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Thesis Abstract

Luminescent Gold and Copper Nanoclusters for
Theranostic Applications

By
Upashi Goswami

Submitted to the Indian Institute of Technology Guwahati in June, 2018 in Partial
Fulfillment of the Requirements for the Degree of Doctor of Philosophy in Centre for
Nanotechnology

Recent advances in nanobiotechnology and its intregation with chemistry,
biology, biochemistry and medicine have given new horizons of luminescent
nanoscale particles such as semiconductor quantum dots (QDs), dye-doped
nanoparticles, lanthanide-doped nanoparticles and carbon nanodots. In recent
years, due to facile synthesis, significant quantum yields, tunable fluorescence
emission, large Stokes shifted emission and high photo stability; metal
nanoclusters have emerged as new nanoscale materials with multitude of

promising applications in various disciplines.

The present thesis emphasizes on synthesis and development of different
types of metal nanoclusters (Au and Cu) and their potential applications in
bactetial enumeration / detection, distinction of kanamycin resistant bacteria,
white light emission and in the development of theranostic nanomedicines for

cancer treatment. The present thesis is divided into six chapters.

Chapter 1 of the thesis provides introduction and insights of luminescent
metal nanoclusters, which are composed of several to a few hundred metal atoms
and have garnered worldwide consideration due to their extraordinary physical,
electrical, optical and chemical properties. Further the chapter elaborates various
applications of metal nanoclusters in the field of bacterial detection, enumeration,
distinction of antibiotic resistant strains, white light emission, electro chemical
biosensing, bioimaging, therapeutics, and in the fields of theranostics for cancer
therapy. The scopes and salient features of the current work have been described.

Chapter 2 introduces a new facile method of luminescent gold nanocluster (Au

vii
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NC) synthesis on the surface of bacteria for detection, counting and strain
differentiation. The limit of detection (LOD) was 740 +14 CFU/mL for the Gram
negative and was 634 +16 CFU/mL for the Gram positive bacteria. Brief treatment
with lysozyme could differentiate the Gram strains based on their luminescence
intensities. The current method could also detect bacterial contaminants from
water sources and kanamycin resistant strains rapidly. This quick synthesis of Au
NCs on bacterial template attributes an easy and rapid method for enumeration,
detection of bacterial contaminants and kanamycin resistant strains. Next aim
was to use bacteria along with mercaptopropionic acid (MPA) and gold chloride
for white light generation. Thus, Chapter 3 reports the synthesis of gold
nanoclusters using green fluorescent protein (GFP)-expressing bacteria as the
stabilizer. Combining the blue and green fluorescence of GFP-expressing bacteria
and orange luminescence of the nanoclusters, white light emission associated
with appreciable quantum yield, color rendering index and correlated color
temperature was achieved. The above works highlighted the use of novel
templates (bacteria) for synthesis of Au NCs which strive us to look for other
templates and use it as carrier or nanodrug for cancer therapy. With advent of
metal nanoclusters its use as cancer theranostics is in demand because of its
bright luminescence property, low photobleaching, non-cytotoxicity and can be
formulated into luminescent drug delivery carriers. Chapter 4 illustrates the
combination therapy for cancer treatment using a plant based drug artesunate
(ART) and a naturally available short chain fatty acid sodium butyrate (NaB) to
reduce the side effects associated with regular chemotherapeutic drugs. With the
heterogenecity of tumor microenvironment, combinational therapies have found
an edge over monotherapy owing to high toxicity and drug resistance associated
with chemotherapeutic drugs. The polymer PEG containing luminescent
nanoparticles were synthesized based on Au NCs and negatively charged drug
NaB, where NaB and PEG in the presence of Au NCs formed spherical drug
encapsulated composite nanoparticles (PEG-Au NC-NaB-NPs). The results
demonstrated enhanced therapeutic activity in case of combination therapy with
PEG-Au NC-NaB-NPs and ART as opposed to their individual doses. The synergy
of action was attained and was confirmed by combination index (CI). The
mechanism of cell death was also studied in detail where elevated generation of

viii
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reactive oxygen species (ROS) with combination therapy of PEG-Au NC-NaB-NPs
and ART was obtained that resulted in dysfunction of mitochondrial membrane
potential which was confirmed by JC-1 staining. Further, it was found that SB and
ART triggered inhibition of histone deacetylase (HDACi) and DNA fragmentation,
leading to cell death as corroborated with histone deacetylase assay (HDAC) and
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. The
efficacy of combination therapy observed in in vitro system inspired trials for in
vivo mice bearing Dalton’s lymphoma ascites (DLA) tumors where significant
reduction of tumor volume and viable tumor cell count with increased survival
percentage and life span was observed. Thus this chapter reports a new platform
for combination therapy using a plant derived antimalarial drug ART and a small
fatty acid chain SB with enhanced synergistic therapeutic activity and provided a
promising combination for an effective and enhanced cancer therapy. The next
objective was for targeted cancer therapy where Chapter 5 demonstrates novel
synthesis of transferrin (Tf)-templated luminescent blue copper nanoclusters (Tf-
Cu NCs). They are further formulated into spherical Tf-Cu NC-doxorubicin
nanoparticles (Tf-Cu NC-Dox NPs) based on electrostatic interaction with
doxorubicin (Dox). The as-synthesized Tf-Cu NC-Dox NPs are explored for
bioimaging and targeted drug delivery to delineate high therapeutic efficacy.
Forster resonance energy transfer (FRET) within the Tf-Cu NC-Dox-NPs exhibited
striking red luminescence, wherein the blue luminescence of Tf-Cu NCs (donor) is
quenched due to absorption by Dox (acceptor). Interestingly, blue luminescence
of Tf-Cu NCs is restored in the cytoplasm of cancer cells upon internalization of
the NPs through overexpressed transferrin receptor (TfR) present on the cell
surface. Finally, gradual release of Dox from the NPs leads to the generation of its
red luminescence inside the nucleus. The biocompatible Tf- Cu NC-Dox NPs
displayed superior targeting efficiency on TfR overexpressed cells (HeLa and
MCF-7) as compared to the cells expressing less TfR (HEK-293 and 3T3-L1).
Combination index (CI) revealed synergistic activity of Tf-Cu NCs and Dox in Tf-Cu
NC—Dox NPs. In vivo assessment of the NPs on TfR positive Daltons lymphoma
ascites (DLA) bearing mice revealed significant inhibition of tumor growth

rendering prolonged survival of the mice.
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Glossary of Acronyms

a.u. Arbitaray Units

Au NC Gold Nanoclusters

Ag Silver

Au Gold
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AFM Atomic Force Microscopy
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AST Aspartate transaminase

ALT Alanine transaminase

ALP Alkaline phosphatase

ACT Artemisinin-based combination therapy
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CFU Colony forming unit

CLSM Confocal Laser Scanning Microscope
CIE Commission internationale de I'elcairage
CCT Correlated color temperature

CRI Color rendering index

CT Computed Tomography

CI Combination index

DHLA Dihydrolipoic Acid

DPA D-Penicillamine

xi

TH-1880_126153007



DMSO
DLA

Dox
DCFH-DA
EtBr
EDX
ESIPT
FESEM
FA

Fe

5-FU
FRET
GFP

GSH

HAT
HDAC
HEK-239
HDACi
HeLa

JjC-1

LFT
LEDs
LOD
MRI
MPA

MALDI-TOF

TH-1880_126153007

Dimethyl Sulphoxide

Dalton’s lymphoma ascites

Doxorubicin

2, 7-Dichlorofluoresceindiacetate

Ethidium bromide

Energy dispersive X-ray spectrum

Excited state intermolecular proton transfer
Field-Emission Scanning Electron Microscopy
Folic Acid

Iron

5 Flurouracil

Forster resonance energy transfer

Green Fluorescent protein

Glutathione

Histone acetyltransferases

Histone deacetylases

Human Embryonic Kidney Cells

Histone deacetylase inhibitors

Human cervical cancer cell line

5,5, 6, 6’-tetrachloro-1,1’,3,3’- tetraethylbenzimi-

-dazolylcarbocyanine iodide
Liver functions tests

Light Emitting Device

Limit of Detection

Magnetic Resonance Imaging

Mercapto-propionic acid

Matrix assisted laser desorption/ionisation - time of flight

xii



MCF-7
3T3-L1
Ni

NIR
NCs
NaB
NB
NOAEL
OVA

PEG
Pt
PAMAM

PPI

PDT
PLN
PET
PTX
PCR

PEG -Au NC-NaB-
NPs

PBS
QY
ROS
QDs
RBC
SGOT

SGPT

TH-1880_126153007

Human breast cancer cell line
Mouse embryo fibroblast cell line

Nickel

Near infrared region

Metal nanoclusters

Sodium Butyrate

Nutrient Broth

No observed adverse effect level
Ovalbumin

Polyethylene Glycol
Platinum

Polyamidoamine

Poly (propylene imine)
Photodynamic Therapy

Polymer Lipid hybrid nanoparticle
Position Emission Tomography
Paclitaxel

Polymerase chain reaction

PEG-Gold nanoclusters -sodium butyrate nanoparticles

Phosphate Buffered Saline

Quantum Yield

Reactive Oxygen Species

Quantum Dots

Red Blood Cell

Serum glutamic oxaloacetic transaminase

Serum glutamic pyruvate transaminase

xiii



SLN Solid Lipid nanoparticle

Tf Transferrin

TfR Transferrin receptors

TFA Trifluroacetic acid

TEM Transmission Electron Microscope

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labelling
TdT Terminal deoxynucleotidyl transferase

TPP Tripolyphosphate

WLE White Light Emitting

WBC White Blood Cell

XPS X-ray photoelectron spectroscopy

xiv

TH-1880_126153007



Chapter-l

Introduction and Literature Review

Chapter 1 presents a brief introduction about metal
nanoclusters, their synthesis and properties. It concisely
illustrates the various applications of metal nanoclusters in

t the field of bacterial detection, energy, white light emission

and in cancer theranostics.
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Chapter 1

Chapter 1

1.1. Introduction

Nanoscience and nanotechnology is a multidisciplinary technology bestowed to
work at the atomic, molecular and supramolecular levels (on a scale of 1-100 nm)
and to assemble into objects, hierarchically along several length scales, with
essentially new properties and functions. Owing to its small size, the nanoscale
particles including metals, metal oxides, and semiconductors, exhibits high surface
to volume ratios with distinct physical, chemical, optical, electrical, and biological
propertiesl-®having widespread applications in the fields of optoelectronics,’8
catalysis,?10 sensors,!! white light emission,213 bioimaging,14-16 biosensing,1>16
medicine,718 nanobiotechnology.1® Nanobiotechnology applied the nanoscale
principles and techniques to create new biomaterials which extensive applications
in the field of biology and biomedical healthcare, such as diagnostic (imaging),
detection of pathogens, biosensing, nanomedicine, drug delivery, gene delivery

and tissue engineering.2°
1.2. Nanoparticles

With advancement in the field of nanotechnology various types of nanoparticles
varying in size, shape, compositions, and functionalities have been developed.
They are broadly classified into inorganic nanoparticles, organic nanoparticles,
dendrimers and carbon nanotubes. Inorganic nanoparticles comprise of metal
gold, silver, copper (Au, Ag, Cu), iron oxides, quantum dots, silica and calcium
phosphate, with size ranging from 2 - 100 nm and exhibits size- and shape-
dependent plasmonic properties.2* Organic nanoparticles include liposomes,
polymer micelles, polymer nanoparticles and dendrimers.# Due to size
confinement of their electronic states, semiconductor nanoparticles, commonly
known as quantum dots (QDs) have discrete electronic states and hence display

size-dependent absorption and emission features.
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Introduction and literature review

1.3 Metal Nanoclusters (NCs)

Metal nanoclusters (NCs) are new class of flurogenic functional materials, usually
containing few hundreds of metal atoms or less with a core size below 2 nm. It
represents an intermediate state of matter, between individual atoms and their
corresponding bulk dimensions (Figure 1.1)21.22 Due to small size (<2 nm) the
continuous energy band breaks into discrete energy levels and exhibit molecule
like properties and possess distinct electrical, optical and chemical properties
distinct from larger metal nanoparticles. This results in HOMO-LUMO transition,
tunable luminescence emission, enhanced quantum yields, large Stokes shift, high
photostability.2023 Therefore, because of all these unique attributes metal
nanoclusters generate pronounced potential and have been extensively exploited
for applications in the fields of bacterial detection and enumeration,2° catalysis,?4
light harvesting materials,2> white light emission,'213 biology,2? biomedicine,26.27
chemical sensors,?® and therapeutics.202930 NCs of gold (Au), silver (Ag), copper
(Cu), platinum (Pt) have been studied in detail and have been extensively used in
various disciples.122428313233.34\Whereas, recently nanoclusters of transition
metals such as iron (Fe), nickel (Ni) have gained attention and have opened a new

prospect of nanomaterial science.

Metal  Metal Metal Bulk Metal
Atom Cluster Nanoparticle Freely moving

0.1 nnf iom % 100m 100 nm 1 pm 10 um
My Siemqee.
| hv
Mn SO
Size-quanlized
electronic transitions{
4
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Chapter 1

Figurel.1. The effects of size on the various properties of nanoscale particles like bulk
metal, metal nanoparticles and metal nanoclusters.[Reprinted with permission from
reference 35. Copyright 2011 Royal Society of Chemistry].

1.3.1. Development of Luminescent Metal NCs

For synthesis of highly luminescent water soluble metal nanoclusters with
enhanced quantum yield various approaches have been established. Generally for
synthesis of nanoclusters, reduction of metal ions in aqueous solution with
suitable reducing agents, templates, surface protecting capping agents were
required.28303236 Without suitable template or surface protecting agents, it
resulted in formation of large nanoparticles, as nanoclusters because of high
surface energy have tendency to aggregate. Therefore, choosing suitable templates
or scaffolds for stabilization of clusters from aggregation is a pivotal role for
synthesis of highly luminescent metal NCs.233337.3839 At the same time factors like
electron energy quantization effect, metal-ligand interaction, surface effect and
metal core charge state plays an important role in attaining high yield metal
nanoclusters.233¢ The most common method for synthesis of metal NCs are based
on template and stabilizer ligands surrounding the NC core and are broadly
classified as- thiol protected metal NCs and template based metal NCs which
include polymer, protein/peptide, DNA and dendrimers as templates. Briefly few

of the strategies of synthesis of metal NCs are discussed below.
1.3.2 Strategies for Metal NCs synthesis

1.3.2(a). Synthesis of Thiol Protected Metal NCs

Small molecules containing thiol (-SH) are some of the most common stabilizers
for metal NCs synthesis. Au and Ag have very strong affinity towards thiols.
Different -SH containing ligands such as glutathione (GSH),*0-42 tiopronin,*3
phenylethylthiolate,** thiolate a-cyclodextrin,*>4¢ 3-mercaptopropionic acid,*7:48
dihydrolipoic acid (DHLA),49-52 dodecanethiol>3® and D-penicillamine (DPA),5455
etc. has been extensively used for luminescent metal NCs synthesis precisely Au,

Ag and Cu with high quantum yield.34

TH-1880_126153007
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1.3.2(b). Template-Based Synthesis Methods

(i) Dendrimers: Dendrimers are synthetic polymers having branched star-shaped
macromolecules with nanometer-scale dimensions and act as hosts for guest
molecule. Polyamidoamine (PAMAM) and poly (propylene imine) (PPI)

dendrimers are commonly used for synthesis of metal Au, Cu and Ag NCs.>6-60

(ii) Polymers: Polymers are widespread macromolecule with abundant
functional groups like carboxylic acids, hydroxyl, epoxy, amines etc. The polymers
used for synthesis of metal NCs are poly (methacrylic acid),>” polyethylene imine
(PED,5®  polyglycerol-block-poly  (acrylic acid) copolymers,®?  poly(N-

isopropylacrylamide-acrylic acid-2-hydroxyethylacrylate) and chitosan.*”

(iii) Biomolecules: Biomolecules are used as attractive tools for nanocluster

synthesis owing to their rich structure consisting of various functional groups
such as amine, thiol, hydroxyl, and carboxyl. At the same time some of the
biomolecules can act as both reducing and protecting agents. 2337 Different types
of biomolecules mainly peptides, proteins and DNA have been extensively used for

the synthesis of metal nanoclusters,39:62.63

Proteins and Peptides as Templates: Biological macromolecules like proteins

38and peptides3? are rich in functional groups, such as carboxyl, thiol and amino
groups and thus are efficient templates or scaffolds for the synthesis of metal
NCs.2337 The large molecular masses of proteins along with abundant binding sites
are effective for binding and reducing metal ions and thus play a vital role in NCs
stabilization efficiently. Based on these unique attributes Bovine Serum albumin
BSA%465 have been comprehensively used as template for the synthesis of different
types of metal NCs. With its success various other proteins, such as lysozyme,
66.67horseradish peroxidase,®® lactoferrin,®® transferrin,’%71 insulin,’2 trypsin’3 and
ovalbumin’4 were used predominantly for synthesis of varied types of metal NCs

(Au, Ag, Pt, Cu).

Similar to proteins peptides are polymeric biomolecules, whose
composition, sequence, and length can be selectively designed mainly through

synthetic chemistry have been widely used as templates for synthesis of metal
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NCs. Precisely, the amine and thiol groups of peptides can be utilized for the
protection and functionalization of metal NCs. GSH which is tripeptide are
extensively used for the synthesis of various luminescent metal NCs (Au, Ag, Pt,
and Cu NC). 34396263At the same time many synthetic peptides are designed
specifically based on their substrate recognition properties and requisite activity
for the synthesis of metal NCs and are gaining lots of attention owing to its

exceptional properties.3439

DNA oligonucleotides as Templates: The interactions of metal cations with DNA

which is a polynucleotide consisting of nitrogen-containing nucleobase (i.e.
guanine , adenine, thymine or cytosine) along with deoxyribose and a phosphate
group have been studied predominantly for metal NCs synthesis.”> It has been
used for the synthesis of Au, Ag and Cu NCs extensively.23.33 At the same time there
is a report of Ag NCs generating different emission colors like blue, green, yellow

NIR using single stranded DNA as its template.”®
1.3.3. Gold Nanoclusters (Au NCs)

Au NCs (size <2 nm) due to its stable chemical property, facile synthesis, and
nontoxicity has received enormous attention and are the most broadly studied
material. Au NCs typically composed of a few to 100 gold atoms and are associated
with intriguing molecular like properties such as strong photoluminescence in the
visible to near-infrared (NIR) region, quantized charging, HOMO-LUMO transition,
molecular magnetism, molecular chirality, long lifetime, large Stokes shift,
photostability, biocompatibility and do not exhibit surface plasmon resonance
(SPR).242832Djfferent methods like microwave assisted, sonochemical,
photoreductive, etching based, electrostatically-induced reversible phase-transfer
and template based synthesis of Au NCs are widely studied?2832.77-79 as illustrated
in Figure 1.2. Among these the most common strategy to prepare Au NCs involves
ligand and template assisted wet chemical reduction technique which uses
reducing and capping agents to reduce the precursors of Au3* to Au* and then
finally to Au(0).”7 Various types of proteins (BSA, lysozyme, transferrin, trypsin,
lactoferrin etc.)6467.69.70.80 peptides (GSH),3%63 polymers (PAA, PTMP-PMAA

etc.)>65%61 were used for Au NCs synthesis. At the same time it is well established
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Figurel.2. Illustration of synthetic strategies of synthesis of luminescent Au NCs and
effects of ligands in its luminescence property. Reprinted with permission from reference
77 and 23. Copyright 2015 American Chemical Society and Copyright 2014 Royal Society
of Chemistry respectively].

that thiol containing compounds acts as a capping agent primarily because of their
strong affinity towards Au and forms Au-S bond with Au atoms/ions. Glutathione
(GSH) which is a tripeptide and a naturally available thiol containing molecule has
been used for synthesis of Au NCs.3%63 Many other thiol containing groups like
dodecanethiol, D-penicillamine (DPA), lipoic acid, mercaptopropionic acid,
tiopronin, phenylethylthiolate etc. have been utilized for the preparation of
monolayer-protected fluorescent Au NCs.3278 The surface ligands play a vital role
in influencing the luminescence property by preventing it from aggregation in the

following ways:

¢ Charge transfer from the surface ligands to the gold core by forming Au-S
bonds

¢ Direct donation of electrons from ligand (electron rich atoms or groups) to

Au core.
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1.3.4 Copper Nanoclusters (Cu NCs)

Newly emerging ultra-small copper nanoclusters (Cu NCs) comprising of a few to a
hundred copper (Cu) atoms have received great attention due to their atomic
precision, easy access, water solubility, ease of functionalization, low cost, good
optical and rich catalytic properties.81 Additionally low cost of Cu NCs along with
its tuneable luminescence property makes them a better option for various
multidisciplinary applications.#24954 However with considerable efforts in recent
years a promising improvement has been made to overcome the intrinsic

tendency of Cu NCs towards oxidation.*2

The most commonly used method for the synthesis of Cu NCs is the wet
chemistry process where Cu NCs are formed by the reduction of Cu (II) ions to Cu
atoms in solution. Than clustering of Cu atom takes place in association with
suitable template, stabilizer and reducing agents.8? This synthesis method can be
further categorised into ligand assisted methods, template-assisted methods,
electrochemical synthesis, and etching methods.8283 Selection of suitable ligand is
an important step as it is a fundamental component for generating high yields
luminescent Cu NCs and protects it from aggregation and oxidation.8283 Ligands
contain specific functional groups which have affinity towards copper and
prevents nanoparticle formations by protecting them from aggregation by either
charge or steric effects.82 Thiolate ligands like GSH,#284 penicillamine,>*
phenylethanethiol, 85  dihydrolipoic  acid,*?°0  mercaptobenzoic  acids,8¢
cysteamine8? etc are some of the common ligands used for Cu NCs synthesis which

resulted in enhanced PL properties and prevents it from aggregation.

