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ABSTRACT

Nanomaterials have immense potential to improve healthcare by designing simple, low
cost biosensors, generation of the novel therapeutics and delivery of the therapeutics with
enhanced efficacy by suitable cargo. My PhD thesis works are focused on synthesizing
and engineering nanomaterials, having dual characteristics of diagnostic and therapy i.e.
theranostics, in order to address important issues of healthcare.

The thesis is divided into seven chapters. Chapter 1 - Introduction and Review of
Literature - describes the scholastic insights of the reports available in the literature
related to the present work and involving synthesis and characterization of the different
nanomaterials suitable for biomedical applications. Also, the context of the present thesis
vis-a-vis current technological challenge in nanobiotechnology is elaborated. In Chapter
2, synthesis of a novel fluorescent Au NP- composite has been reported, based on reaction
of reaction of paracetamol (p-hyrdoxy acetanilide) - a well-known anti-pyretic and
analgesic molecule, generally considered as safe for human consumption- and HAuCI4.
The Au NP-PD composite employed in detection of both Gram positive and Gram
negative bacteria. Next aim was to develop a novel antibacterial agent effective against
common bacterial strains. The Ag NPs has been found to be highly bactericidal against
both Gram positive and Gram negative bacteria. Hence, the synthesis of Ag NP-PD
composite by reaction of the AgNO; and paracetamol was reported in Chapter 3.
Interestingly, enhancement in the reactive oxygen species (ROS) generation was observed
in presence of the composite. It is proposed that the ROS generation led to oxidation of
the dimer to N-acetyl p-benzoquinone imine (NAPQI). The generated NAPQI acted as a
DNA gyrase inhibitor causing bacterial cell death following linearization of DNA. The
above findings opened up the hope that the paracetamol dimer along with suitable ROS
generator would be a potential cancer therapeutic agent. Thus, in Chapter 4, the cytotoxic
effect of PD along with the ‘few atoms’ silver nanoparticles of size less than 2 nm,
commonly called as silver nanoclusters (NCs), is reported. To perform targeted delivery
folic acid was conjugated with the chitosan and carried out the cytotoxicity study for
different types of cancer cells. Next, one step simple aqueous synthesis of the Au NCs by
using the biopolymer chitosan as template is reported in Chapter 5. The chitosan Au NC

composite was converted into polymeric nanoparticles and used for the suitable
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bioimaging agents. In order to convert these fluorescent NPs as theranostic NPs, suicide
gene (CD-UPRT) was loaded and delivered in cervical cancer cells (HeLa) for induction
of cell death. In Chapter 6, a simple way of synthesis of highly fluorescent Au NCs was
devised by exploiting the polymerase chain reaction (PCR) condition and amplified DNA
as template was reported. As the Au NC was found to be non-cytotoxic, therefore, the
method offers exceptional promises for synthesizing highly fluorescent Au NCs and
concurrently estimating DNA amplification, which can be applied for designing devices.
Chapter 7 summarizes overall thesis works and describes future prospects. In brief,
the present thesis is aimed at synthesizing nanomaterials, which are useful for the
biomedical applications. Some of the methods developed during the pursuit of the thesis
have important future implications in bacterial estimation and annihilation, fluorescence

based imaging and killing of cancer cells and quantitative estimation of gene expression.

Keywords: Nanoparticles, Paracetamol dimer, Bacterial estimation, Antibacterial

activity, Nanoclusters, Targeted drug delivery, Suicide gene therapy, DNA- nanoclusters,
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Chapter 1:

Introduction and Review of Literature

1.1. Introduction

‘Nanotechnology’ involves manipulation of matters with dimensions in nanometer range
(1 nm= 10" m), which evolves unique characteristics. The high surface to volume ratio of
the nanoscale material possesses various physical, chemical, electronic, and biological
properties vastly different from their bulk counterparts, thereby, expanding their horizon
of applications in both basic research as well as in applied fields."> Exploring the size
constraint atomistic domains of different materials provide a unique opportunity to study
and design the basic building blocks of matter. Essentially, the dimension of nanoscale
materials is in the domain of biomacromolecules such as, DNA and proteins. Hence,
understanding and engineering of such sophisticated nanomaterials can be tuned with

desired properties to address various issues related to human life.*

The idea of nanotechnology was endorsed by the Nobel laureate physicist Richard
Feynman through his visionary lecture on ‘There's plenty of room at the bottom' in 1959.°
For last few decades, nanotechnology progressed with great speed through merging of
various disciplines under a common roof. In conjunction with the on-going pursuit of
basic research, significant effort is laid to develop products, which are useful in wide
range of applications. Essentially, it offers huge opportunities in the field of healthcare by
offering novel materials and techniques having potential to change the landscape of this
field. This integration of nanotechnology in the healthcare in the area of diagnosis and
therapy is termed as the nanomedicine. Currently, in a broad view of obtaining high
through put, the attention is shifted towards engineering materials having dual
characteristic of diagnosis and therapy i.e. theranostics®”’ to address several issues in real

life models.

There are two fundamentals approaches, which can be used to synthesize nano-
sized materials. One is ‘top down’ approach, as the name indicates; reaching the desired
level from the top i.e. bulk. Top down approach involves slicing or successive cutting of a

bulk material to get nano sized material. The most common tools, which are used to
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Chapter 1

reduce the size of the materials, are electron beam and laser. On the other hand, building
up of nano-sized materials by successive arrangement of atoms or molecules, is called
‘bottom up’ approach. This means, creation of material from its constituent components
or atoms in a spontaneous and natural manner by providing favourable environment. This

is the most powerful method to synthesize nano materials now-a-days.

1.2. Nanoparticles (NPs)

Presently, a myriad of NPs are available in the field of nanotechnology having different
characteristics and purposes. Based on the starting materials, NPs can be broadly
categorized into the following classes such as metal and metal oxide NPs, semiconductor
NPs generally known as quantum dots (Q-dots), carbon dots (C-dots), liposomes,
dendrimers, fullerenes and polymer NPs. However, the present thesis primarily focuses
on the synthesis of metal NPs, polymeric NPs and their composites for the theranostic

applications.

1.2.1. Metal nanoparticles

The evolution of human society is strongly associated with extensive use of the metals.
However, synthesis of metal NPs has been initiated since last few decades only.
Basically, metal nanoparticles are nothing but a group of atoms organized in a systematic
fashion. By comparing the size of atoms (Angstrom = 10™° m) with the NP (nanometer =

10 m) it can be easily estimated that NP (1-100 nm) comprises of 10 to 10* atoms.

1.2.1.1. Synthesis of the metal nanoparticles

The most commonly used method of synthesis of metal NPs is the chemical reduction.
The reduction of metals ions, however, relies on the reduction potential of the individual
metals. Generally, metals are electropositive, and have high tendency of donating
electrons depending on their ionization energies.® Due to the high electropositive nature it
is likely to exist as an ion in the solution phase rather than metallic state (0) and hence
acts as a strong reducing agent. Consider, for example, all alkali (Group 1, in Periodic
Table), alkaline earth metals (Group 2, in Periodic Table) and some of the d-block
elements. Among them, metals such as lithium (Li*|Li= —3.05 V), sodium (Na‘|Na=
—2.71 V), iron (Fe**|Fe= —0.44 V), cobalt (Co®*|Co=—0.27 V) and nickel (Ni**[Ni= —0.25
V) cannot exist in the metallic state as they are readily oxidized by oxygen or water
(O2|OH = 0.40 V). Hence, it is difficult to synthesize metal NPs from these metals under
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standard atmospheric conditions; however, metal oxide NPs can be synthesized from

some of these metals.

On the other hand, there are some metals (mainly transition metals, d-block elements),
which do not obey this rule; they are gold (Au**|Au=1.5 V), platinum (Pt?+|Pt=1.2 V),
palladium (Pd®*|Pd=0.83 V), silver (Ag*|Ag=0.80 V) and copper (Cu®* |Cu = 0.337 V)
etc. The reduction potential favours these metals to exist in metallic state and thus, it is
rather easy to form NPs. Generally, these metals do not participate in any kind of

chemical reactions (e.g., oxidation) so usually known as the noble metals.’

Now, another vital point is the thermodynamics of the metal NP, which states that its
high surface energy accounts for high reactivity. To produce stable NPs, it is essential to
terminate the particle growth reaction by providing some suitable agents during the
process of reduction, generally known as stabilizing agents, which explicitly dissipates
the high surface energy and helps in formation of stable NPs. Nucleophiles serve as
suitable stabilizing agents as surface of the NPs is electron deprived in nature
(electrophilic). Furthermore, colloidal solution of the NPs tends to agglomerate owing to
Van der Waals interactions, which are also restricted by the stabilizing agents providing

uniform surface charge to NPs based on Columbic repulsion and/or steric hindrance.

1.2.1.2. Unique optical properties of metals NPs

The size and shape dependent optical properties are the most exciting features of the
noble metal NPs which are neither similar with those of the individual constituent atoms
nor those of the bulk. This unique property of NPs arises due to the surface plasmon
resonances (SPR).*® When the dimensions of the metals are reduced- having the diameter
comparable with the electron mean free path (50 nm) — the electromagnetic wave perturbs
the coherent oscillation of the free electrons of the conduction band with respect to the
much heavier ionic core of a spherical nanoparticle i.e. nuclei, inducing dipole oscillation.
The oscillation or perturbation of the electron cloud is prominent at the metal- dielectric
interface. If the frequency of the dipole oscillation matches with the frequency of the
interacting electromagnetic wave at that wavelength the metal NPs show a strong
absorption band due to constructive interference which is known as the surface plasmon
resonance (SPR).™ Importantly, the SPR absorption of a fairly diluted colloidal solution
of NPs can be measured using a UV-Vis absorption spectrometer. The surface plasma
frequency lies in the visible part of the spectrum for gold, copper and silver, and thereby
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colloidal solution of these metal NPs display exquisite colours. However, for most of the
metals, the SPR lies either in the UV or IR range of the spectrum and hence NPs do not

display any colour.

In 1908, German physicist Gustav Mie offered an exact electrodynamic explanation of
the SPR, by applying the Maxwell’s electromagnetic equations with appropriate boundary
condition.’’ Optical properties of metal NPs (R << 1), interacting with external
electromagnetic fields, are dependent on their sizes, free electron density and dielectric
constant of both surrounding medium and NPs. He addressed the exact solution of
interaction of light with spherical metallic NPs immersed in a continuous homogeneous
medium. According to the “Mie theory”, the extinction coefficient explicitly depends on
the electric dipole for the smaller NPs (2 -20 nm for gold) due to uniform surface
polarization, which results in a sharp peak of the surface plasmon resonance. However,
for larger NPs (> 20 nm), the light cannot induce polarization homogeneously due to
retardation effects of the electromagnetic field across the particle leading to quadrupole
mode of oscillation rather than dipole oscillation, which results in bathochromic peak
shifting and broadening. The dielectric constant of both metal and the surrounding
environment are involved in the calculation of “Mie theory” so the solvent polarity in
which the NPs are immersed attributes in the variation in the SPR frequency too. The
position of the plasmon peak shifts to longer wavelengths with increasing dielectric

constant of the solvent.

Importantly, shape of the NPs is also another parameter which attributes to the SPR as
well. The change of surface geometry causes a shift in the electric field density on the
surface. As a consequence, multiple resonance peaks may appear due to unequal
longitudinal and transverse dipole polarization of electrons across the NP. Generally, the
longitudinal plasmon resonance peak appears as red-shifted and broadened than the peak
of transverse resonance. The optical behaviour of these anisotropic NPs can be described
by using discrete dipole approximation (DDA) theory.™
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1.2.2. Gold nanoparticles (Au NPs)

For centuries, gold has fascinated mankind due to its everlasting intrinsic lustre and is
considered as a precious metal. Moreover, ancient documents symbolized gold as the sun
and silver as the moon due to their own colour.® The human body contains ~ 0.35 ug of
gold (0) per gram of dry tissue weight and blood gold concentrations in healthy humans
have been found to be around 0.001 ppm.® Metallic gold, Au (0) is extremely inert and
generally considered as biocompatible and safe. Importantly, metallic gold can be easily

excreted through urine and feces.

Literature suggests that long ago colloidal solution of gold NPs (Au NPs) was
employed by artists as an alternative of paint due to their exquisite colours, which
originate from their interaction with visible light i.e., surface plasmon resonance (SPR).
However, scientists began reviewing their properties in more detail only in the 1850s. The
Au NPs display a single SPR absorption peak in the visible range of 520 nm to 550 nm.
With increasing particle size the corresponding SPR peak is red shifted and the width of
the spectrum correlates with the size distribution of the NPs. In addition, the variation in
shape also results in variation of optical response. The opto-electronics properties of Au

NPs open up new prospects in various fields for use in high technology applications.

1.2.2.1. Applications of Au NPs as sensors

The rapid development of various synthetic methods for Au NPs and their
functionalization have helped open up a new regime in the development of novel bio and
chemo sensors, based on the change in colour of their colloidal solution in presence of
specific analytes including ions, DNA, pesticide, proteins, and even cells.”*** The
colorimetric assays primarily rely on the change in the SPR signal due to agglomeration
or alteration in the environment of the Au NPs, which can be probed by simple
visualization or otherwise by using UV-vis spectroscopy. This method gains edge over
other methods due to the low cost, simplicity and the sensitivity. In addition, the high
conductivity of Au NPs allows them to be used in the design of electrochemical
biosensors.”* The Au NPs serve as effective interface between the electrode and analytes,
where redox reactions occur, and subsequently transmit the electrical signal in case of

electrochemical biosensors.
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1.2.1.2. Therapeutic applications of Au NPs

Intense research is going on with respect to Au NP based photothermal therapy which
employs absorptions of light by NPs to achieve the selective heating of the local
environment ultimately leading to disruption of the cell’s membrane.'® Electrons of NPs
make transitions from the ground state to the excited state when interacts with light. The
electronic excitation energy subsequently relaxes through nonradioactive decay which
results in the increase in the kinetic energy leading to heating of the local environment
around the NPs. Another alternative therapeutic approach which has been recently
explored in the field of medical science is photodynamic therapy. This involves activation
of photosensitizers (drugs) which undergo an energy state transition from ground state to
a higher energy triplet state upon exposure of a specific wavelength of light.***" The
activated triplet state interacts with molecular oxygen, generating singlet oxygen and/or
free radicals. These are highly reactive and able to damage DNA and other
macromolecules which eventually lead to cell death. Use of Au NP offers huge potential
in these aforementioned methods since it absorbs light in the range of visible to near-
infrared (NIR) based on its size and shape.

1.2.3. Silver nanoparticles (Ag NPs)

Along with gold another precious metal which has been used widely for long time is
silver. Silver ions and silver-based compounds have been used as anti-microbial agents
for treatment of wounds and infections for more than 100 years. However, the synthesis
and the application of the Ag NPs have been explored for last few decades. The amount
of silver present in the human blood is < 0.1 pg/L. The overdose of silver is toxic for our
body in contrast to gold. Chronic exposure leads to enhanced melanin production in skin

resulting in a condition known as argyria.®

1.2.3.1. Applications of Ag NPs

Apart from SPR suitable for the colorimetric assay, Ag NPs po0ssess numerous
remarkable properties such as high electrical and thermal conductivity, surface-enhanced
Raman scattering (SERS), catalytic activity and nonlinear optical behaviour. SERS
involves utilization of the enhanced Raman signal from Raman-active molecules
adsorbed on Ag NPs, through amplification of electromagnetic fields, generated by the
excitation of surface plasmons of Ag NPs.*® This sensitive method allows for the
development of optical sensors having faster response times and lower detection limits. In
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addition, the Ag NPs can act as good catalyst in various chemical reactions. The catalytic
power of the Ag NPs, however, relies on the size and morphology of the NPs, which

increases with decreasing the size.™

1.2.3.2. Biomedical applications of Ag NPs

The Ag NPs exhibit broad spectrum bactericidal®® and fungicidal activities?; hence, it
offers huge promises such as anti-microbial coating agents of surgical instruments,
contraceptive devices and bone prostheses.?? Besides, Ag NPs containing dressing
materials offer superior wound healing properties for the treatment of various injuries,
including burns, which are now commercially available (e.g. Acticoat™).?® Recent
reports recognized that it can be used as anti-cell proliferative and anti-inflammatory
agents. The Ag NPs and its combination with photosensitizers increase generation of
reactive species in several folds than only drugs which renders huge prospective in the
killing of pathogenic microorganisms and even cancer cells.?** It is also useful in waste
water treatment for large scale production of drinking water. Table 1.1 shows possible
biomedical uses of the silver NPs and the silver based materials, which are being

currently used in the field of healthcare.?
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Table 1.1 Uses of silver in medicine. Figure has been reprinted with permission from the

reference 26. Copyright by Trends in Biotechnology 2010.

Product Company Description Clinical uses
) Dressing for a range of wounds
) Nano crystalline | )
ey Smith _ including burns and ulcers;
Acticoat silver wound o )
& Nephew ) prevents bacterial infection and
dressing ) )
improves wound healing.
Neurosurgical drain of CSF for
Polyurethane
_ hydrocephalus. Also can be
ventricular
_ o _ adapted for use as shunts.
Silverline Spiegelberg catheter ] A N _
! _ Antibacterial silver NP coating
impregnated with )
e prevents catheter-associated
infections.
) Antibacterial Wound dressings and cavity filler
Medline - )
_ products: hand prevent bacterial infection. Hand
) R Industries & T
SilvaSorb : gels, gels used to disinfect skin in
an
wound dressings, | clinical and personal hygiene
AcryMed o
cavity filler pUrposes.
Delivery of medication (e.g. local
Silver-NP-coated | anaesthetics or analgesics) per-,
ON-Q I-Flow

SilverSoaker ™

Corporation

catheter for drug

delivery

peri- or post-operatively for pain
management or for antibiotic

treatment.
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1.3. Fluorescent metal nanoclusters

Now, an important question that needs to be addressed here is: what will happen if the
particle size is reduced further, such that < 2 nm, where ‘each atoms count’®’ In this
particular size regime, the metal NPs does not exhibit the SPR i.e. optical, electronic, and

chemical properties of these small NPs differ vividly from the plasmonic counterpart.
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Figure 1.1 (a) Schematic representation of relative size and the nature of the band structure of the
metal, NP and the fluorescent metal cluster. The continuous energy band of the bulk metal
changes to increasingly more discrete energy levels with decreasing its size i.e. the density of the
electronic states decreases. In the size range of nanocluster it transforms to completely discrete
energy states (b) Excitation (dashed) and emission (solid) spectra of different Au nanoclusters.
Excitation and emission maxima shift to longer wavelength with increasing the size of the cluster
due to lower-energy emission. (c) Emission from the three different Au-nanocluster solutions
(from left to right) under long-wavelength ultraviolet (UV)-lamp irradiation (366 nm). Figure has
been reprinted with permission from the reference 27. Copyright by American Physical Society
2004.
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When the particle size becomes comparable with the Fermi wavelength of an electron
(i.e., de Broglie’s wavelength of an electron at the Fermi energy, ~0.5 nm for gold and
silver) the continuous energy band structure split into discrete electronic states, hence the
metal NPs behaves as molecular species, and exhibits strong size tunable fluorescence
emission. This type of small NPs is termed as fluorescent metal nanoclusters as depicted
in Figure 1.1.

Likewise, single atoms, free electrons of nanocluster make electronic shells around
central positive core formed by the nuclei of corresponding atoms. The electrons are also
delocalized over the electronic shells surrounding the nuclei and follow the Pauli
Exclusion Principle to fill the newly formed orbitals. These newly formed orbitals are
known Jellium orbitals; however, the magic number of the Jellium orbitals varies from
atomic orbitals due to difference in the surface potential between clusters and atoms.”®
The electrons of the atoms interact by Coulomb (r™*) potential whereas electrons of cluster
follow the harmonic (r’) potential. Hence, in this model the angular momentum is not
controlled by the principal quantum number like atoms. The magic number (N°) in the n™"

shell of atoms is governed by
N° = - +1 +1
=znn+ )+ 1)

N° = 2, 10, 28 ...which correspond to 1s, 2s, 2p, 3s, 3p, 3d... electronic shells while the

magic number (N°) of the cluster can be obtained by
1
NO = §(n +1D(n+2)(n+3)

That indicates N° = 2, 8, 20, 40... corresponding to Is, 1p, 1d, 2s, 1f, 2p... electronic
shells.

The energy involved in each discrete level is Erermi/NY?, where Egemi is the Fermi
energy of bulk metal and N is the number of atoms. It indicates that the emission
properties of the metal clusters strongly depends on the size of the cluster in the order of
N so that as the diameter of the cluster increases the emission energy decreases, which
means the emission wavelength shifts to higher wavelength. Other than the size, free-
electron density on the cluster also shows similar role in the electronic transitions of the

nanocluster. Thus, along with the size of the nanocluster, the surface properties such as
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the ligand to metal charge transfer (LMCT) are also responsible for the variation in the
excitation and emission wavelength of clusters without compromising the structure of

metal core.?’

1.4. Polymeric nanoparticles and their importance

Polymeric NP mediated drug delivery offers unique opportunity over the delivery of the
free drugs as their critical size and the physicochemical properties facilitate interaction
with the cell membrane and also promote their penetration across the physiological
barriers.?**° Besides, they increase specificity, water solubility and blood circulation half-
life of the drugs, which are the immediate problems faced during use of most of the
frontline drug molecules that demands higher doses and frequencies. In addition, these
NPs are amenable to surface functionalization or modification to achieve desired
characteristics such as probing of stimuli responsive (both physical and chemical)
controlled delivery of the therapeutics. In the presence of particular stimuli such as
temperature, pH or ionic strengths, the carriers may degrade or diffuse to release the
encapsulated drugs at the target sites and intended time.** These nano carrier mediated
drug delivery has already shown significant efficacy in treatment of various diseases
including cancers and their mechanism of circulation in human bodies has been
extensively investigated. In fact, the exclusive surface modification allows them to
precisely localize into the specific organelle within cytoplasmic or nucleus. Several such
engineered drug delivery carriers are in clinical practice so far for example liposomal

doxorubicin and albumin conjugate paclitaxel. *

Design of nano carriers influenced by various factors including the physicochemical
properties of the drug as well as the polymer characteristics such as either it is hydrophilic
or hydrophobic, the route of administration and its metabolism. The essential properties
that one nanocarrier should possess are that its constituents polymers must be chemically
inert, nontoxic, biodegradable and inexpensive. There are several such polymers
including natural and synthetic, available in the field of the drug delivery. The most
commonly used natural polymers are polysaccharides (dextran and cellulose), chitosan
(CS), sodium alginate and biopolymers such as lipids, proteins (BSA, lysozyme) and
nucleic acids. The synthetic polymers are polylactic acid (PLA), poly-lactate-co-glycolic

acid (PLGA), poly-vinyl pyrrolidone (PVP), poly-vinyl alcohol (PVA) poly acrylamide,
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and poly-ethylene glycol (PEG). These wide ranges of polymers had offered significant

level of success of delivering a variety of payloads into the cells.®

Among them, cationic polymer chitosan (CS), made up of liner chain of D-
glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) covalently
linked by B-(1-4)-linkage, offers huge promises in the synthesis of the nanocarriers (NCs)
as its positive surface charge allows easy interaction with the negatively charged plasma
membrane. It is inexpensive, biodegradable and generally considered as non-
immunogenic.3** Chitosan is primarily obtained by deacetylation of naturally occurring
biopolymers chitin. The water solubility of CS depends on the degree of deacetylation
and pH i.e., protonation of free amino groups. It is highly soluble in the acidic solution
(pH <6.3) and easy to form CS NPs by addition of any ion gelatine agent like sodium
tripolyphosphate (TPP), offering the feasibility of internalization inside the cells. These
properties of the CS have prompted its worldwide research activities as drug and gene

delivery vehicles.
1.5. Major challenges and opportunities

1.5.1. Drug resistance

Starting with the discovery of penicillin in 1928 by Alexander Fleming, antibiotics have
been employed as effective medicine for infectious diseases including bacterial
infections. However, for the last few decades, increasing number of multidrug resistant
(MDR) or extensively drug resistant (XDR) bacteria demand effective alternative of the
conventional antibacterial therapy. Mutation in some of the vital gene(s) is a factor
responsible for the acquisition of drug resistance, which poses a great threat as it can
achieve much larger dimensions due to wide and rapid dissemination.*® This has led to an

intensified search for newer materials and/or methods at low cost and with higher activity.

To address these concomitant issues in a comprehensive and timely manner certain
strategies can be followed such as (1) development of the simple and sensitive methods
for early detection of the bacterial infection, which would provide information about the
type and the intensity of the infection, before applying any therapy, (2) another approach
that can be implied to combat against resistant strains is to improve the potential of
existing therapeutic agents. As first line of choices, modifying them in such a way that it

obliterates the possibility of development of resistance by targeting the genetic materials
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(i.e., DNA), which would undoubtedly provide some extraordinary potential of killing by
minimizing the progress of mutations, and (3) use of the conventional drugs along with
some non-conventional agents, which are being recently incorporated in the field of
medical science, known as ‘combination antimicrobial therapy’ to kill the emerging drug

resistant strains.

