at 399.6 eV. Furthermore, core
level XPS spectra of Cls (in pDNA: PEO-PPO-PEO at 1:10 ratio) is presented
in Figure 5.6. It was interesting to observe that there were no significant
changes in the binding energies of Cls, even after self-assembly between
pDNA: PEO-PPO-PEO at different weight rations. Cls XPS spectra recorded
for pDNA: PEO-PPO-PEO (1:10 ratio) can be decomposed into two energy
levels. The lower BE is observed at 285.0 eV and the higher BE is recorded

at 286.5 eV, are comparable to PEO2o-PPOgo-PEO20.

O1ls

Intensity (a.u.)

284 285 286 287 288 531 532 533 534 398 399 400 401 402 284 285 286 287 288
Binding Energy (eV)
Figure.5.6. XPS spectra of Cls, Ols (tri-block copolymer), N1s and Cls in

pDNA: PEO20-PPOgo-PEO2o at 1:1 and 1: 10 ratios, respectively

[lustrated in table 5.2 are the atomic % of O, C and N present in
PDNA, PEO20-PPO¢o-PEO20 and in the complex structures of pDNA and
PEO20-PPOgo-PEO2o (D/P) at different weight ratios, respectively. Coexisting
N and P are indicators of DNA since their presence is typically unaffected by

surface contaminations, if any. Still, in DNA nucleotides, N atoms are
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present in high amount than P, and N has a higher XPS cross section.
Therefore, between these P and N, N can provide more reliable reference for

composition measurements.[62]

Sample O atomic % C atomic % N atomic % | C/N ratio
PEO-PPO-PEO (P) 12.72 37.28 - -
DNA (D) 12.12 33.51 04.38 7.65
D/P 1:1 12.77 36.04 1.16 31.07
D/P 1:5 12.16 37.05 0.78 47.50
D/P 1:10 12.45 37.02 .53 69.85

Table.5.2. Atomic % of oxygen, carbon and nitrogen present in pDNA, PEO-
PPO-PEO and in the nanostructures of pDNA and PEO-PPO-PEO
It is remarkable to observe that in the complex of pPDNA and PEO2o-
PPOe9-PEO2o, with the increasing concentration of PEO20-PPOgo-PEO2o (with
respect to pDNA), C/N ratio increased significantly. In case of D/P at 1:1,
1:5 and1:10 ratios, C/N ratio was 31%, 47.5 % and 69.8% respectively. The
constant increase in C/N ratio indicates that the pDNA is efficiently

encapsulated in the self-assembled complex structures.

5.5. PEO20-PPO69-PEO2¢ mediated transformation and expression of

GFP in transformed colonies

Although the major objective of this chapter was to study the chemical
interaction of pDNA and PEO20-PPOeo-PEO20 that drives self-assembly
between pDNA and block copolymer, these self-assembled structures were
also prepared at varying weight ratios of pDNA and PEO20-PPOg9o-PEO2o to
screen the optimum ratio to achieve higher level of transformation. The

pDNA and PEO20-PPOg9-PEO2o are held together in water due the physical
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interactions as discussed in previous sections, when these structures come
into the contact of bacterial cell, they release pDNA. Moreover, integrity of
pDNA during transformation studies is also confirmed and function of pDNA

in the cellular environment was demonstrated using E. coli DH 5a.

700

600 -

500 +

400 -

300

200 + 1

100 A

No. of transformed colonies

1:0 1:1 1:5 1:10 1:15 1:20 1:501:100
pDNA:Polymer

Figure.5.7. Number of transformed colonies grown on ampicillin plates for
varying ratios of pDNA and PEO20-PPOgo-PEO20