In template assisted method, first the Cu (II) ions bind with suitable
template having specific structure and with the help of reducing agents it is
reduced into Cu atoms and clusters on the template, forming Cu NCs.82 Template
provides the steric protection and prevents it from oxidation and aggregation.
Broadly the templates used for Cu NCs are polymers, DNA, proteins and
peptides.8283 [llustrations of essential steps for the synthesis of Cu NCs taking
protein as a template are depicted in (Figure 1.3). Examples of some of the

polymers employed for synthesis of high yield Cu NCs are poly (amidoamine)
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(PAMAM), 58poly (propylene imine),82 poly (methacrylic acid),®” pentaerythritol
tetrakis 3-mercaptopropionate, Poly (ethylene glycol),88 lipoic acid 4950 etc.
Similarly ssDNA,89 dsDNA,%0 proteins like bovine serum albumin (BSA),%5

lysozyme,%® transferrin,”! trypsin,’3 are widely used for Cu NCs synthesis.

‘:&\ Lysozyme & NaOH
@ Cu* © NH,

Fluorescent Cu NCs

Figure 1.3.1llustration of essential steps for the synthesis of Cu NCs taking protein as a
template. [Reprinted with permission from reference 66. Copyright 2014 American
Chemical Society].

1.4 Applications of metal NCs (Au and Cu NCs)

Metal nanoclusters have widespread applications in the field of healthcare,
environment and energy.3® Uses of metal NCs in the field of therapeutics,2°
bioimaging,’” light emitting devices (LEDs)'213 and as theranostics?2°! are

illustrated below (Figure 1.4).
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Figurel.4. Applications of metal nanoclusters on major domains: energy, environment,
and biology. [Reprinted with permission from reference 36. Copyright 2014 John Wiley
and Sons].

1.4.1 Metal NCs in Therapeutics

Metal nanoclusters with therapeutic applications:

) /’5ﬁi5gpaw sa;at;egd\
fionjopaUsD

Figure 1.5 Therapeutic applications of metal nanoclusters. [Reprinted with permission
from reference 20. Copyright 2015 Royal Society of Chemistry].

1.4.1(a) Cancer Therapy : Metal nanoclusters owing to its good optical

properties shows great potential for applications in cancer treatment where
detection, diagnosis and therapy can be achieved. Metal NCs like Au NCs and Cu
NCs modified into multifunctional theranostic nanocomposite®24749 have been
extensively studied for bioimaging,’766 targeted drug delivery,697193
chemotherapy,4293 immune therapy,®* stem cell therapy,?> hormone therapy and
recombinant protein cancer therapy.?®°7 In addition, luminescence intensity of
NCs has employed as potent intracellular thermometer for temperature detection
in living cells.?8 In fact metal NCs has also found an application as radiosensitizers
for cancer radiotherapy,”® photodynamic therapy (PDT)1% and photo thermal

therapy as well.101,102

1.4.2 (b) Gene Therapy : A nanocarrier that incorporates desirable

characteristics into a single gene delivery system have shown great potential to
improve gene therapy owing to its well-defined physicochemical properties,
improved DNA packaging capacity and enhanced targeted delivery to tumors with

high degree of molecular diversity. Many novel nanocarriers incorporating metal

11
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NCs have been applied in the field of gene delivery for combating genetic diseases
and cancer.2047 Further multifunctional probe (Ag NCs) has been designed
comprising of cell-specific aptamer for their promising application for siRNA

delivery and tracking.103

1.4.3 (c) Vaccine Development: Inmunotherapy has been commonly used for

treatment of various types of viral diseases such as those associated with human
papilloma virus (HPVs), cytomegalovirus (CMV) and Epstein Bar virus (EBV). In
recent times immunotherapy with advancement of research in use of monoclonal
antibodies, have gained much importance for treatment of some types of cancer
like bladder cancer, cervical cancer and breast cancer. There are reports of
synthesis of Ag NCs and Au NCs on DNA supplemented with cytosine-phosphate-
guanine dinucleotide (CpG) motif and ovalbumin (OVA) conjugated with CpG
oligonucleotide respectively. These acted as self-vaccines with combinatory

effects of enhanced immune response and cell imaging. 20

1.4.4 (d) Antimicrobial agent : Development of rapid, accurate, and
simultaneous bacterial identification method is in great demand to overcome the
total time taken for diagnostics and hence quick treatment. In this regard, metal
NCs of Au, Ag and Cu having bright luminescence, good stability, and excellent
water solubility, has been extensively studied for reduction of overall time taken
for their identification. Several protein based NCs were explored as sensing
probes for broad-band labelling of pathogenic bacteria including both Gram-
positive and Gram negative bacteria.?0 At the same time it can effectively inhibit
the antibiotic-resistant bacteria, including pan-drug-resistant Acinetobacter
baumannii and vancomycin resistant Enterococcus faecalis with least toxicity to
the cells.194 NCs have enhanced therapeutic activity than NPs which has been
studied with Au NCs in case of both Gram positive and Gram negative bacteria. It
reveals that along with membrane disruptions, Au NCs induce intracellular
metabolic imbalance through intracellular ROS generation and thus the
consequent killing effect (Figure 1.6).31 Additionally, surface functionalization of
the Au NCs has been used for the receptor specific detection of pathogenic as well

as environmental bacteria with enhanced selectivity.

12
TH-1880_126153007



Chapter 1
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Figure 1.6. Antibacterial mechanism of Au NPs and Au NCs on bacteria. [Reprinted with
permission from reference 31. Copyright 2017 American Chemical Society].

1.4.2. Metal NCs as Light Emitting Devices

Metal NCs comprising of several tens of metal atoms in its core surrounded by
organic ligands on its surface, where charge transfer takes place from ligand-to-
metal or ligand-to-metal-metal. The charge transfer results in active absorption
and emission due to which metal NCs have been exploited in the field of
electroluminescent devices. Cu NCs and Au NCs have been commonly used for

generation of white light emitting devices.1213
1.4.3 Metal NCs as Theranostics

Advancement of metal nanoclusters with its distinct characteristics, has offered an
opportunity to draw diagnosis and therapy (theranostics) closer in various
biological applications.2991.105 Theranostics, is the combination of diagnosis and
therapy, have garnered lots of interest owing to its specificity towards
individualized therapies for cancer treatment through a single agent. A highly
potent and tailored theranostic agent could be established with ingenious
combinations modalities where the intrinsic luminescence of the noble metal core
can be utilized for imaging, and its unique optical properties could be exploited for
various cancer therapies.20.2991 Specifically metal NCs synthesized on biomolecule
serve as an effective theranostic agent for cancer therapy and their advantages are

as follows:

13
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% Small size for effective delivery and renal clearance.

% Bright luminescence with good quantum yield for diagnostics and
monitoring bio distribution in vivo.

% Rich surface chemistry for binding specific biological moieties with ligands
used for stabilization of metal NCs.

% Large surface to volume ratio of metal NCs serves as a reservoir for loading

multiple drugs and genes.

Cancer is manifested by various sequential mutations in cells, characterized
by uncontrolled cell growth and eventually leading to death. The most widely used
regimens for treatments include surgical intervention, radiation and
chemotherapy, which are associated with severe side effects and often Kills
normal cells as well.106107.108 Though chemotherapy has achieved improved
therapeutic effects involving small molecular anticancer drugs but is often
associated with non-specificity, rapid clearance, poor solubility and drug
resistance.19? Nanotheranostic research has experienced a great paradigm shift in
last few years with the advent of remarkable outcomes based on diagnosis and
treatment of cancer.2991105 The nanoparticle based delivery system has some

advantages:

» High dose improved delivery of less water soluble drug into cancer cells.

% Protection of the drug from degradation and hydrolysis due to harsh tumor
microenvironment.

¢ Targeted delivery of the drugs for maximum efficacy and reducing the
systemic side effects.

¢ Controlled, slow and prolong release of drugs of particular doses at specific
time points.

% Improved pharmacokinetics and drug tissue distribution.

¢ Combination therapy can be attained by loading multiple types of drugs

/diagnostic agents which could help to overcome multidrug resistance.

Thus, nanocarriers have been introduced for drug delivery purpose as a

favourable solution for improved cancer therapy and to combat various problems

14
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associated with direct administration of chemotherapeutic drugs.?2110 Designing
of a good delivery system (nanocarrier) is one of the important prospect for

proper encapsulation of therapeutic agents into it for improved and target specific

drug delivery.111
1.4.4. Nanocarriers for drug Delivery

Based on Ferrari’s classification theranostic nanoparticle (nanocarrier) should

comprise of mainly three parts:

Targeting moiety
Surface
Performance enhancer modifier
(barrier penetration, bio-compatibility, stability, etc.)
Therapeutic drug
Therapeutic gene p :
Biological
Imaging agent Payload

Stimuli-responsive
heat or light generator

Carrier

Figurel.7. Schematic illustration of multifunctional nanocomposites with essential
features required for the effective delivery of therapeutic agents. [Reprinted with
permission from reference 29. Copyright 2015 American Chemical Society].

Biomedical payload - These are basically agents which includes metal NCs,2847:49
QDs,112 MRI contrast agents, CT contrast agents, anticancer drugs,113 DNA,3376 and

small interfering RNA114 and have specific role or activity.

¢ Carrier- Carriers incorporated with some essential properties allows
proper loading or binding of all biological payloads for its specific and
efficient delivery to the desired target site.?2110 At the same time it
provides physical protection to the payloads from degradation and helps
in steady release. For fast and active clinical application, the nanocarrier
should have following characteristics:
» It should be biocompatible, well characterized and multifunctional.
» Uptake specificity on cancer cells over normal cells.

» Soluble or dispersible in water.

15
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» Efficient encapsulation and release of the drugs inside the
cancerous cells.
» Extended circulating half-life, a lower rate of accumulation, and a
long shelf life.
» Preferential internalization by the tumor cells, either through active
(targeting ligands) or passive pathway (mainly size, EPR effect).
% Surface modifier - To provide enhanced additional properties like long
circulation time (e.g. PEG),11> barrier-penetrating ability, and target-specific
binding (e.g. receptors)’07193116 various surface modifiers are attached on

the surface of the carrier.

Nanocarriers are mainly categorized as- (i) organic nano carriers (e.g. lipids
or polymers),47117 which include solid lipid NP (SLN), liposomes, polymeric
NP,115117 polymeric micelles118 and more recently polymer-lipid hybrid NP (PLN)
micelles,119120 dendrimers®2121 and (ii) inorganic nanocarrier (e.g. metals or metal
oxides) such as Au, Ag, Cu, Pt, silica etc.; which have been studied in details for
various chemotherapeutic drug delivery.?? Pre-clinical and detailed studies of
some of the nanoparticle drug delivery system have already been conducted and
transformed into notable nanoparticle formulations as clinical drug products
(Table 1).

Table 1.1. Some of the examples of nanoparticle drug formulations approved by

FDA in clinical practice and under clinical trials.

. o Phase of
Trade Name | Formulation Application ; development
Abraxane albumln-b(?und Paclitaxel Metastatic breast SiprereEd
nanoparticle cancer

Metastatic breast
PEGylated and ovarian

Caelyx . Doxorubicin Approved
liposome cancer,
Kaposi sarcoma
DaunoXome Liposome Daunorubicin Kaposi sarcoma Approved
DepoCyt Liposome Cytarabine Lymphoma Approved

16
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Doxil Liposome Doxorubicin Kaposi sarcoma Approved
Polymeric
Genexol-PM micellar nano- Paclitaxel Breast cancer Approved
particle
Maraibo Liposome Vincristine Lymphoblastic Approved
4 p sulfate leukemia PP
Acute
Oncaspar PEGyla.ted Asparaginase lymphoblastic Approved
asparaginase leukemia
Pancreatic
cancer,
Gold Tumor necrosis S
CYT-6091 : softtissue Phase I/11
nanoparticle factor a .
sarcoma, ovarian,
and breast
cancer
Gold - .
AuroLase : Doxorubicin Solid tumor Phase |
nanoparticle
. IND
C-dots PEG-coated Si02 Melanoma
approved
Lipid . .
TKM-080301 . siRNA Liver cancer Phase |
nanoparticle

[Reprinted with permission from reference 111. Copyright 2014 John Wiley and Sons].

1.4.4 (a) Polymer Based Nanocarrier :

Having

excellent biocompatibility,

biodegradability, and structural versatility, polymer-based nanomaterials have
shown enormous growth as a drug delivery vehicle.11512Z These are nontoxic and
at permissible concentration, as over time it naturally degrades into carbon
dioxide and water in the body. Chitosan and protein based luminescent
nanocarrier (Au, Ag, Cu) has been employed for drug (doxorubicin, cisplatin,
paclitaxel, 5-FU etc.) and gene delivery.474992122 Some of the nanocarriers
synthesized with polymers like polyethylene glycol (PEG), poly (D,L-lactic acid),
poly (D,L-glycolic acid) and poly (&- caprolactone) have already been approved for
clinical practice.l’>122New progress has been made in incorporating imaging

modalities like MRI contrasting agents , radioactive substances for radionuclide

17
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imaging via positron emission tomography PET, single photon emission computed
tomography SPECT into therapeutic polymeric nanocarriers for combination

therapy.115

1.4.4(b) Combination Therapy for Synergistic Activity : Chemotherapy

(monotherapy) is often associated with severe side effects and increased drug
resistance.107.108109 [n this regard, combination therapy which targets and
prevents several important pathways may help in overcoming multi drug
resistance and results in enhanced synergistic therapy (Figure 1.8a).123
Combinatory strategies involved the coadministration or codelivery of two or
more drugs with different pharmacological mechanism have gained enormous
success in combating cancer due to enhanced synergistic therapeutic efficacy,
decreased unwanted side effects, low toxicity and long-term prognosis.106.123124
Some of the drugs mostly used in combinations are paclitaxel (PTX) with 5-
fluoroucacil, 123 cisplatin with doxorubicin,!2> paclitaxel (PTX) with doxorubicin126
etc.127 However, nanocarriers are mostly preferable for loading numerous
therapeutics into a single entity for parallel delivery as it provides better drug
solubility, reduced systemic toxicity, long circulation, systemic and controllable
release.?2110 Several nanocarriers involving polymers (liposome, PEG, PLGA etc.)
and metals (Au, silica) have shown promising results as in combination therapy as
described in Table 1.1 through a single vehicle.11l Additionally with the help of
complex nature of nanocarrier, delivery of both hydrophobic and hydrophilic drug

to the targeted site simultaneously have also been achieved.124

Multi-target
Combination therapy

Vascular targeting

al

Cancer cell 3@
targeting 2

65' KLAK A~ PMEMA
ﬁ%fﬁ ® surivvin
HO
Figure 1.8 Multifunctional nanoparticles for (a) multi target combination therapy.
[Reprinted with permission from reference 123. Copyright 2017 American Chemical
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Society] and (b) targeted cancer therapy [Reprinted with permission from reference
131. Copyright 2015 American Chemical Society].

1.4.4(c) Targeted Delivery: With advancement of nanoscience and

nanotechnology multifunctional pharmaceutical nanosystems are employed for
high efficiency target specific drug delivery to the tumor site while sparing the
normal cells.69707193 This has resulted in combating the undesirable toxicity
caused to the normal tissues following treatment and helps in overcoming non-
specific biodistribution, drug resistance, and unwanted adverse effect. For
enriched targeted drug delivery, nanocarriers are modified with targeting ligands,
69,70,71,93 monoclonal antibodies128 and aptamers!22130 that are specifically targeted
to the receptors or antigens overexpressed on the surface of cancer cells as
described in Table 1.2. Thus, targeting the receptors provides a promising active
targeting strategy for efficient drug/gene delivery for enhanced cancer therapy131

as represented in (Figure 1.8b).

Table 1.2 Examples of some nanocarriers with targeting agents for specific

targeting of overexpressed receptors in cancer cells.

Targeting agent Platform Receptor

FA Silica Nanoparticles FA
Tf Polymeric Nanoparticles TfR
cRGD Micelles a B,
Hyaluronic acid Silica Nanoparticles CD44
Galactosamine Polymeric Nanoparticles Asialoglycoprotein receptor
Anti- HER-2 Magnetic Nanoparticles HER-2 receptor
LA Silica Nanoparticles Asialoglycoprotein receptor
Anisamide Polymeric Nanoparticles Sigma receptors
19
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[Reprinted with permission from reference 116. Copyright 2016 Royal Society of
Chemistry].

1.5. Key areas and scopes

With the pursuit of literature review in the field of synthesis and characterisation of
metal nanoclusters and its applications as theranostics, following scopes were

identified as potential research area:

» Development of newer metal NCs using novel bio template for
luminescence based bacterial detection and enumeration, thereby
reducing the overall time taken for its treatment.

» Development of the novel metal NCs for distinction of antibiotic resistant
bacteria.

» Exploring the application of novel metal nanoclusters in the field of
energy (white light emission).

» Designing biocompatible biopolymer and drug based theranostic
nanocarries for enhanced in vitro and in vivo combination therapy for
cancer.

» Formulation of targeted luminescent nanodrug for synergistic cancer

therapy in vitro and in vivo.

1.6. Significance and the salient features of the present

study
The significance and salient features of the present study are summarised
below:

+** New facile method of synthesis of luminescent gold nanoclusters (Au NCs) has
been developed taking bacteria as template.

+* The method is new, easy, rapid, non-toxic and low cost approach and applied
for detection and enumeration of Gram positive and Gram negative bacteria.

+* Luminescence of Au NCs showed relationship with number of bacteria.

Detection of bacteria in the water samples was possible by the luminescence of

Au NCs.

20
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** Distinguishing between kanamycin resistant bacteria from non-resistant

strains was accomplished using luminescent Au NCs.
+* Bacteria templated Au NCs was employed for white light emission.

+* Luminescent PEG coated drug encapsulated composite nanoparticles (PEG-Au

NC-NaB-NPs) were developed for combination therapy.