1.5.2. Detection of bacteria

Currently, a variety of approaches and tools have been developed to detect the bacterial
infection based on the advanced biochemical techniques such as PCR, immunological
assays, micro array and enzyme assays.®’® Nevertheless, these methods are lacking
certain shortcomings such as these are either not always feasible due to complex
instrumental settings or are very specific to a particular type of strain along with the issue
of high cost. Hence, there is a necessity to devise a simple and fast method of detection as
well as estimation of bacteria, which is vital in ‘point of care’ diagnosis and prognosis
with lower cost. Over last few decades nanotechnology has provided ample opportunities
to develop new diagnostic tools which are very sensitive and have faster response time in
detection of pathogens including bacteria.*® For example, Mycobacterium tuberculosis
(TB) bacteria was targeted by highly magnetic NPs and subsequently detected by nuclear
magnetic resonance (NMR).* Reports suggest that by using antibody-conjugated NPs it
can specifically identify variety of bacteria including Escherichia coli O157:H7. Latest
progresses in this field has evolved as ‘lab on a chip’ — which primarily relies on
colorimetric or fluorescence assays- and are suitable for multiplex analysis with

heightened sensitivity.***

1.5.3. Antibacterial activity of nanoscale materials

Apart from this, nanotechnology offers immense potential to formulate novel therapeutic
materials that can be either used itself as potent antibacterial agent or as non-conventional
component in the ‘combination therapy’. In this pursuit, the Ag NPs and their
composite(s) offer significant potential.**** It is worth mentioning that the uses of silver
in wound care have had a long history. In that case, ionic silver is responsible for its
antimicrobial activity. However, the effective concentration of silver required for
antimicrobial activity is far less when in the form of Ag NPs than the Ag” ions. Size,
shape and surface charge are the important parameters that decide the bactericidal
efficacy of the Ag NPs. For example, NPs of size less than 10 nm diameters are more
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effective antibacterial agents. Reports indicate that the NPs get attached to the sulfur
containing protein of bacterial cell wall, leading to increase permeability of the cell
membrane, causing cell death. In addition, Ag® ions provided by the active surface of Ag
NPs have been reported to induce generations of ROS in bacterial cells. However, the
minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were still quite high 22.64 pg/mL and 28.3 pg/ mL.*

This high concentration of the Ag NPs is cytotoxic to mammalian cells which demands
lower dose of silver in case of direct use of NPs as antibacterial agent. Therefore, there
have been constant efforts from several laboratories - including ours - in order to reduce
the effective concentration of the silver. The subsequent studies primarily focused on the
synthesis of Ag NPs using biocompatible agents which are essentially antimicrobial also.
For example, previous study from our lab had used biocompatible polymer chitosan
which is eventually anti-microbial; hence, the composite had better bactericidal activity
than its constituent components, such as Ag NPs and chitosan. It was demonstrated that
the positively charged chitosan helped in attachment with the negatively charged bacterial
cell walls, and as a consequence it showed superior bactericidal activity. The MIC and
MBC values of Ag NPs were significantly reduced to 2.2 pg/mL and 2.6 pg/mL
respectively.*® To move forward in this line of interest, three component nanocomposite
was made of silver-chitosan-iodine, where the catalytic production of iodine atoms from
the composite led to generation of ROS augmented the antibacterial potential of the
composite. This managed dramatic reduction of the effective concentration of the silver.*’
However, apart from this direct ‘particle specific effect’ there are some researchers who
believe that active surface of the Ag NPs serves as source of the Ag®, possibly through
influence of oxygen availability, particle size, shape, and/or type of surface stabilizing

agents, which is the main toxicant (Figure 1.2).*
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Natural ligands

Figure 1.2 Schematic of Ag NPs, Ag+ and cell interactions. Ag NPs may serve as a vehicle to
deliver Ag+ more effectively (being less susceptible to binding and reduced bioavailability by
common natural ligands) to the bacteria cytoplasm and membrane. Figure has been reprinted with
permission from the reference 48. Nano Letters 2012.

Hence, there is some sort of ambiguity that still remains in the mode of action of the
silver NPs which needs to be addressed. Additionally, the challenge lies on the selection
of suitable antibacterial agents, which in combination with Ag NPs would not only
increase the antibacterial potency by using minimum amount of silver, but also pose no

additional danger to the human health and the environment.

1.5.4. Targeting DNA for bactericidal action

Due to accumulation of random mutations (point mutations) and horizontal gene transfer,
disease causing microbes become resilient toward conventional antibiotics. Thus,
development of novel nanomaterials which can target DNA would definitely improve the
curative power of the therapeutic materials along with the likelihood of the development
of the resistant strains. One of the viable options is to introduce some of the enzyme
inhibitors that would directly or indirectly target DNA in the antibacterial action. One of
such inhibitor is topoisomerases Il or DNA gyrase inhibitors that would serve as novel
antibacterial agent when it is used along with some other antibacterial agents. The mode
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of action of the DNA gyrase is illustrated in figure 1.4. It shows the inhibitor, which is
specific to its sub unit B, acts as restriction enzyme. It linearizes the circular DNA like
plasmid DNA. Therefore, it is to be deemed that synthesis of novel silver based
composite along with some DNA gyrase inhibitors will not only reduce the effective
concentration of silver but also cut down the possibility of the accumulation of the drug

resistant genes.

Topoisomerase ||
Positive super coil or DNA Gyrase

{,

DNA Gyrase

Nick inhibitors

Topoisomerase |

Negative super coil

Figure 1.3 Schematic representation of the mode of action of the DNA gyrase in presence of its

inhibitors.

1.6. Cancer therapy

Science and the technology have been developed significantly; still cancer is posing a
huge threat of mortality all over the world. This devastating and the perilous disease is
killing thousands of innocent lives every day. As per the statistics, the world’s population
is expected to be 7.5 billion by 2020 new cancer cases shall be diagnosed which is
alarming for all of us. Moreover, the one-fifth of the world cancer patients are from India,
the number of cancer cases in the Indian sub-continent is growing due to poor to

moderate living standards and the lack of awareness.*

Cancer can be caused by either internal factors like inherited mutations, hormones, and

immune conditions or environmental factors such as tobacco, radiation, food habits, and
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other agents. These factors are known as carcinogens, which disturb the normal functions
of the cells and are responsible for generation of the cancer.>® Cancers occur when cells
cease to obey the laws of cell division. In normal condition, cells divide to make new
cells in order to replace damaged or old cells. The daughter cells produced by cell
division possess same genetic information as it was in the parent cells. However, under
certain circumstances carcinogens are able to interact with genetic material i.e. DNA of
the normal cells, causing mutations of the some of the important genes. The mutations
lead to alteration of the normal cell cycle process and induce uncontrolled cell
proliferation and growth which appears as tumour. These tumour cells, under certain
circumstances generate toxic products, invade nearby tissues and spread to other parts of
the body, which is known as the malignant tumours or cancer. The process of the
movement of the cancer cells from one part of the body to another part and the induction

of the cancer at that part is known as metastasis or secondary cancer.

The most commonly used methods of killing of cancer cells cell are the surgery,
chemotherapy and radiotherapy. However, methods of chemo and radio therapy possess
some inherent limitation such as they generate resistant cells which are even more
tolerant against all kind of therapeutics. Moreover, the tumour vasculature fenestrations
differ depending on various factors such as cancer type, stage of disease and site in the
body which offer huge discrepancy in the cancer therapy. Thus, developments of novel
therapeutic approaches to combat cancer are essential. In this scenario, nanotechnology
offers huge possibilities, in order to develop new therapeutic agents and otherwise
delivery of the existing therapeutics by nanocarriers, which exhibit high efficacy owing to
their favourable size and tunable physicochemical properties. This provides the
plausibility of precise localization of the drug molecules and consequently increases the
therapeutic index, which is an important problem, faced by conventional drugs, as it is
hard to access the cancer cells due to their intricate cellular organization in comparison to

normal cells.

Ag NP and its composite(s) gain considerable attention as novel cancer therapeutics,
since it has the ability to cause programmed cell death (i.e., apoptosis) of the mammalian
cells. Recent studies have manifested that it destabilizes the plasma membrane integrity
and induces reactive oxygen species (ROS) production causing mitochondria dependent
apoptosis.” Further, the higher doses of Ag NPs are cytotoxic towards normal cells. This

inherent demerit limits its direct use as cancer therapeutic agents. Various reports from
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several laboratories - including ours - have demonstrated that nanocarrier mediated

delivery of Ag NPs could reduce the effective concentration of silver.>?>®

1.6.1. Passive targeting

Treatment of cancer relies on the basic understanding of the tumour architecture and the
properties of cancer cells that make them different from normal cells and even from
person to person. Rapid and uncontrolled angiogenesis results in leaky blood vessels that
is large gaps (200 nm) between adjacent endothelial cells and the poor lymphatic
drainage.>*® In addition, the corona of tumour mass possesses less number of blood
vessels resulting in poor oxygenation and blood circulation which eventually reduce the
amount of drug uptake. These inherent characterises of the tumour cells lead to maximum
resistant towards any kind of therapy. In this regard, the critical size of the NPs let them
accumulate exclusively at tumour site by taking advantage of the leaky blood vessels of
tumour cells, which is commonly known as passive targeting. This also increases blood

circulation half-life and bioavailability of the drugs within a therapeutic frame.

1.6.2. Active targeting

Conjugation of specific ligand(s) on the surface of the NPs provides significant level of
selectivity by active targeting. This method extensively increases the effective
localization of drugs at pre-determined target in therapeutic concentration, while
restricting its availability to non-target normal cells, thus minimizing toxic effects and
maximizing therapeutic index of the drugs. Tumour cells, however, over-express
receptors for some of the essential molecules such as glucose and vitamins, which
promotes their growth and differentiations. Interactions of the ligands with their receptors
are very specific which facilitate the receptor-mediated endocytosis of the ligands; hence,
if one could conjugate any additional therapeutic entity with the ligand that will also help
in the endocytosis of the therapeutics.> *° Based on this natural phenomenon a great
repertoire of the drug molecules have been delivered exclusively into the cancer cells. For
example, some of the initial approaches employed the transferrin receptor (TfR) for
delivery of the drug conjugated NPs. Another widely employed delivery system is the
folate receptor (FR) mediated delivery of NPs for the cancer targeting as there are several
cancer cell lines which over-express receptor for folic acid.>”*® In addition, the cancer
markers and recombinant antibodies also extensively are used as potential targeting
elements to trigger cellular uptake through receptor mediated endocytosis of NPs.
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1.7. Key areas and scopes

With the knowledge of the present scenario gained from the literature survey in the field
of nanobiotechnology, particularly in the areas of the synthesis and engineering of the
nanoscale materials for healthcare, the scope of the thesis had been identified as

summarized below.

e Development of the novel biocompatible nanocomposite with conventional drug
for detection of the bacterial contamination.

e Development of the novel drug based nanocomposite suitable for killing of
antibiotic resistance bacteria by targeting DNA.

e Design of the biopolymer based nanocarriers for targeted cancer therapy in cell
culture model.

e Development of suitable theranostic NP, based on the fluorescent metal
nanocluster, which would be suitable for cancer therapy and for studying the
detailed mechanism of the cell death.

e Devise a fluorescent based simple method to measure the gene expression of

cancer cells for future application.

Significance and the salient features of the present study

The salient features of the present dissertation are as below:

% Non-biocidal Au NP composite was synthesized and characterized from a
convention drug paracetamol, which is extensively use as an antipyretic and
analgesic agent and generally considered as a safe drug due to easy clearance
from the body. In this this process paracetamol was converted to paracetamol
dimer (PD), which had emission at 450 nm when excited by UV light. The
fluorescence intensity decreased in presence of the bacteria suitable for the
detection of the both Gram positive and Gram negative bacteria with a
sensitivity of the 100 CFU/mL.

% Ag NPs were synthesized from paracetamol to study their antibacterial
effects. The reaction generated PD acted as stabilizing agent for the NPs. The
composite was found to be potent bactericidal agent with minimum

concentration of silver for both Gram positive and Gram negative bacteria.
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The results suggested that the composite strongly interacted with the bacterial

cell walls leading to cell bursting.

X/
°e

It was found that the ROS generation led to oxidation of the PD to N-acetyl p-
benzoquinone imine (NAPQI). The generated NAPQI acted as a DNA gyrase
inhibitor, causing bacterial cell death, following linearization of DNA.

% Further, interest was driven to explore the anti-cancer effect of PD along with
the ‘few atoms’ silver NPs of size less than 2 nm. For this, chitosan based
nanocarriers were developed and chemically conjugated with the folic acid for
targeted delivery of the PD.

% Two different cancer cell lines, one with folic acid receptor over-expressed

(HeLa) and other one with folic acid receptor down regulated (MCF-7)

elucidated the relative effect of the PD, after nanocarrier mediated delivery

along with the Ag NCs. Detailed mechanism of the cell death was also

illustrated.

%

» A simple, first aqueous synthesis of the highly fluorescent Au NCs was
developed from biopolymer chitosan, which was further converted to polymer
NPs (Au NC-CS NPs) and used as novel fluorescent dye in microscopy and
FACS analysis.

% Further, positively charged Au NC-Cs NPs were employed to deliver the
suicide gene (CD-UPRT) to the cancer cells and the mechanism of the cell
death established.

% PCR based single step synthesis of periodic Au NC on DNA was developed

and was used, to measure gene expression based of the relative fluorescence of

the NCs.
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Quick and Simple Estimation of Bacteria Using a

Fluorescent Paracetamol Dimer-Au nanoparticle
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Chapter 2:

Quick and Simple Estimation of Bacteria Using a Fluorescent

Paracetamol Dimer-Au nanoparticle Composite

2.1. Introduction

In the last few decades, bacterial contamination in food, water and health care leading to
life threatening diseases has become a serious problem.® Besides, the increasing risk of
bioterrorism attacks®® demands fast, simple and reliable methods of quick detection and
quantification of bacterial population during early stage of contamination to protect
public health and environment. Plating and colony counting is a conventional method to
enumerate the bacterial cell number in the test samples."*™® Undoubtedly, this culture
based method is accurate and reliable but is time consuming (more than 24 h), laborious
and prone to errors. In addition, there are several highly specific and sensitive molecular

14-16 17-18
R

biology based methods available like PC , microarrays

19-21

, monoclonal antibody

and/or enzyme based immunological assays which require considerably less time

(only several hours) than culture based methods. However, such methods employing
sophisticated instruments and expensive reagents are costly and require significant
training and skills. In view of the above background, low cost method for instant and

sensitive detection of pathogens remains a challenge. Recently, nanotechnology based

biosensors have been developed for pathogen detection with high sensitivity.?*2°

2729 and quantum dots (QDs) *>*! have been studied

32-35

Functionalized nanoparticles (NPs)
as probes to identify specific and even single microorganism among a heterogeneous
population. Though the nanomaterial based strategies are very specific and ultra-sensitive,
but cannot detect numerous classes/species of micro-organisms simultaneously, this is
important for a general contamination test. To address these coexisting issues,
fluorescence based methods - an ideal background free method- are involved researchers

due to its rapid response time, easy operation and sensitivity.

In this regard, not much research has been done on detection of multiple
pathogens using a single probe. Thus, with the aim to detect multiple bacterial by single

probe, a well-known drug paracetamol (acetaminophen) i.e. p-hydroxyacetanilide (pHA)
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has been opted to synthesize nanocomposites. Paracetamol is extensively use as an

antipyretic and analgesic agent and generally consider as a safe drug.

2.2. Outline of the research work

1.

A simple method of bacteria detection was proposed by using a highly fluorescent
nano composite comprising of paracetamol dimer (PD)-gold nanoparticles (Au
NPs) in aqueous media at physiological condition (PBS buffer, pH 7.4). The
method requires minimum efforts of sample preparation and precaution.

The composite was synthesized by reaction of HAuCl, with paracetamol (p-
hydroxyacetanilide, pHA) at basic condition and elevated temperature followed by
a series of the characterizations such as UV-Vis spectroscopy, Fluorescence
spectroscopy, transmission electron microscopy, mass spectroscopy and FT-IR
analysis.

The gradual fluorescence quenching of the composite with the presence of
bacteria offers the plausibility to enumerate the number of bacteria present in the
test sample.

The sensitivity of the method was found to be 100 CFU/mL based on our
experiments with three Gram- positive and three Gram-negative bacterial strains.
In addition, the composite interacted differently with Gram-positive and Gram-
negative bacteria making it possible to differentiate between the two without using
antibodies or radioactive markers.

Importantly, the composite comprised of non-antibacterial components (PD and
Au NPs) that did not cause any harm to bacteria, making it a suitable fluorescent
probe for detection and enumeration of bacteria at a broad range of bacterial

concentrations.

2.3. Experimental section

2.3.1. Chemicals and growth media

HAuUCI, (17 wt% solution of HAUCI, in dilute HCI; 99.99 %) was obtained from Sigma-
Aldrich Chemicals, U.S.A. Luria-Beterni broth (LB), Nutrient broth (NB), Brain-Heart
Infusion (BHI), and de Man Rogosa and Sharpe (MRS) growth media were purchased

from HiMedia, Mumbai, India. Paracetamol was procured from Merck India Pvt. Ltd,

Mumbai, India and used as received.

27
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2.3.2. Synthesis of paracetamol dimer (PD)-Au NP composite

The composite (PD-Au NP) was synthesized by mixing 1 x10 # M of paracetamol (pHA)
and 500 pl of 0.3 M NaOH (pH 10.0) in a conical flask containing 100 ml deionozed
water heating at 90 °C under constant stirring. After 10 min, 0.5 ml of freshly prepared 10
mM HAUCI, solution was added drop by drop. The appearance of red color immediately
after addition of gold salt indicated formation of AuNPs. For complete reduction of gold,

heating was continued for another 30 min.

2.3.3. Culture of the bacterial strains

The six bacterial strains used in the present investigation include three Gram-positive:
Pediococcus acidilactici CFR K7, Bacillus cereus MTCC1305, Enterococcus faecalis
MTCC 439 and three Gram-negative: Escherichia coli MTCC 433, Enterobacter
aerogenes MTCC 2822, Pseudomonas aeruginosa MTCC 2488 strains. The Pediococcus
acidilactici CFR K7 was propagated in static condition at 37 °C in MRS. The
Enterococcus faecalis MTCC 439 was grown in BHI at 37 °C at 220 rpm for 12 h, and
the same conditions were kept to grow all other strains in NB medium. The recombinant
GFP-expressing E. coli cells (DH5a) were grown in LB media according to our previous
study. *°

2.3.3. Fluorescence measurements

All fluorescence experiments were carried out using a fluorescence spectrophotometer
(LS55, Perkin Elmer). For bacteria detection, the bacterial cultures were grown in the
respective media for 12 h and cells were harvested from 1.0 mL aliquot of culture broth
by centrifugation at 6000 rpm for 5 min. The cell pellets were washed twice with PBS to
remove the residual media components and were resuspended in same buffer. To start the
experiments, serial dilutions of 10, 100, 1000, 10000 and 100000 times were made
(separately) and the absorbance of each sample was taken at 595 nm in a UV-Vis
spectrophotometer. 80 ul of each sample was spread on agar plates and incubated at 37
°C overnight to obtain the colonies. The number of colonies obtained was related to the
absorbance of each sample. This was done for all six strains. For all further experiments,
the number of bacteria was kept fixed by adjusting the absorbance at 595 nm. The
composite was incubated with different dilutions of bacteria in a ratio of 20:1 (v/v) and

the changes in the emission intensity of the composite were recorded.

28
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2.3.4. TEM analysis

For TEM analysis, 7.0 uL aliquot of the as-synthesized PD-Au NPs composite was drop-
cast on a carbon-coated copper grid followed by air-drying. The grids were then analyzed
under TEM (JEM-2100, JEOL, Japan), operating at a maximum accelerating voltage of
200 keV. The interaction of nanocomposite with bacteria was also studied with the same
instrument. For this, overnight grown bacterial culture was first incubated with the
composite for 1 hr at 37 °C, centrifuged and then washed with PBS to avoid interference
of residual media with resolution of the images. Then, 7uL of the bacterial suspension
was deposited on a carbon coated copper grid, air dried, and analyzed under TEM as

described above.

2.3.5. X-ray diffraction (XRD) analysis
For XRD measurements, the composite was evaporated on a microscope glass slide
followed by recording of diffraction using a Bruker Advance D8 XRD machine Cu Ka

source at 1.54 A wavelength).

2.3.6. Mass spectroscopy
Electro spray mass spectrometry ESI (-) MS of the composite was performed using LC-
MS/MS- operation system, Q-Tof Premier™™ after filtering the as synthesized composite

through a 0.2um filter.
2.4. Results and discussion

2.4.1. Synthesis and characterization of PD-Au NP composite

The PD-Au NP composite was synthesized using 1 x10 > M paracetamol and 10 mM
HAUCI, in basic condition at high temperature. The UV-Vis spectrum showed a sharp
plasmon peak of Au NPs at 525 nm (Figure 2.1a). The TEM images showed that the
synthesized NPs were monodisperse and mainly spherical in shape (Figure 2.1b). The
average size of the NPs was found to be 7.0 + 0.5 nm (inset Figure 2.1b). The high
resolution electron microscope (HRTEM) image showed distinct lattice planes (Figure
2.1c) of Au NPs. The selected area electron diffraction patterns (SAED) of single NP
demonstrated that the synthesized NPs were polycrystalline (inset of the Figure 2.1c).
The energy-dispersive X-ray spectroscopy (EDX) was also performed in the same

instrument which indicated that the NPs were composed exclusively of gold (refer to

29
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Appendix Figure Al.1a). The additional carbon, oxygen and nitrogen peaks were due to
PD that stabilized Au NPs and Cu signal was due to TEM grid. Further, the X-ray
diffraction pattern of the composite showed 20 values at 38.30°, 44.24° and 65.20° which
correspond to the (111), (200) and (220) lattice planes respectively of the face center
cubic (fcc) Au(0) (Figure 2.1 d). The additional peaks observed in the diffraction pattern

were due to crystalline pHA and its dimer *'.
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Figure 2.1. (a) UV-Vis spectrum of Au NPs at 525 nm. (b) TEM image of the composite inset is
particle size distribution. (¢) HRTEM of single NP; inset is SAED of single NP. (d) Powder XRD

of the composite.

The Electro spray mass spectrometry (ESI-MS) of the composite in the negative mode
revealed most abundant peak at 299 (M-1) that corresponds to deprotonated paracetamol
dimer (PD) and peak at 150 (m-1) corresponding to unreacted paracetamol (Figure 2.2a).
It should be mentioned here that the amount of unreacted paracetamol was less as

compared to its dimer. Due to the presence of PD, the composite showed a strong blue

30
TH-1344_09615301



Chapter 2

emission peak at 435 nm (Figure 2.2b) when excited at 320 nm, as characteristic

emission of the paracetamol dimer (5, 5'-bis (acetyl amino)-2, 2'-dihydroxybiphenyl)

38-39
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Figure 2.2 (a) Mass spectra of composite showing the peak correspond to PD. (b) Emission

spectra of the composite showing the peak at 435 nm when excited with 320 nm.

2.4.2. Estimation of bacteria using PD-Au NPs composite

The fluorescence of the composite was dependent on the pH of the solution. The optimum

pH at which it exhibited maximum emission intensity was 7.50 (refer to Appendix Figure

Al.1b), which interestingly is very close to the physiological pH. In addition, it was

found that the fluorescence intensity of the composite was quenched in the presence of

bacteria (both Gram-positive and Gram-negative) in the medium. The emission intensity

of the composite (at 435 nm) decreased gradually with increasing concentration of

bacteria (Figure 2.3) making it a suitable fluorescent probe for detection of bacteria.

TH-1344_09615301
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Figure 2.3 Decrease in fluorescence intensity (at 435 nm) of PD-Au NPs composite with increase
in bacterial cell number, where excitation was fixed at 320 nm (a) Enterococcus faecalis
MTCC439 (Gram-positive). (b) Escherichia coli MTCC433 (Gram-negative).

To verify whether the observed changes in emission intensity after addition of bacterial
cells were due to non-covalent interaction of bacteria and composite or due to nonspecific
molecular crowding of bacteria on nanoparticles or aggregation of nanoparticles, the
composite was incubated with bacteria for 15 min at 37 °C. The cells were precipitated
and the emission intensity of supernatant was measured. Results showed that the
fluorescence of the supernatants was reduced significantly as compared to the control
sample (only composite without bacteria) indicating interaction of the composite with
bacterial cells.

Moreover, the quenching of the fluorescence of the composite (fluorophore) with
increasing bacterial concentration provided an opportunity to quantitate bacterial number
using a well-known relationship between the intensity of fluorescence and the
concentration of the fluorescent species.’>** According to this relation, the steady state
fluorescence intensity 1% of a fluorophore of concentration C (mol/L) at the wavelength
(Aem) is directly proportional to the steady state fluorescence intensity per absorbed
photon F; (Aem) and the total number of photons absorbed at the excitation wavelength
(Aex). Rewriting the total number of photons by the absorbance intensity |y at wavelength (

Lex ) the fluorescence intensity can be expressed as

%=k Fylp{1 -1} (1)
Here « is the proportionality constant; € is the molar extinction coefficient (Lmolcm™) at

the excitation wavelength (Aex) and | is the optical path length (cm). If sample is excited at

32
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fixed wavelength keeping all the optical parameters unaltered, the above equation can be
simplified as

11°=B {1-e23¢=h )
Where B = « Fylq.
The above simplified relation was applied to our experimental results. For the pure
sample (without the quencher i.e bacteria), when the fluorophore (composite)
concentration was Co the eq. 2 can be written as

1= B {1- g23Co sl} 3)
In the presence of bacterial cells (quencher in our experiment), the effective fluorophore
concentration was decreased to C = (Co — zN) due to interaction with the bacterial cell
surface. Here, N is the number of bacteria (CFU/mL) and ‘z’ is a factor relating the
number of bacteria (CFU/mL) to the concentration of the composite (mol/L) to which
they are attached. So eg.3 can be written as

1= B {1- 23 (Co-2N) al} (4)
Eq.3 and eq.4 were combined, approximated and taking logarithm with base 10 on both
sides as

logio ( 1°°/ 1°° - 1) = logao K — logio N (5)
Where K= (Co / ze>*“° ¢!

From eq.5 it was clear that K was a constant whose value depended on initial
concentration and absorbance at the excitation wavelength (Ae) Of the fluorophore.
Interestingly, when the logarithm of fluorescence of pure composite divided by residual

€O/ 11%° - 1 ) was plotted against the

fluorescence after quenching by the bacteria ( I
logarithm of number of bacterial cells (N), a linear relationship was obtained. All the six
strains including Gram-positive (Pediococcus acidilactici CFR K7, Bacillus cereus
MTCC 1305 and Enterococcus faecalis MTCC 439) and Gram-negative (Escherichia coli
MTCC 433, Enterobacter aerogenes MTCC 2822 and Pseudomonas aeruginosa MTCC
2488) followed the linear relationship (Figure 2.4) demonstrating generality and non-

specificity of the method.
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Figure 2.4 Decrease in fluorescence intensity of PD-Au NPs composite at 435 nm as a function
of bacterial cell number, where Y= ( 15° / I1°° - 1 ) and N is the number of bacteria (CFU/ mL).
(a) Pediococcus acidilactici CFR K7; (b) Bacillus cereus MTCC1305 and (¢) Enterococcus
faecalis MTCC439 are Gram Positive Bacteria. (d) Escherichia coli MTCCA433 ;( e) Enterobacter
aerogenes MTCC2822 and (f) Pseudomonas aeruginosa MTCC2488 are Gram Negative

Bacteria. The data represents mean + S.D. of three experimental results.

The results showed that the Gram-positive bacterial strains viz. P. acidilactici CFR
K7, B .cereus MTCC 1305 and En. faecalis showed higher slope values of -0.208, -0.203
and -0.204 respectively as compared to the Gram-negative strains of E. coli MTCC 433,
En. aerogenes MTCC 2822 and Ps. aeruginosa MTCC 2488 which had slope values of -
0.259, -0.232 and -0.243 respectively. The average slope for Gram-positive strains was -
0.205 and that of Gram-negative was -0.245. This clearly demonstrates that the Gram-
positive strains interacted more strongly with the composite as compared to Gram-
negative. The possible reason for difference in interaction is their different cell wall

composition. The major component of the outer layer of Gram-positive cell wall is
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peptidoglycan and that of Gram-negative cell wall are phospholipids and
lipopolysaccharide.***** The bacterial interaction is influenced by the surface charge and
hydrophobicity of its cell wall composition. The bacterial cells have net negative charge
on their surface at physiological environment though the magnitude may vary from stain
to strain *°, which could be a possible reason for variation in slope value of Gram-positive
and Gram-negative strains. It should be mentioned here that our method can detect
bacteria upto 100 CFU/mL by simply incubating the composite with bacteria for few
minutes. High sensitivity, simplicity and quick detection makes our composite an

attractive alternative to conventional methods of bacteria detection.