[Nlustrated in Figure 5.7 are number of transformed colonies grown on
ampicillin plates (10 pg/ml) after overnight incubation at 37°C. Ampicillin
antibiotic was used during these experiments because E. coli DH5a cells
originally did not have resistant gene towards ampicillin and therefore, only
those competent bacterial cells which have up taken foreign pDNA (with
ampicillin resistant gene) during transformation could be able to survive on
the antibiotic containing nutrient agar plates. It was interesting to observe

that only few competent bacterial cells were able to uptake freely available
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pDNA (without employing tri-block copolymer) as some bacterial colonies
were grown on antibiotic containing nutrient agar plates (positive control
experiments, Figure 5.7 at 1:0 ratio). Conversely, competent bacterial cells
themselves could not survive on ampicillin plates due to the lack of the
ampicillin resistant gene and no colonies were developed in negative control

experiments.

Figure.5.8. Representative transformed colonies grown on ampicillin plates
showing expression of GFP gene. pDNA (A), pDNA:PEO20-PPOgo-PEO20
complexes (B-D) at 1:1 (B), 1:5 (C), and 1:10 (D) ratios, respectively

Transformation studies with soft structures of pDNA and PEOg20-
PPOe9-PEO2o revealed that with the increasing ratio of PEO20-PPOgo-PEO20
(with respect of pDNA), number of transformed colonies exhibited steep rise
up to 1:10 weight ratios and reached at the maximum. Further, increment
in the PEO20-PPO¢o-PEO20 concentration, present in complex showed
significant decline at 1:15 ratio and this feature was continued till the
evaluated ratios. It is believed that the number of transformed colonies were

maximum at 1:10 ratio because the size of complex at this ratio was the
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optimum for parallel transformation and condensation of pDNA. At this
ratio, the size of the complex (pDNA+PEQO20-PPOgs9-PEO20) was found to be
almost half of the bacterial cells. As illustrated in Figure 5.9, the hydrophilic
part of complex (PEO) adsorb on the bacterial cell wall and hydrophobic part
(PPO) can insert into the bacterial cell and efficiently delivery pDNA.[49-51]
Therefore, at 1:10 ratio of pDNA to PEO20-PPOg9o-PEO2¢ transformation was

maximum and compared to pure pDNA, it showed over 6 folds higher

transformation.
Transformed pDNA £ 3%
A EZTTS N
L 4
-
() —
Y &
p- ® @
®

@

Transformed bacteria
under UV light

Figure.5.9. Schematic representation of transformation by polymer/pDNA

complex

In addition to higher transformation, gene expression is also an
important phenomenon to study by which information from a gene (segment
of DNA) can be utilized to synthesize a functional gene product. To achieve

gene expression it is essential to protect DNA from degradation during DNA
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delivery or transformation.[63] Therefore, to confirm the integrity of pDNA in
the complex of self-assembled structures (pDNA and PEO20-PPOg9o-PEO20)
and during transformation progression, the capability of transformed pDNA
to function as normal, which can synthesize gene product is also
demonstrated in the cellular environment E. coli DH 5a.

[Nlustrated in Figure 5.8 is expression of green fluorescence protein
(GFP) pDNA in transformed colonies under UV light. In earlier reports it was
demonstrated that after transformation, if green fluorescence protein (GFP)
pDNA is delivered into cells and stay functional, GFP will be synthesized in
the cells through the expression of GFP gene and it will be fluorescent.
Figure 5.8 (A-D) exhibit fluorescence originating form transformed bacterial
colonies through the expression of GFP gene thus confirming the integrity
and functionality of pDNA in cellular environment. Figure 5.9 illustrates
mechanism by which pDNA/PEO20-PPOeo-PEO20 complex release pDNA in to

the bacterial cells and gene expression by transferred GFP genes.