+%* The role of ART and NaB in DNA damage and HDAC inhibition resulting in cell

death was observed both in vitro and in vivo.

+* Multifunctional targeted nanoparticulate system or nanodrug employing
stable blue emitting transferrin stabilised copper nanoclusters in combination
with the drug doxorubicin as precursors (Tf-CuNC-Dox-NPs) has been
formulated for diagnostic imaging, targeted drug delivery assisted via FRET

and therapy for in-vitro as well as in-vivo.

* The nanodrug exhibited enhanced targeting efficacy on overexpressed TfR

cells as compared with TfR less expressive cells for detection and therapy.

** A real time Forster resonance energy transfer (FRET) from Tf-Cu NCs as a
donor to Dox as an acceptor was observed and was used for cellular tracking,
drug release and imaging.

X Nanodrug showed enhanced therapeutic effect on mice bearing Daltons

Lymphoma Ascites (DLA) tumor, with survivability for 50 days.
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Chapter-Z

In situ Synthesis of Luminescent Au
Nanoclusters on Bacterial Template for
Rapid Detection, Quantification and
Distinction of Kanamycin Resistant
Bacteria

Au NCs
synthesis on
Bacteria as

Template

Ny, NACY_@AM) _GNAS> gy
g
zZ g
¥,
Gy -
L NAG NAM NAG

nAM

HAuCl: + MPA

Cop, 00
Gram -ve Gram +ve

In Chapter 2, novel facile synthesis of luminescent gold nanoclusters
(Au NCs) using bacteria as its template has been reported. The
luminescence property of the as-synthesized Au NCs was probed for
bacterial detection, enumeration and strain differentiation of Gram
positive and Gram negative bacteria. Further, it was employed to detect
bacterial contaminants from water sources and kanamycin resistant

strains.
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Chapter -2

2.1. Introduction

Rapid and easy detection of numerous drug resistant bacteria is a burgeoning field
of research in the recent time. New methods and tools based on the advanced
biochemical techniques such as, PCR,**mass spectroscopy,® immunological assays
/ micro array,® enzyme assays,” have been adopted for bacterial detection.
However, along with the time constraints and cost, these methods employ
prolonged steps for sample preparation. Detection of antibiotic resistant bacteria
using optical methods, 8 standard disk diffusion assays and E-test at various

antibiotic concentrations on strips require more than 24 h.?

Nanotechnology based solutions have gained much attention owing to
unique physiochemical properties due to small size over the conventional
methods for bacterial detection.l® Many nanoparticle-based detection methods
require functional conjugation of suitable probes,12 ligands!3-15 antibodies® and
aptamers.17 Recent progress in this field has led to the evolution of ‘lab on a chip’
for multiplex analysis with heightened sensitivity. Among this diversity of
methods, the luminescence based methods are fascinating due to rapid response
time, easy operation and sensitivity.18-20 However, organic fluorophores employed
in the routine exercises, have several limitations, which decline their widespread
applications. Further, all nanoparticle (NPs) based detections involve two-way
systems- first the synthesis of desired functionalized NPs and then the detection,
and thus the overall process is time-consuming (12-14 h for bacterial growth only,
synthesis and detection separately). In fact the optical determination of antibiotic
resistant strains involves extended procedure of synthesis and purification of
fluorophore.8 However, metal nanoclusters (NCs) have been reported to overcome
the inherent limitations of the conventional organic dyes. 21 In the size dominion of
(< 2 nm), the NPs do not support surface plasmon resonance, which is the
common phenomenon associated with the metal NPs; however they exhibit bright
luminescence due to discretization of the continuous electronic states of metal.
The synthesis of the metal NCs offers huge challenge in its stabilization due to its
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ultra-small size, which often results agglomerations of the NCs or formation of
plasmonic NPs. Macromolecules provide essential template for stabilization of the
NCs. A great repertoire of studies has employed bio -macromolecules, such as,
proteins, small molecules, and DNA as template for synthesis of the NCs that are
useful for bioimaging and sensing applications.21-24A recent report has
demonstrated the synthesis of the gold nanoclusters (Au NCs) inside cancer cells
for the use of bioimaging.2> Synthesis of Au NCs was reported using Escherichia
coli enoyl-acyl ACP reductase, an enzyme commonly known as Fabl.26Qther
reports of bacterial detection using Au NCs showed a long synthesis and detection
procedure.2’. 28 Hence, the use of entire bacteria as template for the synthesis of
NCs could be explored to utilize luminescence of the NCs for bacterial detection.
Herein a one-way procedure of bacterial detection by synthesizing highly
luminescent Au NCs on bacterial cells by slightly modifying the reaction
concentrations of mercaptopropionic acid (MPA) and gold chloride from already
established protocol has been reported.2? For the present work the reaction
mixture was exposed to (50 °C) heating for 2 min, which is less than
pasteurization. Interestingly, the luminescence intensity of the Au NCs changes
with the number of bacteria, offering a quick method to enumerate the number of
bacteria present in the samples. The method is very versatile, where both Gram
positive and Gram negative bacteria were used to synthesize Au NCs and at the
same time this method can be employed for the detection of bacterial
contamination in various water sources (samples) based on its luminescence.
Further with increase in number of antibiotic resistant bacteria the present
method can also be employed to detect antibiotic resistant strains in short time
where distinctive difference can be observed in 6h. Therefore, the current
investigation emphasizes on the development of a simple, fast detection method
for ‘point of care’ diagnosis and prognosis, based on the luminescence property of

the Au NCs on bacterial surface.
2.2. Outline of the present work

Herein, a new facile method of fluorescent gold nanoclusters (Au NCs) synthesis

on the surface of bacteria for detection, counting and strain differentiation has
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been introduced. The limit of detection (LOD) was 740 +14 CFU/mL for the Gram
negative and was 634 =16 for the Gram positive bacteria. Brief treatment with
lysozyme could differentiate the Gram strains based on their fluorescence
intensities. The current method could also detect bacterial contaminants from
water sources and kanamycin resistant strains rapidly. This quick synthesis of Au
NCs on bacterial template attributes an easy and rapid method for enumeration,

detection of bacterial contaminants and kanamycin resistant strains.

2.3. Experimental Section

2.3.1.Materials

Gold chloride (17 wt. % solution of HAuCls in dilute HCL; 99.99%) and 3-
Mercaptopropionic acid of high purity were obtained from Sigma-Aldrich
Chemicals, U.S.A. Nutrient broth (NB), Brain-Heart Infusion (BHI), growth media
were procured from HI Media, Mumbai, India. Water used in all the experiments

was high purity Milli-Q grade water (>18 MQ cm-1, Millipore).
2.3.2. Bacterial Strains

Four bacterial strains were chosen as template for cluster synthesis and detection,
which included two Gram-positive strains: Bacillus cereus MTCC 1305,
Enterococcus faecalis MTCC 439 and two Gram-negative strains: Escherichia coli
MTCC 433, Pseudomonas aeruginosa MTCC 2488 strains. Enterococcus faecalis
MTCC 439 was grown in BHI at 37° C at 220 rpm for 12 h and all the other strains

were grown in NB medium keeping the conditions intact.
2.3.3. Synthesis of Au NCs

The serial dilution was conducted on overnight grown bacteria after
centrifugation in de-ionized water. On that 90uL (10 mM) of HAuCls along with 30
uL (0.11M) of MPA was added and thoroughly mixed keeping the pH constant at
7.The samples were heated at 50 °C (less than pasteurization temperature) for 2
min followed by cooling. Bright luminescence was observed under UV trans

illuminator (Excitation 305 nm).The luminescence peak was obtained at 582 nm
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on excitation at 320 nm on Au NCs synthesized bacteria, which was not there in

case of control bacteria.
2.4. Characterization

2.4.1. Luminescence Measurements

All luminescence data were obtained from Flurolog-3, Horiba JovinYvon, Edison,
NY, USA. For this purpose, first the overnight grown bacterial culture was
harvested by centrifuging at 10,000 rpm for 1 min. The cell pellet was redisposed
in de- ionised water. The absorbance value of each bacterial strain is noted at 595
nm in UV- Vis spectrophotometer and is kept constant for all the strains. To carry
out detection of bacteria, serial dilutions from 10¢ - 102 were made and synthesis
was carried out in these, keeping all the reaction conditions intact. Further, before
synthesis 100 pl from each set was spread on agar plate to obtain colonies and
kept for overnight incubation at 37 °C. The number of colonies obtained is related
with luminescence of each set of bacteria as luminescence obtained is directly
proportional to bacterial number. The luminescence spectra obtained directs the
Au NCs formation on the bacterial surface, which was not the characteristic peak
of control bacteria. Luminescence spectra with different bacterial concentration of
two Gram positive (Bacillus cereus MTCC 1305, Enterococcus faecalis MTCC 439)
and two Gram negative strains (Escherichia coli MTCC433, Pseudomonas
aeruginosa MTCC 2488) are shown. To find out the slope between different
bacteria the logarithm of number of bacteria Log (N) CFU/mL with normalized
emission intensity was plotted which exhibited a linear relation for both Gram
positive and Gram negative (where If= Final emission intensity [; = Initial emission

intensity.
2.4.2. X- Ray Photoelectron Spectroscopy (XPS)

To find out the electronic state of Au NCs, X- Ray Photoelectron Spectroscopy was
carried out in PHI 5000 Versa Probe II scanning XPS microprobe. For this,

synthesized Au NCs on bacterial surface was taken and pellet was collected by
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centrifuging at 10,000 rpm for 1 min. The pellet was dried by lyophilisation and

measurements were taken.

2.4.3. Matrix-Assisted Laser Desorption Ionization Time of Flight

Mass Spectroscopy (MALDI-TOF-MS) Analysis

MALDI -TOF analysis was carried out in Applied Bio systems 4800 Plus MALDI
TOF/TOF Analyser where sinapinic acid was used as a matrix for the samples. The
matrix was prepared by dissolving sinapinic acid (10 mg) in a mixture of 1 mL of
50 % acetonitrile (ACN) and 0.05% of trifluroacetic acid (TFA) and were mixed in
the ratio of 1:2 (volume ratio) with Au NCs synthesized bacteria carefully and then

spotted.

2.4.4. Confocal Laser Scanning Microscopy and Deconvulation

microscopy Analysis

For CLSM studies, first the overnight grown bacteria (Escherichia coli MTCC 433)
were taken centrifuged (10,000 rpm for 1 min) and serially diluted in Milli-Q
water followed by Au NCs synthesis. After synthesis it was centrifuged again to
remove the unreacted materials and pellet was fixed with 4% formaldehyde. From
this, 60 pL of samples were taken and drop cast on a clean glass slide and was
covered with a coverslip. The prepared samples were observed under CLSM (Zeiss
microscope LSM 880) with Aex 405 nm. For Delta Vision Deconvolution Microscope
(GE Healthcare) imaging was carried out in agar pads which were prepared with
0.6% agar in LB medium, where 10uL of Au NCs synthesized bacteria were drop

casted for imaging.
2.4.5. Transmission Electron Microscopy (TEM)

To analyse the size of Au NCs, high resolution TEM (JEM-2100, JEOL, Japan) was
used, which operates at an accelerating voltage of 200 kV. For TEM analysis, the
sample as mentioned above was prepared, centrifuged and washed with water to
remove the residual media, gold and MPA and analysed by adding 8.0 pL of the
sample on carbon-coated copper grid . After complete drying the samples were

taken for measurements.
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2.4.6. Quantum Yield

The photoluminescence quantum yield of flurophore Au NCs synthesized on
bacteria was determined relative to the reference of quantum yield of known
compound quinine sulphate. The sample and a reference sample are excited at
same wavelength keeping same slits and bandwidths and hence QY is calculated

by using the formula:

_QY,mn

QY

my Ny

Where, m denotes the slope of the plot of integrated fluorescence intensity vs.
absorbance, n is the refractive index. The reference fluorophore i.e. quinine
sulphate solution is represented by suffix r .For the experiment the same solutions
were used to record both UV-Vis spectra (Perkin Elmer LS 45) and fluorescence
emission .The absorbance value was kept less than 0.01 to minimize re-absorption
effects. The refractive index of solvent (water) is 1.33 and quantum yield of the

standard (QY:) is 0.54.

2.4.7. Cell Viability MTT Assay

To study the cell viability of Au NCs synthesized bacteria MTT assay was carried
out after 24 h of treatment on HEK-293 cells. Briefly, 1x 104 cells were seeded in
each well of 96 well plates and were incubated overnight for attachment. After
this treatments were given at varied concentrations for 24 h, in triplicates.
Thereafter, MTT was added in each well and the formed formazon was dissolved
in DMSO. The absorbance of formazan, was then measured at 550 nm with
background reference measured at 655 nm in Multiplate Reader (Tecan). The cell

viability was calculated as:

ey eq- (ASSO_A655)' le
% of Cell Viability = ~EEE— 100
’ Y ( ASSO B A655 )confrof
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2.5. Results and Discussion

The Au NCs were synthesized using bacteria as its template by slightly
modifying the previous established protocol.2° Overnight grown bacteria
was collected by centrifugation and then re-dispersed in water at different
dilution. To this bacterial solution, 0.01 M mercaptopropionic acid (MPA)
and 10 mM gold solution (HAuCls) were added followed by heating at 50 °C
for 2 min. The schematic representation of Au NCs synthesized bacteria and
its role in enumeration, differentiation between Gram positive and Gram
negative bacteria and kanamycin resistant strains has been explicated in

(Figure 2.1).
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Figure 2.1. Schematic representation of Au NCs synthesized on bacteria and their role in
enumeration, and differentiation between Gram positive and Gram negative bacteria and
kanamycin resistant strains.
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The formation of the Au NCs was confirmed by the fluorescence spectroscopy by
observing the luminescence peak at 580 nm after the formation of Au NCs (Figure

2.2a); however, the plasmon peak around 520 nm, which is a typical signature of the

gold nanoparticles (Au NPs) was not seen in UV-Vis spectroscopy (Figure
2.2b).The control bacteria i.e., without Au NCs synthesis has no peak in the
red region, whereas after synthesis of the Au NCs strong luminescence was

observed at 580 nm when excited at 320 nm (Figure 2.2a).
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Figure 2.2. (a) Luminescence spectra of control bacterium and Au NCs synthesized
on bacterium along with the inset image (b) UV-Vis spectra of Au NCs synthesized

on bacterium.

Interestingly, the luminescence intensity gradually increases with
bacterial numbers as depicted in (Figure 2.3) and the same phenomenon

could be visualized in the inset of (Figure 2.3). This experiment was
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Figure 2.3. (a) Plot of luminescence intensity versus wavelength in the presence of
increasing number of bacteria in the medium of synthesis. Control: Au NCs
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synthesized (with HAuCls and MPA) in absence of bacteria. S1, S2, S2, S4 and S5
correspond to bacterial number in the medium 0.74 x 103, 0.74 x 104, 0.74 x 105,

0.74 x 106and 1.48 x 108, respectively.

performed with two Gram positive (Bacillus cereus MTCC 1305,
Enterococcus faecalis MTCC 439) and two Gram negative strains (Escherichia
coli MTCC 433, Pseudomonas aeruginosa MTCC 2488), where luminescence

increased with the number of bacteria (Figure 2.4).
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Figure 2.4. Increase in luminescence intensity of Au NCs synthesized on bacteria
with increase in number of bacterial cells when excited at 320nm. (a) Bacillus
cereus MTCC 1305 (b) Enterococcus faecalis MTCC 439 (c) Escherichia coli MTCC
433 and (d) Pseudomonas aeruginosa MTCC 2488.

The luminescence of Au NCs originates from ligand to metal charge
transfer where MPA and gold salts forms -S-Au complexes. Also, it may be
speculated that attachment of ligand stabilized Au NCs on the bacterial cell
wall lead to the restricted motion of the ligands. This might have led to

lowering of non-radiative transitions and energy loss thus increasing the
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luminescence quantum yield. This observation is consistent with the
literature reports of aggregation induced emission enhancement (AIEE) and
other such enhancements of photoluminescence.3%31Here (MPA) served as
the surface passivizing agent for the Au NCs and was responsible for optical
and colloidal stability of Au NCs by forming -S-Au bonds. Whereas, bacterial
cell wall served as template for the synthesis of Au NCs, possibly interacted
with the carboxyl groups (-COOH) of MPA and ultimately produced stable
luminescent Au NCs. Hence Au NCs stability was imparted through
interactions with the surface proteins of bacterial cell wall. To confirm the
formation of Au NCs, X-ray photoelectron spectroscopy (XPS) was
performed, which exhibited peaks at 82.62 eV and 86.27 eV corresponding
to the Au (4f5/2, 4f7/2) (FigureZ2.5).
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Figure 2.5. XPS spectrum of Au NCs synthesized on Escherichia coli MTCC 433.

At the same time matrix assisted laser desorption/ionisation - time of
flight (MALDI-TOF) based mass spectrometric measurements (using
sinapinic acid as the matrix) analysis of as-synthesized sample revealed
suggestive information about formation of Aui9 and Auzz atomic clusters
(Figure 2.6 a-d). The peaks (m/z) were obtained at 5807, 5788, 5385,
5382, and 6332, which were assigned to 19, 19, 19, 19, 22 atoms of gold,
respectively. However, stabilizing ligands were also considered for the

calculation of masses, which were calculated to be [Aui9+MPA19+3Na-
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3H], [Au19+MPA1g+7 Na - 8 H], [Au19 +MPA5+ 3Na - 4H], [AuioMPA15+3Na-

3H], and [Auz2+ MPA19] respectively. Whereas no such peak was observed in

control bacteria (Figure 2.6 e).
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Figure 2.6 MALDI-TOF spectrum of Au NCs synthesized on Escherichia coli
showing peaks at 5807, 5788 ,5385 , 5382, 6332 which corresponds to 19 and 22
atoms of gold, (a-d) Results of the experiments carried out at different times and
(e) MALDI -TOF MS spectra of control bacteria.

Au NCs formation on bacterial surface was also observed under confocal
laser microscopy, where the bright yellow orange luminescence was
observed on the surface of bacteria (Figure 2.7 a) on exciting it with 405

nm. The bright field image of the same was shown in (Figure 2.7 b).
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Figure 2.7. (a) CLSM image of Au NCs synthesized on bacterium Escherichia coli MTCC
433and (b) Bright field image of the same bacterium (i.e., treated with precursors for the
synthesis of Au NCs).

TEM image clearly depicted the presence of Au NCs on the bacterial
surface (Figure 2.8 a-c). For TEM analysis, as-synthesized bacterial sample
was drop cast into the TEM grid after centrifuging at 8,000 rpm for 5 min to
remove the unreacted materials and re-dispersed into deionized water. The
Au NCs were prominent on the magnified image of the highlighted bacterial
surface (Figure 2.8 b and c), while surface of the control bacteria remained

clear as illustrated in (Figure 2.8 e and f).

Figure 2.8 TEM images of Au NCs synthesized on a Gram negative (Escherichia coli
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MTCC 433) bacterium. (a) Au NCs synthesized bacterium, the portion to be
magnified was marked in yellow. (b and c) Magnified image of the same sample
clearly showing the formation of the Au NCs on the surface, some of the Au NCs are
highlighted by white and red circles. (d) TEM image of control Gram negative
bacterium (Escherichia coli MTCC 433) i.e. without Au NCs synthesis and the
portion to be magnified is marked in yellow and (e) Magnified image of the same
sample.

The magnified TEM image of Au NCs synthesized on bacteria revealed that
the average particle size was found to be less than 2nm. The energy
dispersive X-ray spectrum (EDX) was also performed during TEM analysis,
which confirmed the presence of the metal Au (0) (Figure 2.9) on Au NCs
synthesized on bacterium. However, the EDX spectrum of control bacterium

does not reveal the same (Figure 2.10).
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Figure 2.9. EDX of Au NCs synthesized bacterium Escherichia coli MTCC 433.
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Figure 2.10. (a) TEM image of control Escherichia coli (i.e., bacterium without Au
NCs). (b) Magnified image of the same bacterium. (c) Energy dispersive X-ray
spectrum (EDX) of the same bacterium.