2.4.3. Probing GFP fluorescence of recombinant E. coli

Further, to confirm the above observations, we took the green fluorescent protein (GFP)
expressing recombinant E. coli, which has an intrinsic emission peak at 510 nm when
preferentially excited at 400 nm due to presence of GFP. It was found that as the
concentration of bacteria increased from 10? CFU/mL to 10° CFU/ mL, the emission
intensity of PD decreased and as expected, the intensity of GFP emission (at 510 nm)
increased (Figure 2.5a) due to increase in number of cells. The slope value of this strain
was calculated from the above relation and found to be -0.265 (Figure 2.5b). In the next
step, different concentrations of the composite were incubated with constant number (10°
CFU/mL) of cells of recombinant GFP expressing E. coli. It was found that the emission
intensity of GFP decreased with increase in composite concentration (Figure 5c-d). This
was possibly due to spectral overlapping of absorption of Au NPs (at 525 nm) due to
localized surface plasmon resonance (LSPR) “° and the emission of GFP (at 510 nm) that

confirmed interaction of composite with bacteria.
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Figure 2.5 (a) Emission intensity of GFP (at 510 nm) when excited at 400 nm was increased
when bacterial cell number increased from 102 to 106 CFU/mL whereas the emission intensity of
PD (at 435 nm) was decreased. (b) Decrease in fluorescence intensity at 435 nm of the PD-Au
NPs composite as a function of bacterial cell number, where Y= ( 10/ 1°°- Ifc) and N is the
number of bacteria (CFU/ mL). (c) Normalized spectra showing spectral overlapping of PD-Au
NPs absorbance at 525 nm and emission of GFP at 510 nm. (d) Relative fluorescence quenching
of GFP at 510 nm when excited at 400 nm with gradual increase of PD-Au NPs (UM), where F, is
fluorescence intensity of GFP expressing E. coli and F is fluorescence intensity of same bacteria

after addition of composite. The data represents mean + S.D. of three experimental results.
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2.4.4. TEM analysis

Further to confirm the interaction of the composite with bacterial cells, TEM study was
done. The TEM image of composite treated GFP expressing recombinant E. coli showed
that Au NPs attached to the bacterial cell surface (Figure 2.6a) in contrast to the
untreated control cell (Figure 2.6b). Interestingly, treatment with the composite did not

cause any visual damage or destruction of cell surface.

2.4.5. Non-antibacterial effect of the composite

An important point that should be taken care of during development of a new sensing
method is that the probe should not be harmful. In the present study, the composite
comprised of PD, Au NPs and very less amount of unreacted paracetamol (that
additionally stabilized Au NPs). Several studies have established that Au NPs are non-
antibacterial and biocompatible *"*®, Besides, there are no reports available till date on
the adverse effects of PD on bacteria though there are reports on the toxic effects of
overdose of paracetamol on mammalian cells 3% #°. So, to address the bacteria viability
issue, bacterial growth study was done at concentration of the composite (0.49 mM pHA
and 5.0 uM Au) used in bacterial estimation experiments. The study showed that the
composite did not exert any antibacterial activity against both Gram-positive and Gram-
negative strains at the dose used in the experiments as well as high dose (Figure 2.6 c-d).
It should be mentioned here that Ag NP-PD nanocomposite is antibacterial in contrast to

PD-Au NP as reported recently from our lab™.
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Figure 2.6 (a) Untreated bacterial cell (Control). (b) TEM image of composite treated cell, inset
is TEM image of single NP. Growth curve of (c) Enterococcus faecalis MTCC439 (Gram-

positive) and (d) Escherichia coli MTCC433 (Gram-negative) bacteria in presence of composite.

2.4.6. Statistical analysis

In a scientific study, every experiment is associated with certain degree of error
depending on the test conditions and parameters, so the statistical significance of an
experiment is very much important; if the likelihood of an event out comes (results) are
statistically significant then only we can confidently say that the results did not happen by
chance. To check the reliability of our test results, we have done well known chi-square

(3 %) test to find out the statistical significance of our proposed method.

For chi-square (x °) test, overnight culture of GFP expressing recombinant E .coli
was suitably diluted and spread on previously prepared 1.5 % LB-agar plate containing
100 pg/mL ampicillin. After incubation for 12 h at 37 °C, the colonies were counted and
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compared with the bacterial cell number from the standard curve of E. coli (Figure 4B)
mentioned before. The chi square test was performed and value was found to be 11.79
with the degree of freedom (df) 6, which corresponds to the 0.1 < p < 0.05, as calculated
from the chi square test table (Supporting Information, Table S1). This means that > 90%
test results were true. Based on the statistical test, we concluded that there was no
statistically significant difference between observed (number of colonies) and expected
(values obtained from standard curve of fluorescence quenching experiments) frequency
of bacterial cells which conclusively established the accuracy and relevance of this

method.
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2.5. Conclusion

In brief, a fluorescent PD-Au NP composite was synthesized using a conventional drug
paracetamol. The composite exhibited maximum emission peak at physiological pH and
remained stable for more than a week. The fluorescence intensity of the composite
decreased with increasing bacterial concentration which provided an efficient means to
find out the bacterial number in the test sample. Using this method, three Gram positive
and Gram negative bacteria were successfully detected with sensitivity of 100 CFU/ ml.
The difference in interaction of the composite with Gram-positive and Gram-negative
bacteria and corresponding difference in quenching of the fluorescence of the composite
made it possible to distinguish between the two. The composite was not antibacterial and
the chi-square test showed statistical significance of this method. Ease of operation, quick
and non-specific detection with high sensitivity over broad range of bacterial
concentrations in a short span of time, makes this method an attractive alternative over

conventional methods of bacteria detection.
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Chapter 3:

Plasmid DNA linearization in the antibacterial Action of a new

Fluorescent Ag Nanoparticle-Paracetamol Dimer composite

3.1. Introduction

Chemistry arguably offers a great repertoire of compounds and protocols in developing
newer drugs and pharmaceutically important molecules in modern healthcare. The need
for developing viable alternatives to conventional antibiotics, in this regard, has been an
area of increasing concern due to the ever-increasing prevalence of antibiotic resistant
bacteria.’® Moreover, the hunt for potential alternatives has recently been underscored by
the discovery of a new antibiotic resistance mechanism (conferred by New Delhi metallo-
B-lactamase 1, NDM-1) of multi-drug resistant (MDR) bacteria, currently prevalent in
India, Pakistan and the United Kingdom. It is deemed to have the potential to become a
serious threat to public health worldwide, if left unattended.* Herein an opportunity lies
with the ‘combinational antimicrobial therapy’, a new regimen specially developed for
emerging MDR or extensively drug resistant (XDR) bacterial strains. Among the
available options, Ag nanoparticles (NPs) have been demonstrated to have advantages
over conventional antibiotics with the unlikelihood of the bacteria developing resistance
to the NPs. In addition, Ag NPs work against a broad spectrum of bacteria. However,
apparent cytotoxicity of Ag NPs to mammalian cells demands their use at lower doses, °
which could be achieved by using them in composites with antimicrobial and
biocompatible polymers or other agents. *’ The Ag NPs cause perforation of the bacterial
cell wall making them unviable. They do not necessarily affect the DNA or proteins of
the bacteria. ®*° It is also known that when the NPs are used in the form of a composite,
the antimicrobial properties of the host (a polymer) or stabilizing molecule would also
work in tandem with the NPs in order to provide increased efficacy. For example, it has
been established that in a chitosan-Ag NP composite, the positively charged chitosan
helps in attachment to the negatively charged cell surface of the bacterium and the Ag
NPs make pores in the cell wall, thereby making the bacterium unviable at lower

individual component concentrations. However, the challenge remains with the lowering
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of the concentration of Ag NPs. One of the ways in which this can be achieved is by
identifying a suitable component, which would not only increase the bactericidal potency
but also pose no additional danger to the human health and the environment.
Additionally, it would imply immense therapeutic importance if any of the components
could affect the bacterial DNA, via its linearization, resulting in the inhibition of bacterial
growth as well as survival. Interestingly, not much investigation has been directed in this

regard.

Para-hydroxyacetanilide (pHA), commonly known as paracetamol (acetaminophen), is
used as an over-the-counter low cost anti-pyretic and analgesic and it is relatively safe to
use at low concentrations, although excess administration causes elevation of cellular
oxidative stress, ***? leading to its oxidation. Oxidation of pHA in mammalian cells
primarily produces two metabolites - pHA dimer (5, 5'-bis (acetyl amino)-2, 2'-
dihydroxybiphenyl, PD) and/or N-acetyl p-benzoquinone imine (NAPQI). **** NAPQI is
known to inhibit topoisomerase 1l resulting in enzyme-mediated double-stranded DNA
breakage and thus affecting DNA replication.®*” On the other hand, there is no report on
the perilous effects of the dimer in the mammalian cells. Importantly, glutathione
detoxifies NAPQI and thereby prevents DNA breakage in mammalian cells under normal
conditions, rendering the use of NAPQI rather safe. In vitro studies have revealed that
NAPQI also inhibits DNA gyrase and topoisomerase IV, which are the only
topoisomerase Il type enzymes present in bacteria.’® This indicates that an ideal way of
developing antimicrobial drug could be the inhibition of DNA gyrase by taking recourse
to NAPQI either as a part of the drug or being produced inside bacterial cells from the
drug in use. Hence, advantage of the second way in developing a new antimicrobial

composite was chosen for subsequent studies.

3.2. Outline of the research work
1. A highly fluorescent composite of Ag NPs and PD was synthesized by reaction of
pHA with AgNOs. The formation of the composite was confirmed by UV-Vis
spectroscopy, fluorescence spectroscopy, and TEM analysis.
2. The composite exhibited high antimicrobial activity against a wide range of
bacterial (Gram-positive as well as Gram-negative) populations at relatively low

concentrations of Ag which were nontoxic to mammalian cells.
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3. Additionally, green fluorescent protein (GFP) expressing recombinant E. coli was
used in order to elucidate the details of mechanism of antibacterial activity of the
composite.

4. The TEM analysis revealed that the composite was strongly interacted with the
bacterial cell was leading to the damage to it.

5. By probing the fluorescence of the GFP via fluorescence microscopy and
fluorescence spectroscopy study the number of the viable bacteria after treatment
with the composite was determined, indicating the potential eradication of the
bacterial population.

6. Essentially, the results showed that the oxidative stress (ROS) generated by the
nanocomposite, in addition to the perforation of the bacterial cell walls led to
possible oxidation of the composite producing NAPQI, which might have

subsequently inhibited DNA gyrase causing increased linearization of DNA.
3.3. Experimental section

3.3.1. Growth media and chemicals

Luria-bertani (LB), nutrient broth (NB), brain —heart infusion (BHI) and man rogosa and
sharpe (MRS) bacterial growth medium were purchased from HiMedia, Mumbai, India.
Paracetamol, silver nitrate (AgNO3) and sodium borohydride (NaBH4) were procured
from Merck India, Ltd and were used as received. High-purity molecular biology grade
chemicals and reagents used for agarose gel electrophoresis were obtained from Sigma-

Aldrich chemical Pvt. Ltd., Kolkata, India and were used as received.

3.3.2. Bacterial strains
Ec. faecalis MTCC439 and P. acidilactici CFR K7 were grown in BHI and MRS media
respectively at 37 °C. All other wild type bacterial strains used in the present investigation

were cultured at the same physiological condition in NB medium.

3.3.3. GFP construct
The recombinant GFP-expressing E. coli cells (DHS5a) were generated by cloning the
GFP gene into an ampicillin-resistant pUC-derived plasmid vector as described

. 19 . .
previously ~ and was grown in LB medium.
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3.3.4. Synthesis of the Ag NPs

The composite was synthesized by reaction of 1.0x10™* M freshly prepared AgNO5 with
2.0x10? M of pHA (pKa = 9.5) under alkaline condition (pH=10.0) and at 90 °C. In about
30 min of constant heating, the color of the solution turned yellow indicating the
formation of Ag NPs in the medium. The pH of the medium was adjusted before adding

to the bacterial medium.

3.3.5. Isolation of PD

In order to isolate the fluorescent PD, the nanocomposite was synthesized in large
quantity by reacting 11.3 mg of AgNO; with 1.5 g of pHA using the procedure described
above. The mixture was then subjected to centrifugation for 15 min at 26,000 rpm, 8 0C,
washed with water followed by repeating the process twice and the supernatant was
collected. The organic mixture was extracted from the aqueous solution (supernatant) to
ethyl acetate (EtOAc) followed by reduction of volume to ca.5 mL in rotary vacuum
evaporator. Then the PD was purified from this concentrated solution (in EtOAC) by
column chromatography (using Silica gel 60-120 mesh). The R¢ value of PD was found to
be 0.51 (in 100% EtOAc).

3.3.6. Analytical measurements
UV-vis spectra were recorded by a Perkin-Elmer lambda 45 spectrophotometer (Perkin-
Elmer, Fremont, CA). Fluorescence spectra were recorded by a Perkin-Elmer

fluorescence spectrophotometer (model: LS 55).

3.3.6. Transmission electron microscopy (TEM)

The composite was analyzed using a high resolution transmission electron microscope
(TEM; JEM 2100; Jeol, Peabody, MA, USA) operating at a maximum accelerating
voltage of 200 KeV. Also, bacteria treated with the composite were analyzed using TEM.
For this, 5 puL of each type of sample was drop-coated onto a carbon coated copper TEM
grid followed by air drying. Selected area electron diffraction (SAED) and energy-
dispersive X-ray (EDX) spectroscopy were pursued using the same instrument and on the

same samples.
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3.3.7. X-ray diffraction (XRD) studies

For XRD measurements, the as-synthesized sample was evaporated on microscope glass
slide followed by recording of diffraction using a Bruker Advance D8 XRD machine
(with Cu o source at 1.54 A).

3.3.8. FTIR spectroscopy
The FTIR spectrum of isolated PD was recorded in a Perkin Elmer-Spectrum One FTIR
spectrometer, in the range of 4000-400 cm™'. The dried PD and other samples were mixed

with KBr to make pellets required for the measurements.

3.3.9. NMR and mass spectroscopy

The *H NMR (400MHz, MeOD-d,) and **C NMR (100 MHz, DMSO-dg) spectra of the
dried PD and other samples were measured using a Varian FT-400 (400 MHz)
spectrometer with Me,4Si as internal standard and the chemical shifts were recorded on the
scale of parts per million (ppm). Electro spray mass spectrometry (ESI-MS) of the
composite was performed using a WATER LC-MS/MS- operation system of Q-Tof

. ™M
Premier .

3.3.10. Fluorescence microscopy

The bactericidal activity of the composite on GFP- expressing E. coli cells was observed
under a fluorescence microscope (Axioskop 2 MAT, Karl Zeiss). Individual aliquots of
treated and untreated (30 uL) bacterial cultures were placed on microscope slides at
different time points and air-dried before recording the images. A band pass (445-495
nm) filer was used in the excitation light source, while the observation filter had a long

pass filter for wavelengths above 515 nm.

3.3.11. Oxidative stress measurement

Oxidative stress assay in bacterial cells was performed by using the established nitroblue
tetrazolium (NBT) reduction method.” Bacterial suspensions (10° cfu/mL, of overnight
grown culture) of both Gram positive and Gram negative ones were incubated in 0.1 mL
of Hanks’ balanced salt solution (HBSS), with composite (at minimum inhibitory
concentration, MIC), Ag NPs, pHA and the dimer at 37 °C for 0, 30, 60, 90 and 120 min,
respectively. Then 0.5 mL of 1.0 mg/mL NBT was added to each of the solutions and
incubated for 30 min at 37 °C. The reaction was stopped by addition of 0.1 mL of 0.1 M
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HCI, and the mixture was centrifuged at 5000 rpm for 10 min to separate cells from the
supernatants. The bacterial pellets were treated with 0.3 mL of DMSO to extract the
reduced NBT followed by addition of 0.7 mL of HBSS for dilution. Absorption of
Formazan blue obtained from cells was measured at 575 nm using a UV-vis

spectrophotometer.

3.3.12. Probing linearization of the plasmid DNA

The DNA cleavage and re-ligation reactions were monitored by using E. coli DNA gyrase
enzyme (BioLabs). The cleavage re-ligation equilibrium was established by incubating 30
pL of topoisomerase | product with reaction mixture containing 35 mM Tris-HCL, 24
mM KCI, 4 mM MgCl,, 2 mM DTT, 1.75 mM ATP, 5 mM Spermidine, 0.1 mg/ml BSA,
and 6.5 % glycerol at 37 °C for 1 h. Further, to probe the details of mechanism of in vivo
DNA linearization, the composite was treated with diluted H,O, (7.5mM). The different
concentrations of the oxidized product were then used to treat the isolated plasmid DNA
(4 pg) in the presence of DNA gyrase. Gel electrophoresis was performed with the treated

DNA along with control samples.

3.3.13. Cytotoxicity assay

Cytotoxicity of the nanocomposite to mammalian cells was addressed by pursuing
viability studies of HT29 cells by dual staining with acridine orange and ethidium
bromide in the presence of the composite at minimum inhibitory concentration (MIC) and
minimum bactericidal concentrations (MBC). The cells were treated for 24 and 48 h prior
to view under a fluorescence microscope. Live cells appeared green due to uptake of

acridine orange and the dead cells stained red with ethidium bromide.
3.4. Results and discussion

3.4.1. Synthesis of the Ag NP-Paracetamol Dimer Composite

An alkaline solution of pHA and AgNOj3 turned yellow after heating at 90 °C for 30 min.
UV-vis spectrum of the solution exhibited a peak at 409 nm, indicating the formation of
Ag NPs (Figure 3.1ai). An additional peak occurring at 320 nm indicated the possible

formation of a dimer of pHA%?

in the process (Figure 3.laii). The Figure 3.1b
represents TEM image of as prepared composite showing the formation of individual NPs

in the process. The average particle size of the Ag NPs so formed was measured to be 4.0
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+ 0.5 nm (Figure 3.1c). The corresponding HRTEM images also recorded indicating the
lattice fringes of Ag NPs (Figure 3.2a). The presence of Ag NPs was further confirmed
by EDX spectroscopy and XRD analysis of the composite as depicted in Figure 3.2b.
SAED patterns indicated the formation of polycrystalline NPs of Ag (Figure 3.2c). The
XRD patterns of the composite consisted of three peaks occurring at 38.3°, 44.4° and
64.5° corresponding to diffraction from (111), (200) and (220) planes respectively of Ag
(0) (Figure 3.2d). Interestingly, when the aqueous solution of the composite was excited
at 320 nm, a blue emission at 435 nm was observed (Figure 3.1d). This could be

attributed to the characteristic emission of the PD.%%23
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Figure 3.1 (a) Absorption spectrum of the solution containing the product of reaction involving
AgNO; and pHA under alkaline conditions. (b) TEM image of the composite. (c) Particle size
distribution as calculated from the TEM image. (d) Fluorescence emission spectrum of the

solution with excitation wavelength being fixed at 320 nm.
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The formation of PD was further confirmed by FTIR, *H NMR, *C NMR spectroscopy
and ESI (-) mass spectrometry (Appendix Figure A 3.1 and 3.2). The peaks in the FTIR
spectrum (Figure 3.3a) occurring at 3431 cm ™', 3337 cm ™' and 1662 cm ' correspond to —
OH, —-NH and C=0 (-NHCOCHj3) stretching vibration of PD respectively. Figure A3.1a
and Figure A3.1b represent the 'H NMR (400 MHz, MeOD-d,) and *C NMR (100
MHz, DMSO-dg) spectra of purified PD respectively. The peaks at 6 = 7.42-7.36 (m, 4H),
6.89 (d, J=8.8 Hz, 2H), 2.10 (s, 6H, 2xCOCH3) in *H NMR spectrum and peaks at
§=169.23, 151.04, 131.20, 126.18, 123.53, 120.72, 116.15, 24.10 in *C NMR spectrum
showed that the dimer was formed as a result of covalent bond formation between two

ortho carbon atoms (with respect to OH group) of two pHA molecules .**

e e L 7 Full Scale 105 ets Cursor 0.000
d 200 -
@ 150
c
- |
8
>, 100 38.3
@
s
£ 50 444

10 20 30 40 50 60 70
2 <theta>(Degree)

Figure 3.2 (a) HRTEM image of the Ag NPs (b) EDX spectrum of the composite showing the
presence of Ag (0). (c) SAED of the Ag NP (d) Powder X- ray diffraction of the composite.
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The Ag NPs synthesized in the present study were separated by centrifugation at 15,000
rpm and subsequently redispersed in water in order to investigate whether PD was
attached to the NPs. The fluorescence emission (Figure 3.3a) as well as the UV-vis
spectrum of the redispersed solution remained unchanged indicating that PD was attached
to Ag NPs in the composite. The product yielded an ESI (-) mass spectrum with a
prominent peak of deprotonated PD at 299 (M-H) ~along with molecular peak at 300 (M)
and peaks of corresponding fragmented ions of PD.* The peak assigned to the unreacted
deprotonated pHA at 150 (m -H)" was also present (Figure 3.3b).Thus it can be
concluded that the reaction of pHA with AgNO3 under the present experimental condition
resulted in a composite primarily consisting of small Ag NPs and PD along with the
presence of pHA. It may be mentioned here that the composite was observed to be stable

for weeks as probed by UV-vis as well as fluorescence spectroscopy.
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Figure 3.3 (a) FTIR spectrum of the PD, (b) Emission spectrum of the composite after
centrifugation, showing the characteristics emission peak of PD at 435 nm. (¢) Mass spectrum of

the composite.
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3.4.2. Antibacterial activity

The time-dependent growth of GFP expressing E. coli bacteria, in the presence of the
composite and other controls were followed by measuring optical density (OD) at 595 nm
in order to study the antibacterial efficacy of the composite. As is evident from Figure 2
bacterial growth was arrested in the presence of the composite. The minimum
concentration of the composite at which GFP expressing E. coli bacterial growth in LB
medium containing 100 pg/mL of ampicillin was measurably inhibited (i.e. no turbidity
was observed) after 12 h incubation at 37 °C was taken to be the minimum inhibitory
concentration (MIC). The cultures which were not turbid were reinoculated in the same
physiological conditions into fresh media. The minimum bactericidal concentration
(MBC) of the composite was taken to be the minimum concentration of composite that
prevented growth of the bacterial cells following reinoculation for 12 h. The MIC of the
composite was found to contain 2.87 + 0.50 pg/mL Ag NPs and 0.37 + 0.07 mg/mL pHA.
On the other hand MBC was found to consist of 3.37 + 0.50 pg/mL Ag NPs and 0.44 +
0.07 mg/mL pHA. It must be mentioned here that the pHA concentration referred herein
corresponds to the amount of compound used in the original reaction vessel and thus
refers to both the dimer and the monomer. Interestingly, the concentration of Ag NP
required here (MBC) was an order of magnitude less than that required if only Ag NPs
were used. The test for antibacterial activity was further extended to other Gram negative
(E. Coli MTCC433, Pseudomonas aeruginosa MTCC2488, Enterobacter aerogenes
MTCC2822) as well as Gram positive (Bacillus cereus MTCC1305, Pediococcus
acidilactici CFR K7, Enterococcus faecalis MTCC439) bacteria. The corresponding MIC
and MBC values (Table 3.1) revealed the superior bactericidal activity of the composite
in comparison to Ag NPs, pHA at their respective individual concentrations present in the
composite. In addition, when pure PD, isolated from the composite by column
chromatography, was used as control for the experiments, it was revealed that dimer
alone was not effective in the killing of the bacteria, results of which are shown in Figure
3.4.
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Figure 3.4 The growth curve of GFP expressing E. coli bacteria in the presence of the composite
and other agents as mentioned in the legends. Data are represented as Mean + S.D. of three

individual experiments.

A critical issue to be addressed, with respect to the development of new
antimicrobial agent, is the cytotoxicity of the new compound to mammalian cells. In the
present case, this was pursued by viability assay of HT29 cells in the presence of the
composite (at MIC and MBC of GFP expressing recombinant E. coli) using AO/EB dual
staining. The results indicated that the composite was not cytotoxic to the cells at both
MIC and MBC values (refer to Appendix, Figure A3.2). Thus, it can be inferred that
composite exhibited strong antimicrobial properties, and at the same time being non-

cytotoxic to mammalian cells.
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Table 3.1 Antibacterial efficacy of the composite against Gram-positive and Gram- negative
bacteria. Data are represented as Mean * S.D. of three individual experiments. The concentration
of Ag NPs means that Ag presents in the composite. Further the concentration of pHA refer to
here was the concentration of pHA plus PD produced in the reaction medium, expressed in terms

of initial pHA concentration (used for reaction).

Bacteria MIC MBC
Gram Negative AgNPs pHA AgNPs pHA
(ng/ml) | (mg/ml) | (ug/ml) (mg/ml)

E. coli MTCC433 2.95+0.50 | 0.39+£0.07 | 3.78+0.50 | 0.50+0.07
Ps. aeruginosa MTCC2488 | 3.37+0.70 | 0.45+0.09 | 3.78+0.80 | 0.50+0.11
En. aerogenes MTCC2822 | 3.37+0.60 | 0.45+0.08 | 4.16+0.50 | 0.55+0.07
GFP- E. coli (recombinant) | 2.87+0.50 | 0.37+£0.07 | 3.37£0.50 | 0.44%0.07
Gram Positive

B. cereus MTCC1305 2.51+0.91 | 0.33+0.12 | 2.95+0.80 | 0.39+0.10
En. faecalis MTCC439 2.95+0.70 | 0.39+0.09 | 3.37+0.70 | 0.45%0.09
P. acidilactici CFR K7 2.51+0.60 | 0.33+0.08 | 2.95+0.91 | 0.39+0.10

3.4.3. Understanding the bactericidal action

A prerequisite for the development of a new drug or antimicrobial agent is to understand
the mechanism of its operation. This would not only reveal the details of its mode of
action but also help in developing newer and improved therapeutic materials for increased
efficiency at minimum cytotoxic and environmental risks. Fluorescence spectroscopic
experiments with GFP expressing E. coli bacteria indicated that there was an increase in
emission intensity in case of control (untreated), and in the presence of Ag NPs or pHA
only (of the same concentration as in the composite) due to multiplication of bacteria with
time (refer to Appendix, Figure A3.3). However, there was no increase in fluorescence

with time in case of treated sample (at MIC) indicating no bacterial growth. The observed
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emission intensity in this case was due to bacterial cells used as inoculum. The interaction
with composite might have caused leaking of GFP from these cells causing the total
emission intensity to remain unchanged with time. This was further confirmed by the
fluorescence microscopic observation (Figure 3.4) which revealed that the bacteria in the
media were obliterated with time in the presence of the composite (at MIC), while there

was substantial increase in their number in the presence of pHA or Ag NPs only.