5.6. Conclusions

This chapter demonstrates that tri-block copolymer (PEO20-PPOeo-
PEO2o) is capable to self-assemble on heating and it can prepare
nanostructures with pDNA. During, self-assembly with pDNA, this polymer
encapsulated most of the pDNA. Physicochemical studies of these self-
assembled nanostructures revealed that the phosphate group (PO43) of
pDNA is involved in self-assembly process. These self-assembled
nanostructures are spherical in shape and size of these structures depends

on the concentration (or weight ratio) of PEO20-PPOgo-PEO20. Moreover, in
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this process pDNA condenses and due to the presence of polymer corona, it
gets protection from degradation and can efficiently travel and invade
bacterial cells to perform transformation. Integrity of pDNA in these self-
assembled nanostructures and gene expression in cellular environment is
also shown during this chapter. These results revealed that PEO20-PPOgo-
PEO20 has potential to become one of the biocompatible and efficient DNA
delivery carriers due to their well-known chemistry and physical
characteristics. Moreover, these polymers have molecular diversity and their

physicochemical properties can be fine-tuned for biomedical applications.
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Chapter VI

Conclusions and scope for the future research

First part of this chapter summarizes the research work presented in this
thesis and discusses the major conclusions obtained from this research
work. Second part of the chapter emphasizes the scope of the present work

and how it can be extended for the potential avenues for future work.
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6.1. Summary and Conclusions

In the current literature, majority of the research work at the interface
of nano-biology has underestimated, if not overlooked, the role of surface
functionalization and its cooperative interaction with the nanoparticle
composition, towards the biological activities. The research work presented
in this thesis is an attempt to establish the correlation between surface
chemical features of nanoparticles with their biological activities. Amino acid
functionalized metal nanoparticles have been chosen as model systems to
understand the influence of surface corona and metal composition on their
peroxidase-like behaviour and antibacterial activity. Amino acids were
chosen since the major focus of the thesis is to study the applications of
nanomaterials in biology. Therefore, it is imperative to use synthetic
methods, which don’t use chemical reducing agents, surfactants, organic
solvents and harsh reaction conditions in order to obtain the nanomaterials
in a green chemical approach.

The synthetic method described here to make mono and bimetallic
nanoparticles employs amino acids as reducing groups for the metal ions,
which are fundamental building blocks of proteins. Side groups present in
amino acids were utilized as reducing agents while retaining amine and
carboxylic acid groups, enabling bio-functionalized nanoparticles synthesis
at ambient conditions. The as-formed nanoparticles were capped
instantaneously by a shell of amino acids, enabling the nanoparticle surface
to appear like a polymer of amino acids pseudo-protein, stabilizing the

nanoparticles against aggregation, providing sites for further
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functionalization and pH dependant surface charge control. Importantly, cell
and cellular components appear to approach these nanoparticles in a
similar manner how they approach a supported enzyme. Moreover, presence
of amino acids on the surface of nanoparticles can provide biological identity
to the nanomaterials.

In first part of the thesis, tryptophan and tyrosine amino acids were
used to make gold, silver and their bimetallic alloy nanoparticles, wherein
respective metal ions were reduced by indole (tryptophan) or phenol
(tyrosine) groups. These nanoparticles are highly stable, water dispersible
with controlled metal composition in bimetallic system. All these
nanoparticles were found to have intrinsic peroxidase enzyme-like activities.
Peroxidase-like behaviour of these nanoparticles was found to be
temperature, composition and amino acid surface functionalization
dependant. Tyrosine capped nanoparticles exhibited higher peroxidase-like
activity compare to tryptophan capped nanoparticles. In mono metallic
system, Ag nanoparticles show more peroxidase-like behaviour compared to
Au nanoparticles, irrespective of amino acid coating. In bimetallic alloy
systems, with the increment in Ag fraction (with respect to Au), the
peroxidase-like activity increases and a steep rise in the activity of tyrosine
capped Au-Ag alloy nanoparticles was observed due to the ease of Ag
stripping. Further, to understand interaction of these nanomaterials with
bacteria, assessments were performed on Gram positive (Staphylococcus
albus) and Gram negative (Escherichia coli bacterial strains. Interestingly,
all the nanoparticles were proven to be highly toxic to S. albus irrespective of

their composition such that even Au nanoparticles, which are typically
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considered as biocompatible, were found to be toxic. Conversely, only Ag
and Ag rich alloy nanoparticles were found to be toxic to E. coli, while Au
nanoparticles didn’t illustrate much toxicity. Amino acid surface corona,
present around the nanoparticles raised toxicity towards Gram positive
bacteria similar to lysozymes and other antimicrobial peptides, whereas
composition dependant toxicity was revealed against Gram negative bacteria
and capping of amino acids had little influence. This work is the first
attempt to show that how an amino acid shell on a nanoparticles surface
and their metal composition may function like a selective antibiotic.