Further to enlighten the role of bacteria for Au NCs synthesis few control
experiments were performed. Au NCs produced without bacteria were not
stable for longer time. To check the stability of Au NCs without bacteria,
time dependent measurements were carried out by probing the
luminescence of control Au NCs (without bacteria) and Au NCs synthesized
on bacteria. It was found that luminescence of the control significantly
declined within 60 min whereas in 60 min there was slight reduction in the
luminescence of Au NCs synthesized on bacteria (Figure 2.11 a and b).At
the same time luminescence of Au NCs on bacteria was much higher as

compared to the control (Figure 2.11 c).
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Figure 2.11. (a) Luminescence of control (without bacteria) with precursors of Au
NCs (HAuCls and MPA) at different time points. (b) Luminescence of Au NCs
synthesized on bacteria at different time points. (c) Luminescence of control Au
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NCs (without bacteria) and Au NCs synthesized on bacteria at 0 min with same
concentration of precursors (HAuCls and MPA).

Importantly, emission intensity of Au NCs was found to be gradually
augmented with increasing number of both Gram positive and Gram
negative bacteria. This offers plausibility to count the number of bacteria
present in the test sample. For this purpose, the bacterial strains were
grown in the culture media for 12 h. The cells were collected by
centrifugation at 6000 rpm for 5 min, and the pellets were re-suspended in
water. The Au NCs were synthesized using the same reaction condition by
varying the numbers of bacteria and were prepared by serial dilutions (102,
103, 104, 105 and 109) of the original stock of the bacteria. It was observed
that by keeping the concentration of the gold salt and MPA fixed, the
emission intensity of the Au NCs increased with the number of the
respective bacterial strains while maintaining an identical reaction
condition. Since, the emission intensity of the Au NCs varied based on the
number of bacteria present in the test sample, thus it was used to correlate
with the number of bacteria. The increased luminescence intensity was
normalized with respect to the initial value (luminescence intensity of
control i.e, MPA and HAuCls only) and plotted with Log of CFU/mL of
bacteria (where If= Final emission intensity I; = Initial emission intensity)
and the linear relationship was observed. The experiments were carried out
on two Gram positive bacteria (Bacillus cereus MTCC 1305 Enterococcus
faecalis MTCC 439) and two Gram negative bacteria (Escherichia coli MTCC
433 Pseudomonas aeruginosa MTCC 2488) (Figure 2.12 a-d) .Interestingly,
the results revealed that the slope values were different for Gram positive
and Gram negative bacteria. The linearity of the plot observed herein,
signified that the emission of Au NCs synthesized on the surface of bacteria
was directly dependent on the Log number of CFU/mL for respective strains
of Gram positive and Gram negative bacteria. The difference in the slope
could possibly due to the variation in the cell wall compositions of the Gram
positive and Gram negative bacteria, where it might have acted as scaffolds
for Au NCs synthesis. To find out the exact number of bacteria, a standard

plate count method was followed and the values were obtained after
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Figure 2.12. Relative increase in the luminescence intensity with log number of
bacteria (CFU/mL-1).(a) Bacillus cerius MTCC 1305, (b) Enterococcus faecalis MTCC
439, (c) Escherichia coli MTCC 433 and (d) Pseudomonas aeruginosa MTCC 2488.
Here Ir= final emission intensity and Ii= initial emission intensity. Data are
represented by taking average + SD of three individual experiments.

multiplication with the corresponding dilution factors. For this the same
amount of bacteria (by following serial dilution method) used for Au NCs
synthesis were grown in the agar plate to find out the exact number of
bacteria (CFU/mL). The average limit of detection (LOD) was found to be
634 *16 and 740 *14 CFU/mL, for Gram positive and Gram negative
bacteria respectively. The quantum yield of Au NCs synthesized on bacteria
was found to be 1.6% (Figure 2.13). Thus, the interaction between the
clusters and the functional groups on bacterial surface was evident to
correlate the luminescence intensity of bacteria and finally, validates the
direct relation of PL enhancement with number of bacteria used for Au NCs

synthesis. Further, the restriction of the motion of the stabilizing ligand,
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upon binding with the cell wall, might have prevented the loss of energy into

non-radiative pathways and enhancing the luminescence quantum yield.
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Figure 2.13.Quantum yield of Au NCs synthesized on bacteria.

The outer layer of the cell walls of both Gram positive and Gram

negative bacteria contains peptidoglycan, though the thickness is
significantly higher in Gram positive than the outer membrane (OM) of
Gram negative bacteria. It has been reported that phosphoryl group present
in the linkage unit along with two sugars of teichoic acid are covalently
linked with the sugars of peptidoglycan layer, which are the active cation
binding sites. In contrast Gram negative bacteria have an extra outer
membrane along with peptidoglycan layer, which contains phospholipids,
lipoproteins, lipopolysaccharides and proteins, where phosphoryl groups
are present in phospholipids in the same fashion as teichoic acid. Negative
charge of the cell wall could play a major role in metal adsorption, as
reported by the molecular stimulation techniques.32

Additionally, the intrinsic properties of bacterial cell wall composition
were investigated to distinguish between the Gram positive and the Gram
negative strains. It is evident from TEM images that primarily outer layer
i.e., peptidoglycan of the cell wall was serving as scaffold for the Au NCs,

which can be tuned for bacterial strain selectivity. Thus the role of bacterial

cell wall in the stabilization of Au NCs, both Gram positive and Gram
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negative bacteria were treated with lysozyme (1 mg/mL) for various time
periods (0, 20 and 30 min). It is to be noted here that lysozyme used here is
only to degrade the cell wall of bacteria, 33 which had been removed from
the medium following treatment. Thereafter, the cells were collected,
washed with PBS and were used as templates for Au NC synthesis
maintaining the same reaction condition and precursors (i.e., HAuCl4 and
MPA). The results revealed that the emission intensity of Au NCs
synthesized after lysozyme treatment in case of Gram positive bacteria was
low as compared to that of lysozyme treated-Gram negative bacteria at both
the time points, indicating the possibility of the role of bacterial cell wall as a
scaffold for Au NCs (Figure 2.14). It is well-known that both Gram positive
and Gram negative bacteria have peptidoglycan as cell wall components;
however, its thickness is different in Gram positive than Gram negative
bacteria. Gram positive bacteria have thick peptidoglycan layer, which is
known to be sensitive towards lysozyme.33 Whereas, Gram negative
bacteria have two layered wall structures with thinner peptidoglycan layer,
which is covered by outer membrane comprising of phospholipids,
lipoproteins, lipopolysaccharides, proteins and thus is prevented or less
affected by lysozyme action. Hence, on lysozyme treatment, the cell wall of
Gram positive bacteria degraded fast and therefore the luminescence of the
product Au NCs was less in comparison to that of Au NCs formed in the
presence of lysozyme-treated Gram negative bacteria. Thus the method
offered the scope of distinguishing Gram positive and Gram negative
bacteria based on the luminescence of Au NCs. Here, the control stands for
Au NCs synthesis on Gram positive and Gram negative bacteria without
treatment with lysozyme, which has been converted to 100% for
comparison with the treated groups (lysozyme treatment at two time
points), respectively.

At the same time the current method was employed to test the
presence of bacteria (bacterial contaminants) in water for its practicability.

Water from three different sources, namely, laboratory waste water, river
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Figure 2.14. (a) Luminescence intensity of Au NCs synthesized after lysozyme
treatment on both Gram positive (Bacillus cereus) and Gram negative (Escherichia
coli) bacteria at different time interval (0, 20 and 30 min).

water, and pond water, along with a control group (i.e. Milli-Q grade water),
were collected. To detect bacteria in water samples, Au NCs were
synthesized as mentioned earlier using water from different sources. The
luminescence peak was observed with all the water samples except in the
control group (Figure 2.15). Subsequently, the presence of bacteria was
confirmed by agar plate colony count method, where no colonies were
observed with Milli-Q water and the highest numbers of colonies were
found in the laboratory waste water, as the number of bacteria was highest
in that case. Thus, the probe for bacterial detection i.e. the luminescence
property of Au NCs synthesized on bacteria is directly proportional to

number of bacteria in the system.
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Figure 2.15. Luminescence spectra of bacteria in four different water samples i.e.
control (Milli-Q water), lab waste water, river water, pond water.

Further, the luminescence of Au NCs on bacteria was explored to find
out the antibiotic resistant strains as well. To circumvent the threat of
antibiotic resistance bacteria via early detection, the current method was
used to find out the antibiotic resistant strain based on the luminescence
intensity of Au NCs synthesized on bacteria. It is to be noted here that
mostly antibiotic discs were used to find out antibiotic resistant strains
which takes 10-12 h to form colonies. For this application pet-28a (DH5-a.),
pEGFP-N1 (DH5-a) which are kanamycin antibiotic resistant strains and
Gram positive Bacillus cereus MTCC 1305 and Gram negative Escherichia coli
MTCC 433 bacteria non-kanamycin resistant, were chosen. First the
respective strains of bacteria (5x10¢) with kanamycin (10 pL of 50 mg/mL)
and then at different time points (0, 3, 6, 9 and 12 h) bacteria were collected
by centrifugation, which was followed by Au NCs synthesis. Remarkably,
after 6 h significant difference in the emission of Au NCs was observed in
case of kanamycin resistant strains (pet-28a and pEGFP-N1) in comparison
to the non-kanamycin-resistant strains (Figure 2.16). This is mainly
because kanamycin inhibits the growth of non-resistant bacteria (Gram
positive Bacillus cereus MTCC 1305 and Gram negative Escherichia coli

MTCC 433) whereas resistant strains grow with time. As already mentioned
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Figure 2.16. Normalized luminescence intensity of Au NCs synthesized on
different strains of bacteria. Pet-28a and pEGFP-N1 are antibiotic (kanamycin)
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resistant strain and Gram positive (Bacillus cereus MTCC 1305) and Gram negative
(Escherichia coli MTCC 433) are wild strains. Plot was generated by average + SD of
three individual experiments. The ANOVA test revealed the statistical significance,
which is represented by *’ (p < 0.05), “*** (p < 0.001), and “**** (p < 0.0001).

before, the linearity of the plots indicated that the emission of Au NCs
synthesized directly depended on the Log number of CFU/mL of bacteria.
Hence, the current method can be employed to find out kanamycin resistant
strains within 6 h based on Au NCs synthesized on bacterial surface where
emission of Au NCs is directly proportional to number of bacteria. Hence,
the overall time for detection has been drastically reduced as Au NCs
synthesis was possible at all the respective time points while growing the
bacteria. Therefore, the luminescence of Au NCs was useful for detection of
bacteria in a very short time, while normally bacterial detection needs at
least 12 h for its growth followed by different procedures of detection. At
the same time, cellular cytotoxicity of the Au NCs synthesized on bacteria
was also checked following incubation with HEK-293 cells for 24 h and was

found to be non-toxic (Figure 2.17).
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Figure 2.17. MTT assay of Au NCs synthesized on bacteria (at various
concentrations) on HEK-293 cells performed following incubation for 24 h.

The AFM analysis was also performed to monitor the structural changes on
the surface of bacteria (Gram negative Escherichia coli MTCC 433). It has

been found that the bacterial surface was rough and indented after
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synthesis of Au NCs, as compared to the control bacteria (Figure 2.18 a and
b). The surface roughness and indentation of the bacteria after Au NCs

synthesis were quantified using Gwiyddion software analysis (Table A2.1,

Appendix).

97 nm
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Figure 2.18. AFM image of (a) Au NCs synthesized bacteria and (b) Control
bacteria.

2.6 Conclusions

In summary, a new method of synthesis of Au NCs using bacteria as template has
been developed. The luminescence property of the as-synthesized Au NCs was
probed for bacterial detection and counting. This method was applied to analyse
bacterial contamination in water from various sources. Furthermore, the method
distinguished between kanamycin resistant bacterial strains using fluorescence of
Au NCs on the bacteria. The major advantage of this method is to detect bacteria
with in short time as direct synthesis on bacteria can be used for detection as
opposed to available routine detection techniques. Thus, the current method is a
new, easy, rapid, non-toxic and possibly low cost approach for detection,
enumeration of Gram positive and Gram negative, kanamycin resistant strains and

bacterial contamination in water sources.
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Chapter 2 Appendix

Appendix of Chapter- 2: A2

Table S1. Surface roughness and indentation of statistics of control
bacteria and bacteria after Au NCs synthesis quantified using
Gwiddion software analysis.

Statistical Quantities of Control Statistical Quantities of treated

File: D:\NEW\Controlled File:

433_00006.gwy D:\NEW\bac 00003 1 2d.tif

Data channel: Topography Data channel: Detail 4

Selected area: 512 x 512 at (0, 0) px Selected area: 309 x 309 at (0, 0) px
2.500 x 2.500 at (0.000, 0.000) pm 3.018 x 3.018 at (0.000,

Mask in use: No 0.000) pm

Minimum: 0.000 nm Mask in use: No

Maximum: 97.177 nm Minimum: 0.00 nm

Average value: 37.644 nm Maximum: 208.00 nm

Median: 21.206 nm Average value: 113.82 nm

Ra (Sa): 24.024 nm Median: 113.89 nm

Rms (Sq): 26.386 nm Ra (Sa): 34.56 nm

Rms (grain-wise): 26.386 nm Rms (Sq): 41.44 nm

Skew: 0.6956 Rms (grain-wise): 41.44 nm

Kurtosis: -1.223 Skew: -0.06817

Surface area:  6.589594 pm”2 Kurtosis: -0.7388

Projected area: 6.250000 um”2 Surface area:  9.410890 um”2

Variation: 1.5874 pm”2 Projected area: 9.105778 pm”2

Entropy: -16.806 Variation: 2.0591 pm"2

Entropy deficit: 0.77403 Entropy: -15.619

Inclination 6:  0.14 deg Entropy deficit: 0.038534
80.17 deg Inclination 6:  0.44 deg
Inclination ¢: -91.88 deg

Inclination ¢:
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Chapter-3

White Light Emission from Gold
Nanoclusters Embedded Bacteria

\ \ HAuCl4

mercaptopropionic
acid ‘

Green Fluoresscent protein White luminescent
expressing bacteria bacteria

In Chapter 3, the unprecedented synthesis of gold nanoclusters using
green fluorescent protein (GFP)-expressing bacteria as the stabilizer
has been reported. Combining the blue and green fluorescence of GFP-
expressing bacteria and orange luminescence of the nanoclusters, white
light emission associated with appreciable quantum yield, colour

rendering index and correlated colour temperature was achieved.
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Chapter 3

3.1. Introduction

With increasing global consumption, energy-demanding conventional
incandescent lights are being phased out in favour of devices utilizing more
efficient advanced light-emitting materials.l# For example, current stress on the
development of luminescent quantum dots, carbon dots and metal atom based
nanoclusters (NCs) as potent light-emitting nanoscale materials is driven by
achievable high emission/quantum efficiency, and control over chromaticity, color
rendering indices and correlated color temperature. In this regard, white light-
emitting (WLE) materials providing energy efficiency are an area of research
where new ideas could make a potential difference to the technology and
devices.>7 The importance of white light-emitting materials lies in their potential
as the chief component in displays and light-emitting devices (LEDs).2 A general
strategy that has been widely employed to achieve white light emission is
“mixing” of red, green and blue light-emitting components, which eventually
suffers from an inherent limitation of distortion in color chromaticity, self-

absorption and color ageing.®

A way out of this limitation could be based on the development of multi-
component (primarily inorganic) composite materials, which would emit white
light as a combination of base colors from the components. This may not only
improve the efficiency, but also would lead to devices with high spatial
resolutions. For example, if inorganic nanocrystals (such as ZnS) could be surface
functionalized with inorganic complexes - in addition to being doped with cations
such as Mn?* - the overall emission from the single nanoparticle could be white
light.10 In addition, the color and other indices could be tuned not only based on
the dopants but also on the concentration and nature of complex (es) present on
the surface. On the other hand, organic nanomaterial based white light-emitting
sources such as carbon quantum dots and graphene are also under focus for

development.ll Moreover, single organic molecules have been recently reported
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to emit white light based on fundamental principles like aggregation-induced
emission.12 Excited state intermolecular proton transfer (ESIPT) has also emerged

as an effective strategy for white light emission from a single fluorophore.13

Recent interests in luminescent bacterial species have heralded important
advancements in understanding the molecular mechanisms of living systems. For
example, photoluminescent green, yellow and red fluorescent proteins expressed
in bacteria, cells and even in animals have contributed greatly as probes for
cellular events.1# Interestingly, bioluminescent bacteria have recently been used
to illuminate the streets of Paris as a demonstration of futuristic sustainable
lighting.1> This has been achieved by filling up transparent cases with bacteria
along with their means of survival i.e., sugar and oxygen. The commercial success
of this endeavour would further provide impetus to establishing “bio lights” as an
alternative to traditional means of light emission. At the same time, these
luminescent bacteria can be utilized for establishing the mechanism of drug
delivery. For the ease of synthesis and environmental friendliness, biosynthesis of
such emitters may be the best way forward. On the other hand, for stability and

ease of tunability of color indices, inorganic components may be essential.

Luminescent atomic clusters - especially of noble metals -could be of great
significance with regard to generation of light. Their size, by dint of being in the
range of the Fermi wavelength of electrons, confers them with quantized energy
levels, which depend on the number of constituent atoms.1® Using colloidal
chemistry routes, these clusters could easily be synthesized - with uniform size -
in a liquid medium. The luminescent properties of the clusters could be modified
using appropriate stabilizing ligands during synthesis or by the formation of an
assembly.l” Importantly, while there have been a growing number of reports on
their utility as probes for sensing and assays, focus on their usage as potent light-
emitting materials is yet to begin. In this regard, generation of white light-emitting
materials would be of great interest. It may be remarkable if the light-emitting
materials could be obtained using biochemical routes involving prokaryotic cells,
which are rather easy to culture in the laboratory. This is even more appropriate,

given the abundance of proteins present on the bacterial cell wall, which are not
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only useful for stabilizing luminescent atomic clusters, but also likely to contribute

to the overall luminescence through their blue emissions.

3.2. Outline of the Present Work

Herein, the synthesis of gold nanoclusters (Au NCs) on the cell wall of green
fluorescent protein (GFP)-expressing bacteria leading to efficient white light
emission has been reported. The blue and green emission from GFP-expressing
bacteria in combination with orange luminescence from the synthesized Au NCs
on the former led to an overall white luminescence from the bacterial cell (upon
excitation at 320 nm) with near-to-perfect chromaticity coordinates of white light
and appreciable quantum yield. Additionally, confocal laser scanning microscopy
(CLSM) investigations revealed that white light emission from a single bacterium

could be observed following the synthesis of NCs.

3.3. Experimental Section

3.3.1.Materials

Tetrachloroauric acid (17 wt. % solution of HAuCls in dilute HCl; 99.99%) and 3-
mercaptopropionic acid were purchased from Sigma-Aldrich Chemicals, U.S.A.
Growth media for different bacteria i.e. nutrient broth (NB) for Bacillus cereus
MTCC 1305, brain-heart infusion (BHI) for Enterococcus faecalis MTCC 439 and
Luria-Bertani broth (LB) for GFP and Escherichia coli MTCC 433 were procured
from Hi Media, Mumbai, India. Milli-Q grade water (>18 M cm-1, Millipore)

water was used for all the experiments.