Figure 3.4 Fluorescence microscopic images of GFP expressing E.coli grown under different
experimental conditions. Series (a), (b), (¢) and (d) refer to control, Ag NPs, pHA and the
composite (at MIC) treated samples respectively; while 1, 2, 3 refer to the samples observed at 3

h, 6 h and 12 h of growth respectively.
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TEM measurements of the cells incubated with the composite for different times
indicated that the NPs were attached to the bacteria before damaging the cells. In Figure
3, a healthy cell (at incomplete cell division state) could be observed after 1 h in the
presence of growth medium only (Figure 3.4i). On the other hand, treatment with the
composite at MIC led to attachment of the NPs to the cells by 30 min (Figure 3.4ii);
while by 1 h the cells were burst-open (Figure 3.4iii and iv). Essentially, the results
indicated that the composite attached efficiently to the bacterium and the cell
disintegrated with time.

Figure 3.4 TEM micrographs showing interactions between Ag NPs and the bacterium with
deposits of NPs being seen on cell surface. (i) Untreated bacterial cells (in dividing state) after 1 h

of growth, (ii) composite treated cells after 30 min and after 1 h (iii and iv) of treatment.

57
TH-1344_09615301



Chapter 3

3.4.4. Linearization of plasmid DNA

In order to probe the effect of the composite at the cellular level, bacterial cells were
incubated with the suitable amount of the composite (below the MIC) for 3 h and 6 h
respectively, followed by extraction of plasmid DNA and the running of agarose gel
electrophoresis. Linear form of plasmid DNA appeared from the composite treated
bacterial cells at both the time points (Figure 3.5). It may be mentioned here that the
formation of linear plasmid DNA was confirmed by comparing its analogous migration
profile with the single-digested (performed by using restriction endonuclease) linear form

of the same plasmid DNA (refer to Electronic Supplementary Information, Figure S10).

1 2 3

Nick

Linear
Supercoiled

Figure 3.5 In-vivo plasmid DNA linearization experiment. Lane 1 is for control DNA; Lane 2 and

3 are for DNA isolated from bacterial cells treated with the composite for 3 h and 6 h respectively.

It is known that DNA gyrase (i.e. topoisomerase 11) removes the knots and tangles of
DNA during the DNA replication and transcription.!” DNA gyrase first linearizes the
DNA by breaking its both strands, captures another segment of the same DNA molecule
and then reseals it after passing through the double strand break. Thus, the presence of
DNA gyrase inhibitor(s) that blocks the sealing mechanism of the DNA strands leads to
DNA linearization.?”* Therefore; it was assumed from the DNA-linearization results that
the composite could be an inhibitor of DNA gyrase. To investigate the role of the
composite as a DNA gyrase inhibitor, linearization of plasmid DNA in vitro was studied.
This was pursued by incubating plasmid DNA, isolated from non-treated bacteria, with

different concentrations of the composite (0.45 pg pHA and 3.45 ng Ag NPs, 0.75 pg
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pHA and 5.75 ng Ag NPs, 1.05 ug pHA and 8.05 ng Ag NPs respectively in 20 pL
reaction mixtures in the presence of DNA gyrase. It must again be mentioned here that
the pHA concentration mentioned here corresponds to the amount of compound used in
the original reaction mixture and thus refers to both the dimer and the monomer
concentration together in the units of concentration of pHA. Interestingly, gel
electrophoresis results revealed that there was no linearization of the plasmid DNA in the
presence of the composite alone (Figure 3.6). This indicated that the composite by itself
was not responsible for linearization of the DNA, and hence it is not a gyrase inhibitor in

its native (monomer/dimer of pHA and Ag NPs) form.

Figure 3.6 In-vitro plasmid DNA linearization experiment was performed by incubating the
plasmid DNA with different concentration of composite in presence of DNA gyrase. Lane 1 is the
marker (M), Lanes 2 is the control, lane 3 is for topoisomerase I treated sample, lane 4 DNA
gyrase treated sample, Lane: 5 -7 is for DNA gyrase treated sample with three different
concentration of composite containing (0.45 pg pHA and 3.45 ng Ag NPs), (0.75 ug pHA and
5.75ng Ag NPs) and (1.05 ng pHA and 8.0 ng Ag NPs) respectively.
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3.4.5. Oxidative stress

The differential response of the composite in linearizing plasmid DNA in vivo and in
vitro could be due to the difference in the physiological environment, especially with
respect to the oxidative stress. The induction of oxidative stress in microbial as well as
mammalian cells, as a consequence of increase intracellular ROS production, by
engineered nanomaterials has been reported extensively >" *. On the other hand, the
cellular oxidative stress might lead to the oxidation of PD producing NAPQI which is, as
discussed earlier, a potent inhibitor of DNA gyrase. To verify this hypothesis for the
linearization of plasmid DNA in the present study, the cellular oxidative stress in the
composite treated bacteria was further investigated using the standard NBT assay. The
results are shown in Figure 3.7. As is clear from the figure, high levels of ROS were
generated in the presence of the composite than that in the presence of either of Ag NPs,
pHA or the dimer. This provides a clue that the ROS generated in the cells by the
composite might have been directly or indirectly responsible for the observed

linearization of DNA.
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Figure 3.7 Effect of the composite and its individual components on the intracellular ROS
generation of GFP expressing E. coli bacteria. Data are represented as Mean = S.D. of three

individual experiments.
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3.4.6. In-vitro plasmid DNA linearization

The proposed hypothesis of DNA linearization by the composite in the present study was
further validated by mimicking the “oxidative environment” in vitro. The composite was
first treated with diluted H,0, (7.5 mM), followed by addition of different concentrations
of the so-treated solution (reaction solution) to isolated plasmid DNA in the presence of
DNA gyrase. Surprisingly, DNA linearization was observed with increased concentration
of the composite (Figure 3.8a). The band intensity of linear DNA was about ten times
(Figure 3.8b) more in case of the highest concentration of the composite (containing 1.05
Hg pHA and 8.05 ng Ag NPs) as compared to lower concentrations. The concentration of
pHA referred here is the combined concentration of pHA and PD as mentioned before.
This is interesting as the same amount of composite, without H,O,-treatment, could not
linearize the plasmid DNA in presence of DNA gyrase (Figure 3.6). Furthermore, the
bright blue fluorescence of PD present in the composite can be seen clearly in the agarose
gel (Figure 3.8a) when visualized under UV illumination®. Additionally, careful
observation of the agarose gel (Figure 3.8a) demonstrates the presence of NAPQI
fluorescence '° below the PD fluorescence (at the bottom of the gel) in the lanes
corresponding to H,O,-treated composite. The formation of NAPQI upon treatment with
H,0, was further supported by the ESI (-) mass spectroscopy of H,O,-treated PD (refer to
appendix, Figure A3.4) that revealed a prominent peak of tautomeric NAPQI. It may be
emphasized here that previous experiments involving the study of the effect of Ag NPs on
the recombinant GFP-expressing E. coli bacteria revealed that the NPs did not cause any
linearization of DNA.*® Also, there was no observable DNA damage nor any abnormality
was present in the DNA migration profile. This means the presence of only Ag NPs might
not have affected the DNA gyrase of E. coli. Thus even if the presence of Ag NPs
increased the production of ROS in the bacterial cells it might not have caused inhibition
of activity of DNA gyrase. On the other hand, it is plausible that ROS led to the oxidation
of the composite generating NAPQI, which is a specific DNA gyrase inhibitor. NAPQI
inhibits DNA sealing function of DNA gyrase causing DNA linearization. Further, our
observations with experiments in vitro also suggested that the presence of the composite
alone did not lead to linearization of DNA. On the other hand, it was found that the
composite in the presence of H,O, could produce NAPQI. Hence it can be concluded
from the available evidences herein that the composite induced oxidative stress to the
cells. The ROS thus generated might have produced NAPQI from the composite which
acted as a DNA gyrase inhibitor.
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Figure 3.8 (a) Plasmid DNA cleavage reaction was carried out with E.coli DNA gyarse in the
presence of various concentration of oxidized product of the composite. Lane 1 control DNA,
Lane 2 DNA gyrase alone, Lanes 3-5 DNA gyrase incubated with different concentrations of
oxidized product of the composite (0.45 pug pHA and 3.45 ng Ag NPs), (0.75 pg pHA and 5.75
ng Ag NPs) and ( 1.05 pg pHA and 8.05 ng Ag NPs) in 20 pL reaction volume respectively. (b)
Bar graph was drawn based on relative band intensities which were determined by image J

software.

3.4.7. Proposed mechanism of bactericidal action

Based on the results presented above, an overall picture of the activity of the composite
on the bacterial cells is depicted schematically in Figure 7. Reaction of Ag" with pHA
under alkaline condition produced the fluorescent dimer (PD) which stabilized the Ag
NPs produced concurrently. Also, unreacted pHA was present in the composite as an
additional stabilizer. The composite was effective in killing a broad range of bacteria
involving both the NPs and the dimer, each one possibly playing a role complementary to
the other. As far as the mechanism of action is concerned, it is proposed that the
composite was attached to the bacterial cell wall leading to possible perforation of the
wall. Earlier studies also indicated that bacterial cell wall gets perforated in the presence
of Ag NPs.”® The composite then possibly entered the bacterial cell and raised the
intracellular ROS level. Previous reports have elucidated that Ag NPs participate in

elevation of oxidative stress along with membrane damage by releasing Ag* ions.” 2323
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Hence, Ag NPs in conjunction with the dimer (PD), in the present study, possibly induced
oxidative stress in the bacterial cells. The oxidative species such as superoxide anion (O,
), hydrogen peroxide (H20,), and the highly reactive hydroxyl radicals (-OH), which
might have been generated in the cells, converted the dimer to NAPQI which, in turn,
inhibited DNA gyrase enzyme leading to DNA linearization. In vitro experiments with

the H,O,-oxidized composite leading to linearization of DNA further supported this

proposal.
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Figure 3.9 A schematic representation of mechanism of antimicrobial activity of the

nanocomposite, which was generated by the reaction of AgQNO; with paracetamol.
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3.5. Conclusion

In brief, a new composite consisting of Ag NPs and PD (along with the presence of pHA)
has been synthesized. The composite is fluorescent and highly antimicrobial against a
wide range of Gram positive and Gram negative bacteria, at low concentrations of Ag
NPs. The composite contributed to the increased ROS production subsequent to possible
cell perforation by Ag NPs. The ROS provided the oxidizing environment for the
generation of DNA gyrase — inhibitor NAPQI from PD which might have been
responsible for DNA linearization. The antimicrobial dose used here was also non-toxic
towards animal cells (HT 29) and thus provides an eminent opportunity of using this
composite without unduly compromising the health of the patient. This is, to the best of
my knowledge, the first report where an antimicrobial nanocomposite has been
demonstrated to cause DNA-linearization that has important consequences in the
development of antimicrobial drugs. That the antimicrobial action of the composite
involved the conversion of PD to DNA gyrase —inhibitor NAPQI, triggered by enhanced
ROS generation, is reminiscent of a “prodrug/sucide gene therapy” used for cancer

treatment.
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Chapter 4:
Fluorescent Ag nanoclusters Loaded FA-CS NPs for Targeted

Drug Delivery into the Cancer cells

4.1. Introduction

The latest developments in medical science is still stranded to prevail the challenge of
complete cure of cancers along with poor survival outcome of conventional and existing
therapies." *Moreover, most of the frontline chemotherapeutic drugs have various
limitations such as non-specificity,” poor water solubility,” and shorter blood circulation
half-life® which demands higher doses and frequencies of the drug . To address these
coexisting issues, nanotechnology offers huge promises, in order to develop new
therapeutic modalities and delivery of the existing therapeutics by using suitable
nanocarriers.”® The Ag NPs and its composite(s) gain considerable attentions as novel
cancer therapeutics as it causes programmed cell death (i.e., apoptosis) into the
mammalian cells.>*! Recent studies have manifested that it destabilizes the integrity of
the plasma membrane and induces reactive oxygen species (ROS), causing mitochondria
dependent apoptosis.” Eventually, the higher dose of the Ag NPs is cytotoxic towards the
normal cells. This inherent demerit limits its direct use as cancer therapeutic agents
because of the unavoidable association of cancer cells with normal cells. Various reports
from several laboratories including us have demonstrated that nanocarrier mediated
delivery of Ag NPs could reduce the effective concentration of silver’® ***3 The nano
carrier offers likelihood of size explicit ‘passive targeting’ and/or cell specific ligand-
receptors interaction mediated ‘active targeting’ - which improves the bioavailability of
the therapeutics at the ‘programmed’ sites and as a consequence lower the effective
concentration of drug. Active targeting gains edge over the passive targeting due to its
high level of selectivity and specificity."*™ Generally, cancer cells over expresses the
receptors for growth factors such as glucose and vitamins (e.g. folic acid) to promote its
growth and differentiation.™® Thus, by targeting this specific ligand-receptors interaction
one could easily deliver the Ag NPs into predetermined sites. Another aspect is the size of
the Ag NPs, smaller the size better is the activity of apoptosis mediated cell death. For

instance, Ag NPs particularly size less than 10 nm were always found to have enhanced
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activities than its bigger counterparts.®*” In this pursuit, the cytotoxic effect of ‘few

atoms’ silver nanoparticles size less than 2 nm, termed as silver nanoclusters, offers huge

promises.’® Owing to its critical size, metal nanoclusters do not support the surface

plasmon resonance (SPR) which is a general signature of the metal NPs. On the other

hand, the continuous energy band of the metal clusters discretise, hence exhibits bright

fluorescence emission.’® Apart from this, it possesses the large Stokes-shifted emission

and high photostability which is the inherent limitation of organic fluorophores and thus

offers the advantages of using it as multi-coloured dye for in vivo imaging.

20-21

4.2. Outline of the research work

1.

Florescent silver nanoclusters (Ag NCs) was synthesized by using bovine serum
albumin (BSA) which was further converted into targeted composite NPs by using
folic acid (FA) conjugated chitosan.

The formation of the Ag NCs and the composite NPs were validated by TEM,
fluorescence spectroscopy and UV-Vis spectroscopy.

Two different cancer cells lines HeLa which over expresses receptors for folic
acid and A 549 down regulates its expression took as model to study the
differential uptakes of folic acid conjugated composite NPs.

To facilitate receptor-mediated endocytosis these fluorescent composite NPs were
employed to deliver - paracetamol dimer (PD) -to the cancer cells to study the
synergistic effect of Ag NCs and the PD.

Recently, our group has reported the synthesis of nano composites of paracetamol
dimer (PD) by the reaction of silver as well as gold salt with paracetamol which is
a commonly used anti pyretic and analgesic agent.

Interests were involved to explore the anti-cancer activity of the PD as there are
no reports available till date on adversary activity of PD towards mammalian
cells, except the plausibility of the non-covalent interaction with macrophage
migration inhibitory factor (MIF).

These fluorescent composite NPs (Ag NCs- FA-CS NPs) were employed to
deliver the PD into HeLa cells (human cervical carcinoma) and A549 cells with
the anticipation that PD may convert into NAPQI-potential gyrase inhibitors in-
combination with Ag NCs to find out the synergistic effect in cancer therapy.
Details mode of cell death was illustrated by performing various biochemical

assays.
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4.3. Materials and Methods

4.3.1. Chemicals

Paracetamol, silver nitrate (AgNO3) and sodium borohydride (NaBH,4) were purchased
from Merck India, Ltd. The 1-(3-Dimethylaminopropyl)- 3-ethylcarbodiimide
hydrochloride (EDC), anhydrous dimethyl sulfoxide (DMSO), N-Hydroxysuccinimide
(NHS), chitosan (viscosity averaged molecular weight, Mv,672 kDa and degree of
deacetylation >75%), folic acid, sodium tripolyphosphate (TPP) were procured from

Sigma- Aldrich and used as received.

4.3.2. Conjugation of the folic acid and chitosan

Chitosan (CS) was conjugated with folic acid (FA) via formation of the amide bond.?” For
that, the folic acid was first activated by EDC and N-Hydroxysuccinimide, in 20 mL
anhydrous DMSO (molar ratio of FA, EDC and NHS was 1:1:0.5) and stirred at room
temperature for 2 h. Into this 0.5% (w/v) chitosan in acetic acid solution (0.1% v/v, pH
4.5) was added and stirred at room temperature in the dark for 24 h to complete reaction.
The conjugated product of FA-CS was collected by adjusting the pH of the solution to 9.0
by addition of NaOH (10 M), which precipitates the products. Then, the precipitate was
repeatedly washed with water to remove DMSO and dried in oven at 65 °C for overnight.
Finally, the required amount of FA-CS conjugate was redispersed in acidic water and is
used for the synthesis of the composite NPs.

4.3.3 Synthesis of the fluorescent silver nanoclusters (Ag NCs)

Fluorescent Ag NCs were synthesized based on the previous method with slight
modification.”® For 20 mL reaction, 2 mL of bovine serum albumin (BSA 96%; 50
mg/mL) was taken in a conical flask and 400 pL of 10 mM Ag NO3; was added into it.
Then, 40 pL of a freshly prepared aqueous solution of NaBH. (10 mM) was added along
with the addition of 100 pL of 0.3 M NaOH and incubated in the dark with ice (4°C)
under vigorous stirring for 12 h for complete reduction of the silver to silver nanoclusters.
The yield of the formation of the NCs completely relies on the reaction environment,

minute variation leads to formation of Ag NPs.

69
TH-1344_09615301



Chapter 4

4.3.4. Synthesis of the fluorescent Ag NCs embedded folic acid-chitosan composite
NPs (Ag NC —FA-CS NPs) and paracetamol dimer (PD) loaded composite NPs

0.5 mL of (0.5% wi/v) FA-CS conjugated product was mixed with aforementioned BSA-
Ag NCs with a ratio of 2.5:1 (w/w). Then, 0.2 mg/mL of sodium tripolyphosphate (TPP)
was added drop wise for the synthesis of composite NPs (Ag NC- FA CS NPs), by using
the ionotropic gelation method, originally developed by Calvo et al.?® For the synthesis of
the drug loaded composite NPs, 10 mg/mL pre-synthesized paracetamol dimer (PD)*
were added into the reaction mixture prior to addition of the TPP (0.2 mg/mL). After the
addition of TPP, the clear solution turned into milky white indicating the formation of the

composite NPs, which was collected by centrifugation at 10,000 rpm for 5 min.

4.3.5. Analytical measurements
UV-vis spectra and fluorescence spectra were recorded by a Perkin—Elmer lambda 45
spectrophotometer (Perkin—Elmer, Fremont, CA) and Perkin—Elmer fluorescence

spectrophotometer (model: LS 55) respectively.

4.3.6. Transmission electron microscopy (TEM)

To observe, the nanocarriers and Ag NCs under a high-resolution transmission electron
microscope (TEM; JEM 2100; Jeol, Peabody, MA, USA) 10 uL of each samples were
drop coated onto a carbon coated copper TEM grid followed by air drying. The voltage
was fixed at 200 keV during TEM analysis. Selected area electron diffraction (SAED)
and energy dispersive X-ray (EDX) spectroscopy were carried out using the same

instrument and for same samples.

4.3.7. Dynamic light scattering study
The zeta potential and hydrodynamic diameter of the composite NPs and drug loaded
composite NPs were measured by dynamic light scattering-based analysis (Malvern

Zetasizer Nano ZS).

4.3.8. Fourier transforms infrared (FTIR) spectroscopy
Lyophilized samples were mixed with KBr to make the pellets, and characterized by

FTIR spectroscopy (Perkin-Elmer) in the range 400-4000 cm .
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4.3.9. Epi fluorescence microscopy

To visualize the cells after treatment with Ag NCs and composite NPs epi fluorescence
microscopy was done. 1 x 10° cells were seeded into 6 wells plate for overnight followed
by addition of the Ag NCs-CS NPs. Same microscope was also used to observed acridine
orange and ethidium bromide (AO/EtBr) double staining after treatment of the 1C50 dose
of drug loaded composite NPs for 24 h.

4.3.10. Cell culture

HeLa cells (human cervical carcinoma) and A549 cells were procured from National
Center for Cell Sciences (NCCS), Pune, India, and cultivated in Dulbecco’s Modified
Eagle’s Medium supplemented with L-glutamine (4 mM), penicillin (50 units/mL),
streptomycin (50 mg/mL), and 10% (v/ v) fetal bovine serum (obtained from PAA
Laboratories, Austria) in 5% CO, humidified incubator at 37 °C.

4.3.11. Cell viability assay

To perform MTT based cell viability assay, 1 x 10* HeLa and A549 cells/well were
seeded in a 96- well microtiter plate and grown overnight by maintaining the same
medium and condition as described previously. Then, different amount composite NPs
and the drug loaded composite NPs were added into it and incubated for 24 h prior to
addition of MTT (3-(4,5- dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) dye to
find out the number of viable cells. Viable cells reduce MTT into colour formazan which
has absorbance at 550 nm. The % of cell viability was calculated as below by taking

absorbance at 690 nm as background interference.

o6 ol ol (A550 — A690) of NP treated cells % 100
o VIabiE feuls = (A550 — A690)of control cells

4.3.12. Cell cycle analysis

Propidium iodide (PI) based cell cycle analysis was carried out in flow cytometer
(FACS) which measures the DNA content of the cells at different stages of cell division.
For that, 1x 10° cells were seeded into 6 well plates and incubated for 12 h under the
same conditions as mentioned above. Then, the cells were treated with drug loaded

composite NPs for 24 h along with their respective controls. Cells were collected after
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trypsinization and were fixed by addition of 1 mL of cold 70% ethanol, and kept it at -20
OC for 1 h. Finally, the fixed cells were collected by centrifugation and redispersed in PBS
followed by RNase A (100 pg/mL) treatment at 37 °C for 1 h. Prior to do analysis the
cells were incubated in dark with PI (30 pg/mL) for 30 min and flow cytometry assay
FACS Calibur (BD Biosciences, NJ) was carried out . The PI fluorescence data were
collected in FL2 channel (band pass filter, 585/42 nm) which corresponds to red emission

for 15,000 cells in each sample and data were analysed by the CellQuest pro.

4.3.13. ROS measurement

Reactive oxygen species (ROS) generation was determined by fluorescence activated
cells sorter (FACS) using 2, 7-dichlorofluoresceindiacetate (DCFH-DA; Sigma-Aldrich,
USA) staining method. For this, 1x 10> cells were seeded into 6 -well plates and
incubated for 12 h. The cells were than treated with 1Cs, dose of drug loaded composite
NPs with their respective controls for 3 hours and to this 10 pL. of I mM DCFH-DA was
added and kept at 37°C for 10 min. Then, the cells were collected after trypsinization and
suspended in 1 mL of DMEM before analysed in a flow cytometer (FacsCalibur, BD
Biosciences, NJ). The emission of the DCF was collected in FL1-H channel (530/30 nm)
which corresponds to green emission. The fluorescence data were recorded with the

CellQuest program (BD Biosciences) for 15, 000 cells in each sample.

4.3.14. Caspase 3- assay

To probe apoptotic mediated cell death, FACS based caspase-3 assay was performed. For
that, 1x 10° cells were seeded into 6 -well plates and kept for overnight incubation. Cells
were treated with 1Cso dose of drug loaded composite NPs along with their respective
controls, and incubated for another 24 h. After incubation the cells were collected in PBS
and were fixed with 0.1% (v/v) of formaldehyde for 15 min. The fixed cells were
harvested by centrifugation at 650 rcf, followed by incubation in dark with 1 mL of
membrane permealization solution (0.5% of Tween 20 in PBS) for 20 min in dark. Cells
were washed twice with PBS to remove the surfactant prior to the addition of
phycoerythrin (PE) conjugated Rabbit Anti —Active Caspase-3 (BD Biosciences) for 30
min in dark. The fluorescence data were recorded for 15 000 cell in FL2 channel (band

pass filter, 585/42 nm) of FACS and analysed by CellQuest program (BD Biosciences).
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4.4. Results and discussion

To synthesize the tumour cell specific targeted nanoparticles, folic acid was conjugated
with chitosan via amide bond formation by using EDC as coupling agent. Folic acid
conjugated chitosan was precipitated by increasing the pH of the solution to 9.0, and was
repeatedly washed with deionized water to remove the excess folic acid and EDC. The
formation of the amide bond was confirmed by the UV-vis spectroscopy, which reveals
the absorption peak in the range of 280 nm. *>** The control i.e., chitosan did not show
any peaks at that region (refer to Appendix, Figure A4.1). Additionally, FTIR analysis
displayed the characteristic absorption peaks of amide bond along with the corresponding
peaks of both CS and FA. The peaks at 1648 cm™ and 1587 cm™, corresponding to stretch
of amide band | (-CO-) and stretching vibrations of amide-11 (NH)*® respectively,
confirmed the formation of the amide bonds between CS and FA (Figure 4.1a). The
fluorescent silver nanoclusters (Ag NCs) were synthesised by reaction of equimolar
amount of Ag NO3 and sodium borohydride along with 50 mg/mL of bovine serum
albumin (BSA), which acted as a template. For the synthesis of composite NPs,
previously formed folic acid linked chitosan (0.5% wi/v) was mixed with the BSA-Ag

NCs followed by addition of sodium tripolyphosphate (TPP).
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Figure 4.1 FTIR spectra of the (a) Folic acid (b) chitosan (c) Folic acid conjugated chitosan
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The formation of composite NPs and the silver NCs was evinced by UV-vis spectroscopy
study, where the characteristic plasmon peak of the Ag NP in the range of 390-450 nm
was not appear (inset of Figure 4. 2a). However, the composite showed strong emission
peak at 690 nm and small peak at 400-430 nm when excited with the UV light of 320 nm
as shown in Figure 4.2a. The control experiments were also performed under similar
condition and no emission peak was found, indicating the formation of the fluorescent Ag
NCs. Further, TEM analysis confirmed the formation of Ag NCs (Figure 4.2b). The
average diameter of the NCs was found to be 1.42 + 0.33 nm. The EDX spectrum was
recorded during the TEM analysis for the same sample, confirmed the presence of silver
(refer to appendix, Figure A4.2). DLS analysis was carried out to determine the
hydrodynamic diameter and the zeta potential of the composite NPs. The hydrodynamic
diameter was found to be 214 nm, and the zeta potential value was 28.08 mV, which is

known to be favourable for the cellular uptake (Figure 4.2c-d).
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Figure 4.2 (a) TEM image of the composite NPs (Ag NC-CS NPs), (b) Magnified TEM image of
the composite NPs. (c) Fluorescence spectrum of the composite NPs, showing emission at 670 nm
when excited at 320 nm. (d) Dynamic light scattering showing the hydrodynamic NPs of the
composite NPs (e) Zeta potential of the composite NPs.
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As we have taken folic acid (FA) by means of a cell targeting agent, two different cancer
cell lines, namely HeLa and A549 have been selected as a model system. Generally,
HeLa cells overexpress the folic acid receptors (FR™), whereas, A549 cells down
regulates the folic acid receptor (FR"). Relative expression level of folic acid receptors
was confirmed prior to perform the cell based assays. For that the total RNA was
extracted from two different cell lines and subsequently transformed into its cDNA by
reverse transcription polymerase chain reaction (RT-PCR). The cDNA was used to
examine the expression level of the FR by semi quantitative polymerase chain reaction
(PCR) analysis followed by the agarose gel electrophoresis. The results demonstrated that
FR expression was significantly high in case of HeLa as compare to the A549, while -
actin a house keeping gene, served as an endogenous control showed the similar
expression level in both the cell lines as depicted in Figure 4.3a. The corresponding bar
graph (Figure 4.3b) showed FR expression was 2.3 + 0.10 times higher in case of the

HeLa cell as compared to the A549, the results are alike with the previous studies.*

After studies of the expression of the FR, it’s crucial to infer the interaction of the
folic acid conjugated NPs between the two cell lines which were established by probing
the fluorescence of Ag NCs with epi fluorescence microscopy. For that, the cells were
incubated with the composite NPs for 3 h and were observed under microscope after
thorough washing with PBS. Fluorescence microscopy images shows red fluorescence
emission on the surface of the composite NPs treated cells when excited with UV light as
showing in Figure 4.3c-d. The fluorescence intensity was relatively higher in HeLa cells
than A549 cells. This could be due to differential expression of the folic acid receptors,
which facilitated relatively higher amount of uptake in case of the HelLa cells, which

eventually over expressed the folic acid receptors as compared to its counterpart.
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Figure 4.3 (a). Agarose gel showing the relative gene expression of the folic acid receptors for

both HeLa and A549 cells, B-actin has taken as endogenous control. (b) Bar graph is showing the
relative band intensity FR for both HeLa and A549. The values are represented as mean + SD of
results from three individual experiments. (c-d) Epi fluorescence microscopy images. (¢) HeLa
cells are showing the bright red fluorescence of the Ag NCs (d) A549 cells are showing weak
fluorescence to due difference expression of the FR which leads to differential uptakes of the folic

acid conjugated nanoparticle. Scale bar 20 um.