Second part of the thesis was focussed on fine-tunning the
antimicrobial profile of non-toxic tyrosine reduced Au nanoparticles by
sequential surface functionalization with appropriate molecules.
Polyoxometalates (POMs) and cationic amino acid lysine were shown to
impart antibacterial activity on the surface of Au nanoparticles to change
their inherent biocompatible nature. In this case, presence of POMs and
lysine renders these Au nanoparticles active by their tendency to create
oxidative stress and attacking the negatively charged bacterial cell
membrane, respectively. Moreover, presence of lysine molecules can initially
guide Au nanoparticles toward negatively charged bacterial cells through
electrostatic forces, which improves the direct contact between bacterial
cells and nanomaterials enabling further interaction, ultimately leading to
cell death due to the cationic nature of lysine. These results clearly
demarcated the effect of surface composition of nanoparticles on the overall
antibacterial activity of these materials. The same sequential

functionalization was extended to silver nanoparticles, wherein these
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nanoparticles have shown very high antibacterial activity even at smaller
concentrations due to the synergistic effects of silver and POMs.

All the nanomaterials used in this thesis for antibacterial studies,
employed physical mode of action against both the bacterial strains. These
nanomaterials caused cell wall degradation, cell lysis and created big pores
(holes) within the studied bacterial strains. With such morphological
changes, bacterial cells could not maintain their physical integrity and were
unable to perform their biological reactions, which is important for their
survival. Therefore, the nanomaterials fabricated in this thesis grant an
opportunity to control pathogenic bacteria and moreover these
nanomaterials can prevent bacterial strains to develop resistance.

In the last part of the thesis, formation of complex of plasmid DNA-tri
block copolymer nanostructures has been demonstrated. The electrostatic
interaction between negatively charged phosphate groups present in pDNA
and positively charged groups of block copolymer governs the self-assembly
process to make their combined structures. During self-assembly, the pDNA
encapsulated in the micelles of block copolymer and the size of these
micelles depends on the weight ratio of pPDNA and block copolymer. Due to
the encapsulation of pDNA these micelles preserve integrity of pDNA during
transformation, and show high transformation efficiency for a green

fluorescent protein (GFP) expressing plasmid.

6.2. Scope for Future work

Materials utilized for peroxidase-like behaviour and antibacterial

activities in the present research work can be explored further in the
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following ways. Utilizing more two amino acids to reduce the metal ions to
form nanoparticles, which contain multiple amino acids on their surface.
This combination of different amino acid on the surface of nanoparticles can
form numerous materials and the potential materials to be considered as
“nanozymes”. Making artificial enzymes is an emerging field of research,
synthesizing these nanozymes and studying their enzyme-like properties will
have significant scope in the future. Moreover, by varying the amino acid
shell composition, toxicity of these materials can be tailored in such a way
to create materials with wide range of controlled toxicities and biomedical
applications. Their interaction with different proteins, enzymes, DNA and
other cell components can be a broad area to explore. Further, uptake of
nanoparticles within bacteria, cancer and mammalian cells can be followed
by where these nanoparticles can be localized within the specific cellular
space.