3.3.2. Bacterial Strains

The generation of white light has been achieved with two Gram negative and two
Gram positive bacteria. Gram negative bacteria Escherichia coli MTCC 433 and
GFP-expressing Escherichia coli were grown in Luria-Bertani broth (LB) under
ambient condition (37°C at 220 rpm for 12 h). Whereas Gram positive Bacillus
cereus MTCC 1305 and Enterococcus faecalis MTCC 439 bacteria were grown in
nutrient broth (NB) and brain heart infusion Broth (BHI) media respectively
under similar conditions.
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3.3.3.Synthesis of Au NCs on Bacteria

The dispersion containing bacteria (grown overnight) were centrifuged at 10,000
rpm for 2 min. The so obtained pellet was washed with de-ionized water and
redispersed in water. The dispersed bacteria were serially diluted to obtain
bacterial concentrations of 2 x 106, 106,10> and 104. In order to synthesise Au NCs
on bacterial template, 18uL HAuCls (10 mM) and 6uL of 0.11M MPA were added to
a dispersion containing bacteria. The pH of the dispersion was maintained at ~7.
Following thorough mixing, the dispersion was kept at 37 °C for 5 min and was
cooled thereafter. The dispersion obtained herein was luminescent upon
excitation at 320 nm. The luminescent dispersion was centrifuged at a speed of
10,000 rpm for 2 min. The pellet following repeated washing was thereafter

redispersed in water and was used for further experiments.
3.3.4.Calculation of quantum yield

The quantum yield of white luminescent bacteria was calculated with reference to
quinine sulphate in 0.1 M H2S04. The following equation has been employed to

calculate the quantum yield of white luminescent GFP-expressing bacteria:

QBac = QRref (Ibac/IRef) x (ARef/ABac) x [n2 Bac/ n 2Ref)
Here, QBac= Quantum yield of Au NCs synthesised on GFP-expressing bacteria;
Qref = Quantum yield of quinine sulphate. It has been reported as 0.54

Igac= Area under photoluminescence curve of Au NCs synthesised on GFP
expressing bacteria

[ref = Area under photoluminescence curve of quinine sulphate
Arer = Absorbance of quinine sulphate
Agac= Absorbance of Au NCs synthesised on GFP-expressing bacteria

n = Refractive Index of Au NCs synthesised on GFP-expressing bacteria and

quinine sulphate respectively
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The optical density of all the samples was maintained below 0.1. The quantum

yield has been calculated to be 2.5 + 0.7%.
3.4. Characterization

3.4.1. UV-Vis and luminescence measurements

UV-visible spectrophotometer (PerkinElmer Lamda 25) was used for recording
the UV-Vis absorbance spectra. Photoluminescence measurements were

performed using Fluromax - 4 spectrofluorimeter (Horiba Jobin Yvon).
3.4.2. Transmission Electron Microscopy (TEM) analysis

TEM analysis was performed using Jeol JEM 2100 operating at an accelerating
voltage of 200 KV. TEM samples were prepared by drop casting the sample onto a
carbon coated copper TEM grid.

3.4.3. X- Ray Photoelectron Spectroscopy (XPS) analysis

To confirm the electronic state of Au NCs synthesized on the surface of bacteria X-
ray photoelectron spectroscopy (XPS) analysis was carried out in PHI 5000 Versa

Probe II, FEI Inc. scanning XPS microprobe.
3.4.4. Field-Emission Scanning Electron Microscopy (FESEM)

JEOL JSM-7610F was used for FESEM analysis of the samples. The dispersion was
drop cast onto an aluminium foil and was dried in a desiccator. Prior to analysis,
the samples were coated with platinum using platinum coating sputter coater

(JEC-3000FC auto fine coater) JEOL.
3.4.5. Atomic Force Microscopy (AFM)

The prepared samples were drop cast on an aluminium foil and observed under

atomic force microscope (Agilent, Model 5500 series).
3.4.6. Confocal Microscopy

White light generation from bacteria was confirmed by detailed confocal studies
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using Zeiss LSM 880 microscope. The as synthesized Au NCs on bacteria were
drop cast on a glass slide and was covered with a coverslip which was further
sealed on both sides by using nail paint. The prepared samples were observed
under different emission range e.g. blue, green and red (upon excitation at
405nm). Samples containing control GFP-expressing bacteria were excited using a

laser source of 488 nm.
3.4.7. CIE chromaticity coordinates

The “go cie” software was used to calculate the CIE chromaticity coordinates.
3.5. Results and Discussion

Experimentally, the reaction of tetrachloroauric acid (HAuCl4) in the presence of
mercaptopropionic acid (MPA) and GFP-expressing bacteria led to the formation
of a colloidal dispersion. The details of the reaction procedure are given in the
experimental section. The UV-Vis absorption spectrum of the dispersion showed a
broad absorption in the region of 200-400 nm with no prominent absorbance
peak edge. Importantly, the absorption spectrum was devoid of the characteristic
peak due to surface plasmon resonance of Au nanoparticles (which typically
appears at about 530 nm), thereby discounting the formation of gold
nanoparticles as a product of the reaction between HAuCls and MPA in the
presence of bacteria (Figure 3.1 a). Also, the UV-Vis spectrum of GFP-expressing
bacteria without Au nanoclusters synthesized on it (Figure 3.1b) was observed to
exhibit an absorbance maximum at 264 nm, which could be attributed to the
absorbance of aromatic amino acids constituting the proteins present on the
bacterial cell wall. However, following the synthesis of Au nanoclusters on the
bacterial surface, the UV-Vis absorbance spectrum was devoid of this peak. This
indicates possible involvement of bacterial proteins in cluster synthesis. The
dispersion was photoluminescent upon excitation at 320 nm (Figure 3.1c). The
emission spectrum was further deconvoluted and the presence of two emission
peaks with maxima at 435 nm and 582 nm was thus confirmed (Figure 3.1d). The
peak at 435 nm is attributed to the proteins present on the surface of the

bacteria.l® On the other hand; the peak at 582 nm indicated the formation of Au
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NCs in the medium. Further, since peaks could still be observed following
centrifugation and redispersion of the product, it may be plausible that the so
produced NCs could be present in the bacteria. It is interesting to observe that the
peak due to GFP (in the bacteria) at 510 nm (Figure 3.1e) was no longer

prominent in the spectrum of the reaction product.
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Figure 3.1. (a) UV-Vis spectrum of Au NCs synthesized on GFP-expressing E.Coli. (b) UV-
Vis absorbance spectrum of GFP-expressing E.Coli. (c) Photoluminescence spectrum of Au
NCs synthesized on GFP-expressing E.Coli. (d) De-convoluted emission spectrum of GFP-
expressing E.Coli following synthesis of Au nanoclusters. (e) Photoluminescence spectrum

of green fluorescent protein expressing E.Col.

That was probably due to the formation of NCs embedded in the bacteria, which

led to the quenching of the fluorescence due to the protein (i.e.,, GFP) inside the
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bacterial cell. This is indicative of the formation of luminescent atomic
nanoclusters on the surface of bacteria.MPA has been used herein to reduce Au
(IIT) salt to Au (I) thiolates and Au (0) based on an earlier report.1?® Additionally,
the amine and thiol groups of amino acid residues constituting the proteins
present on the bacterial surface might have been instrumental in reducing Au (III)
salt (in conjunction with MPA) as well as in the stabilization of the nanoclusters.
Transmission electron microscopy (TEM) analysis revealed that particles with size
of 2.02 * 0.71 nm were formed on the bacteria (Figure3.2a). A closer
investigation of the images indicated that the density of particles at the edge of the
bacterium appeared to be higher than at the centre. This could be due to the
formation of particles on the surface of the bacterial cell. The TEM image of
control GFP-expressing bacteria (Figure 3.2b) was observed to be distinctly
different from the TEM image of GFP-expressing bacteria with gold nanoclusters
synthesized on it. While the latter shows the presence of particles of the order of 2
nm on the bacterial surface, the former was devoid of such particles. That these
particles formed on the surface of the bacteria were Au (0) was confirmed by X-
ray photoelectron spectroscopic measurements. The results (Figure 3.2c) showed
peaks occurring at 83.88 eV and 87.59 eV, which are due to Au (0). The peak at
84.66 eV also indicated attachment of Au to thiol groups of protein.
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Figure 3.2. (a) TEM image of Au NCs synthesized on GFP expressing E.Coli. (b) TEM
image of GFP-expressing E.Coli (control). (c) XPS analysis of Au NCs synthesized on GFP-
expressing E.Coll.

It may be mentioned here that Matrix assisted laser desorption ionization
(MALDI)-MS is not a suitable technique to calculate the number of atoms in a
cluster moiety owing to the possibility of fragmentation of the clusters.20
Additionally, elucidation of the chemical formula of atomic clusters on the
bacterial surface is even more tedious as well as prone to error given the
complexity of chemical composition of the latter and was deemed not appropriate.
Atomic force microscopy measurements indicated an increase in the roughness of
the surface of the bacterium following the synthesis of Au NCs (Figure 3.3). This
was further supported by field emission scanning electron microscopy

measurements (Figure 3.4).

— V'.5-° pm

Figure 3.3. Atomic force microscopic (AFM) image of (a) green fluorescent protein (GFP)
expressing E.Coli following synthesis of Au NCs and (b) control GFP E.Coli.

Fortuitously, the presence of two peaks (at 435 nm and 582 nm), due to the
surface proteins and Au NCs on the bacterial surface, which spanned the entire
visible wavelength region, provided an opportunity to achieve white light
emission. This was achieved by varying the ratio of the number of bacteria and
HAuCl4 precursor concentration. The photoluminescence spectra for such varying

ratios are shown in (Figure3.5a). As is clear from the figure, the ratio of the two
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peak intensities could easily be tuned. Also, commission internationale de

'elcairage (CIE) coordinate measurements indicated values of 0.33 and 0.31 for

Figure 3.4. FESEM image of (a) control GFP-expressing E.Coli (b) High magnification
image of (a) FESEM image of (c) GFP-expressing E.Coli following synthesis of Au NCs and

(d) High magnification image of (c).

the clusters produced from a bacterial number of 105, 0.018mL of 10 mM HAuCls

and 0.006 mL of 0.11 M MPA (Figure 3.5b). The quantum yield associated with

this white light-emitting system was calculated to be 2.5 * 0.7%.
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Figure 3.5 (a) Photoluminescence spectra of Au NCs synthesized on GFP-expressing E.coli
using (i) 2x10¢ (ii) 106 (iii) 105 and (iv) 10* number of bacteria. The concentrations of
HAuCls and MPA were kept constant in all the cases. (b) CIE chromaticity diagram of Au
NCs synthesized on GFP-expressing bacteria-emitting white light. The excitation
wavelength was set at 320 nm.

However, as discussed above, the development of single emitting white light
species is a key to progress in the field of light-emitting devices. In the present
case, the individual bacterial cells containing Au NCs were probed using CLSM
with laser excitation at 405 nm. The images in (Figure 3.6) clearly reveal white
luminescence from single bacterial species. Further analysis demonstrated that
the white light emission was composed of blue, green and red emission
components. Thus, the characteristic white light emission from a single bacterium
consisted of basic colours. It may be noted here that the overall emitting colors of
the bacterial cells (containing Au NCs) could be tuned based on the ratio of
bacteria, HAuCls and MPA. It is to be noted here that CLSM analysis showing white
light-emitting bacteria was performed on dried samples of bacterial surface
embedded with Au NCs. Hence, it can be concluded that the white light-emitting
nature of bacteria remains preserved in the dried state, which is the key to

development of bacteria based white light-emitting devices.
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Figure 3.6. CLSM image of Au NCs synthesized on GFP-expressing E.Coli upon laser
excitation of 405 nm in the (a) green (b) blue and (c) red channels. (d) Merged image of
(a), (b) and (c) showing white light emission.

Further, the crucial role of Au NCs in overall white light emission was verified
using the CLSM study. Control GFP-expressing bacteria were bright green
luminescent under CLSM (Figure A3.1, Appendix). In an allied vein, the mixture
of Au NCs synthesized on GFP-expressing bacteria and control GFP bacteria was
studied under CLSM. It is to be mentioned here that the luminescence quantum
yield of GFP-expressing bacteria following the synthesis of Au NCs is sufficiently
low compared to GFP-expressing bacteria. The difference in luminescence
between the two, in fact, was used as a parameter to distinguish between Au NC
synthesized bacteria and control GFP-expressing bacteria in the mixture of the
two. Upon excitation of the sample at an excitation wavelength corresponding to
emission of GFP-expressing bacteria (488 nm), the control GFP-expressing
bacteria were bright green luminescent while the ones with Au NCs synthesized
on them showed attenuated luminescence (Figure A3.2, Appendix). On the other
hand, upon excitation of the mixture at a wavelength corresponding to Au NC
synthesized bacteria (405 nm) - which is far from excitation of GFP-expressing
bacteria - those bacteria that showed minimum luminescence upon excitation at a
wavelength corresponding to emission of GFP-expressing bacteria now showed
considerable white luminescence, while GFP-expressing bacteria devoid of Au NCs
were almost nonluminescent under this excitation wavelength (Figure A3.3,
Appendix).These results further confirmed the potential role of Au NCs
synthesized on GFP bacteria in white light emission.

Additionally, to emphasize the candidature of bacterial cells as a versatile
template for cluster synthesis and thereby a white light-emitting material, Au NCs
were synthesized on various other bacterial strains including Gram negative
Escherichia coli MTCC 433, Gram positive Bacillus cereus MTCC 1305 and
Enterococcus faecalis MTCC 439 bacteria. In a manner much similar to GFP-
expressing bacteria, upon tuning the ratio of the number of bacteria and
precursors for cluster synthesis (i.e. gold precursor and MPA), white light
emission was achieved (Figure 3.7-3.9). Interestingly, keeping the concentration
of the precursors (Au (III) and MPA) unaltered for all the strains, the number of
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bacteria required for white light emission was different for different strains. For
example, in the case of Escherichia coli MTCC 433 and Bacillus cereus MTCC 1305,
10¢ bacteria were required to generate white luminescence for a particular
concentration of HAuCl4 and MPA. However, keeping the concentration of HAuCls
and MPA unaltered, 10% bacteria were required for the generation of white
luminescence for Enterococcus faecalis MTCC 439. This further indicated the
crucial role of proteins (the content of which is different in each strain) present on

bacterial cells in white light emission.

PL Intensity(a.u.)
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Figure 3.7. (a) Photoluminescence spectrum of non GFP-expressing Escherichia coli
MTCC 433 following synthesis of Au NCs, (b) Corresponding CIE chromaticity diagram
showing chromaticity index of 0.33, 0.31.
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Figure 3.8. (a) Photoluminescence spectrum of Bacillus cereus MTCC 1305 bacterial
strain following synthesis of Au NCs, (b) Corresponding CIE chromaticity diagram
showing chromaticity index of 0.31, 0.28.

71
TH-1880_126153007



Chapter 3

PL Intensity (a.u.)

- 71—
350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 3.9. (a) Photoluminescence spectrum of Enterococcus faecalis MTCC 439 bacterial
strain following synthesis of Au NCs, (b) Corresponding CIE chromaticity diagram
showing chromaticity index of 0.34, 0.32.

With regard to white light-emitting materials, correlated color temperature (CCT)
and color rendering index (CRI) are the key factors that decide the potential of the
former as a futuristic light-emitting device. In the present study, CCT and CRI for
Au NC synthesized white light-emitting GFP-expressing bacteria have been
computed to be 77 and 6380 K, respectively. Importantly, the CCT value obtained
herein corresponds to that of bright bluish white light, which is analogous to
daylight and is well suited for display applications. Similarly, the CRI value
suggests that the bacterial white light reported herein is appropriate for
commercial purposes with fine resolution. On a similar note, Gram negative
Escherichia coli MTCC 433, Gram positive Bacillus cereus MTCC 1305 and
Enterococcus faecalis MTCC 439 bacteria have also been found to provide white
light emission associated with CRI and CCT values suitable for commercial
applications (as tabulated in Table A3.1, Appendix). Further, to justify the
candidature of the white light-emitting bacteria as a potential LED device, the
temperature-dependant stability of the same has been studied. The microscopic
slide containing GFP-expressing bacteria embedded with gold nanoclusters has
been maintained at 30 °C for 2-3 min and thereafter the confocal laser scanning
microscopy (CLSM) images showing the presence of single white light-emitting
bacteria were acquired. The same slide was then maintained at a temperature of
50 °C for 2-3 min and then brought to room temperature. Thereafter, the CLSM

images were recorded again, which still showed the presence of white light-
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emitting bacteria. This cycle was repeated. Interestingly, it was observed that the
white light emission from single GFP-expressing bacteria with gold nanoclusters
synthesized on them, though attenuated to some extent possibly owing to the
effect of heat, was still preserved following repeated heating and cooling cycles
(Figure 3.10). In an allied vein, the time-dependant stability of white light
emitting bacteria was also studied. Time-dependent CLSM analysis of GFP-
expressing bacteria with gold nanoclusters synthesized on them (fixed on a

microscopic slide) was done at an interval of 24 h for 2 days. The white light

emission from cluster-containing bacteria was found to be almost unaffected

(Figure 3.11).

Figure 3.10. CLSM images of GFP-expressing bacteria following synthesis of Au
nanoclusters acquired at various thermal conditions. Stage 1: 30 °C, Stage 2: heated at 50
°C followed by cooling at room temperature, Stage 3: Again heated at 50 °C followed by
cooling at room temperature.

It is encouraging to note that the fabrication of biomolecules such as protein-
based hybrid white light-emitting LED devices has been demonstrated recently.21
It would also be interesting to fabricate similar devices using bacteria, which

would require extensive studies involving the stability of the species under
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different environmental conditions. An important candidate in this regard could
be thermophilic bacteria, 22 which may provide stability to the device even at

considerably higher temperatures.

Figure 3.11. CLSM images of GFP-expressing Escherichia coli following synthesis of Au
nanoclusters acquired at various time intervals.

3.6. Conclusion

In a nutshell, proteins present on unicellular bacteria have been used as a
template for the synthesis of atomic clusters. Orange luminescent quantum
clusters in conjunction with the blue-emitting proteins constituting the bacterial
cell wall led to overall white light emission. It is believed that the concept of
white light emission introduced herein based on living organisms opens up a
new avenue for the development of cost effective and sustainable light-emitting
materials. The study reported introduces a novel concept of using non-
pathogenic and non-toxic bio-organisms as templates for the synthesis of
clusters to achieve perfect white light emission with appreciable CRI and CCT
values.
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Chapter 3 Appendix

Appendix of Chapter- 3 :A3

Figure A3.1. CLSM image of GFP expressing bacteria.

Figure A3.2. CLSM image of a mixture of control GFP expressing bacteria and Au NCs
synthesised on the former at a laser excitation of 488 nm.
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Figure A3.3. CLSM image of a mixture of control GFP expressing bacteria and Au NCs
synthesised on the former at a laser excitation of 405 nm.

Table A3.1. Correlated color temperature (CCT) and Colour rendering index
(CRI) calculated on various strains of bacteria emitting white light.