To study the cell viability activity, MTT assay was carried out by adding different
concentrations of the composite NPs on two different cell lines (HeLa and A549). The
results demonstrated that the cell viability was gradually decreased with increasing
concentration of NPs in case of the HeLa cells, but no significant cell mortality was
revealed in case of A549 cells with same silver concentration. This result indicates that
the folic acid conjugated NPs were more effective for the FR™ cells as compared to its
counter parts. The 1Csp value of the composite was found to be 21.65 pg/mL with 2.65 £

0.20 pg/mL of Ag NCs (Figure 4.4). It is worth mentioning here that the amount of
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silver required to obtain the ICs, was far less than the Ag NPs, particle size typically > 2
nm.* This is possibly due to the size of the NCs, which played a crucial role in reduction
of silver concentration in the present case. It is also evident that by using this FA
conjugated composite NPs, a significant level of selectivity could be obtained for FR*

cells over its counter parts and offers the likelihood of the tumour ‘theranostics’.
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Figure 4.4 MTT assay showing the anti-cell proliferation of HeLa and A549 cells. The values are
represented as mean + SD of results from three individual experiments. The ANOVA test with
pairwise comparison was carried out to find out the statistical significance for each concentration.
* (p <0.05), **(p <0.01) and ***(p <0.001)

Further, to use this composite NPs as a suitable drug delivery cargo, paracetamol
dimer (PD) was loaded as model drug with the anticipation that the drug loaded
composite NPs would eventually offer better therapeutic activity with reduced silver
concentration. Moreover, transportation of the drug can be traced by probing the
fluorescence of the Ag NCs. Hence, paracetamol dimer (PD) was delivered into the HelLa
cells by using these composite NPs. Our previous report has demonstrated that PD can be
employed as prodrug as it converts to NAPQI by ROS in case of E.coli and caused
bacterial cell death in presence of Ag NPs.?? It would be worth mentioning that the
NAPQI is the potential topoisomerase Il inhibitor in case of the mammalian cells which
causes apoptosis mediated cell death.” However, in case of mammalian cells there is no

report on the usage of PD as a prodrug to produce NAPQI with intra cellular reactive
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oxygen species (ROS) generated by Ag NPs. Hence, we have loaded it into the composite
NPs, the loading efficiency was found to be 45.23 + 5.23 %. It is to be mentioned here
that composite NPs is positively charged because of the protonated amine groups of
chitosan whereas the PD possess negative charge owing to deprotonation of the hydroxyl
groups at the physiological pH, offering the plausibility of the electrostatic interaction
between duos. This was supported by the zeta potential, where the zeta potential value of
NP decreased from 28.8 mV to 19 mV after interaction with the PD, whereas the
hydrodynamic diameter of the PD loaded NPs were slightly increased from 214 nm to
230 nm (Figure 4.5a-b). Before adding the PD loaded NPs to the cancer cells, in vitro
protein release study was performed, which revealed that about 22.94 + 1.4 % protein was
released within 48 h in PBS buffer (at pH 7.4) as shown in Figure 4.5c. It could be
inferred from aforementioned results that release of PD was significantly low in
physiological condition, which is favourable as it increases the efficiency of the intra
cellular delivery of PD. Further, to visualize the PD loaded composite NPs, microscopy
analysis was carried out which evidently showed the presence of the composite NPs
within cells as depicted in Figure 4.5d.
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Figure 4.5 (a) zeta potential of the PD loaded composite NPs (b) Hydrodynamic diameter of the
Pd loaded composite NPs.(c) Release study of the PD in the PBS. Data are represented as mean +
SD of results from three individual experiments. (d) Fluorescence microscopy image of the PD

loaded composite NPs, showing the red emission of the Ag NCs. Scale bar 5 um.

To find out the effects of PD loaded NPs over the Ag NCs, the HeLa cells were treated
with different concentrations of NPs for 24 h followed by MTT assay, which showed that
cell viability was significantly decreased with the increasing concentration NPs (Figure
4.6a), as compared to their respective control (i.e., Ag NCs and PD). The ICs, value of
the Ag NCs was significantly decreased to 1.43 + 0.12 pg/mL, as compared to only Ag
NCs. The results indicated that PD augments the cytotoxic effects of the HelLa cells with
addition of Ag NCs which eventually led to reduce the effective concentration of the Ag
NCs also. It would be mentioned here that only PD could not offer significant effect on
the cell viability unlike Ag NCs. To understand the mechanism of cell death, the HeLa
cells were treated with 1Csy dose of NPs for 3 h followed by flow cytometer (FACS)
based reactive oxygen species measurement (ROS) using DCFH-DA staining method.
Intra cellular ROS oxidizes DCFH to fluorescent DCF (green emission). Hence, the
amount of fluoresce intensity is directly correlates with the amount of ROS production
inside the cells and the fluorescent signal was collected in the FL1 channel of FACS. The

FACS results conferred that there is subsequent amount of increment in the ROS level in
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the PD loaded composite NPs as compared to its respective controls as shown Figure

4.6b.
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Figure 4.6 (a) MTT assay of the PD loaded NCs. The values are represented as mean = SD of
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results from three individual experiments. The ANOVA test with pairwise comparison was done
to find out the statistical significance for each concentration. *(p <0.05), **(p <0.01) and
*%*(p <0.001) (b) FACS analysis of reactive oxygen species (ROS) generation in HeLa cells
which is showing the PD loaded composite NPs exhibited prominent, implying higher level of
ROS production. The FL1-H corresponds to the green emission of the DCF.

Further, ethidium bromide (EtBr) and acridine orange (AQO) dual staining was performed
as AO stains live cells nuclei and gives green emission when excited with blue light,
whereas the dead cells emitted red fluorescence due to uptake of EtBr when excited with
green light. Thus, merged image of the dual staining method provides distinctive view
among the live and the dead cells. The results demonstrated that cell treated with 1Csg
dose of PD loaded composite showed more red cells than their respective control. In case
of PD loaded composite NPs treated cells, chromatin fragmentation was prominent,
which the characteristic feature of apoptotic cell death (Figure 4.7).
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Figure 4.7 Ethidium bromide (EtBr) and acridine orange (AQO) based dual staining showing the
live and death cells. Dead cells show red emission by uptakes EtBr and live cells green due to
uptakes of AO (a) Control, (b) PD, (c) composite NPs (Ag NC- FA CS NPs) and (d) PD loaded
composite NPs treated cells respectively. (i) and (ii) indicate bright field images and merged

image of EtBr/ AO respectively. Scale bar 20 um.
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To substantiate the above observation, FACS based caspase-3 assay was performed. The
caspase-3 is an important cysteine protease enzyme present in cells in an inactive form;
however, during the early phase of apoptosis it converts into active form by proteolysis
and control several downstream pathways responsible for apoptosis. Hence, the number
of caspase -3 cells directly correlates the number of apoptotic cells. For caspase-3 assay,
cells were treated with the PD loaded composite NPs along with its respective controls
followed by the addition of phycoerythrin (PE) conjugated rabbit anti-active-caspase-3.
The PE emission was collected in FL2-H channel of the FACS, which corresponds to red
emission. Cells treated with the PD loaded composite NPs showed maximum number of
apoptotic cells as compared to its respective controls, i.e., around 8.3% of cells were
apoptotic in caspase 3 assay after 24 h of treatment with PD loaded composite NPs as
shown in Figure 4.8 a-d.

;
=3 8b
= - M2
81 8]
2.07 %
g -
S| g {97.92%
R R
()] (=3¢ (=25
= 10° 10" 102 103 404  10° 10" 102 103  10°¢
=] o o
(@) a a
O olC S
S ] S ]
- M2 -
o (=25
0 7 -]
5.09 %
O ] (=2
(=] (-]
g S
&1 =
o] o]
10° 101 102 10% 104 100 10" 102  10%  10°

Fluorescence intensity (FL2-H)

Figure 4.8 FACS based caspase 3 analysis after treatment of the PD loaded composite NPs. PE
emission was collected in FL2-H channel of the FACS corresponds to red emission. (a), (b), (c)
and (d) are the control, PD, composite NPs (Ag NCs) and PD loaded composite NPs,
respectively. In the histogram M1 and M2 corresponds to caspase positive and caspase negative

cells, respectively

83
TH-1344_09615301



Chapter 4

Additionally, FACS based cell cycle analysis revealed that there was a significant (5.2 %)
rise in the sub GO population, which corresponds to the apoptotic population; in case of
the PD loaded NPs treated cells as compared to its control such as PD and the Ag NCs as
illustrated in Figure 4.9. The details of the same had also incorporated in the Figure
4.9a-c to support the afar mentioned analysis. Induction of the apoptosis further validated
by FESEM analysis depicted the membrane indentation and irregularity for the composite
NPs treated cells as compared to the control. This is typical signature of initiation of
apoptotic bodies as shown in Figure 4.10a-b. Thus, the overall results demonstrated that
the PD augment the therapeutic efficacy of the Ag NCs than their individual components,

which leads to apoptosis mediated cells death possibly due to complementary effects.
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Figure 6. (a-e) Cell cycle analysis depicting different stages of the cell cycle. (a) Control cells,
(b) PD treated cells (c) Composite NPs treated cells and (d) PD loaded Composite NPs treated
cells. (e) Bar graph showing the increase in the sub GO population after treatment with PD loaded
composite NPs. Data is represented as mean + SD of results from three individual experiments.

The ANOVA test with pairwise comparison was performed to find out the statistical significance
for each concentration. * (p <0.05), **(p <0.01) and *** (p <0.001) FESEM images (f)
Control and (g) treated cell showing membrane indentation after exposure of the PD loaded
composite NPs. Scale bar 2 um.

TH-1344_09615301

85



Chapter 4

4.5. Conclusion

In brief, highly fluorescent silver nanoclusters (Ag NCs) have been synthesized and
conjugated with folic acid for targeted delivery. To demonstrate the effect of the Ag NCs,
two different cancer cell lines, HeLa and A549 have been opted. The results illustrated
that HeLa cells were more liable than A549 for the over expression of the FA receptors,
evident from the fluorescence of Ag NCs. The composite NPs were employed to deliver
the paracetamol dimer (PD) into the cancer cells, which augmented apoptosis mediated
cell death at very low concentration of silver. Therefore, it is to be deemed that Ag NCs

embedded composite NPs offers a great deal of scope for the tumour ‘theranostics’.
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Chapter 5:

Simultaneous RGB Emitting Au Nanoclusters in Chitosan

Nanoparticles for Anticancer Gene Theranostic

5.1. Introduction

The ephemeral nature of noble metal nanoclusters (NCs) in liquid medium makes
stabilization as the primary challenge in their syntheses.' Thus, while reduction of parent
salt into surface plasmon resonance (SPR) active metallic nanoparticles (NPs), in the
presence of suitable stabilizing agent, has been transformed into routine exercises, the
same cannot be taken for granted in the case of NCs. Here lies the need of extraordinary
craftsmanship of chemistry, in the development of suitable methods for the generation of
stable atomic clusters, conferred with remarkable photophysical and chemical properties.
This becomes particularly important in the context of strong particle size-dependent
discretization of energy levels of clusters, as their sizes approach the Fermi wavelength of
electron (ca. 0.7 nm).* Given that the discretization of energy levels, in a multi-electron

L 3 where N is the number of atoms in the cluster,

artificial atom model, scales with N~
there seems to be an apparent fundamental disadvantage in not being able to synthesize
NCs of exactly the same sizes. However, this inherent difficulty could be an advantage if
one considers emission wavelength-tuneability in the case of particles with varied sizes.
In other words, in the presence of a distribution of particles sizes, that the emission
wavelengths could be different may be useful in probing biological systems, where the
fluorescence inherent to the biomolecules - at several wavelengths - could otherwise
interfere with the particular emission of the NCs. Further, the role of the stabilizing
ligands in tuning the energy levels augurs well for the development of systematic
chemistry in generating NCs with ‘programmed’ chemical and photophysical properties.*
6

Among the noble metals, Au NCs are attractive as they are potentially non-
cytotoxic and the additional advantages of high fluorescence quantum yield, low photo-

bleaching and large Stokes-shifted emission make them a preferred choice as multi-

colored dye for sensitive bio-labeling and bio-imaging in-vivo as well as in vitro.””
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Further, their fluorescence life time is useful in resolving their emission from cellular
auto-fluorescence, which is essential in bio-imaging.'” In addition, these small clusters
have high potential for chemical and photochemical catalysis."' "> As a consequence of
their high potential for applications, a growing number of methods are being reported in
the literature, which consists primarily of their synthesis in the presence of various
stabilizing agents. They involve reduction of the parent salt and stabilization of the
product NCs, using species such as dendrimers, DNA, proteins, polymers, and
polyelectrolytes.'*'® Typical reaction conditions invoke prolonged incubation time (~24
h), high pH and elevated temperatures; in some cases addition of extra reducing agent is
necessary.' 2" Further, chemical etching of larger Au NPs (>3 nm) leading to the
formation of NCs has been demonstrated to be a feasible option.”'”> However, NCs
produced using the reported methods are either not easily amenable to use for
applications in different medium conditions or their large-scale syntheses are not

. 2427
viable.

In addition, the potential for applications of these novel and useful materials
has not been demonstrated with clear vision, possibly because of lack of ability to
maneuver the so-produced NCs. Therefore, newer methods of NC synthesis are essential,
which will be convenient and produce NCs with extraordinary optical properties. Also,
they should involve rather easy steps for manipulation of the products for practical

applications. The favored methods ought to have the easy scale-up feasibility.

5.2. Outline of the research work

1. A convenient, fast and ‘green’ method of synthesis of red, green and blue light
emitting Au NCs, using the biopolymer chitosan, in combination with mercapto
propionic acid (MPA), as the reducing agents and the stabilizers was established.

2. The formation of the Au NCs was confirmed by fluorescence spectroscopy,
MALDI-TOF and TEM analysis.

3. The composite was converted into stable powder and film without compromising
the photophysical properties of NCs.

4. Further, the fluorescence emission of Au NCs was found to change reversibly by
varying the pH of the medium, which offers a simple way to modify the

fluorescence properties of NCs, without altering their sizes.
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5. The composite was turned into chitosan nanoparticle (CS NP), favorable for
cellular uptake, and which was used as theranostic device for induction of
apoptosis in mammalian cancer cells, based on suicide gene therapy.

6. Composite NPs were used as a novel bioimaging agent in microscopy and flow
cytometry (FACS) analysis without the use of additional dyes.

7. The NP was employed to deliver of suicide gene, corresponding to E. coli
cytosine deaminase uracil phosphoribosyltransferase (CD-UPRT) enzyme, to
HeLa cells, was probed using optical emission based and other biochemical
methods, which showed nanocarrier mediated gene transfection (CD-UPRT),

inducing apoptosis and thus killing the cancer cells.
5.3. Experimental section

5.3.1. Chemicals

Chitosan (viscosity averaged molecular weight, Mv, 672 kDa and degree of deacetylation
> 75%), HAuCly (Au, 17 wt% in dilute HCI; 99.99%), mercapto propionic acid (MPA),
sodium tripolyphosphate (TPP), agarose were procured from Sigma-Aldrich and used as

received. Milli-Q grade water (> 18 MQ cm™, Millipore) was used in all experiments.

5.3.2. Synthesis of Au NCs

To synthesize the fluorescent Au NCs, chitosan solution was first prepared by dissolving
5 mg/ mL in Milli Q water containing 0.1% (v/v) acetic acid, followed by filtration to
remove the residual components. The pH of the solution was then adjusted to 6.4 + 0.2 by
adding 10 M NaOH. Separately, 4 mL water was taken in a 20 mL beaker, to which 0.5
mL of the chitosan solution (as above) was added. This was followed by addition of 40
puL of 0.11 M mercaptopropionic acid (MPA) under vigorous stirring condition for 1 min.
To this 75 pL of 10 mM HAuCly was added drop-wise. Following addition of HAuCly,
the solution was kept above a UV trans-illuminator (excitation wavelength 305 nm) after
1 min of constant starring, for observation of color characteristic of Au NCs, which

appeared red after addition of the salt.
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5.3.3. Synthesis of composite NPs

Composite NPs were synthesized by using ionotropic gelation method, developed by
Calvo et al, which was slightly modified herein®. Briefly, aqueous solution of TPP (0.2
mg/mL) was drop-wise added, under stirring condition at room temperature, into
previously prepared Au NC-chitosan composite (as above). Formation of opalescent
suspension indicated the synthesis of Au NC-chitosan NPs, which was also observed
using a UV-trans illuminator. The solid composite was collected by centrifugation (6000
rpm, 5 min), which was followed by redispersion in sterile PBS buffer (pH 7.4) before
using in cell culture medium. Blank chitosan NPs (without Au NCs) were synthesized by
using the same method and at the same chitosan concentration (without using HAuCly)

for control experiments.

5.3.4. Transmission electron microscopy (TEM)

The composite and composite NPs (as-synthesized) were examined using a ultra-high
resolution transmission electron microscope (TEM; JEM 2100; Jeol, Peabody, MA,
USA), operating at a maximum accelerating voltage of 200 KV. For that, 8 pL of as-
synthesized composite and composite NP dispersions were separately drop-coated onto

carbon coated copper TEM grids, air dried for 12 h and then observed under TEM.

5.3.5. Fluorescence Measurements
Fluorescence experiments were carried out using fluorescence spectrophotometers LS55,

Perkin Elmer and Fluorolog-3, Horiba Jobin Yvon, Edison, NY USA.

5.3.6. Dynamic Light scattering study
The zeta potential and hydrodynamic diameter of the composite NPs and gene-loaded
composite NPs were measured by dynamic light scattering-based analysis using a

Malvern Zetasizer Nano ZS.

5.3.7. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) analysis
MALDI-TOF (Applied Biosystems 4800 Plus MALDI TOF/TOF Analyzer) was

performed using R-cyano-4-hydroxycinnamic acid (CHCA) matrix.
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5.3.8. Fourier transform infrared (FTIR) spectroscopy
To perform FTIR analysis, the samples were freeze-dried (Lyophilized), mixed with KBr
to make the pellets and were characterized by a Perkin-Elmer Spectrum One machine in

the range of 4000 - 400 cm™.

5.3.9. Field-emission scanning electron microscopy (FESEM)

FESEM measurements were performed in a Carl Zeiss, SIGMA VP, instrument.
Typically, 20 uL of sample was drop-cast on a glass slide covered with aluminum foil, air
dried and sputter-coated with gold film using a sputter coater (SC7620“Mini”, Polaron
Sputter Coater, Quorum Technologies, Newhaven, England), before analyzing under the

FESEM.

5.3.10. Cell Culture

HeLa cells (human cervical carcinoma) were obtained from National Center for Cell
Sciences (NCCS), Pune, India and cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with L-glutamine (4 mM), penicillin (50 units/mL), streptomycin (50
mg/mL; obtained from Sigma-Aldrich), and 10% (v/v) fetal bovine serum (obtained from

PAA Laboratories, Austria) in 5% CO, humidified incubator at 37 oC.

5.3.11. Epi Fluorescence Microscopy

For imaging, 1x 10* HeLa cells were seeded into a 6-well plate and incubated for 24 h.
Cells were then treated with Au NC-chitosan NPs for 4 h and were maintained under
same condition and medium as described above. To observe the fluorescence of NCs
inside the cells, the medium was discarded; the cells were washed with 10 mM PBS and
analyzed under an epi-fluorescence microscope (Nikon ECLIPSE, TS100, and Tokyo).
Different excitation band-pass filters such as UV (340-380 nm), blue (465-495 nm) and
green (540/25 nm) and corresponding emission band-pass filters blue (435-485 nm),
green (515-555 nm) and red (605/55 nm), respectively, were used in order to probe
different colors of Au NCs present in the cell. To image the fluorescence of Au NCs,
nano-composite (Au NC-chitosan) NP dispersion was drop-cast on glass slide; air dried

and was observed using the same microscope as above.
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5.3.12. FACS analysis

To study the uptake of Au NC-chitosan NPs by cells, 1x10 ° HeLa cells were grown in 60
mm tissue culture dishes (BD Falcon) for overnight. Then, Au NC-chitosan NPs were
added and incubated for 4 h and 8 h before harvesting them. To collect the cells, residual
medium was removed, carefully washed with PBS, trypsinized and collected by
centrifugation (650 rcf, 5 min). The cell pellets were redispersed into cold PBS and
analysed by FACS Calibur (BD Biosciences, NJ). Fluorescence of Au NC (in the form of
Au NC-chitosan NP) uptake by cells were recorded with the CellQuest pro in different
fluoresce channels, including FL1 (530/30 nm), FL2 (band pass filter, 585/42 nm) and
FL3 (low pass filter, 670 nm) for 15,000 cells in each sample.

5.3.13. DNA binding and DNase protection assays

In order to find out the DNA binding ability of NPs (Au NC—chitosan NPs), varying
concentrations (0.0, 0.2, 0.5, 1.0, 2.0 and 3.0 pg) of NPs were incubated with pCD-UPRT
(0.5 pg) at 37 °C for 1 h, followed by gel electrophoresis. The above-mentioned
polyplexed of pPDNA—-NPs were used to carry out the DNase protection assay, in presence
and absence of 1 U/mL DNase I (Promega, USA) for 15 min and at 37 °C, prior to gel
electrophoresis. To perform partial digestion, the working concentration of enzyme used
was less than the original concentration (10 U/mL DNase I) as described by
manufacturer’s protocol. The gel electrophoresis was performed in 0.8% agarose gel at 5

V/em and was visualized in gel documentation system.

5.3.14. Cell viability assay

To quantify the cell viability due to the delivery of suicide gene, 1x10* HeLa cells/well
were seeded in 96-well microtiter plate and grown overnight by maintaining the same
medium and condition as described previously. Before performing the gene transfection,
the cells were supplemented in serum free medium and treated with the CD-UPRT gene
loaded Au NC-chitosan NPs for 6 h as well by maintaining the same physiological
condition described above. Then, serum free medium was removed, washed with PBS,
and redispersed in serum medium and subsequently different concentrations of 5 FC were
added. After 72 h, MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide)
assay was performed to find out the number of viable cells. In live cells, the respiratory
mitochondria reduce MTT into color formazan. Thus, amount of formazan product (i.e.

absorbance at 550 nm) is directly proportional to the number of live cells in culture. The
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absorbance at 690 nm is due to background interference. The % of cell viability was

calculated as.

% viable cells= [(Asso-Agoo) of NP treated cells / (Asso-Aggp) of control cells] x100

5.3.15. Quantum yield measurements

Quantum vyield (QY) of Au NCs was determined by using established protocol available
in the literature, by taking quinine sulfate in 0.10 M H,SO, solution as the standard.
Absolute value of QY was calculated based on this following equation.

2
QY=QY, mﬂz—
Where, m is the slope of the plot of integrated fluorescence intensity vs. absorbance, n is
the refractive index and suffix r refers to the reference fluorophore (quinine sulphate
solution). We used the same solutions to record the UV-Vis spectra and to measure the
fluorescence emission. Absorbance value was kept less than 0.025 for fluorescence
measurements. The refractive index of solvent (water) is 1.33 and quantum vyield of the

standard (QY,) is 0.54.

5.3.16. Formation of thin film

For Au NC embedded chitosan film generation, the same protocol for synthesis of Au
NCs was adopted; however, the reaction volume was increased. For example, 25 mL of 5
mg/mL chitosan (at pH 6.3) and 500 pL of 0.11 M mercaptopropionic acid (MPA) were
mixed under vigorous stirring and 750 pL of 10 mM HAuClI, was added drop-wise into it.
The starring was continued for another 10 min and the characteristic red fluorescence of
Au NCs was confirmed using a UV-trans illuminator (305 nm). The pH of the resultant
suspension (25 mL) was adjusted before casting into a polyethylene petri dish, which was
then dried for 24 h at 42 °C in an incubator. All films were stored in a desiccator at room

temperature.

5.3.17. Annexin V-PI staining

To find out the mode of death after treatment with 5FC, cells previously transfected with
CD-UPRT gene, were double stained with FITC-labeled annexin-V and propidium iodide
(PI); this differentiates the necrotic cells from the apoptotic ones based on the plasma

membrane integrity. Loss of membrane asymmetry during apoptosis results in the
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exposure of phosphatidylserine at the surface of the cells which preferentially binds with
FITC-labeled annexin V thus exhibiting the green fluorescence. The necrotic cells
accumulate the Pl due to complete damage of the plasma membrane and show red
fluorescence. The cells were treated with the SFC for 48 h after being transfected with
pCD-UPRT gene by Au NC-chitosan NPs and were then harvested by centrifugation (650
rcf, 5 min). The cells (10 ’ cells/ mL) were redispersed in PBS and stained with FITC-
annexin-V and PI as per manufacturer’s instructions (FITC Annexin V Apoptosis
Detection Kit, BD Pharmingen, NJ) and analyzed in FACS Calibur (BD Biosciences, NJ)
flow cytometer. The data were collected with CellQuest Pro software for 15 000 cells in

each sample.