Au nanoparticles are inherently biocompatible and their biological
profile can be controllably fine-tuned by their surface functionalization with
appropriate molecules, as demonstrated using POMs and lysine. Although
antibacterial activities of these functionalized nanoparticles have been
discussed in this thesis but in near future these nanomaterials can be
employed as potential anticancer and antiviral agents due to the presence of
active POMs. Preliminary, work has been done in this aspect, where these
nanomaterials exhibited similar toxicity pattern against human lung
carcinoma cells (data not included for brevity). Furthermore, the sequential
surface functionalization strategy can be expanded from POMs and lysine to

other biomolecules or chemical moieties to realize the full potential of
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surface functionalized nanomaterials, which might go beyond current
expectations.

Tri block copolymer can be used as safe and efficient carrier to deliver
drug and genes. The principle forces and chemical interactions developing
DNA-polymer structures have been established in this thesis. In future, it
will be interesting to investigate the principle forces governing
destabilization of DNA-polymer or drug-polymer structures. Also, it will be of
particular interest to explore the effects of external stimuli including
temperature, pH and redox conditions on drug and gene delivery using

polymer based nanocarriers.

Chapter VI Page 228



PhD Thesis Hemant Kumar Daima RMIT University, Australia

Appendices
AR

Appendix -A. Author’s achievements and professional activities
Appendix-B. List of publications

Appendix-C.

Appendix Page 229



PhD Thesis Hemant Kumar Daima RMIT University, Australia

Appendix -A. Author’s achievements and professional activities

Profile was added to the Victorian Government website
http://www.studymelbourne.vic.gov.au/living in_melbourne/student-stories/hemant-daima

STUDY

[El"-ﬂlﬂ[ﬂ RNE

VICTORIA AUSTRALIA

Live Study Apply FAQs Fast Facts Contact t

Home > Living > Student Stories > A gold step forward in healthcare

A gold step forward in
healthcare

In the laboratories of RMIT University’'s Advanced Materials
and Industrial Chemistry Group in Melbourne, Hemant
Daima is pursuing his PhD that involves synthesising very
small particles of precious metals such as gold, silver and
platinum, for use in healthcare.

This new field of nanobiotechnology draws together
expertise from a wide range of scientific disciplines to
develop new nanostructures that can help improve drug
delivery, gene delivery, cancer treatment and other health
tools.

“I could not dream of a better research group to work with in the field of nanobiotechnology,” Mr
Daima said.

“Very few groups in the world are working in nanobiotechnology and | have the opportunity to
work in a reputed group - so | have the advantages of gaining expertise in materials science,
chemistry, biology and physical sciences, all available through a single platform.”

Mr Daima’s interest in nanobiotechnology began when he took a project on nanomaterials
synthesis as part of his Master of Science degree at the University of Rajasthan in Jaipur, India,
and decided he wanted to know more about life under the microscope.

“| found that this is a pretty interesting area with lots of opportunities,” Mr Daima said.

“| decided to pursue my doctoral work in the field of nanobiotechnology to capitalise on my full
potential, educational background and past research experience.”

After being awarded a Ilational Overseas Scholarship from the Government of India to pursue his
doctoral studies overseas, he searched the world for opportunities in nanobiotechnology,
eventually finding RMIT University.

The research project is examining ways to control the synthesis of gold, silver and platinum
nanoparticles through green chemistry. Once these key inorganic materials are successfully
synthesised, Mr Daima will examine ways they can be applied to different biological applications.

“I absolutely love my time at RMIT University. The University campus is located right in the heart
of the city and | have been trained on the most sophisticated and advanced instruments in my
research field,” Mr Daima said.

“I found that Melbourne is the most vibrant and multicultural city in Australia. | had the
opportunity to interact with students from different cultural backgrounds and nationalities. It is
also a great place to experience festivals!”
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Figure.C.1. UV-visible absorbance spectra of as-obtained nanoparticles
(solid lines) and post-dialysis (dotted lines) wherein curve 1 and 2

corresponds to tryptophan and tyrosine reduced nanoparticles, respectively
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Figure.C.3. Temperature dependent peroxidase-like activity of tryptophan-
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