Bacterial strain CCT CRI
Bacillus Cereus MTCC
2 1
1305 7329 8
Escherichia Coli MTCC
5589 74
433
Enterococcus Faecalis
MTCC 439 4936 72
78
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Chapter-4

PEG-Encapsulated HDACi Drug-
Composite Nanoparticles for
Combination Therapy with Artesunate
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In Chapter 4, Luminescent Au nanoclusters (Au NCs) were formulated into
spherical PEG —Au NC encapsulated drug -sodium butyrate (NaB) composite
nanoparticles (PEG-Au NC-NaB-NPs) in presence of PEG and NaB. Their effect
on cancer cells were investigated using bio imaging, unravelling the mechanism
of endocytosis pathway and combination therapeutic interventions with a plant
based antimalarial drug artesunate (ART). Combination of PEG-Au NC-NaB-
NPs with ART displayed enhanced therapeutic activity at a reduced dose
compared to its individual doses and reveals heightened synergistic activity. In
vivo activity of the NPs was evaluated on Daltons lymphoma ascites (DLA)
bearing mice, which exhibited significant reduction of tumor volume and viable

tumor cells with prolonged life span.
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Chapter -4

4.1. Introduction

With various treatment options such as surgical intervention, chemotherapy,
radiotherapy for cancer, the most widely used single chemotherapeutic activity
(monotherapy) has become less attractive for clinical applications due to its
association with many drawbacks, such as high toxicity, nonspecificity and drug
resistance.l This is mainly because of the physiological heterogeneity of cancers
with complex tumor microenvironment, which harbour abnormalities in multiple
signal pathways and are often associated with drug resistance.8-11 Along with this,
the conventional chemotherapeutic drugs like doxorubicin, paclitaxel and
cisplatin are associated with adverse side effects, which induced paradigm shift
towards alternative drugs or combination drug therapy. Combination therapy is
the co-administration of two different drugs with different pharmacological
mechanism, which achieves therapeutic synergy efficacy, reduced toxicity and
long term prognosis.12-16 Thus, the suitable combinations of drugs are essential to
overcome the drug resistance and enhanced therapeutic activity for preclinical
and clinical cancer treatment.®7.91316 At the same time use of alternative drugs for
combinational therapy as new effective therapeutics for cancer treatment remains
an important endeavour to reduce overall cytotoxicity associated with standard
chemotherapeutic drugs.117-1° The shortcomings associated with general
administration of different therapeutics (drugs) for combination therapy lies in its
distinct pharmacokinetic profiles leading to inconsistent bio distribution and thus
an inefficient therapy. In addition, therapeutic drugs are not directly delivered
into targeted tumor sites, which induce adverse effects on normal cells and result
in killing of normal cells as well.# 20. 21 Therefore, novel approaches that can
overcome the biological barriers and work upon the malignant cells selectively
without affecting the normal cells by delivering the optimal dosage of the

therapeutics in the complex tumor environment competently is desired.
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In the last few years, with advanced understandings of development of
cancer, remarkable breakthroughs were unveiled for its diagnosis and treatment
in the field of nanomedicine.* 14 22-25 For the nanoparticle based therapeutics,
nanocarriers and nanodrugs were poised to significantly improve the
aforementioned shortcomings as revealed by some prominent reports, where
some were already approved for clinical practices.#5626 The nanoparticle based
therapeutics and nanocarriers of various metallic nanoparticles like gold, silver,
copper and silica have many advantages like better solubility, advanced delivery,
protection from tumor microenvironment and controlled release associated with
it.6:2327.28 [n addition, surface modification of nanoparticles with poly ethylene
glycol (PEG) can augment these activities and have improved drug delivery
properties, prolonged circulation life time with enhanced protection from
clearance by mononuclear phagocytic systems.223931 [n fact PEG and many other
polymers are formulated into drug containing nanoparticles2932 and have longer
in vivo circulation time as well. In this regard, the use of biocompatible
luminescent metal nanoclusters (NCs), which has been growing as a promising
tool for theranostic purposes was mostly anticipated where their luminescence
property could also be explored for probing and understanding of mechanism of
uptake and activity.2>27.28 Metal NCs of Au, Ag and Cu have been extensively used
for drug delivery purposes where Au NCs because of its stability, potentially less
toxicity or noncytoxicity, significant luminescence properties and low
photobleaching arose as new option, overcoming the limits associated with
organic dyes and quantum dots .2>27.33 Thus, polymer PEG coated nanodrug has
been synthesized by slightly modifying chitosan based Au NCs as reported earlier
33 with the help of negatively charged drug sodium butyrate (NaB). As mentioned
earlier, because of the drug resistance and side effects associated with standard
chemotherapeutic drugs, novel drugs for cancer therapeutics are of intense

interest.

As many epigenetic pathways are associated with cancer, one of the prime
regulatory mechanisms is the acetylation status of genes controlled by histone
acetyltransferases (HAT) and histone deacetylases (HDAC) for monitoring gene

expression and chromatin structure.3* At the same time, development of histone
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deacetylase inhibitors (HDACi) has been received as a promising new class of
antineoplastic therapy for anticancer targets, which works by reactivation of
tumor suppressor genes.3>36 One of the common HDACI drugs is sodium butyrate
(NaB), which is a short fatty acid chain. NaB is present in the human colon as a
product of carbohydrate metabolism and is produced by bacterial fermentation
naturally.3” Moreover, the promising results of NaB as an anti-tumour drug,
possibly through inhibition of histone deacetylase (HDAC), have led to phase I and
phase II clinical trials.3® NaB acting as an HDACI, is known to exhibit anticancer
effects via differentiation of carcinoma cells and instigate apoptosis in cancer cells
both in vivo and in several pre-clinical models.3>3% However, HDACi, although
being a potent anti-cancer drug, has limitation of short half-life i.e. easily
metabolised and therefore it has better activity in combination with other
therapeutic drugs in clinical studies.3639 Moreover, there are reports of NaB
delivery by solid lipid nanoparticles to overcome the constraints associated with
fast metabolism of NaB.38 Hence NaB was used for nanodrug formulations for its
enhanced delivery and is intended for combination therapy for which a plant

based drug was chosen.

Due to the adverse side effects associated with standard chemotherapeutic
drugs, plant based and naturally available active anti-cancer drugs provide better
alternatives and their use for anti-cancer treatment is in demand .49 In the last few
decades, Artemisinin, which is a plant derivative from Chinese medicinal plant
Artemisia annua L. (sweet wormwood) have been used as an well-established
antimalarial drug#l Its semisynthetic derivatives are dihydroartemisinin,
artesunic acid, and artemether where artemisinin and sodium artesunate are
water soluble salt of artesunic acid. World Health Organization (WHO) have
recently recommended use of artemisinin and sodium artesunate for
chemotherapy of humans (Artemisinin-based combination therapy - ACT) in
combination with conventional drugs for malaria.# Many reports suggests DNA
fragmentation leading to DNA damage as a prime reason for anticancer activity of
artesunate (ART).#2 As ART is a prescribed remedy for malarial treatment without
any adverse effects and have potent anticancer activity, combination therapy will

aid to reduce the overall dose of ART and show enhanced activity along with NaB.
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There is a report of using ART and NaB together but detailed understanding of
their fate and anticancer mechanism were not well studied.3® Thus, for
combination therapy with ART, a smart theranostic material was desired, having
cytotoxic activity with reduced side effects and which can be probed to elucidate

the mechanism.

4.2. Outline of the present work

Herein, a polymer PEG coated luminescent nanoparticles were synthesized with
Au NCs and negatively charged drug NaB. NaB and PEG reacted with Au NCs and
formulated into spherical polymer drug encapsulated composite nanoparticle,
which is referred as (PEG-Au NCs-NaB-NPs). The luminescent nanoparticles were
used as a probe for uptake studies. Here to reduce the side effects associated with
regular chemotherapeutic drugs, a plant based drug (ART) with anticancer
property and a naturally available short chain fatty acid (NaB) were chosen for
combinational cancer therapy. This resulted in enhanced synergistic therapeutic
activity and the mechanism of synergy was elucidated in details. To the best of
information for the first time a polymer coated HDACi drug encapsulated
composite nanoparticles synthesized herein were studied in detail for
combination therapy with ART. The synergy of action of both the drugs i.e., NaB
and ART was studied and the mechanism has been studied meticulously. In vivo
studies were also conducted for its efficacy in Swiss albino mice with Dalton’s

lymphoma Ascites (DLA) to endorse it for real life applications.28

4.3. Experimental Section

4.3.1. Materials

Chitosan (degree of deacetylation >75%), HAuCls (Au, 17 wt % in dilute HCI;
99.99%), mercapto propionic acid(MPA), sodium butyrate (NaB), (3-(4, 5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) (MTT), sinapinic acid,
propium iodide, (5,5,6,6’-tetrachloro-1,1’,3,3’- tetraethylbenzimi-
dazolylcarbocyanine iodide (JC-1), chloropromazine methyl-3-cyclodextrin and
HDAC Activity Assay Kit were obtained from Sigma-Aldrich, U.S.A. Artesunate was
procured from commercial source. AnnexinV-7AAD kit used for apoptosis and

APO-DIRECT™ Kit i.e., for TUNEL assay were acquired from BD lifescience. For
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lysosomal staining, lysopainter green was used, which was purchased from
Abcam. For all experiments, Milli-Q grade water (18.2 MQ cm) was used. HeLa
(human cervical carcinoma) cells were procured from National Centre for Cell

Sciences, India (NCCS) Pune.

4.3.2.Synthesis of PEG coated composite NPs of Chitosan -Au NCs-

NaB

For the synthesis of PEG coated composite NPs, first Au NCs were synthesized by
slightly modifying previous protocol. Thus 1.5 mL of 0.5% (w/v) chitosan was
added in 8 mL of H20 in a reaction vessel under constant stirring. Into this 180 pL
of 10 mM HAuCls and 60 pL of 0.11 M MPA were added and stirred for 10 min.
Chitosan used as the template was first prepared by dissolving 0.5% (w/v) of
chitosan in 0.1% (v/v) acetic acid and kept for overnight stirring, which was then
filtered by using Whatman filter paper to eliminate the residuals. The pH of the
chitosan solution was adjusted at 6.2 prior to synthesis of Au NCs. For the
synthesis of the composite NPs, 50 mM NaB (negatively charged drug), which
served as ion gelating agent was added into 2 mL of Au NC solution. For the
coating of PEG, 200 pL of PEG-400 was taken in 1 mL of chloroform and added
drop wise into as synthesized Au NC solution under probe sonication (50
amplitude) in an ice cold condition for 10 min. Thus PEG coated drug encapsulated
composite NPs (PEG-Au NC-NaB NPs) was formed in the aqueous phase, which
was collected carefully and centrifuged at 12,000 rpm for 10 minutes. Finally, the
precipitate was re-dispersed in 2 mL PBS buffer (pH 7.4) and store at 4 °C for

further use.
4.3.3. Drug Encapsulation Efficiency

The encapsulation efficiency of the drug was calculated based on the luminescence
of Au NCs.?27” For this in a fixed concentration of Au NCs (v/v) varied
concentrations of NaB drug (10, 20, 30, 40, 50 and 60 mM) were added and
incubated for 3 h. This was followed by PEG coating and drug encapsulated
nanoparticle synthesis with the help of probe sonicator as already mentioned. The

aqueous phase was collected followed by centrifugation and the precipitate was
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re-dispersed in water. To find out drug encapsulation efficiency the luminescence
of Au NCs was probed using fluorescence spectrophotometer LS55 Perkin-Elmer,
at excitation and emission wavelengths of 320 nm and 610 nm, respectively.
Therefore, the luminescence of control Au NCs (without drug) was measured and

Au NCs (with different concentration of drugs) was calculated as follows:

AuUNCs; — AuNCs;
AuNCs;

E.E%=

4.3.4 In vitro experiments (Mammalian Cell Culture)

The human cervical cancer cell lines (HeLa), were chosen for all the experiments
which were procured from National Centre for Cell Sciences, Pune. Cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose)
supplemented with 10% FBS, 10,000 units of penicillin and 10 mg/mL
streptomycin. The cultured cells were maintained in CO2 incubator with 5%

carbon dioxide in humidified atmosphere.
4.3.4 a. Cell Viability Assay

The cytotoxic activity of composite nanoparticles along with various controls were
carried out with the help of MTT (3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) assay. For this the treatments with the respective
composites and individual drugs were given for 48 h followed by MTT assay.
Briefly, 96 well plates were seeded with 10x 103 cells/well and were allowed to
attach for 24h. Treatments were given for 48 h, in triplicates with varied
concentrations of Au NCs, NaB (50 mM), PEG -Au NC-NaB-NPs (32.5 mM with
respect to NaB, ART (200 pM) and PEG-AuNC-NaB-NPs-ART (where NaB
concentration is fixed i.e., 1.8 mM and varied ART concentration i.e., 100 uM). MTT
was added after the completion of the treatment period in each well and
incubated at 37 °C for 3 h which resulted in formazon formation. The formed
formazon corresponds to the number of living cells and was formed due to
reduction of MTT in respiratorial mitochondria which was dissolved in DMSO. The

measurements were taken at 550 nm with background reference measured at 655
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nm in multiplate reader (Tecan) and were calculated based on the following

formula:
(ASSO - A655)sample
(Asso - A655)control

% of cell viability= x100

4.3.4 b. Determination of Reactive Oxygen Species Generation with FACS

The reactive oxygen species generated on treatment with Au NCs, NaB, PEG Au
NC-NaB-NPs, ART and PEG-AuNC-NaB-NPs-ART were investigated in CytoFLEX
flow cytometer (Beckman Coulter) by staining the samples with 2,7-
dichlorofluoresceindiacetate (DCFH-DA; Sigma-Aldrich, USA). For this 10 x 103
cells/well were seeded in 6 well plates and were allowed to grow overnight. After
acquiring required confluency, the cells were treated with I1Cso dose of Au NCs,
NaB, PEG Au NC-NaB-NPs, ART and PEG-AuNC-NaB-NPs-ART for 3 h. Thereafter,
the respective wells along with the control were incubated with 10 uM of DCFH-
DA at 37 °C for 30 min. DCFH-DA, which is a flurogenic dye, diffuses into the cell
through plasma membrane and is converted to a non-fluorescent compound DCFH
by cellular esterase. The DCFH in presence of ROS generated by the cell is oxidized
into highly fluorescent compound 2’, 7' -dichlorofluorescein (DCF) having green
fluorescence (Aex=488 nm and Aem=530 nm). Thus the obtained green fluorescence
was analyzed in FITC channel (530/30nm), which corresponds to green emission.
For this the cells were collected after 30 min treatment and were analysed using

CytoFLEX flow cytometer (Beckman Coulter).
4.3.4 c. JC-1 staining

Apoptosis involves series of events like release of caspase activators such as
cytochrome C, alterations in electron transport, and loss of mitochondrial
transmembrane potential, which ultimately resulted in cell death. For early stages
of programmed cell death, many changes happen in mitochondria like variations
in its membrane potential. For this a membrane-permeant cationic lipophilic dye
(5,5,6,6’-tetrachloro-1,1’,3,3’- tetraethylbenzimi-dazolylcarbocyanine iodide (JC-
1) is widely used for effective distinction between apoptotic and healthy cells
based on mitochondrial health. In normal healthy cells (high mitochondrial

transmembrane potential) JC-1 naturally forms complexes known as J-aggregates
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in mitochondrial matrix and gives intense red fluorescence. But in apoptotic or
unhealthy cells JC-1 remains in the monomeric form as low mitochondrial
transmembrane potential prevents its accumulation in the mitochondria.
Therefore, the dye is disseminated throughout the cell, which leads to shifting
from red (J-aggregates) to green fluorescence (JC-1 monomers) and thus gives
green fluorescence. For this, the cells (10 x103) were grown in life cell imaging
plates (from Thermofisher) and treatments with ICso dose of NaB (10.52 mM),
PEG Au NC-NaB-NPs (8.69 mM), ART (51.40 pM) and PEG-AuNC-NaB-NPs-ART
(concentration of NaB is 1.8 mM and ART is 17.32 uM) for 48 h were given. The
cells were washed and phenol red free DMEM medium was added along with
incubation with JC-1 dye (2.7 pM) for 10 min and then life cell imaging was
conducted. CLSM was carried out in simultaneous mode for red (Aex = 525 nm) and

green emission ( Aex = 480 nm), respectively.
4.3.4 d. HDAC Inhibition Assay

HDAC inhibition was estimated using flurometric HDAC Activity Assay Kit (Sigma),
which offers a simple method for the detection of HDAC activity based on a
enzymatic reaction. For this, cells were incubated with NaB (10.52 mM), PEG Au
NC-NaB-NPs (8.69 mM with respect to NaB), ART (51.40 uM) and PEG-AuNC-NaB-
NPs-ART where NaB concentration is fixed i.e.,, 1.8 mM and ART concentration is
17.32 uM) for 4 h. Following treatment, the cells were lysed with buffer containing
50 mM HEPES, 150 mM NacCl, and 0.1% Triton X-100 supplemented with protease
inhibitor cocktail. The obtained cell lysates were then sonicated and further
experiments were performed as per the protocol provided with the Kkit. Tecan
plate reader (Infinite® 200 PRO, Tecan, Switzerland) was used to measure the

luminescence intensity with Aex = 350 nm and Aem = 440 nm.
4.3.4 e. Cell Cycle Analysis

Propidium iodide (PI) based cell cycle analysis for DNA content measurement was
carried out in CytoFLEX flow cytometer (Beckman Coulter), which distinguishes
cells in different phases of the cell cycle. Here PI stains DNA quantitatively after
permeabilisation. Cells (10 x 103 cells / well) were seeded in a 6 well plate and

treatment with ICso dose of Au NCs, NaB, PEG Au NC-NaB-NPs, ART and PEG-

88
TH-1880_126153007


https://en.wikipedia.org/wiki/Cell_cycle

Chapter 4

AuNC-NaB-NPs-ART were given for 48 h. Thereafter cells were collected and fixed
with ice cold (1 mL) 70% ethanol. Ethanol was added slowly while vortexing and
cells were then stored at -20 °C for 1 h. Then 70% ethanol was removed by
centrifugation by discarding the supernatant and the pellet was redispersed in
PBS followed by incubation in 0.4 mg/mL RNase solution for 1 h at 37 °C. At last
cells were incubated with PI (10 ug/mL) for 30 min under dark condition and
thereafter analysis was carried in PE-A channel (band-pass filter, 585/42 nm) of
CytoFLEX flow cytometer (Beckman Coulter) using an excitation wavelength of

488 nm. The ModFit LT software 5.0 was used for data analysis.
4.3.4 f. TUNEL Assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) is an
established method for determination of DNA fragmentation, which is a
characteristic hallmark of apoptosis. In TUNEL assay, bromolated deoxyuridine
triphosphates (Br-dUTPs) were added to the 3'-hydroxyl (OH) termini of double-
and single-stranded DNA, which is catalysed by terminal deoxynucleotidyl
transferase (TdT) enzyme. Thereafter the sites are stained with FITC labeled anti-
BrdU mAb and is identified with the help of flow cytometer. For this, 10x103 cells
were seeded in 6 well plates and were allowed to grow for 24 h followed by
treatment with Au NCs, sodium butyrate, PEG Au NC-NaB-NPs, ART and PEG-
AuNC-NaB-NPs-ART for 48 h. The cells were collected and fixed with 1%
paraformaldehyde and incubated in ice for 30-60 min. For further steps, protocols

provided by the manufacturer were followed.
4.3.4 g. PE Annexin V- 7-AAD Apoptosis Detection Assay

For detection of early and late apoptotic cells, PE Annexin V detection kit (BD
Biosciences) in conjunction with 7-amino-actinomycin (7-AAD) dye was used. In a
similar way, 10x103 cells were seeded in 6 well plates and were allowed to grow
for 24 h. This was followed by treatment with Au NCs, Sodium Butyrate, PEG Au
NC-NaB-NPs, ART and PEG-AuNC-NaB-NPs-ART for 48 h. In dead cells, due to
membrane damage, 7-AAD is permeable as opposed to intact membrane in viable
cells. Thus viable cells are both PE Annexin V and 7-AAD negative; early apoptotic
cells are PE Annexin V positive and 7-AAD negative and dead cells are both PE
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Annexin V and 7-AAD positive. The samples were prepared based on the protocol
provided by the company (BD Lifescience) and were analysed in CytoFLEX flow

cytometer (Beckman Coulter).
4.3.5 Confocal Laser Scanning Microscopy

Confocal laser microscopy studies were carried out for uptake studies along with
inhibition and mitochondrial damage assay using Zeiss LSM 880 microscope. For
the uptake studies 10x 103 cells were seeded on a coverslip in 35 mm culture
plates and were incubated in COz incubator for 24 h. After attaining the required
morphology and confluency, cells were treated with ICso dose of PEG-AuNC-NaB-
NPs (8.69 mM with respect to NaB) for 4 h. Following incubation, the cells were
thoroughly washed with PBS and thereafter fixed with 4% formaldehyde (10 min
at 37°C). The coverslips were slowly taken out from the plate with the help of
tweezers and were placed on a glass slide (upside down). The sides of the
coverslips were sealed. The prepared samples were observed under Zeiss
microscope LSM 880 with Aex = 405 nm and Aem = 610 nm. For DAPI staining after
incubation with PEG-AuNC-NaB-NPs (8.69 mM) for 4 h, cells were thoroughly
washed and incubated with DAPI (2 pg/mL ) for 10 min followed by fixing. To
carry out imaging simultaneous mode was used (Aex = 405 nm and Aem = 460 for