5.3.18. Cell Cycle Analysis

Cell cycle analysis was performed in a flow cytometer, which measured the DNA content
of cells in different stages of cell division of the treated and the control cells. NP
mediated suicide gene transfected cells were treated with the 5-FC for 48 h along with the
respective controls. Cells (1x10° cells /mL) were then collected by trypsinization, fixed
by slowly adding 1 mL of cold 70% ethanol, and stored at -20 °C for 1 h. Then the fixed
cells were collected by centrifugation followed by redispersion in PBS. The cells were
incubated with PI (30 pg/mL) and RNase A (100 pg/mL) at 37 °C for 45 min in the dark
prior to analysis in FACS Calibur (BD Biosciences, NJ). Pl fluorescence data were
collected in FL2 channel for 15,000 cells in each sample and data were analyzed by the

CellQuest pro.
5.4. Results and discussion

5.4.1. Synthesis and characterization of the Au NCs

A simple, fast and ‘one-step’ method has been developed to synthesize highly fluorescent
Au NCs in aqueous medium, by reacting 10 mM HAuCly and 5 mg/mL chitosan (at pH
6.3), in presence of mercapto propionic acid (MPA) at room temperature. The reaction
was virtually complete in about 1 min, following which probe revealed characteristic NC
formation. The UV-Vis spectrum of the colorless dispersion did not exhibit any peak in
the region of 400-800 nm (Figure 5.1a), thus excluding the formation of SPR active Au
NPs. However, the spectrum consisted of peaks at 290 nm and 340 nm (marked by arrows

in the spectrum in Figure 5.1a). Literature reports attribute the peaks to the formation of
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Au (I) - thiolate complexes, either as independent species or on the surface of clusters of

16-17, 31-33
Au atoms. ’

Control experiment, involving recording of UV-Vis spectrum of
HAuCly, indicated that the peak at 310 nm is due to the AuCl* ions. Additionally, the
spectrum due to a mixture of chitosan plus MPA showed no peak in the region. The
disappearance of peak at 310 nm following reaction, accompanied by absence of SPR
peak of Au NPs, indicated possible conversion of the salt into Au clusters. Interestingly,
the UV-Vis spectrum recorded after 1, 5 and 15 min of mixing the reagents remained
virtually the same, indicating that the products were possibly formed in the first 1 min of
reaction and any change in the nature and amount of product might have been marginal
after the first minute. Importantly, upon excitation by UV light (at 300 nm), the
composite exhibited a strong emission peak at 610 nm and two comparatively weaker
peaks in the region of 400-450 nm (Figure 5.1b). The fluorescence spectrum is indicative
of the formation of Au NCs, as it is similar to characteristic spectrum of the NCs reported
in the literature.'® Excitation spectrum of the dispersion, corresponding to the emission
peak at 610 nm consisted of two peaks — one at 302 nm, while the other one at 334 nm -,
which are possibly due to the Au NC and Au (I) complex'’, respectively (Figure 5.1c).
Further, fluorescence spectrum of the reaction medium (Figure 5.1b), recorded at several
time points after addition of reactants, indicated the formation of product primarily in the
first 1 min of reaction. The reaction appeared to be complete by 15 min, as there was no
difference in emission intensities recorded at 15 and 30 min of reaction. The apparent
minor difference in changes as a function of reaction time between UV-vis and
fluorescence results could be due to surface passivation of the clusters occurred in the
presence of changing chemical environment of the product NCs. Generally, synthesis of
NCs requires, other than harsher reaction conditions, several hours for product formation,
which has been reduced to a few minutes, making the current method rather
straightforward and rapid. Additionally, fluorescence spectrum recorded over a week
showed no change in product formation over the time period, indicating stable NC
formation in the medium (Figure S.1d). That the method does not require extra steps and
time for purification of NCs, usually associated with the formation of larger NPs,

provides the current way a unique advantage over earlier reported methods.** %’
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Figure 5.1 (a) UV-vis absorption spectra recorded at different times, demonstrating the formation
of Au NCs from a mixture of HAuCl, and MPA in the presence of chitosan. Also, shown is the
absorption spectrum of HAuCl,. (b) Time-dependent emission spectra of the product (Au NCs)
consisting of a major peak at 610 nm which was observed when excited by 300 nm light. (c)
Excitation spectrum of the Au NCs present in the composite. The emission peak was set at 610
nm. (d) Time dependent fluorescence emission spectra demonstrating the stability of Au NCs in
aqueous medium. The spectra in (i-vii) represent recording at 1 h and after 1, 2, 3, 7, 9 day

respectively.

Further, TEM analysis of as-prepared sample revealed the formation of spherical
nanoscale particles with nearly uniform size distribution (Figure 5.2a). The average
diameter calculated from several images consisting of 100 such particles was found to be
1.12 £ 0.43 nm (Figure 5.2b). The HRTEM image (Inset of the Figure 5.2a) of the
particles showed no distinct lattice spacing of single crystalline NCs. The presence of Au
was further confirmed by EDX spectrum of the particles, recorded during the TEM
analysis of the same sample (Figure 5.2¢). Additionally, MALDI-TOF based mass
spectrometric measurement of the sample (Figure 5.2d) exhibited a weak but clear peak
at 5575.44 (in addition to a strong peak due to the polymer at 3690.0), which could be
assigned to [Au 2 (MPA) ;5 +3 Na* -7 H']*, indicating the presence of NC with 20 Au
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atoms as the main cluster. There are some additional peaks appeared at lower mass (2500-

3500) possibly due to fragmentation or presence of smaller NCs.

No. of Particles (%)

06 1 14 18 22
Particle size (nm)

3000 3750 4500 5250 6000 6750
m/z

Figure 5.2 (a) TEM images of the NCs. Inset is the HRTEM images of a few such particle. (b)
Particle size distribution, which was calculated based on TEM images. (¢) EDX spectrum of the
Au NCs present in chitosan. The signals due to cupper and carbon were from the TEM grid. (d)
MALDI- TOF spectrum of the composite.

The above mentioned results indicated the formation of Au NCs as the product of the
reaction and plasmonic nanoparticles (NPs) with higher average sizes were possibly not
generated in the medium. Further, photoemission quantum yield of the NCs was
measured to be 14.7 % (at pH 4.2), using quinine sulfate as the reference (Figure 5.3a).
This is comparable to reported emission efficiency of Au NCs and thus indicated the
generation of strongly emitting clusters.***! Additionally, photo-stability study revealed
that the emission intensity of the NCs remained nearly unaltered under continuous
exposure of irradiation. For example, the fluorescence intensity decrease rate (F/Fy ) of
the NCs was 0.26 % per min, whereas in case of commonly used fluorescent dye such as

rhodamine 6G, it was found to be 1.15 % per min (Figure 5.3b). Importantly, the
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synthesized Au NCs could be stored in solid forms as powder or film, obtained after

removing water by lyophilization (Figure 5.3c-f).
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Figure 5.3 (a) Quantum yield (QY) measurements of the Au NC in chitosan and that of Au NC-
chitosan NP. Quinine sulfate was used as standard. (b) Photo bleaching studies of the Au NC in
chitosan and rhodamine 6G. The Y-axis represents the fluorescence intensity ratio at the measured
time and that at the beginning. (c-d) photograph of the same film recorded using UV light (305
nm). The film appeared red. (e) and (f) Photographs of the lyophilized Au NC-chitosan composite
recorded using visible and UV light (305 nm).

Further, the fluorescence emission of the solid film and also of the same measured by
dissolving in water, after one week exhibited the same characteristic emission as of the
original as-prepared solution, pointing to the stability of the NCs in solid form (Figure
5.4a-b). Thus the current method not only produced highly luminescent Au NCs but also
those which could be stored in the solid form. That the NCs could be finally obtained in
stable solid form and stored for use is new as far as literature report is concerned. In
addition, chitosan is non-toxic, biodegradable and easily available derivative of natural

polymer. Therefore, this fast and facile method of preparation of water-soluble highly
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fluorescent Au NCs could possibly be adopted for large scale production of NCs,

necessary for commercial use.
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Figure 5.4 Fluorescence emission spectra of the solid samples: (a) film of control (chitosan only)
and Au NC-chitosan. (b)The fluorescence spectrum of a lyophilized measured following

dissolution in water (at pH 6.2).

5.4.2. pH dependent reversible change in the emission of Au NCs

Interestingly, it was observed that the luminescence of Au NCs could be reversibly tuned
by altering the pH of the medium. For example, on raising the pH from 6.3 to 9.0, the
emission maximum of the major peak of as-synthesized NCs gradually shifted from 612
nm to 630 nm. This was accompanied by decrease in the intensity of emission, which
diminished greatly at above pH 9.0. It may be mentioned here that at higher pH chitosan
is insoluble in water and thus precipitation of the composite could also contribute to
reduction in intensity. However, the accompanying increase in intensity of the peak
occurring in the region of 400 - 450 nm indicated the effect of pH as the primary origin of
the observed changes. Further, when the pH of the solution was again made acidic by
adding diluted HCI into the basic solution, the fluorescence peak reverted back to its
earlier positions and on lowering the pH below 6.3, blue shift of emission peak was
observed (Figure 5.5a). Separately, when the pH of medium was adjusted to a value of
4.5 from the original 6.3, the peak not only shifted to 580 nm but also its intensity

increased substantially. However, upon further decrease of pH to a value of 2.5, the
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intensity at 580 nm increased, without any change of the emission wavelength (Figure
5.5b). On the other hand, the positions of the smaller peaks (400-450 nm) remained
unaltered but the intensity decreased with lowering of pH. The results indicated that not
only was the fluorescence dependent on the pH of the medium but also was reversible
with respect to change in pH of the medium over a wide range (Figure 5.5c¢).
Interestingly, the thin films of the composite prepared from the medium at pH 4.0 and 7.0
emitted yellow and orange colors, respectively (Figure 5.5d- e). The results thus
indicated not only pH tunable emission of the clusters in the medium but also in solid
form. It is important to mention here that a film could not be formed at higher pH as

majority of the composite settled due to insolubility of chitosan.
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Figure 5.5 (a-b) In both the panels, the emission spectrum of as-synthesized NCs is marked by
dotted line (i). For the spectra reported in panel (a) the pH of the medium of as-synthesized Au
NCs was first increased by adding 0.3 M NaOH, which decreased the emission intensity with a
red shift of the emission peak as in (ii). To this medium, (iii) 0.1 m M, (iv) 0.3 mM, (v) 0.5 mM ,
(vi) 0.7 mM, (vii) 1.0 mM (viii) 1.2 mM, (ix) 1.5 mM and (x) 2.0 mM dilute HC] was added,
which resulted in the resumption of the fluorescence intensity with gradual blue shift. On the
other hand, for the spectra reported in panel (b) the pH of the medium of as-synthesized Au NCs
was dropped first by adding 0.1 M HCI, which resulted in the increase of fluorescence intensity
accompanied by blue shift of the emission peak as in (ii). To this medium, (iii) 0.2 mM, (iv) 0.5
mM , (v) 0.7 mM , (vi) 1.0 mM, (vii) 1.2 mM, (viii) 1.5 mM, (ix) 2.0 mM and (x) 2.5 mM dilute
NaOH was added, which resulted in the decrease of fluorescence intensity with gradual red
shifting of the emission peak. (¢) Plots of pH-dependent emissions of Au NCs with intensity
normalized to the maximum. In the inset, the photographs of the solutions at different pH values,
recorded using a UV light source (305 nm). (d-e) UV-light illuminated photographs of the
composite films. The pH of the parent medium was 4.0 (d) and 7.0 (e) respectively.
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It may be noted here that photoluminescence of Au NCs has been explained based on
their size, free electron density surrounding the metal core and also on the interactions

with the species stabilizing them.” 2, 40, 42

Thus, while discretization of energy bands
owing to quantum confinement of electrons could primarily account for the extraordinary
emission, charge transfer involving metal core, surrounding shell and surface ligands also
contribute to the tuneability of energy gaps. In the present case, ligand-to-metal charge
transfer (LMCT) could primarily account for the change and reversibility of fluorescence
based on the pH of the surrounding medium. In that context, the structure of
[Au,(SC,H4COO-),,] can be considered to be consisting of core-shell geometry with Au
core forming -S-Au bond with the negatively charged MPA (-SC,H4COOQ"). This was
partly supported by FTIR spectral analysis (Figure 5.6). Notably, the characteristic peak
due to -SH stretching of MPA at ~2594 cm™ was absent in the FTIR spectrum of the
sample. This could possibly be due to formation of -S-Au bond. On the other hand, the
peak corresponding to —CO stretching (carboxyl group) of MPA (albeit weak) and that
due to —NH stretching of chitosan appeared at 1710 cm™” and at 3470 cm™ respectively.
The overall negative charge of the cluster helps it to be stabilized by the positively
charged NH;" group of chitosan. On the other hand, it could also be possible that the
clusters were actually stabilized by both NH3" groups of chitosan and -COO" groups of
MPA. Thus at acidic pH the amine group would remain positively charged with
carboxylate being neutral. On the other hand, under alkaline conditions neutral -NH;
along with -COO’ of MPA would remain bound to the clusters. The difference in charges
and nature of the bonds would alter the emission behavior of the NCs as a function of pH
of the medium. The exact energy levels of the clusters would, however, be dependent on

the pK, of the functional groups stabilizing them.
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Figure 5.6 FTIR spectra of (a) chitosan, (b) MPA (-SH stretching is marked by green circle)
and (c) Au NC —chitosan composite.
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MALDI —-TOF mass spectrometric analyses of the samples prepared at different pH
revealed that the clusters remained unaltered in different pH. The molecular formula of
the cluster remained same at different pH, although the degree of protonation varied,
depending on the pH of the medium. For example, the mass spectral analysis indicated
the presence of [Au 2 (MPA);s +3 Na™-11 H']* species at pH 8.0; on the other hand,
when the pH of the medium was 7.2 and 4.8, the species present were [Auy) (MPA);s +3
Na'-7 H'T* and [Auy (MPA);s +3 Na'-4 H'T, respectively (Figure 5.7a-d). Further,
measurements of zeta potential at different pH of the medium indicated primacy of
occurrence of positive charge at acidic pH (+43.9 mV at pH 4.2), whereas that was
decreased to +30.3 mV at alkaline pH (9.0). The photoluminescence quantum yield of the
NCs also varied with pH. For example, the maximum yield of 14.7% was observed at pH
4.2, whereas that was reduced to 8.03 % and 2.51% at pH 7.4 and 9.0, respectively.
Overall, the above results indicated that the presence of chitosan and MPA as the
stabilizers not only conferred stability to the NCs but also the ability to tune the optical
emission based on the charge manipulation of the species present on the surface of the
clusters. Thus the material i.e. the Au NCs with their inherently superior optical
properties and the control over their emission, using charges of the stabilizing species,
provided a new way of tuning their optical properties, based on acid-base chemistry of the
medium. This, arguably, brings in new prospects for exploring their application potential

using principles of chemistry.
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Figure 5.7 MALDI-TOF results of (a) chitosan plus MPA mixture. The results in (b), (c) and (d)
are from the Au NC- chitosan composite at different pH (basic, neutral and acidic, respectively).
The molecular formula can be defined as [Au 5 (MPA);5 +3 Na* -11 H*]* in basic pH (8.0) and
the same at pH 7.2 and 4.8 can be written as [Au 5 (MPA)3s +3 Na* -7 H']* and [Au 2 (MPA);5
+3 Na* -4 H'] respectively.

5.4.3. Synthesis of the Au NCs CS NPs for bioimaging

An important class of applications of the brightly fluorescent, multi-color emitting, highly
photostable and potentially non-cytotoxic Au NC-chitosan composite could be in
theranostics. This could involve cell imaging; this may also be delivering drug to target
organ (and cells therein) with simultaneous use of the fluorescent properties for imaging.
In one hand, smallness of the size of the clusters and their surface properties (if suitably
modified) would allow their delivery to almost all parts of the body, including circulatory
system and cells. On the other hand, size, structure or charge on the polymer- at
physiological pH may - not favor their transport and delivery to organs and cells easily.
This includes size-selective exclusion of the polymer from entering cell membrane. Thus

it may appear to limit the application potential of the current composite. Fortunately,
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chitosan polymer could be converted into NP fairly easily using the well-established ionic
gelation method. It was observed that NPs of the Au NC-chitosan composite could also
be formed without sacrificing the properties of the NCs. For example, the emission
maximum of the composite NP was observed to be at 612 nm, when excited by 300 nm
light, which was the same as that of the as-synthesized composite. In addition, the QY
was measured to be 6.9 % (at pH 7.4) which was also close to the value of as-synthesized
composite. Further, the Au NC-chitosan NPs exhibited a mean hydrodynamic diameter of
92.2 nm and zeta potential of +24 mV. The results indicated an ideal size regime of the
composite NPs which could be utilized for cellular delivery. Additionally, TEM analysis
(Figure 5.8b- ¢) indicated that the average size of the composite NP was 72.1 + 21.8 nm,
which is close to the hydrodynamic diameter measured in the liquid medium. More
importantly, it was observed that the average size and shape of the Au NCs remained
unaffected following conversion of chitosan into NPs i.e. the composite NPs. The
observed mean size of the NCs in the composite NP was found to be 1.23 + 0.56 nm.
Thus, not only do we have a fast and convenient method of synthesis of highly
fluorescent Au NCs in a biopolymer but also have a way of converting the bulk polymer
into NPs, with NCs being embedded in them, along with retention of their optical
properties. This fulfills an important requirement as far as use of the NCs in theranostic
applications is concerned. An easy and established probe for cellular indicators - be it
drug delivery or functional understanding of phenomena — is based on optical imaging. In
general, organic dyes are used for this purpose; they are chosen such that their emission
profiles are specific to cellular regions or events - which could then easily be
distinguished. In order to check the potential of the composite NPs for imaging
application, they were drop-cast from the dispersion medium onto glass slides, followed
by observation under epi-fluorescence microscope. The results are shown in Figure 5.7d-
e. As is clear from the figures, isolated particles with emission distinct from the
background could be observed in all the three images. More interestingly, when excited
by UV, blue and green light the same particles could easily be observed to be emitting
blue, green and red light respectively. This can, arguably, be considered extraordinary as
this seems to be the first report where all three basic colors are emitted by the same set of
NCs. Although, there are literature reports of preparation of Au NCs emitting different
colors, 40, 43 however, there are none where different colors are emitted by the same set

of NCs. That the evaporated (solid) NP sample emitted color which could easily be
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recorded microscopically is of potentially great advantage in applying these NC

containing NPs for cellular probes.
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Figure 5.7 (a) Fluorescence spectra of the Au NCs (in chitosan) recorded before and after the
formation of composite NPs. (b) Typical TEM inage of the composite NPs. (¢) Magnified TEM
image of a composite NP, which illustrated that Au NCs retained their sizes and shapes following
the formation of the NPs. (d-f) Fluorescence microscopic images of the composite NPs. The
composite NP-containing medium was evaporated on a glass slide in order to record the images.
The three colors, namely, blue, green and red were observed when the sample was excited by UV,

blue and green light respectively.Scale bar is 10 um.
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In order to test the suitability of these NPs for use as intracellular probes, human
cervical cancer (HeLa) cells were incubated with 50 ug /mL of the NPs in cell culture
medium for 4 h, followed by microscopic imaging. The results are shown in (Figure
5.8a-d). Interestingly, emissions in the form of all three basic colors, namely, blue, green
and red, could be observed to be emanating from the cells. Also, the images indicated that
NPs were possibly present in both the nuclei and cytoplasm giving rise to emissions from
the whole cells. Control experiments with cells only indicated that these colors were
indeed due to NPs (containing Au NCs) and not from any other source. It may be noted
here that cellular auto-fluorescence may also give rise to emission at the selected
wavelength, thereby providing a false signal or interfere with the real signal. It would thus
be important to find out whether such distinction could be made in the presence of
competing signals. To address this, DAPI (4',6-diamidino-2-phenylindole,
dihydrochloride) , one of the widely employed nuclear staining fluorescent dyes, was
used as positive control along with the introduction of fluorescent NPs to the cells. DAPI
was added 4 h after addition of the NPs to the medium. Wavelength selective excitation
of the cells revealed that green and red emissions could be observed in the presence of the
characteristic blue emission of DAPI (Figure 5.8e, f). The results not only indicated that
the NCs, as delivered to the cells in the form of composite NPs, gave rise to imaging with
clarity but also their emission color which could easily be discerned in the presence of

parallel emissions in similar wavelength range.
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Figure 5.8The images were recorded following treatment for 3 h. (a) is bright field image; (b),(c)
and (d) are the fluorescent images merged with bright field of the same cells when excited by UV,
blue and green light, respectively. (e-f) Magnified merged fluorescence images of same cells
recorded after staining with nucleus specific dye DAPI. The blue color of the stained nuclei could
be observed along with the green and red fluorescence (due to the presence of Au NCs). Scale

bar: 20 pm.

TH-1344_09615301 111



Chapter 5

An important issue that needs to be settled here is the origin of three-color emission from
the same set of Au NCs present in the NPs. As mentioned earlier, TEM investigations
revealed that the Au NCs present in the composite NPs had sizes of 1.23 + 0.56 nm. This
means considerable difference in sizes of the produced particles constituting the NCs.
This could potentially be the origin since the energy level discretization scales with N3
(N being the number of atoms in the cluster). Thus small difference in the particle size
would mean a significant difference in the energy level separations of corresponding
particles, giving rise to significant difference in their emission wavelengths.**** It should
be noted here that control experiment indicated the presence of a weak background
fluorescence in the blue region due to chitosan, which became stronger following
synthesis of the NCs. This indicated the role of NCs in the emission in the blue region

also.

That the three basic colors were emitted by the NCs and could be observed
microscopically when present inside cells is vital to their applications in cellular imaging.
However, in order for the NCs (in the composite NPs) to be useful as fluorescent probes
for cellular imaging in vivo they must necessarily meet the criterion of non-cytotoxicity.
The test for potential cytotoxicity of the NPs was performed following the well-known 3-
(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay. The results
(Figure 5.9b) indicated that the NC containing NPs were not cytotoxic to mammalian
cells and thus could possibly be used for imaging in vivo. For example, at an amount of
NPs (100 pg /mL) which is double of what was used for imaging, there was only about 5
% cell death, indicating sufficient viability of the cells in the presence of the composite
NPs. It may be mentioned here that for the last few decades, semiconductor nanocrystals
otherwise known as quantum dots (Qdots) have been widely employed as cellular and in
vivo imaging agents, replacing the traditional fluorescent organic dyes - which themselves
have poor photo-stability and tracking life time.***® However, apparent cytotoxicity of
majority of Qdots is limiting their large-scale use in biomedical applications.”” On the
other hand, Au NCs are not only highly fluorescent with good photo-stability but also
non-cytotoxic. Thus, they can be considered as important candidates for replacement of
existing imaging modalities during real time molecular tracking and in vivo imaging. In
that regard, the composite NPs with embedded Au NCs would form model imaging

agents.
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Figure 5.9 Cell viability assay (MTT assay) following treatment with the Au NC-chitosan NPs.
The results indicated that the composite NPs did not result in significant cell death at both the
concentrations used (50 and 75 pg/mL). The values are represented as mean = SD of three

individual experiments.

5.4.4. Suicide gene delivery to the cancer cells

Exclusive color emission of the Au NCs and favorable physicochemical properties of CS
NPs prompted us to investigate the theranostic potential of the composite NPs. This was
pursued by testing their ability to deliver suicide gene and kill cancer cells. Treatment of
cancer continues to be a major challenge as use of conventional chemotherapeutic agents
brings in unavoidable toxicity and serious side effects due to their poor pharmacokinetics
and non-specificity. It has been established that tumor tissues consist of leaky angiogenic

vessels and have poor lymphatic drainage.’*>*

In this regard, NP-mediated delivery of
therapeutic agents has superior potential, owing to their critical size regime allowing the
particles to permeate and accumulate in tumor tissues in comparison to normal tissues.
This phenomenon of passive targeting is commonly referred to as ‘enhanced permeability
and retention (EPR)’.> As a test case, the current NPs were employed to deliver suicide
gene, which produces bi-functional cytosine deaminase-uracil phosphoribosyltransferase
(CD-UPRT) enzyme, where CD converts nontoxic prodrug 5-fluorocytosine (5-FC) to
toxic drug 5-fluorouracil (5-FU). Additionally, uracil phosphoribosyltransferase (UPRT),

a pyrimidine salvage enzyme converts 5-FU to other metabolites including 5-FdAUMP and
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5-FUTP, which inhibit DNA replication and RNA synthesis respectively. Thus, co-

expression of CD-UPRT genes ultimately leads to death of transfected cells.”*

An important requirement for a viable gene delivery cargo is that it should have fairly
strong interaction with the genetic material for efficient delivery to the destination i.e.
inside cells and for protection against exogenous DNase. Thus, before pursuing the
experiments involving transfection of gene (CD-UPRT) into the cancer cells, the DNA
binding and nuclease protection assay by the composite NPs were performed. In order to
probe DNA binding efficacy, different amounts of the composite NPs were incubated
with pDNA followed by agarose gel electrophoresis. The results (Figure 5.10a) revealed
that the amount of pDNA migration reduced gradually with increasing concentrations of
the NPs. For example, when 0.2 and 0.5 pg mL™' of composite NP were added to 0.5 pg
mL" pDNA, there was observable migration of DNA with lesser amount for the higher
concentration of the composite (Figure 5.10b). On the other hand, for addition of 1.0, 2.0
and 3.0 ug mL™ of the NP there was no migration at all and the DNA was localized in the
wells. This indicated incorporation of pDNA in the composite NP and their stability when
embedded in the composite. Thus, from the gel electrophoresis study, it was clear that
more than 1.0 pg of Au NC-chitosan NPs was required to form suitable polyplex with the
0.5 pg of pDNA.

In order to further probe the stability of the pDNA in the composite NP, DNase
protection assay was performed. The results of gel electrophoresis analysis, following
treatment of the DNA-composite NP polyplex with DNase, are shown in Figure 5.10b of.
The results indicated that for a fixed concentration of DNA the intensity of smeared band
due to fragments of DNA, being produced following digestion by DNase, decreased with
the increase the amount of NP, indicating stability of the DNA in the polyplex structure.
For example, when the amounts of composite NP was 0.2, 0.5 and 1.0 pg mL"', for the
same amount of pDNA (0.6 pg mL™"), there was smearing of band but the same decreased
with increased NP concentration. On the other hand, for the NP concentration of 2.0 and
3.0 ug mL™" there was no smearing. The DNA was observed to have been retained in the
well, indicating protection against cleavage by the enzyme. Thus, the results
demonstrated that pDNA formed stable polyplex with composite NPs and was not

susceptible to degradation by exogenous DNase.
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Figure 5.10 (a) DNA binding Assay. Lane 1: control DNA. Lanes 1-6 : pCD-UPRT (0.5 pg)
incubated with varying concentration of Au NCs chitosan NPs (0.2, 0.5, 1.0, 2.0 and 3.0 pg
respectively). The gel microgram revealed that migration of pDNA was gradually hindered with
increasing concentrations of Au NCs chitosan NPs, and pDNA was completely blocked into the
well at the highest concentration of Au NCs chitosan NPs. (b) DNAse protection assay. The
polyplexed of pDNA and chitosan NPs were used to carry out the DNAse protection assay. Lane
1: control DNA. Lanes 2-6: different concentrations of Au NCs chitosan NPs (0.2, 0.5, 1.0, 2.0
and 3.0 pg respectively) and pDNA (0.6 pg) incubated with DNAse enzyme. It is clear from the
gel microgram that in the Lanes: 2-3, due to inadequate amount of Au NCs chitosan NPs, most of
the DNA remained free, which were degraded by exogenous DNase and formed smear in their
corresponding lanes, whereas with the gradual increase of the amount of Au NCs chitosan NPs
and by keeping the amount of DNA fixed, the DNA remained protected from DNase and was

observed in the respective wells (lanes: 4-6).

Interestingly, following treatment with pDNA, the average hydrodynamic diameter of the
Au NC-chitosan composite NP was found to have been increased from 92.2 nm to 159.3
nm (Figure 5.11a). The increase in diameter indicated interaction between the DNA and
NP. Further, zeta potential was measured to have decreased from +24 mV to +20 mV
(Figure 5.11b). This possibly means an electrostatic interaction between the NP and the
DNA. Chitosan is positively charged under physiological pH owing to abundance of —
NH," moiety in its structure. On the other hand, the overall negative charge of pDNA
would lead to polyplex formation due to electrostatic interaction between the two

57 -58

species. This would lead to reduction in the zeta potential value of chitosan. The

stability of the complex against DNase enzymatic action indicated its potential for DNA
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delivery. It may be mentioned here that although viral vectors are used as efficient gene
delivery vehicles, there are still concerns of their usage owing to immunogenicity and
other biosafety issues. There are thus requirements of alternative methods of delivery of
genes to affected tissues. In this context, use of chitosan and Au NCs in the form of
composite NPs could be considered important, as they meet the criteria of size of the final
complex, protection of DNA against digestion by nuclease, and possibly retaining
structural integrity of the DNA. That the overall size of the polyplex was measured to be
about 159 nm indicated their potential in gene delivery to cancer tissues preferentially to

59-60

healthy ones. this, however, needed to be tested.
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Figure 5.11 Particle size analyses results of (a) Au NC-chitosan NPs and (b) gene-loaded Au NC-
chitosan NPs. Zeta potential measurement results of Au NC-chitosan NPs before and after loading

of gene.
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The test for potential of the composite NPs for gene delivery was carried out with in vitro
delivery of the suicide gene (CD-UPRT) to human cervical cancer (HeLa) cells. In gene
therapy, the emergence of cellular imaging by fluorescent probe is convenient for real-
time evaluation of the therapeutic approaches and their optimization.”’ As discussed
before, the specificity of properties of the Au NCs make their choice ideal for probe,
especially when embedded in a drug delivery vehicle. They also represent important
replacement of conventional organic dyes, especially due to their photostability and high
quantum yield. This was observed to be all the more interesting as their multi-color
emission allowed probe of cellular delivery of the composite NPs using flow cytometry.
Thus the delivery of gene loaded composite NPs to the cancer cells could be probed by
using FACS (fluorescence activated cell sorter), without the use of traditional dyes.
When the cells were incubated with different amount of gene-loaded Au NC-chitosan
NPs for 4 h, a prominent shift of fluorescence intensity in FL3-H (low pass / 670 nm)
channels, which correspond to red fluorescence, was observed in comparison to signals of
controls such as those of cells treated with only chitosan NPs and only gene-loaded
chitosan NPs (i.e. without Au NCs) and cells in absence of any treatment. It should be
noted here that, the shift of fluorescence intensity was maximum in the FL3-H channel
which was comparatively less in FL1-H channel (band pass 530/30 nm) and much less in
FL2-H (band pass 585/42 nm) channel. This was possibly due to large Stokes shift of the
metallic Au NC emission, as blue laser (available in FACSCalibur, Ex. 488 nm) was used
for excitation of the Au NCs. Further, two different doses of gene-loaded Au NC-chitosan
NPs were used (50 ug mL" and 75 ug mL™") for FACS analysis, upon which a gradual
shift of fluorescence intensity in FL3-H channel occurred, confirming the interaction of
NPs with the cells (Figure 5.12a). Next, time-dependent FACS analysis revealed that
fluorescence due to NCs could be followed for 8 h (Figure 5.12b). This suggests that Au
NCs being delivered to the cells in the form of composite NP were stable in the complex
cell culture medium and the cellular environment. Thus, the NCs could indeed be used for
probing mammalian cells and can compete with organic dyes as a new generation of

robust cellular tracking agents.
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The NP-mediated gene uptake was further supported by TEM analysis, where
incorporation of the composite NPs with NCs in the cell was clearly observed (Figure
5.12f-i). The average size of the NC matched with the as-synthesized NCs, confirming
not only the uptake of the particles but also retention of their structural integrity, which is
essential for their role as support for theranostic devices. Interaction of gene-loaded NPs
with cancer cells was further validated by microscopic studies. For that, HeLa cells were
treated with gene loaded fluorescent composite NPs for 8§ h followed by observation
under epi-fluorescence microscope, which (Figure 5c-¢) showed the characteristic three
color emissions of blue, green and red due to Au NCs, when excited by UV, blue and
green light, respectively. Therefore, TEM, FACS and optical microscopy experiments
clearly demonstrated the delivery of composite NPs to cancer cells with retention of size

and properties of the constituent NCs.
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Figure 5.12 (a) FACS analysis of HeLa cells was carried out (4 h) after transfection with
different amount of suicide gene loaded Au NC-chitosan NPs. The concentrations of the
composite NPs were kept at 50 ug/mL and 75 pg/mL. The results indicated dose-dependent
change of fluorescence intensity in FL3-H. It may be noted here that additional dye was not used
and the fluorescence from Au NCs was used for the probe. (b) For the same cells, time-dependent
FACS data revealed that the fluorescence due to Au NCs present in the cells remained stable up to
8 h. (c-e) Fluorescence microscopy images merged with bright field of suicide gene loaded Au
NC —chitosan NP treated cells, which showed the same three colors due to Au NCs after
transfection of suicide gene in the HeLa cells. Scale bar: 20 pm. The images were recorded at 8 h
following treatment of the cells. (f-i) The TEM image of the cells treated with gene-loaded NPs
for 8 h. (g) and (h) Magnified images of cells showed presence of composite NPs (of similar
dimensions as those of as-prepared NPs) in the cells, some of which are marked with yellow
circles. (i) Magnified image of one of the composite NPs showed the presence of Au NCs, some

of which are marked with white circle.
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Considering that FACS experiments suggested transfection of HeLa cells, by NC and
gene carrying composite NPs, it was deemed important to probe cell viability in order to
appreciate the potential of gene therapy. This was pursued by addition of different doses
of prodrug 5-FC to the transfected cells followed by incubation for 72 h. Subsequently, 3-
(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay of the cells was
performed. The assay revealed that the viability of the cells decreased gradually with
increasing concentration of 5-FC as compared to control cells (Figure 5.12a). It is known
that in the cells successfully transfected with CD-UPRT plasmid non-toxic prodrug 5-FC
gets converted into toxic 5-FU by CD enzyme expressed by the plasmid. The toxic drug
(5-FU) eventually kills the cell. That the cells were systematically annihilated upon
treatment with the produg following NP delivery clearly established the merit of drug
delivery system. Further, the ICsy value of 5-FC (at which 50% of cells died) was found
to be 14 £ 2.0 pg mL"' 5-FC. This is consistent with previously reported value, thus

clearly supporting the validity of the approach.” %%

5.4.5. Apoptosis mediated cell death

It would be worth mentioning here that apoptosis or ‘programmed cell death’ is a
common mechanism for exclusion of unwanted cells from the body and is generally a
preferred mode of cell death pursued by treatment of any therapeutic agent, whereas
necrosis is the sudden death of cells. In order to have an idea of the mechanism of cell
death involved in the present case, cell cycle analysis by propidium iodide (PI) staining
was performed, which showed that the cell populations in different phases of cell cycle
(GO/G1, S, and G2/M) remained unaffected (Figure 5.12b), after treatment with suicide
gene (as was present in the composite NP), as compared to their respective controls.
However, significant increase in sub-GO/G1 population (relating to the apoptotic
population) was observed in cells treated with suicide genes (7.1 = 1.6 %), which was the
primary signature of the apoptosis as the mode of cell death (further details are available

in Figure S16¢-e).

TH-1344_09615301 120



Chapter 5

=y
N
o

QO

Viable cells (%) N
o
o

n
o
L

(=]

Counts

=]
o
s

2]
o
L

S~
=)
L

0 40 80 120 160 200

80 1 *
mmm At NCs- CS NPs+ 5-FC b
* == pCDUPRT loaded 70 A
+ ’_‘ Au NCs- CS NPs+ 5-FC
=60 - = Control
* kK o~
]I_ * w 50 mAu NCs-CS NPs + 5FC
S a0 BAu NCs-CS NPs CD-
- UPRT+5FC
% 30
*
O 20
*k
b _i,_\_l—‘ ._x—‘
T T 0 T T T
0 5 10 15 20 Sub GO GO0/G1 S G2/m
Concentration of 5-FC (mM)
8 =]
Sub GO : 2.81% N d o Sub GO: 8.19 %
C  cwe fwetmus g O cos g e ower jcur
GUM _:1259% - - G2/M_:12.00 %
o o
8 §
= 2
(=]
8 sunco S subao
A R
o At
0 200 400 600 800 1000 O 200 400 600 800 1006: 0 200 400 600 800 1000

Fluorescence Intensity (FL2-A)

Figure 5.12 (a) Cell viability, followed using MTT assay, of cells treated with 5-FC only and Au

NC-chitosan NP meditated suicide gene (CD-UPRT) transfected cells following treatment with 5-

FC . The values are represented as mean = SD of results from three individual experiments.

Student’s-t test was carried out to find out the statistical significance for each concentration

between Au NC-chitosan NPs (blank NPs) and suicide gene (CD-UPRT) loaded Au NC-chitosan

NPs after treatment with the 5-FC. The statistical significance is denoted by *(p < 0.05), **(p <
0.005), and *** (p < 0.001). (b-e) Cell cycle analysis by FACS. The data represents mean + SD

of three individual experiments. The statistical significance was found out by comparing the

control with the different type of treated cells such as treated with blank NPs and suicide gene

loaded NPs. The p values represent the same level of significance as described above.
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Treated cells were further examined under (FESEM), which (Figure 5.13a-b)
substantiated the formation of apoptotic bodies. Another important point needed to be
addressed is that the mode of cell death was primarily due to apoptosis not necrosis. For
this, FITC conjugated annexin-V —PI double staining experiment was performed and was
probed by using FACS (Figure 5.12c-e). The FACS results illustrated that in the present
case, due to functional expression of suicide genes, there was a substantial number of cell
population in early (3.7 + 0.8 %) and late apoptotic (5.5 £ 0.9 %) stages, as compared to
the necrotic population (2.1 + 0.1 %). Moreover, the total apoptotic cells in the early and
late stages were found to be~ 9.2%, which was similar to the sub GO/G population
observed in PI staining. Overall, the experiments revealed that use of NC containing NPs
in suicide gene delivery to cancer cells was effective in carrying out ‘programmed cell
death’. These results in conjunction with the results from the Au NC based fluorescence
microscopy and FACS studies clearly indicated the competitive edge of the use of
fluorescent Au NCs over organic dyes in probing the effects of gene prodrug delivery to
cancer cells. Also, the current method of synthesis of Au NCs being embedded in
chitosan, which can easily be converted into nanocarriers, creates a new concept in

theranostics and brings in new ideas in cancer therapy.
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Figure 5.13 (a-b) FESEM images of a control cell and a cell treated with suicide gene loaded NPs
(followed by treatment with 5-FC). The formation of the apoptotic bodies in case of the treated
cells was observed from the FESEM image. (c-e) Flow cytometric analyses via FITC conjugated
annexin-V-propidium iodide (PI) staining in order to find out the apoptotic and necrotic
populations (%). Here (e), (f) and (g) represent the control cells, cells treated with blank NPs and
5-FC and cells treated with suicide gene loaded NPs and 5-FC, respectively. In the dot plots, 1%, 2
™ and 3™ quadrants denote the live, early apoptotic (E.A.) and late apoptotic (L.A.) population of

cells, respectively.
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5.5. Conclusion

In a nutshell, we have developed a fast and easy aqueous method of synthesis of highly
fluorescent, RGB emitting Au NCs, by using chitosan (in combination with MPA) as
reducing and stabilizing agents. The Au NCs in chitosan were stable in aqueous phase as
well as in solid powder. Results also indicated that surface property or ligand, other than
size of the NC, was important in the origin and reversible tuning of fluoresce at different
pH of the medium. The use of chitosan helped in the facile formation of composite NPs,
which was useful for drug delivery to cancer cells in conjunction with easy imaging.
Further, the advantage of emission of three basic colors (RGB) was useful in imaging
cells while therapy was being pursued. Additionally, they helped in FACS analysis
without the use of additional dyes. Chitosan NPs have been widely employed as suitable
gene carriers; however, in the present case the fluorescent property of the delivery vehicle
helped in direct evaluation of suicide gene delivery, by performing either FACS or
microscopy study. This current method of formation of fluorescent NCs and their use in
theranostic application bring in a new approach in modern nanotechnology-based drug
delivery. This is expected to augment as well as alter conventional approaches in gene

therapy and other drug-based therapeutics.
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Chapter 6:
Single Cycle PCR Based Synthesis of Highly Fluorescent Au

Nanoclusters for Gene Expression

6.1. Introduction

Cellular events occur with high degree of precision depending on the gene expression; -
any incongruity of this ‘programmed’ event imparts severe discrepancies in downstream
signaling pathway, leading to several diseases including cancer.’® Hence, it is vital to
quantitatively acquire the gene expression (i.e. amount of DNA) in ultra-small scales,
which eventually acts as an important diagnostic tool to identify the root causes and
further study the progress of diseases to decipher the mystery of several cellular events.*
Traditionally, the target specific DNA amplification and quantification are done by real
time polymerase chain reaction (PCR).” In principle, it relies on monitoring of
fluorescence signal of the probing organic fluorophore. However, there lies issues with
the traditional PCR implementation, which includes the poor photo-stability and toxicity
of the organic fluorophore molecule making the system costly and unfavourable for
frequent usage.® Material science renders significant opportunities to address the issue.
Recent progress in the field of ‘nanophotonics’ has led to a few atomic fluorescent
nanoclusters which exhibit excellent photo-physical properties and could be an option for
fluorophore.” This strong size tunable fluorescent nanostructures not only possess high
photo-stability and low photo-blinking but, importantly, being biocompatible®* can form
an alternative to the conventional fluorophore for DNA quantification, provided they
possess a strong relationship with the intrinsic properties of DNA. Previous reports had
demonstrated the synthesis of NCs based on DNA and their various applications like
bioimaging,® hybridization,"° sensing,"* and even study of the single base pair
polymorphisms.*> The methods adopted were cumbersome and time consuming and
further a rapid quantification is not carried out, which makes them unfavourable for real

time DNA analysis.

DNA serves as excellent scaffold to anchor nanostructures due to its chemical

specificity and programmed self-assembly.**** Temperature stability of DNA further
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offers flexibility to function at different thermal zones and gives a possibility to modulate
the interactions of the scaffold with the nanostructures. Engineering of NPs on the double
stranded DNA (ds DNA) or even complex form of DNA such as super coiled DNA (sc
DNA) based on specific binding-interactions along with the parallel synthesis of NPs
remains one of the major challenges so far.®> However, an even challenging task would be
to engineer and develop nanostructures at the atomic regime marking the simultaneous
growth of scaffold in a way to quantify the growth process of scaffold.’**" This is
achieved and reported herein with fluorescent metal clusters in the resolution of
nanometer scale which gets synthesized with the growing scaffold i.e., DNA and
simultaneously the output fluorescence is used to quantify the amount of DNA. This
simple method of DNA engineering with nanoclusters not only offers a great deal of
scope in replacing the expensive toxic organic dyes conventionally used in PCR but also
paves a way towards designing of the futuristic devices to identify and monitor the most
prominent cellular activities responsible for various diseases. Moreover, previous reports
have demonstrated that Au NPs (>10 nm) increases the PCR vyield and sensitivity by
facilitating the heat transfer rate.*®*® Thus, depiction of the role of fluorescent Au NCs
(<2 nm) in the PCR and exploring its remarkable photophysical properties offers great

deal of scope in order to develop fluorescent cluster based PCR.

6.2. Outline of the research work

1. A simple method of synthesis of highly fluorescent gold nanoclusters (Au NCs)
was developed by using PCR. The formation of the Au NCs was confirmed by
fluorescence spectroscopy, TEM, XPS, MALDI-TOP analysis.

2. Quantum vyield and photostability of NCs were also carried out along with the
circular dichroism (CD) analysis in order to find out conformation change of DNA
after formation of NCs.

3. The results demonstrated that critical size and the surface charge of the
synthesized NCs possibly allowed them to bind into major grooves and assembled
periodically as a linear array on the DNA.

4. Precursor concentrations were varied to see the alteration in critical size of NCs
and to explore relative spacing between Au NCs. Based on the precursor
concentration and spacing of Au NCs, empirical relations were established which

is ultimately linked to the intrinsic properties of DNA.

130

TH-1344_09615301



Chapter 6

5. To explore its real life application, the method was employed to determine the
relative gene expression level of cancer cells based on the relative fluorescence
intensity of the NCs without using any additional fluorescent dye.

6. This development can be considered as particularly important as the dyes (e.g.
ethidium bromide, propidium iodide) commonly used to visualize the DNA are
highly carcinogenic®, which is a huge concerns for users and even affects the

environment when discarded without proper precautions.

6.3. Experimental section

6.3.1. Synthesis of composite Au NCs

Palm cycler PCR was used, for 20 pL of reaction, 3 uL of 1 mM HAuCI, and 0.01M
mercapto propionic acid (MPA) mixed properly with 2 pL of DNA. Then, it was heated
for 1.5 min at 95 °C. The heating was also carried out by using standard PCR condition
such as denaturation at 95°C for 30 s, followed by annealing at 55°C for 30 s and
amplification at 72 °C for 35 s. Various other temperature combinations have also tried

for synthesis of Au NCs.

6.3.2. Fluorescence measurements
Fluorescence experiments were performed using Fluorolog-3, Horiba Jobin Yvon,
Edison, NY USA

6.3.3. Transmission electron microscopy (TEM)

The DNA-Au NCs were observed under ultra-high resolution transmission electron
microscope (TEM; JEM 2100; Jeol, Peabody, MA, USA), which was operated at a
maximum accelerating voltage of 200 KV. For that, 7 uL of as-synthesized samples were
drop-coated onto carbon coated copper TEM grids, air dried overnight and then analyzed
under TEM.
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6.3.4. Circular Dichroism (CD)

The conformation change of the DNA after formation of the NCs —if any - was pursued
by circular dichroism (using a Jasco J-815 CD spectrophotometer). Spectra were recorded
using 1 mm cuvette, with 1.0-nm bandwidth and 50 nm/min scan speed at 20 °C by
comparing with reference (blank). Four independent scans were documented in the range
of 190 - 400 nm wavelength to get the final spectra.

6.3.5. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) analysis

MALDI-TOF (Applied Biosystems 4800 Plus MALDI TOF/TOF Analyzer) analysis of
the as synthesized Au NC-DNA was carried out by using R-cyano-4-hydroxycinnamic
acid (CHCA) matrix in negative mid-mass mode.

6.3.6. Cell culture

HeLa cells (Human cervical adenocarcinoma cells), U87 MG cells (Human glioblastoma
cells) and A549 (Human lung carcinoma cells) were procured from National Center for
Cell Sciences (NCCS), Pune, India and grown in Dulbecco’s Modified Eagle’s Medium
supplemented with L-glutamine (4 mM), penicillin (50 units/mL), streptomycin (50
mg/mL) (from Sigma), and 10% (v/v) fetal bovine serum (from PAA Laboratories,
Austria) in 5% CO, humidified incubator at 37 °C.

6.3.7. Reverse transcriptase polymerase chain reaction (PCR) for preparation of

cDNA

Primers for f-Actin gene, Forward: 5-CTGTCTGGCGGCACCACCAT-3" and Reverse:
5-GCAACTAAGTCATAGTCCGC-3, p53 gene, Forward: 5'-
TGGCCCCTCCTCAGCATCTTAT-3' and Reverse: 5'-
GTTGGGCAGTGCTCGCTTAGTG-3', folate receptor (FR) gene, Forward primer- 5'-
GATTGCATGGGCCAGGACTGAGC-3' and Reverse primer- 3-

TGCCAGTTGCTCTTGCAGGTGTAGG-5. The cDNA containg the gene of interest
was synthesized from total mRNA which was extracted from the US7MG cells, by
reverse transcriptase reaction before doing the gene(s) amplification by PCR. For the
cDNA synthesis, mMRNA (1 pg) and random hexamer primer were taken in the nuclease
free water and incubated at 65°C for 5 min in PCR machine. Then, the reaction tubes
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were chilled on ice for few minutes followed by addition of the reaction buffer, RNase
inhibitor, dNTPs and reverse transcriptase as per manufacturer protocol. It was kept for 5
min at 25°C followed by 60 min at 42°C. Finally, the reaction was terminated by heating
at 70°C for 5 min.

6.3.8. PCR for amplification of gene

For the reaction of Palm cycler machine with following PCR condition- initial
denaturation at 95 °C for 3 min, followed by a 3 stage PCR cycle with denaturation at 95
°C for 30 s, annealing at 55 °C for 30 s and amplification at 72 °C for 35 s for 30 cycles.
Then final extension was given at 72 °C for 5 min. The PCR samples were analysed at 1.0

% agarose gel stained with ethidium bromide (EtBr).

6.3. 9. Agarose gel electrophoresis
Migration pattern of DNA and DNA-Au NCs were analyzed using 0.8% and 1.0 %

agarose at 5 v/icm and was visualized under UV transilluminator (excitation at 305 nm).

6.4. Results and discussion

For the synthesis of fluorescent Au NCs, normal PCR reaction conditions were followed,
i.e., denaturation, primer annealing and primer extension. This can be achieved either
outside or using the PCR machine itself. PCR machine facilitates uniform heating for
lower volumes and offers fast heat transfer. The NC precursors HAuCl, and mercapto
propionic acid (MPA) were added into the reaction vessel containing the scaffold, i.e.,
DNA. The mixture was then subjected to one PCR cycle. Though denaturisation, primer
annealing and primer extension are involved in PCR, it is found that only denaturisation
followed by hybridization was sufficient to carry out the synthesis with maximum
photoluminescence emission intensity of the clusters (Figure 6.1a and b). Results of
other temperature combinations tried are shown in Figure 6.1a and b. It is anticipated
that mercapto propionic acid (MPA) served as stabilizing agent for the NCs with the
DNA as the scaffold. The UV-Vis spectrum of the colourless solution did not show any
peak in the region of 500-800 nm depicted in Figure 6.1c. The so synthesized NCs
showed the characteristic fluorescence emission at 585 nm upon excitation at 320 nm.
The control experiments carried out in the similar condition did not show any

fluorescence, as shown in Figure 6.1d.
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Figure 6.1 (a) Various PCR temperature combination used for synthesis of Au NCs and their
fluoresce intensity. (b) Bar graph represents normalised fluorescence intensity of Au NCs
obtained by varying temperature of PCR. (c) UV-Vis spectra of the DNA-Au NC along with the
others control, none of which showed SPR peak due to Au NPs. (d) Fluorescence spectra showing
the relative fluorescence intensity of Au NC’s. The legend indicates different PCR cycle after

which Au NC synthesis was performed.

The as synthesized fluorescent clusters with the scaffold DNA can be viewed under the
fluorescent microscope, as shown in Figure 6.2a. The TEM images showed the so
formed clusters from plasmid DNA were of size less than 2 nm as depicted in Figure
6.2b and the EDX confirmed that NCs contained gold (Figure 6.2c). The X-ray
photoelectron spectroscopy (XPS) of as synthesized DNA-Au NCs showed peaks at 84.0
and 87.6 eV corresponding to metallic Au (*fs;,, *f72) which was bonded to thiol group
(corresponding to the peak of 2psp, at 161.2 eV) as shown in Figure 6.2d.2° Also, circular
dichroism (CD) experiments revealed typical signature of characteristic bands of B-DNA
such as positive band (peak) at about 270 nm and a negative band (deep) around 235 nm;
however, native DNA conformation was slightly changed after formation of the NCs as

peak was shifted to longer wavelength i.e., from 270 nm to 274 nm, as shown in the
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Figure 6.2e. The MALDI-TOF analysis revealed peak (m/z) maxima at 4828.12 which
can be assigned to the structure [Au;g MPA1, + Na* - H']', following comparison with the
mass spectrum of the control as shown in Figure 6.2f.
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Figure 6.2 (a) Fluorescence microscopy image of DNA- Au NCs, showing the strong
characteristic yellow coloured fluorescence of Au NCs, when excited with UV light. Scale 10 um.
(b) TEM image of the gold clusters formed with plasmid DNA. (c) EDX spectrum of DNA- NCs
indicating the presence of Au (0), copper signal is due to copper grid. (d) XPS analysis of the
synthesized DNA-Au NCs which showed peaks at 84.0 and 87.6 eV, corresponding to metallic
Au (“fs, *fz2). (e) Circular dichromic spectra of the DNA before and after formation of the Au
NCs. (f) MALDI-TOF spectrum revealing the peak at 4828.12, which corresponds to [Au g
MPA ,+Na" -H'] .
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Importantly, it was found that NCs arrayed on to the DNA showed difference in spatial
arrangement, with varying concentrations of the NC precursor or the concentration of the
scaffold. The average spacing between clusters gave an indication that they may be
attached to both the groves (minor and major) of the DNA, depending on their
dimensions. In order to establish a relationship, a statistical study was carried out in two
ways from various TEM images. Firstly, the formation of cluster for various
concentrations of precursor HAuUCI,4, with fixed concentration of DNA, was examined
with transmission electron microscopy. The results showed a pattern where the formed
clusters depicted the resemblance of ‘beads on a string” with the DNA backbone as shown
in Figure 6.3. It can be anticipated that the clusters were formed within the groves of the
DNA and are ultimately responsible for the fluorescence of the whole composite. The
statistical analysis of multiple sets of data revealed interesting results linking various

parameters of clusters and intrinsic properties of DNA.
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Figure 6.3 The formation of gold clusters/nanoparticles on the fixed concentration of DNA is

examined from the TEM images. The concentrations of the precursors gold salt shown in the
figure (a - f) are 0.03, 0.05, 0.08, 0.1, 1.2 and 1.5 pg/uL, respectively, with the fixed
concentration of DNA. Bar graph represents the variation in size and distance between clusters. (i)

and (ii) represent size (d) and distance (D) plot respectively. The concentrations of the gold (a-d)

are 0.03, 0.05, 0.08 and 0.1 pg/uL, respectively.

TH-1344_09615301

137



Chapter 6

The parameters, distance between adjacent clusters (D), diameter of the clusters (d) were
found to follow a linear relationship with the precursor’s concentration with the [DNA]
fixed. However, an interesting relationship is achieved connecting the parameters (D-d)
and [AuU]/[DNA] as indicated in equation 1. Further, the relationship can be

approximated to the intrinsic properties of DNA as shown in equation 2.