DAPI) and (Aex= 405 nm and Aem = 610 nm for PEG-Au NC-NaB-NPs).
4.3.5a. Co-Localization Study

To confirm the prevalence of PEG-Au NC-NaB-NPs on lysosomes, cytopainter
green lysosome staining kit (Abcam) was used. Similarly, the cells were grown in a
coverslip and following treatment with composite nanoparticles for 4 h, 1 mL of
cytopainter green was added and incubated for 1 h. Thereafter the cells were
washed with PBS twice followed by fixing and transferring into glass slides, where
the edges were sealed before analysis. The samples were then analyzed (Aex = 405

nm) and (Aex = 488 nm) for the composite NPs and cytopainter green, respectively.
4.3.6 Mechanism of Cellular Uptake in Presence of Inhibitors

To understand the endocytosis mechanisms of composite nanoparticles clathrin
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and claveolar inhibitors were used and luminescence based assays were carried
out on multiple plate reader (Tecan) and confocal laser scanning microscopy
(CLSM). The inhibitors used for studying the endocytosis mechanism were
chlorpromazine (50 uM) and methyl-f3-cyclodextrin (10 mM) for clathrin based
endocytosis and caveolae mediated endocytosis, respectively. For Tecan based
assay 10x 103 cells were grown in 96 well plates whereas for CLSM studies cells
were grown on coverslip in 35 mm culture plates for 24 h at 37 °C. After
attachment, first the cells were incubated with the inhibitors for 1 h followed by
treatment with nanocomposites for 4 h. Then the cells were washed with PBS and
readings were taken in Tecan (Aex = 320 nm and Aem = 610 nm) whereas for CLSM
studies after washing, the samples were fixed on glass slides and were analysed

(Aex= 405 nm and Aem= 610 nm).
4.3.7 In Vivo Experiments

For animal studies adult male Swiss albino mice weighing 22-25 g were used,
which were obtained from Chakraborty enterprise (1443/PO/b/11/CPCSEA),
Kolkata, India. The mice were retained in polypropylene cages at room
temperature and relative humidity maintained at 22 + 2 2C and 60-70%,
respectively with 12-12 h light-dark cycle. They were sheltered at Central Animal
Facility, Institute of Advanced Study in Science and Technology (IASST), Guwahati,
Assam and standard Rodent pellet diet (Provimi Animal Nutrition India Pvt. Ltd.,
India) with water ad libitum was provided. The mice were closely monitored for a
week to acclimatize. The protocols for various experiments were designed and
implemented as per guidelines of Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Government of India and was
approved (IASST/IAEC/2016-17/2301) by the Institutional Animal Ethics
Committee (IAEC) of IASST.

4.3.7a. In vivo tumor (Dalton’s Lymphoma Ascites Cells) development

Dalton’s lymphoma ascites (DLA) cells were acquired from IASST Central Animal
Facility and maintained in Swiss albino mice through intraperitoneal (I.P.)

injection of viable cells (1x10° cells/mice). Abnormal belly swelling and increased
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body weight were observed within 8-10 days post induction, confirming the

growth of tumor.
4.3.7b. Acute toxicity studies

Following the guidelines of Organization for Economic Co-operation and
Development (OECD) acute toxicity studies were conducted to test the chemicals
on mice. Swiss albino mice of either sex (n=6) were chosen for the experiments to
perform. Before administration of test drugs the selected mice were fasted
overnight and were given only water. To check the mortality a single dose of PEG-
Au NC-NaB-NPs-ART at 50 mg/kg was administered separately to three mice each.
Following treatment if mortality was observed in 2 out of 3 mice then the given
dose was regarded as toxic and the experiment was repeated. Even if mortality
was observed in 1 mice then also the experiments were repeated where
treatments were given with lower doses (20, 10, 5 & 2 mg/kg body weight). Thus,
based on the result of mortality doses were decided. Irwin scale parameters - like
presence or absence of lethality, convulsions, straub tail, sedation, excitation,
jumps, loss of balance, abnormal writhes, piloerection, stereotypies (sniffing,
chewing or head movements), head twitches, scratching, abnormal respiration,
aggressiveness towards the experimenter, loss of righting reflex, loss of corneal
reflex, defecation, salivation and lacrimation were followed for initial assessment.
Thereafter to check the mortality, mice were kept under observation for 14 days

in order.
4.3.7c. Animal Grouping and in vivo experimental design

For in vivo experiments, first the acute toxicity of PEG-Au NC-NaB-NPs-ART was
carried out and the doses of NaB and ART were selected from already established
results. DLA cells (1 x 106 cells/mL in 0.2 ml of PBS/mice) were injected
intraperitoneally on day O for the growth of tumor keeping aside the normal
group. After growth of tumour drug treatments were started (9t day) and were
given in the interval of 24 h for 8 days. For the present work mice were divided in

7 groups with 10 mice in each group as follows:
e Group-I: Mice with no DLA tumour + No drug treatment
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e Group-II: DLA bearing mice + 0.2 ml PBS (I.P) for 8 days

e Group-IIl: DLA bearing mice + Au NCs at 2 mg/kg (I.P) for 8 days

e Group-IV: DLA bearing mice + NaB at 2mg/kg (I.P) for 8 days

e Group-V: DLA bearing mice + PEG-Au NCs-NaB-NPs at 2mg/kg (I.P) for 8 days

e Group-VI: DLA bearing mice + ART at 2Zmg/kg (I.P) for 8 days

e Group-VII: DLA bearing mice + PEG-Au NCs-NaB-NP-ART at 2mg/kg (I.P) for 8
days

4.3.7d. Effect of treatment on tumor Growth

The mice were monitored and measured daily for body weight changes during the
experimental period (30 days). For cell viability assay cells from all the groups were
collected at the end of the drug treatment period (16 days). For biochemical and
histopathological analysis on 17t day five mice from each group were sacrificed by
decapitation to collect the blood, liver and kidney. To estimate the mean survival
time (MST) and % increase in life span (% ILS) all the remaining 5 mice from each

group were monitored up to 50 days.
4.3.7e. Trypan Blue Test

The cell viability assays following treatment were analysed using trypan blue.
Trypan blue is a diazo dye used to stain compromised or dead cells and is not taken
by live cells because of their intact cell membrane. For this, briefly, 0.1 mL of DLA
cells were mixed with 0.1 mL of trypan blue (0.4 %) solution and were counted
using cell counter (Countess Il FL, Life Technologies, USA). The (%) of cell

cytotoxicity was calculated by the following formula:

No.of viablecells in

the treated group
No.of viablecells in

the untreated controlgroup

% of cell cytotoxicity =100— x 100

4.3.7f. Haematological profiling

Following treatment the blood from various treatment groups were taken and

were stored in vials coated with ethylenediamine tetra acetic acid (EDTA). For
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haematological profiling the levels of blood components like red blood cells (RBC),
white blood cells (WBC) and haemoglobin (Hb) were analyzed using haematology

analysers (Sysmex, Japan).
4.3.7g. Biochemical Parameters

To find out the serum levels of aspartate transaminase (AST), alanine
transaminase (ALT) and alkaline phosphatase (ALP) a part of blood was collected
in non-anticoagulant vials after completing the drug treatment period. The
collected bloods were centrifuged at 1500 rpm for 10 min at 4 °C and from which
supernatant (serum) was taken and experiments were performed using
biochemical kits obtained from Accurex, India following the instructions given by

the manufacturer.
4.3.7h. Histopathological Analysis

At the end of drug treatment period i.e., on 17t day five animals from each group
had been sacrificed to collect blood, liver and kidney to conduct biochemical and
histopathological analyses. For histopathology analysis, livers and kidney from all
the treatment groups had been collected in 10 % buffered formaldehyde and
stored for at least 24 h before analysis. Further tissue samples were dehydrated
through alcohol (70- 100%), cleared in xylene and embedded in paraffin blocks.
Thin tissue sections (5 um) were prepared through microtome and then stained
with hematoxylin and eosin. The pathological changes were observed under light

microscope and pictures were captured at 10X magnification.

4.3.7i. Measurement of Mean Survival Time (MST) & Increase in Life Span %
(1LS)

To determine the effect of drug treatment on mortality rate of the cancer (DLA)
mice, five mice from each treated groups were monitored for 50 days. Kaplan-
Meier curve was established to represent the survivability of mice following drug

treatment. MST and % ILS determined with the following formulas:
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[ firstdeath+lastdeath]
2

Mean survival time=

Meansurvivaltimeof treatedgroup
Meansurvivaltimeof untreatedgroup

Increase in life span(ILS)% = [ - 1} x 100

4.4. Characterization

4.4.1. TEM Analysis

TEM analysis was carried out to find out the size and morphology of as-synthesized
gold nanoclusters (Au NCs) and PEG-Au NC encapsulated drug nanoparticles (PEG-
Au NC-NaB-NPs) by using JEOL, JEM 2100 TEM (Peabody, MA, USA), which
operates at maximum accelerating voltage of 200 kV. For analysis, the as
synthesized Au NCs were diluted in 1 mL of water and TEM was conducted. For
PEG-Au NC-NaB-NPs first 1 mL of it was taken and centrifuged at 10,000 rpm for 5
min. The supernatant was discarded and the pellet was dispersed in autoclaved
Milli-Q water (1mL). Thereafter, it was diluted in 1:10 ratio with autoclaved Milli-Q
water from which 8 pL of the Au NC-NPs was drop cast onto copper coated TEM

grid. The sample was left overnight for drying before analysis.
4.4.2. UV-Visible and Fluorescence Spectroscopic Measurements

UV-vis spectra of the composite NPs were recorded using Perkin Elmer Lamda 25
UV-vis spectrophotometer. For fluorescence measurements, Fluorolog-3, Horiba

Jobin Yvon, Edison, NY, USA was used.
4.4.3 Dynamic Light Scattering Based Measurements

Malvern Zeta Size Nano ZS-90 instrument was used to measure the hydrodynamic
diameter of the PEG Au NC-NaB-NPs and their net surface charges before and after drug
encapsulation. All experiments were performed at a temperature of 25 °C and with a
fixed run time of 11 s where scattering angle was fixed at 90°. For sample preparations

ratio of 1:10 (Au NC-NPs: H,O) was maintained and experiments were conducted in
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triplicates in three different sets. Data analysis was carried out using the Malvern DTS

5.10 software.
4.4.4. Quantum Yield Measurements

The fluorescence quantum yield of as-synthesized PEG-Au NC-NAB-NPs was
determined with quinine sulphate as reference sample where quinine sulphate was
dissolved in 0.1 M H2S04. To calculate the quantum yield of PEG-AuNC-NAB-NPs the

following equation has been used:

QY; :QYinx%xn—s
A, Absg g

Where,

QYs= quantum yield of as synthesized PEG-AuNC-NAB-NPs (sample)

QYr = quantum yield of quinine sulphate, which was dissolved in 0.1 M
H2S04 (reference). The standard quantum yield of the reference (QYr) is

0.54.

As = area under the emission spectrum of PEG-AuNC-NaB-NPs obtained at
Aex = 320 nm at slit-width = 2 nm

Ar = area under the emission spectrum of reference
Absr = absorbance of the reference

Abss = absorbance of the sample

ns=refractive index of solvent of sample

n?r = refractive index of solvent of reference

4.4.5. Confocal Laser Scanning Microscopy

Confocal laser scanning microscopy was conducted using LSM 880 Carl Zeiss
microscope. All the experiments were performed after following the respective
protocols required for specific experiments and mostly fixed cells were used for

imaging. In case of JC-1 staining live cell imaging was carried out.
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4.5. Results and Discussions

The polymer coated drug encapsulated nanoparticles were fabricated with red
emitting chitosan stabilized Au NCs by slightly modifying the previous protocol.33
The schematic representation of formulation of luminescent PEG-Au NC coated
drug encapsulated composite nanoparticles and their synergistic combinational
therapeutic activity in vitro as well as in vivo highlighting the probable mechanism

are elucidated in (Figure 4.1).

PEG

—_—
[ 1

Sodium
Butyrate

Chitosan Chitosan-Au NCs

Combination Therapy

opr, 57

In Vitro Therapy

0o
0o 0
Chitosan Chitosan Gold  Sodium Butyrate {rtesunate PEG coated gold nanoclusters drug

Nanoclusters encapsulated nanoparticles

Reactive Oxygen Species

Figure 4.1. Schematic representation of formulation of luminescent PEG-Au NCs drug
encapsulated composite nanoparticles (PEG-Au NCs-NaB-NPs) and their synergistic
combinational therapeutic activity in vitro and in vivo systems.
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The transmission electron microscopy (TEM) image revealed formation of average
of 1.4 * 0.4 nm of Au NCs (Figure 4.2), as calculated from 100 particles, which
were transformed into polymer coated drug encapsulated nanoparticles with the
help of negatively charged drug sodium butyrate and nominally charged PEG

molecules.

o — [\°]
[—} 9] [—)
L A L A L A

n
1

Number of Particle (%)

0.5 1.0 L5 2.0 2.5

Particle Size (nm)

Figure 4.2. (a) TEM image of Au NCs (scale bar 20 nm) and (b) particle size distribution
of Au NCs.

Moreover, the absence of any surface plasmon resonance (SPR) peak in the visible

region rules out the formation of gold nanoparticles (Figure 4.3).
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Figure 4.3. UV-vis spectrum of as-synthesized chitosan stabilized Au NCs.
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The formation of spherical polymer coated drug encapsulated composite
nanoparticle (PEG-Au NC-NaB-NPs) has been confirmed with TEM image (Figure
4.4a) with Au NCs embedded on its surface (Figure 4.4b), while no characteristic
selected area electron diffraction (SAED) pattern for Au metal (Figure 4.4c) was
observed. The average particle size of the composite nanoparticles was calculated
to be 99.62 * 18.25 nm (Figure 4.4d) using Image ] software. The particle size
obtained herein is greater than established chitosan tripolyphosphate nanocarrier
with Au NCs (72.1 * 21.8) mainly because of PEG coating as PEGylation increased
the size along with its colloidal stability and reduced the surface charge

density.29:3031The nanoparticle formation would take place due to the electrostatic

5‘

100 nim

Number of Particle (%)
by
PL Intensity (a.u.)

40 60 80 100 120 140 160 350 400 450 500 550 600 650 700 750

Particle Size (nm) Wavelength (nm)

Figure 4.4. (a) TEM image of PEG-Au NC-NaB-NPs (scale bar 100 nm) with the portion to
be magnified is marked in red. (b) Magnified image of the same sample clearly showing
embedded Au NCs on its surface. (c) SAED pattern obtained from image in (b) showing no
characteristic peaks of Au metal. (d) Histogram showing the particle size distribution of
PEG-Au NC-NaB-NPs (as calculated from Figure 1b and from the others images taken from
different sets of experiments). (e) Photoluminescence spectrum of as synthesized PEG-Au
NC-NaB-NPs (Aex =320 nm) and the digital photograph in the inset showing bright red
luminescence of PEG-Au NC-NaB-NPs under UV trans-illuminator.

interaction between positively charged chitosan Au NCs and negatively charged
sodium butyrate and PEG might have helped in modifying its surface. To

corroborate this, zeta potential studies were conducted, which revealed surface of

charge of 34.65 + 8.35 mV and - 5.10 * 3.24 mV for Au NCs and NaB, respectively,

99
TH-1880_126153007



Chapter 4

the value of which was 8.97 + 5.8 mV (Figure 4.5) after polymeric nanoparticle

formation. Synthesis of polymeric nanoparticle with chemotherapeutic drug is
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Figure 4.5. Zeta potential of (a) Au NCs, (b) NaB and (c) PEG-Au NC-NaB-NPs.

well established where PEG has been extensively used for nanoparticle formation
with some of the known standard drugs (e.g., doxorubicin).2%32 Polymeric
nanocomposites are known to have better drug encapsulation capacity and
delivery and help in sustained drug release with prolonged circulation half-life.43
The as synthesized PEG-Au NC-NaB-NPs displayed strong red emission at 610 nm
(Aex = 320 nm) as shown in (Figure 4.4e) and in its inset image. The quantum
yield of the composite nanoparticle was calculated to be 6.8%, using quinine
sulphate as the standard and thus can be used for theranostic. The hydrodynamic
size of the PEG-Au NC-NaB-NPs was found to be 147.62 + 10.21, measured with
the help of dynamic light scattering (DLS) based studies (Figure A 4.1,
Appendix).This increment in size with respect to the size measured from TEM
may be due to the presence of chitosan and PEG polymer surrounding the

composite NPs.

To determine the % of drug encapsulated on PEG-Au NC-NaB-NPs, binding
assay was carried out by probing the luminescence of the as synthesized
composite NPs. Probing the luminescence of the composite NPs is one of the
common methods used for enumerating drug binding (%).2? Here a negatively
charged drug NAB served as ion gelating agent for nanoparticle synthesis and PEG

helped in its encapsulation, which was carried out based on solvent exchange
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method and precipitation.#44> For this various concentrations (10 - 60 mM) of
drugs were used for nanoparticle synthesis as mentioned in the experimental
section. After synthesis, the aqueous phase was collected and centrifuged at
10,000 rpm for 10 min. The pellet was redispersed in 2 mL Milli-Q water and pH
was maintained at ~7 and the luminescence was measured (Aex= 320 nm and Aem =
610 nm). It was found that nanoparticle synthesis with 50 mM of concentration
NaB retained 65% of drug in the nanocomposite after which it became saturated
(Figure A 4.2, Appendix). Thus, dispersion of PEG-Au NC-NaB-NPs (50 mM) has

32.5 mM of NaB in it after encapsulation.

For effective application of this composite NP in theranostics the size and its
luminescence plays a pivotal role. First the bright luminescence of the PEG-Au NC-
NaB-NPs was probed. There are many reports of use of metal nanoclusters for
theranostics because of their intense luminescence, good quantum yields, tunable
fluorescence emission, large Stokes shift and high photostability as opposed to
conventional dyes, which undergo photo bleaching.2728 To elucidate its role in
internalization and real time imaging of cancer cells, PEG-Au NC-NaB-NPs were
incubated with cervical cancer cell line (HeLa cells) for 4 h and confocal laser
scanning microscopic (CLSM) studies were carried out. Bright red luminescence
was clearly observed inside the cells as shown in (Figure 4.6b), substantiating
their uptake by HeLa cells. This was further confirmed by depth projection (Z-
stack) studies, which validated their successful internalization inside the cells
(Figure 4.6¢). The control cells i.e., cells without treatment with PEG-AuNC-NaB-

NPs did not reveal any luminescence (Figure A 4.3, Appendix). This shows the

potential of use of PEG-Au NC-NaB-NPs in cancer theranostics.
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Figure 4.6. Confocal laser scanning microscopy images of HeLa cells after incubation with
PEG-Au NC-NaB-NPs for 4 h. (a) Bright field of image HeLa cells. (b) HeLa cells showing
distinct red emission due to uptake of luminescent PEG-Au NC-NaB-NPs and (c) Z-stack
projection of the cell imaged in (b) confirming the uptake of the NPs.