(D-d)=34317 .2 2.9759} for 01875 < 124 <0625 (1)
[DNA] [DNA]

(D-d) = dmm .(ﬂ ¥ o.9j }for 01875< 12 <0625 (2
[DNA] [DNA]

where, dmm = pitch of the B-DNA (3.4nm)

A set of studies showed that the increase in concentrations of gold, with identical other
experimental conditions, resulted in the decrease of the amount of nanoclusters and
finally resulted in the formation of nanoparticles. Hence, it was found necessary to
maintain a range for the concentration of precursor for achievement of effective
fluorescence and formation of nanoclusters. However, one can eventually either tune the
system to be in quantum or plasmonic domain by just varying the precursor’s
concentration. The 3D plot relating to these two parameter i.e., size and distance is also
shown in Figure 6. 4b.
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Figure 6.4 (a) The graph illustrates that the size of the clusters (d) and the distance (D) between
them increase linearly with the increasing concentration of gold. The distance is measured from

one centre to other centre of the gold nanocluster/nanoparticle. (b) 3D plot of size, distance and
fluorescence intensity.

It can also be deduced from equation 1 that, there exists a linear relationship between D;
and d. With the increase in the size (d) of the formed nanoclusters/nanoparticles, the
spacing between adjacent particles (D) increased. This can be attributed to the preferential
binding to major grove over the minor grove of DNA or formation of nanoparticle at
random suitable sites. Evidently, the concentration of gold ultimately influences the
output fluorescence intensity, I, for a fixed concentration of DNA. A relationship can be
arrived at from the experimental data as shown in Figure 6.5 and can be written as,

2
| =-4.4963 - AU o 2a2g7 AL 66042 | for0.1875 < LAY <0 625
[DNA] [DNA]
3

As inferred from equation 3 and Figure 6.5, the intensity of the clusters dips down with

the increase in the concentrations of gold. When the concentration of the precursor for the
formation of nanoparticle was reached, the fluorescence completely ceased.
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Figure 6.5 Plot of concentration of gold and fluorescence intensity. Decrease of fluorescent
intensity of the gold clusters (at 585 nm), when excited at 320 nm, is significant at the low
concentration of the precursor gold.

However, in order to quantify DNA, it is necessary to know the possible interactions of
the fluorophore with the unit length of the DNA. To address this, a relationship must be
achieved linking the intensity of the fluorophore (NCs) to its size (d) and the frequency of
its existence per pitch (n) of the double helical DNA. The variation of the intensity of the
fluorophore with the size (d) and the frequency per pitch (n) is shown in the Figure 6.6
and can be mathematically expressed as,

| =-2,6106-(nd)’ + 12.241-(nd)~13.339 | for 01875< 2 <0625 (4)
[DNA]

The above equation indicates that the higher the frequency of the clusters of small sizes,
the higher is the intensity of fluorescence. Since, the nanoclusters are responsible for the
fluorescence properties, the range of concentration of gold had to be maintained at those
values. Figure 6.5b is representing the 3D plot of the same.
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Figure 6.6 (a) The fluorescence intensity of the gold clusters increased with the increase in the
number of clusters per pitch of DNA. The overall influence of the intensity for the variation in
frequency of cluster per pitch (n) and size (d) is shown in the figure. (b) The 3D illustration
shows the variation of intensity with the size and frequency of clusters per pitch. As the size of
the clusters/nanoparticles increases, the frequency of the clusters per pitch of DNA decreases. The
larger sized particles results in the diminishing pattern of fluorescence and decreased frequency of
clusters per pitch as evident from the graph. (c) The graph illustrates that the florescence intensity
increases with the increasing amplification of the DNA for a fixed concentration of precursor

gold. However, after the certain amplification of the DNA, since the complete precursor gold is
utilized, the fluorescence intensity saturates.

In the second process, DNA concentration was varied, keeping the gold concentration
fixed. The gold concentration was suitably chosen for the formation of cluster. We
observed that the fluorescence increased with the increase in concentration of DNA for a

range and then there was no change observed, as shown in Figure 6.7. In that particular
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concentration range, there is a linear relationship of intensity with the concentration of

DNA. The saturation is possibly indicates complete utilization of NC precursor.

The DNA-Au NC composite has photoluminescence quantum yield of 4.6% as
measured based on the reference dye quinine sulphate (Figure 6.8a). More importantly,
the Au NCs were found to be highly photostable, with fluorescence intensity decrease rate
(F/Fo ) of the NCs 0.016 % per min, while in case of commonly used fluorescent dye
rhodamine 6G it was observed to be 0.27% per min (Figure 6.8b). To check its
functionality in quantification of DNA following PCR application, we had carried out the
single cycle synthetic method after different amplifications (different cycles) for three
genes, namely, p53, B-act and gene of folic acid receptors (FR). Synthesis of the NCs was
done after different number of PCR cycles (15, 20, 25, 30 and 35), which corresponds to

the increase in amount of respective gene.
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Figure 6.8 (a) Quantum yield (QY), calculated based on quinine sulphate as standard. (b) Photo
bleaching of Au NCs.
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The fluorescence results were then compared with the agarose gel stained with ethidium
bromide Figure 6.8 a-c. We found that the formation of clusters is directly linked with
the amount of scaffold present (after amplification) which was essentially leading to
exponential increase in fluorescence intensity of Au NCs. Thus this was related to PCR
amplification, which follows exponential amplification of the amount of DNA with
progress of number of PCR cycles. Therefore, this method could be used to quantitate the

amount of gene amplification.

Cancer cells are known to over-express several genes in comparison to the healthy cells.
Hence, it is important to measure the relative gene expression of the cell. For example,
folic acid receptor gene (FR) over-expresses in various cancer cell lines as compared to
healthy cells. Hence, the relative quantification of a folic acid receptor gene (FR gene)
would help in detection as well as targeted therapy of cancer. In an objective to achieve
the relative gene expression of the cancer cell to normal cell with this system, we had
distinguished their expression using the fluorescence of the gold NCs. Two different cell
lines, HelLa cells (human cervical adenocarcinoma cells) and A549 cells (human lung
carcinoma cells) were taken and folic acid receptor gene was targeted in the process. We
had observed that HelLa cells over-expressed folic acid receptor gene by 2.3 times in
comparison to the A549 cells, which is comparable with the results from standard method
of gel electrophoresis, through ethidium bromide (EtBr) staining, as depicted in Figure
6.9.
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Figure 6.8 Gene amplification study by the relative fluorescence intensity of the Au NCs, which
was synthesised after respective PCR cycles (15, 20, 25, 30 and 35) based on the amplified DNA.
(a-c) are B-act, p53 and FR gene respectively. (i) and (ii) are same results obtained from gel
electrophoresis stained with ethidium bromide and corresponding fluorescence spectra of Au
NCs. In agarose gel microgram, Lane 1: marker, Lane 2: 15 cycles, Lane 3: 20 cycles, Lane 4: 25
cycles, Lane 5: 30 cycles and Lane 6: 35 cycles. (d) Relative expression of the three genes, as

measured based of fluorescence of Au NCs.
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It would be mentioned here that f-act, a housekeeping gene, was taken as endogenous
control. It was observed that its relative expression remained almost similar in both the
cell lines. Hence, this method consisting gold NCs can be utilized for the detection of

disease causing factors, eventually leading to point of care diagnostics and prognosis.
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Figure 6.9 Relative gene expression of folic acid receptors of HeLa and A 549 cell lines
measured by (a) agarose gel electrophoresis and (b) based on the fluorescence of Au NCs. (d) Bar

graph represents the combined results of the study using the two different methods.
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6.5. Conclusion

In short, a novel bio friendly method of synthesis procedure of gold NCs on DNA has
been developed. Also, the method provided an option to quantify DNA through the
photoluminescence of the synthesized NCs. Considering carcinogenic conventional dyes;
this marks an effective option and even can be implemented without sophisticated
machinery using minimum laboratory equipment. As it is a green method of synthesis, it
reduces the risk on human health and the environment. Quantification of the gene
amplification and relative expression were achieved, utilizing this simple method to
detect the modulations in various cell lines including cancer. Eventually, simple portable
low cost equipment can be built using the principles demonstrated through this work in a

way towards replacing the golden era of bulky PCR machines.
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Chapter 7:

Conclusion and Future Outlook

7.1. Summary of the Present Work

The present dissertation primarily aimed to synthesize nanoparticles and its composites
suitable for ‘theranostic’ applications. In initial study attention has been directed to
address one of the most common challenges of bacterial infections which are posing a
huge threat due to the emergence of the drug resistant species. To identify the bacterial
infection, a simple, fast method of detection of the bacteria was developed by using
fluorescent Au NPs-paracetamol dimer (PD) composite which was synthesized from the
conventional drug paracetamol. The method was sensitive and can be useful for
employment in general contamination test for both Gram positive and Gram negative

bacteria with a sensitivity of 100 CFU/mL.

After achieving this feat in the subsequent study, the attention was directed to kill
those bacterial species by synthesizing novel bactericidal agent. For this, Ag NPs
composite was synthesized by following the similar synthesis protocol of Au NPs. The
nanocomposite (Ag NPs-PD)—with minimum concentration of silver showed strong
bactericidal effects against both Gram positive and Gram negative bacteria .Essentially, it
was revealed that PD acted as prodrug accompanied with ROS which generated NAPQI,
leading to linearization of the plasmid DNA by inhibiting the DNA gyrase enzyme and
thus resulting in bacterial death. This result prompted to employ the PD in cancer therapy
with potent ROS generator like Ag NPs. The size of the Ag NPs plays crucial role in their
activity, as smaller sizes (typically, less than 10 nm in diameter) offer better activity for
the cell death. Therefore, Ag NCs was synthesized from BSA due to its small size (<2
nm) and remarkable photophysical properties. This was served as potent ROS generator
while delivered with PD by using chitosan NPs (CS). Moreover, for the targeted delivery
of PD-Ag NCs, folic acid (FA) was conjugated with the CS nanocarriers prior to deliver
into the cancer cells. The results demonstrated that PD is equally effective as cancer

therapeutics along with Ag NCs. Hence, it is to be deemed that the use of PD along with
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some conventional anti-cancer drug would serve as ROS generator and can be used for

the cancer therapy in future.

Next, to reduce the time for synthesis of nanoclusters simple fast and aqueous
synthesis of Au NCs was developed in chitosan matrix which was further converted into
polymeric nanoparticles which can be used as effective bioimaging agent suitable for
microscopy and the flow cytometer analysis. To show the theranostic application of this
composite nanoparticle the suicide gene corresponds to cytosine deaminase uracil
phosphoribosyltransferase (CD-UPRT) was loaded and delivered into cervical cancer
cells (HeLa). The CD-UPRT enzyme converts nontoxic prodrug 5- fluorocytosine (5-FC)
to S-fluorouracil (5-FU) and other toxic metabolites which kill transfected cancer cells.
Cell viability assay displayed the ability of these composite NPs to deliver the suicide
gene, alongside induced apoptosis upon addition of its substrate 5S-FC. This suicide gene
loaded theranostic NPs has huge promises in the future for in vivo study. Importantly, this
has broadened the scope of personalized medicine for new generation and could be tested
in a better way as an effective alternative of conventional chemo and radio therapy to cure

diseases like cancers.

Finally, by exploring polymerase chain reaction (PCR) machine Au NCs was
synthesized based on the amplified DNA as scaffold and fluorescence intensity of the Au
NCs employed to measure quantitative gene expression. Three different genes such as -
actin, p53 and folic acid receptor (FR) were employed to establish the study. Further, it
was found that the method can be employed to measure the relative gene expression in
the cancer cells. As the Au NCs was found to be non-cytotoxic, therefore, the method
offers exceptional promises in order to synthesize the highly fluorescent Au NCs and
concurrently estimate the DNA amplification which can be applicable for designing the

future devices to explore the molecular events without using carcinogenic dyes.

7.2. Future Outlook

In this light, the aim and domain of the present findings can be expanded even further for
more innovative applications that will contribute to resolve issues of healthcare in a better

way in future.

v" The Au NPs-PD composite based method of the bacterial detection can be tested

for the real life sample.
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v' With the conjugation of the suitable ligand with Au NPs, significant level of
specificity can be obtained for the selection of the bacterial strain which would be
preferred choice for the detection bacterial contamination in specific case.

v In order to kill drug resistant bacterial strain, different drugs/antibiotics can be
used along with the Ag NPs for the combination therapy to reduce the
concentration of the silver in killing the resistant bacterial strains which would
eventually reduce the chances of side effects to the human health and
environment.

v The mechanism of the bacterial cells by formation of the NAPQI from the PD in
conjecture with ROS can tested to the efficacy for other diseases such as
tuberculosis (TB).

v’ The cancer cells therapy by targeted delivery of the Ag NCs and the PD can be
promoted for the in-vivo model for better batter understanding and applications.

v" Solid chitosan film formed with highly fluorescent Au NCs can be used for the
various application of formation of the bio and chemo sensors.

v The pH dependent reversible change of the fluorescence intensity of the Au NCs
can be used for the various logical implementation required for the molecular
computing.

v PCR based synthesis of the Au NCs can be used for real-time synthesis of the NCs
which would resolve several issues RT-PCR and will offer immense possibility of

generating ‘Atomic cluster- RT- PCR’.
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Figure A2.1 (a) EDX spectrum of the Au NPs-PD composite, showing the presence of gold (Au). (b)

pH responsive emission change of Au NPs-PD composite.
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Figure A3.1 (a) *H NMR (400 MHz, MeOD-d.,)
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Figure A3.1 (b) ®C NMR (100 MHz, DMSO-d¢)

Figure A3.2 Fluorescence microscopy images (20X) of HT29 cells double stained with acridine

orange and ethidium bromide. A refers to the control sample; B and C are the treated cells at MIC and
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MBC (used for E. Coli) respectively; whereas 1 and 2 indicate corresponding cell images at 24 h and

48 h, respectively.
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Figure A3.3 Fluorescence spectra of the GFP expressing E.coli bacteria (A) in the absence of

composite or other agent i.e. Control; (B) in the presence of Ag NPs only; (C) in the presence of pHA
and (D) in the presence of the PD-Ag NP composite ( at MIC).
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Figure A3.4 ESI (-) Mass spectrum of the isolated PD before (upper) and after (lower) H202--

treatment.

TH-1344_09615301

158



Rightslink® by Copyright Clearance Center

Copyright
Clearance
Center

.“Q

ACS Publications
W WAOIST TRUSTED. MaOST COITED. MAOST READ,

Title:

Author:

Publication:
Publisher:
Date:

https://s100.copyright.com/AppDispatchServlet

Account
Info

Simultaneous RGB Emitting Au
Nanoclusters in Chitosan
Nanoparticles for Anticancer
Gene Theranostics

Amaresh Kumar Sahoo,
Subhamoy Banerjee, Siddhartha
Sankar Ghosh, and Arun
Chattopadhyay

Applied Materials
American Chemical Society
Jan 1, 2014

Logged in as:
Amaresh Sahoo

LOGOUT

Copyright © 2014, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

® Permission is granted for your request in both print and electronic formats, and translations.
» [f figures and/or tables were requested, they may be adapted or used in part.
m Please print this page for your records and send a copy of it to your publisher/graduate

school.

» Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the

capitalized words.

® One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please

submit a new request.

If credit is given to another source for the material you requested, permission must be obtained

from that source.

TH-1344_09615301

1of1

BACK CLOSE WINDOW

Copyright © 2014 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement.
Comments? We would like to hear from you. E-mail us at customercare@copyright.com

09-05-2014 AM 10:21



Copyright Clearance Center https://www.copyright.com/printCoiConfirmPurchase.do?operation=d...

1of6

Copyright

f‘) Clearance
S

Center

3
CONFIRMATION

Step 3: Order Confirmation

Thank you for your order! A confirmation for your order will be sent to your account email address. If you have
questions about your order, you can call us at +1.855.239.3415 Toll Free, M-F between 3:00 AM and 6:00 PM (Eastern),
or write to us at info@copyright.com. This is not an invoice.

Confirmation Number: 11222650 If you paid by credit card, your order will be finalized and your card will
Order Date: 06/14/2014 be charged within 24 hours. If you choose to be invoiced, you can
change or cancel your order until the invoice is generated.

Payment Information

AMARESH SAHOO
asahoo@iitg.ernet.in
+91 9401228412
Payment Method: n/a

Order Details

Trends in biotechnology

Order detail ID: 65166593

Permission Status: O Granted
Order License Id: 3407490811199

Permission type: Republish or display content

Article Title: Nanosilver as a new ge_neration_ of _ Type of use: reuse in a thesis/dissertation
nanoproduct in biomedical applications
Author(s): Chaloupka, Karla ; Malam,
Yogeshkumar ; Seifalian, Alexander M, Number of pages 9
DOI: 10.1016/].TIBTECH.2010.07.006
Date: Nov 01, 2010 Portion figures/tables/illustrations
ISSN: 0167-7799
Publication Type: Journal
Volume: 28 Number of
Issue: 11 figures/tables 2
Start page: 580 /illustrations
Publisher: ELSEVIER LTD.
Format both print and electronic
Are you the author of No
this Elsevier article?
Will you be translating? No
Title of your Drug Based . .
- - - Nanocomposites in
thesis/dissertation ) ) L
Biological Applications
Expected completion Aug 2014
date
Estimated size (number
200
of pages)
Elsevier VAT number GB 494 6272 12
Note: This item will be invoiced or charged separately through CCC's RightsLink service. More info $0.00

TH-1344_09615301

14-06-2014 PM 12:19



Copyright Clearance Center

20f 6

https://www.copyright.com/printCoiConfirmPurchase.do?operation=d...

Total order items: 1

This is not an invoice.

Order Total: $ 0.00

TH-1344_09615301

14-06-2014 PM 12:19



Copyright Clearance Center https://www.copyright.com/printCoiConfirmPurchase.do?operation=d...

Confirmation Number: 11222650

Special Rightsholder Terms & Conditions
The following terms & conditions apply to the specific publication under which they are listed

Trends in biotechnology
Permission type: Republish or display content
Type of use: reuse in a thesis/dissertation

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction (along with the Billing and
Payment terms and conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to the terms and conditions
indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has appeared in our publication with
credit or acknowledgement to another source, permission must also be sought from that source. If such permission is
not obtained then that material may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as follows:

“Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of chapter, Pages No., Copyright
(Year), with permission from Elsevier [OR APPLICABLE SOCIETY COPYRIGHT OWNER].” Also Lancet special credit -
“Reprinted from The Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with permission from
Elsevier.”

4. Reproduction of this material is confined to the purpose and/or media for which permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be altered/adapted minimally to
serve your work. Any other abbreviations, additions, deletions and/or any other alterations shall be made only with prior
written authorization of Elsevier Ltd. (Please contact Elsevier at permissions@elsevier.com)

6. If the permission fee for the requested use of our material is waived in this instance, please be advised that your
future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the combination of (i) the license details
provided by you and accepted in the course of this licensing transaction, (ii) these terms and conditions and (iii) CCC's
Billing and Payment terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed immediately upon issuance of the
license at the end of the licensing process for the transaction, provided that you have disclosed complete and accurate
details of your proposed use, no license is finally effective unless and until full payment is received from you (either by
publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If full payment is not received on a
timely basis, then any license preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never granted. Use of materials as
described in a revoked license, as well as any use of the materials beyond the scope of an unrevoked license, may
constitute copyright infringement and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and their respective officers,
directors, employees and agents, from and against any and all claims arising out of your use of the licensed material
other than as specifically authorized pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed, assigned, or transferred by you
to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing signed by both parties (or, in
the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any purchase order,
acknowledgment, check endorsement or other writing prepared by you, which terms are inconsistent with these terms
and conditions or CCC's Billing and Payment terms and conditions. These terms and conditions, together with CCC's
Billing and Payment terms and conditions (which are incorporated herein), comprise the entire agreement between you
and publisher (and CCC) concerning this licensing transaction. In the event of any conflict between your obligations
established by these terms and conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described in this License at their sole
discretion, for any reason or no reason, with a full refund payable to you. Notice of such denial will be made using the
contact information provided by you. Failure to receive such notice will not alter or invalidate the denial. In no event will

TH+1344_09615301

30f6 14-06-2014 PM 12:19



Copyright Clearance Center https://www.copyright.com/printCoiConfirmPurchase.do?operation=d...

Elsevier or Copyright Clearance Center be responsible or liable for any costs, expenses or damage incurred by you as a
result of a denial of your permission request, other than a refund of the amount(s) paid by you to Elsevier and/or
Copyright Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only unless your license was granted
for translation rights. If you licensed translation rights you may only translate this content into the languages you
requested. A professional translator must perform all translations and reproduce the content word for word preserving
the integrity of the article. If this license is to re-use 1 or 2 figures then permission is granted for non-exclusive world
rights in all languages.

16. Posting licensed content on any Website: The following terms and conditions apply as follows: Licensing material
from an Elsevier journal: All content posted to the web site must maintain the copyright information line on the bottom
of each image; A hyper-text must be included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at http://www.elsevier.com;
Central Storage: This license does not include permission for a scanned version of the material to be stored in a central
repository such as that provided by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier homepage at
http://www.elsevier.com . All content posted to the web site must maintain the copyright information line on the bottom
of each image.

Posting licensed content on Electronic reserve: In addition to the above the following clauses are applicable: The
web site must be password-protected and made available only to bona fide students registered on a relevant course. This
permission is granted for 1 year only. You may obtain a new license for future website posting.

For journal authors: the following clauses are applicable in addition to the above: Permission granted is limited to the
author accepted manuscript version* of your paper.

*Accepted Author Manuscript (AAM) Definition: An accepted author manuscript (AAM) is the
author’s version of the manuscript of an article that has been accepted for publication and which may
include any author-incorporated changes suggested through the processes of submission processing, peer
review, and editor-author communications. AAMs do not include other publisher value-added
contributions such as copy-editing, formatting, technical enhancements and (if relevant) pagination.

You are not allowed to download and post the published journal article (whether PDF or HTML, proof or final version), nor
may you scan the printed edition to create an electronic version. A hyper-text must be included to the Homepage of the
journal from which you are licensing at http://www.sciencedirect.com/science/journal/xxxxx. As part of our normal
production process, you will receive an e-mail notice when your article appears on Elsevier’s online service ScienceDirect
(www.sciencedirect.com). That e-mail will include the article’s Digital Object Identifier (DOI). This number provides the
electronic link to the published article and should be included in the posting of your personal version. We ask that you
wait until you receive this e-mail and have the DOI to do any posting.

Posting to a repository: Authors may post their AAM immediately to their employer’s institutional repository for
internal use only and may make their manuscript publically available after the journal-specific embargo period has ended.

Please also refer to Elsevier's Article Posting Policy for further information.

18. For book authors the following clauses are applicable in addition to the above: Authors are permitted to place a
brief summary of their work online only.. You are not allowed to download and post the published electronic version of
your chapter, nor may you scan the printed edition to create an electronic version. Posting to a repository: Authors
are permitted to post a summary of their chapter only in their institution’s repository.

20. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be submitted to your
institution in either print or electronic form. Should your thesis be published commercially, please reapply for permission.
These requirements include permission for the Library and Archives of Canada to supply single copies, on demand, of the
complete thesis and include permission for UMI to supply single copies, on demand, of the complete thesis. Should your
thesis be published commercially, please reapply for permission.

Elsevier Open Access Terms and Conditions

Elsevier publishes Open Access articles in both its Open Access journals and via its Open Access articles option in
subscription journals.

Authors publishing in an Open Access journal or who choose to make their article Open Access in an Elsevier subscription
journal select one of the following Creative Commons user licenses, which define how a reader may reuse their work:
Creative Commons Attribution License (CC BY), Creative Commons Attribution — Non Commercial - ShareAlike (CC BY NC
SA) and Creative Commons Attribution — Non Commercial — No Derivatives (CC BY NC ND)

Terms & Conditions applicable to all Elsevier Open Access articles:

Any reuse of the article must not represent the author as endorsing the adaptation of the article nor should the article be
modified in such a way as to damage the author’s honour or reputation.

The author(s) must be appropriately credited.

If any part of the material to be used (for example, figures) has appeared in our publication with credit or
TH+134«40\Q8éiE580M to another source it is the responsibility of the user to ensure their reuse complies with the terms and

4 of 6 14-06-2014 PM 12:19



Copyright Clearance Center https://www.copyright.com/printCoiConfirmPurchase.do?operation=d...

conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: You may distribute and copy the article, create extracts, abstracts, and other revised versions, adaptations or
derivative works of or from an article (such as a translation), to include in a collective work (such as an anthology), to
text or data mine the article, including for commercial purposes without permission from Elsevier

CC BY NC SA: For nhon-commercial purposes you may distribute and copy the article, create extracts, abstracts and
other revised versions, adaptations or derivative works of or from an article (such as a translation), to include in a
collective work (such as an anthology), to text and data mine the article and license new adaptations or creations under
identical terms without permission from Elsevier

CC BY NC ND: For non-commercial purposes you may distribute and copy the article and include it in a collective work
(such as an anthology), provided you do not alter or modify the article, without permission from Elsevier

Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY NC ND license requires permission
from Elsevier and will be subject to a fee.

Commercial reuse includes:
Promotional purposes (advertising or marketing)
Commercial exploitation ( e.g. a product for sale or loan)
Systematic distribution (for a fee or free of charge)

Please refer to Elsevier's Open Access Policy for further information.

21. Other Conditions:

v1.7

Close

TH-1344_09615301

50f6 14-06-2014 PM 12:19



Copyright Clearance Center https://www.copyright.com/printCoiConfirmPurchase.do?operation=d...

Confirmation Number: 11222650

Citation Information

Order Detail ID: 65166593

Trends in biotechnology by ELSEVIER LTD.. Reproduced with permission of ELSEVIER LTD. in the format reuse in
a thesis/dissertation via Copyright Clearance Center.

Close

TH-1344_09615301

6 of 6 14-06-2014 PM 12:19



Rightslink® by Copyright Clearance Center https://s100.copyright.com/AppDispatchServlet

Copyright
o £ =

Center
ACS Publications Title: Negligible Particle-Specific Logged in as:
W SR Antibacterial Activity of Silver Amaresh Kumar Sahoo
Nanoparticles Account #:
Author: Zong-ming Xiu, Qing-bo Zhang, 3000788127

Hema L. Puppala, Vicki L. Colvin,

and Pedro J. J. Alvarez
Publication: Nano Letters
Publisher: American Chemical Society

Date: Aug 1, 2012
Copyright © 2012, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

® Permission is granted for your request in both print and electronic formats, and translations.

m [f figures and/or tables were requested, they may be adapted or used in part.

m Please print this page for your records and send a copy of it to your publisher/graduate
school.

» Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

® One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

If credit is given to another source for the material you requested, permission must be obtained
from that source.

BACK CLOSE WINDOW

Copyright © 2014 Copyright Clearance Center, Inc. All Rights Reserved. Privacy statement.
Comments? We would like to hear from you. E-mail us at customercare@copyright.com

TH-1344_09615301

1of1 19-05-2014 PM 03:29