We have also explored the intracellular localization of the synthesized
composite NPs on HeLa cells to find out whether they penetrated the nuclear
membrane and entered the nucleus or were localised in the lysosomes. For this
the treated cells were incubated with 2 pg/mL of DAPI (for 10 min) and
cytopainter green (for 2 h). Lack of co-localization of the composite NPs (PEG-Au
NC-NaB-NPs) with nucleus marker DAPI was observed after 30 min of incubation
as can be seen in the merged image (Figure 4.7d), whereas (Figure 4.7a and b)
shows red and blue luminescence of the probe and DAPI, respectively. This was
carried out in CLSM with simultaneous mode where Acx and Aem of the composite
NPs and nuclear marker were fixed in different channels (Aex = 405 nm and Aem

=620 nm and 460 nm).

Figure 4.7. Confocal laser scanning microscopy images of HelLa cells after 4 h of
treatment with PEG-Au NC-NaB-NPs and with nucleus staining marker DAPI (10 min). (a)
Luminescence of PEG-Au NC-NaB-NPs as observed in red channel (Aex = 405 nm and Aem =
610 nm), (b) luminescence of cells labelled in nuclear marker DAPI (Aex = 355 nm and Aem
=460 nm), (c) bright field image and (d) merged image of a, b and c.
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Comparatively noticeable colocalistaion was observed with cytopainter green that
specifically stains the lysosomes. It is to be mentioned here that the cells (i.e,,
those treated with the composite NPs and without cytopainter green) showed
only red luminescence (Figure 4.8b) and nothing was observed in the green
channel (Figure 4.8c). But the cells treated with the PEG-AuNC-NaB-NPs and
cytopainter green clearly revealed colocalisation of the probe with cytopainter
green in the merged image (Figure 4.8h) confirming its presence in the
lysosomes. In Figure 4.8f, red luminescence represents internalisation of the
composite NPs and green luminescence in Figure 4.8g is due to staining of only
lysosomes with cytopainter green. Thus the internalized PEG-Au NC-NaB-NPs
were randomly distributed in the perinuclear region and the lysosomal
compartments. The samples were analysed in CLSM with (Aex = 405 nm) and (Aex =
488 nm) for the composite NPs and cytopainter green, respectively. Chitosan used
as a template for synthesis of Au NCs in our system has N-acetylglucosamine units,
which have an affinity towards N-linked glycans present on lysosomal membrane

and this might be the prime reason for its localisation in the lysosomes.46

_Bright Field Red Channel Green Channel Merged

PEG-Au NC
-NaB-NPs

PEG-Au NC
-NaB-NPs+Cyto-
painter Green

—
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Figure 4.8. Confocal Laser Scanning Microscopy images of HeLa cells showing
intracellular distribution of PEG-Au NC-NaB-NPs after 4 h of incubation. (a) Bright-field
image of the cell, (b) luminescence observed under red channel (Aex = 405 nm and Aem =
610 nm), (c) luminescence observed under green channel (Aex = 488 nm and Aem = 520
nm) and (d) merged image of (b) and (c). CLSM images of HeLa cells incubated along with
counter stain cytopainter green. (e) Bright field image, (f) luminescence observed under
red channel (A= 405 nm and Aem = 610 nm), (g) luminescence observed under green
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channel (Aex= 488 nm and Aem = 520 nm) and (h) merged imaged of (f) and (g) showing
yellow colour confirming its localization in lysosome.

Localistaion of PEG-Au NC-NaB-NPs on lysosomes mainly suggests their
internalisation through endosomal pathway as transfer to the lysosomes validates
the characteristic transport pathway of nanoparticles internalised by
endocytotosis.#’” As mentioned earlier, the size of the nanoparticle also plays an
crucial role in its uptake. Nanoparticles with size < 200 nm are usually taken by
the endocytic pathway, which is mainly divided into clathrin-dependent, caveolae,
macropinocytosis, and phagocytosis pathways.#8 To shed light in the cellular
uptake mechanism of PEG-AuNC-NaB-NPs, two inhibitors were used, namely,
chlorpromazine (50 pM) and methyl-f3-cyclodextrin (10 mM), which are known
clathrin and claveolae mediated endocytosis inhibitors. In this context, HeLa cells
were incubated with the respective inhibitors for 1 h prior to their treatment with
PEG-AuNC-NaB-NPs for 4 h. Quantitative analysis revealed significant decrease in
the luminescence intensity to 1585 * 29 % and 61.22 * 34 % with
chlorpromazine and methyl-B-cyclodextrin, respectively, from that of control
(Figure 4.9). This was further corraborrated with CLSM studies where less
uptake of PEG-Au NC-NaB-NPs was observed in chlorpromazine (Figure 4.10 iii)
treated cells as compared with that of PEG-Au NC-NaB-NP treated cells without
inhibitor (Figure 4.10 i). Negligible luminescenc was observed in methyl-(3-
cyclodextrin treated cells (Figure 4.10 iv), which emphasized that the uptake of
PEG-Au NC-NaB-NPs was primarily through claveolae mediated endocytosis.
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Figure 4.9.(a) Quantitative analysis of cellular uptake of PEG-Au NC-NaB-NPs by HeLa
cells after 1 h incubation with chlorpromazine (50 pM ) and methyl-B-cyclodextrin (10
mM) inhibitors. All the measurements were carried out in triplicates and luminescence
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was measured in Tecan (Aex = 405 and Aem = 610 nm). Here control stands for HeLa cells
treated with PEG-Au NC-NaB-NPs (without inhibitors) for 4 h.

Control Au NC

Chlorpromazine
50uM

<

Methyl-§-
Cyclodextrin
10mM

Figure 4.10. Inhibition assay of HeLa cells treated with PEG-Au NC-NaB-NPs (i)
Luminescence of the cells in red channel without any inhibitors (Aex = 405 and Aem = 610
nm), (ii) bright field image of (i), (iii) Luminescence of the cells after pre-treatment with
chlorpromazine (50 uM for 1h), (iv) bright field of (iii), (v) Luminescence of the cells after
pre-treatment with methyl-f-cyclodextrin (10 mM for 1h) and (vi) bright field image of

(V).

To evaluate the potential therapeutic impact of PEG-Au NC-NaB-NPs and
combination therapy with drug (ART), MTT based cell viability assay was carried
out. The cytotoxic activity was tested on cervical cancer cells (HeLa) with 48 h of
treatment. The drug involved herein for combination therapy was NaB, which was
encapsulated on the composite NPs (32.5 mM) and in conjunction with ART (100
uM) added separately. First the cytotoxic effect of NaB and ART were checked
invidually. After 48 h of treatment with NaB and ART, MTT assay exhibited cell
viability of 43.7 % and 40.23% at 11.1 mM and 51.3 uM concentration of NaB and
ART, respectively (Figure 4.11a and b). The ICso values, calculated by nonlinear
regression curve fit using Graphpad Prism Software, were found to be 10.52 mM

for NaB and 51.40 uM for ART. The cytotoxic activity of control Au NCs showed
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viability of 87.38% (Figure A4.4, Appendix), whereas after synthesis of PEG-Au
NC-NaB-NPs the viability was found to be 22.24 % at concentration of 11.1 mM of
NaB, which is possibly due to encapsulation of the drug. The ICso value for PEG-Au
NC-NaB-NPs was found to be 8.69 mM with respect to NaB, which is lower than
ICso dose of control NaB (10.52 mM) as observed in (Figure 4.11c). For
combinational therapy different ratios of PEG-Au NC-NaB-NPs (32.5 mM) and ART
(100 uM) were used and it was found to have enhanced activity. It is to be
mentioned here that after several trials PEG-Au NC-NaB-NPs of fixed
concentration (1.8 mM) was given to all the cells. With fixed concentration of PEG-
Au NC-NaB-NPs varied concentrations of ART (4.4, 8.8, 13.3, 17.7 and 22.2 uM)
were added. The results after 48 h of treatment exhibited significant reduction in
the cell viability % (Figure 4.11d). The ICso value for the combination therapy of
PEG-Au NC-NaB-NPs with ART was calculated to be 1.8 mM and 17.32 pM for NaB
and ART, respectively, which were prominently less than individual ICso doses of
NaB (10.52 mM) and ART (51.40 pM). Thus the combination therapy helped to use
drugs at lower dose, which reduces the cytotoxic activity of its individual doses;
however, it enhances the efficacy suggesting the augmentation of synergistic
activity. To establish the synergistic effect between PEG-Au NC-NaB-NPs and ART,
the isobologram and combination index (CI) were calculated by using the CalcuSyn
software (Biosoft, Version 2.1). The isobologram plot can be explained based on
Median-Effect Equation (Chou) and the Combination Index Theorem (Chou-
Talalay). The combination index wvalues (CI values) were used
to characterize as synergy (CI < 1), additivity (CI=1) and antagonism (CI > 1).4°
The isobologram plot of combination therapy of PEG-AUNC-NaB-NPs and ART
(Figure 5d) revealed that the obtained values of all the data points were < 1 (CI
<1), which signify drug-drug interactions (Figure 4.11e). The CI values for all the
combinations were given in (Table A4.1, Appendix). Hence, combination therapy
with NaB and ART augmented the efficacy with heightened synergistic activity,
outweighing the benefits of monotherapy and a prevalent combination therapy
associated with many side effects and paves a new way for plant based

combinational therapy with naturally available drug.
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Figure 4.11. Cell viability based MTT assay of HelLa cells after 48 h of treatment. All sets
of experiments were carried out in triplicates and are represented as the mean # SD. The
ANOVA test was also carried out for each set where * (p < 0.05), ** (p < 0.005), *** (p <
0.001) and **** (p < 0.0001) represent statistical significance. (a) Cell viability assay of
NaB (50 mM), (b) Cell viability assay of artesunte (200 uM), (c) Cell viability assay of PEG-
Au NC-NaB-NPs( 32.5 mM with respect to sodium butyrate), (d) Cell viability assay of
combination therapy of PEG-Au NC-NaB-NPs -ART) and (e) Isobologram analysis and
combination index (CI) values of combination therapy doses. All the values were obtained
below the line of additivity to indicate synergistic effect. Isobologram analysis was
calculated using Calcusyn software.

To investigate the mode of impact exerted by combination therapy of PEG-
Au NC-NaB-NPs-ART and possible mechanism of synergistic therapeutic activity

fluorescence- activated cell sorting (FACS) based assays were carried out. First
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generation of reactive oxygen species were evaluated by measuring the DCF
fluorescence in HeLa cells following treatments with Au NCs, NaB, ART, PEG-
AuNC-NaB-NPs and PEG-AuNC-NaB-NPs-ART. It was found that trivial amount of
ROS was generated with Au NCs only but significant enhancement of the
florescence of DCF was observed with NAB, ART, PEG-AuNC-NPs and PEG-AuNC-
NaB-NPs-ART treated cells from that of the control (Figure 4.12). It is to be
mentioned here that the maximum shift of peak for PEG-AuNC-NaB-NPs-ART

treated cells was mainly because of synergistic action of NaB and ART where both

the drugs are known to generate ROS.37:41,42
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Figure 4.12. FACS analysis of ROS production evaluated by DCF fluorescence in HelLa
cells investigated in FITC-H channel, which corresponds to the green emission of the DCF.
Cells were treated with ICso dosage of Au NCs, NaB, ART, PEG-AuNC-NaB-NPs and PEG-
AuNC-NaB-NPs-ART, which exhibited prominent shifts as compared to that of control

cells.

In artesunate treated cells, oxidative cleavage occurs leading to ROS
production.#! Elevated ROS production with NaB and ART might be associated
with dysfunction of the mitochondria.3750 To enlighten the fact, mitochondrial
membrane potential damage was measured with 5,5',6,6’-tetrachloro-1,1’,3,3’-
tetraethylbenzimi-dazolylcarbocyanine iodide JC-1 dye and observed under CLSM.
It was found that the merged image of HeLa cells treated with PEG-AuNC-NaB-
NPs-ART primarily showed green luminescence (Figure 4.13 t) as opposed to
that of control that showed red luminescence (Figure 4.13d). The primary reason

was due to high mitochondrial membrane potential of the control cells (without
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treatment) that allowed to form J-aggregates and exhibited red emission, whereas
in the cells treated with PEG-AuNC-NaB-NPs-ART they failed to undergo
aggregation (due to low mitochondrial membrane potential) and remained in
monomeric form to show green emission. As clearly observed from the merged
images that enhanced green luminescence was observed with ART and PEG-AuNC-
NaB-NPs-ART treated cells (Figure 4.13 p and t) were mainly due to
mitochondrial dysfunction. In cells treated with NAB and PEG-AuNC-NaB-NPs less
dysfunction of mitochondria had occurred (Figure 4.13h and i) and hence, the

effect of ART in mitochondrial damage was evident. At the same time histone
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=t —_—
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—
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o
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PEG-AuNC- NaB Control

NaB-NPs
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Figure 4.13. Confocal laser scanning microscopy (CLSM) images of control HeLa cells

with JC-1 dye. 1st row: (a) Bright field image, (b) red channel, (c) green channel, (d)
merged image of a, b and c. 2nd row: Hela cells treated with NaB (10.52 mM),(e) Bright

PEG-AuNC-
NaB-NPs-ART
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field image, (f) red channel, (g) green channel, (h) merged image of e, f and g. 314 row: Hela
cells treated with PEG-AuNC-NaB-NPs (8.69 mM). (i) Bright field image, (j) red channel,
(k) green channel, (1) merged image of i, j and k. 4th row: Hela cells treated with ART
(51.40 pM). (m) Bright field image, (n) red channel, (o) green channel, (p) merged image
of m, n and o. 5t row: HeLa cells treated with PEG-AuNC-NaB-NPs-ART. (q) Bright field
image, (r) red channel, (s) green channel and (t) merged image of g, r and s.

deacetylases activity (HDAC) were also checked as NaB is known to induce HDAC
inhibition, which is an upcoming treatment domain of cancer inhibition.3738 For
this HDAC assay Kit, fluorometric was used for detection of HDAC activity. HDAC
activity analysis of HeLa cell lysates treated with NaB (10.52 mM), PEG-A NC-NaB-
NPs (8.69 mM with respect to NaB) and PEG-Au NC-NaB-NPs-ART (1.8 mM of NaB
and 17.32 uM of ART) revealed significant decrease in the luminescence intensity
as compared with that of untreated HeLa cell lysates luminescence (Figure 4.14).
Hence the role of NAB in HDAC inhibition might have contributed in enhanced

synergistic activity.
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Figure 4.14. Flurometry based HDAC activity of cell lysates of HeLa cells, following
treatments with NaB (10.52 mM), PEG-AuNC-NaB-NPs (8.69 mM) and PEG-AuNC-NaB-
NP-ART (1.82 mM with respect to NaB and 17.7 uM ART).

Further the effect of combination therapy on cell cycle progression of HeLa
cells, were also examined by flow cytometric analysis with PI staining, where
arrest in the GO/G1 phase of the cell cycle was observed in case of cells treated
with PEG-AuNC-NaB-NPs-ART. The cell population (%) in the GO/G1 phase after
treatment with PEG-AuNC-NaB-NPs-ART was considerably higher (76.7%) than
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that of the cells treated with individual drugs NaB (53.64%) and ART (68.47%)
(Figure 4.15). This can be attributed to DNA damage caused by ART, which was
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Figure 4.15. FACS based cell cycle analysis of HeLa cells treated with NaB, ART, PEG-
AuNC-NaB-NPs and PEG-AuNC-NaB-NPs-ART along with its control.

more in case of combinational therapy. Additionally, terminal deoxynucleotidyl
transferase dUTP nick end labelling assay (TUNEL assay) was also performed,
which is a method for detecting apoptotic DNA fragmentation and is a hallmark of
late apoptosis. In this, addition of bromolated deoxyuridine triphosphates (Br-
dUTP) takes place on the broken or fragmented 3'-hydroxyl (OH) termini of DNA
and is catalysed by terminal deoxynucleotidyl transferase (TdT) enzyme. These
were analysed by staining the cells with a FITC-labeled anti-BrdU mAb and was
observed under flow cytometry in green channel. From the histogram obtained
(Figure 4.16) it was evident that there was a shift in green fluorescence intensity
in the PEG-AuNC-NaB-NP treated cells, which is proportional to fragmented DNA.
After 48 h of treatment with PEG-AuNC-NaB-NPs, 25.46% of TUNEL positive cells
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Figure 4.16. Flow cytometry histograms of TUNEL assay showing the shifting of
population towards FL1-H green channel, which is due to DNA fragmentation. The
luminescence intensity after treatment: (a) control (without treatment), (b) sample
treated with PEG-Au NC-NaB-NPs (8.69 mM) and (c) treated with PEG-Au NC-NaB-NPs-
ART (1.8 mM NaB and 17.7 uM ART).

were found, whereas negligible amount of TUNEL positive cells of 5.78% was
found in case of PEG-AuNC-NaB-NPs that indicates the role of ART on DNA
damage. To ensure apoptosis as the mechanism of cell death, FACS based Annexin
V-7AAD assay was performed where significantly greater percentage (52.73%) of
apoptotic cells were obtained after treatment with I1Cso dose of PEG-Au NC-NaB-
NPs-ART followed by observation of 34.64%, 27.18% and 14.24% of apoptotic

cells following treatment with ART, PEG-Au NC-NaB-NPs and NaB, respectively

(Figure 4.17).
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Figure 4.17. Flow cytometric analyses of annexin-V-7-AAD stained HelLa cells. The dot
plots are divided into 4 quadrants, where second and third quadrants denote early
apoptotic (E.A.), and late apoptotic (L.A.) cell population. (a) Control cells. Annexin-V-7-
AAD stained HelLa cells after treatment with (b) Au NCs, (c) NaB, (d) PEG-Au NC-NaB-NPs,
(e) ART and (f) PEG-AuNC-NaB-NPs-ART.
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Finally, the efficacy of combination therapy observed in vitro was tested in in
vivo mice bearing Dalton’s lymphoma ascites (DLA) tumour. For induction of
tumour, adult male Swiss albino mice were used where subcutaneous inoculations
of DLA cells were performed in mice belonging to group G-II to group G-VIL
Following inoculation, the size of tumour growth (belly swelling) was monitored
for 8 days that were used for various experiments. First the uptake of PEG-AuNC-
NaB-NPs on DLA cells was measured for the use of these materials on DLA model.
The CLSM studies revealed the uptake of PEG-AuNC-NaB-NPs (red luminescence)
upon incubation for 4 h (Figure 4.18) and thus, DLA model was chosen for

determining the potent therapeutic activity with combination therapy. The

Figure 4.18. Confocal microscopic fluorescence images of DLA cells after 4 h of
incubation demonstrating the uptake of Peg-Au NC-NaB-NPs. The excitation wavelength
was 405 nm.

toxicity effects of PEG-AuNC-NaB-NPs and ART were pursued, which showed the
absence of deleterious effects on animal health at 20 mg/kg (NaB and ART) till 14
days without any mortality. As no observed adverse effect level (NOAEL) of PEG-
AuNC-NaB-NPs and ART were observed, 1/10t of its doses (2 mg/kg for NaB and
2 mg/kg for ART) were used for cytotoxic assessment and tumour suppression
activities for in vivo experiments. The Swiss albino mice used for the experiments
were divided into seven groups (n = 10), where the 1st group was assigned as
control followed by groups with various treatments. As already mentioned for
DLA tumorogenesis (tumour growth with swollen belly) i.e., after 8 days of
inoculation, treatment with the non-lethal dose was given in the peritoneal cavity

of the mice at scheduled intervals (every 24 h). The non-lethal dose of Au NC (2

113
TH-1880_126153007



Chapter 4

mg/mL), NaB (2 mg/kg), PEG-AuNC-NaB-NPs (2 mg/kg), ART (2 mg/kg) and PEG-
AuNC-NaB-NPs-ART (2 mg/kg) were given and after 8 days of drug treatment
period, trypan blue cell viability test was conducted for the cells collected from the
mice (on 16t day). The results as shown in (Table A 4.2, Appendix) revealed that
combination therapy with PEG-AuNC-NaB-NPs and ART treatment significantly
reduced the percentage of viable DLA cells. Interestingly, PEG-AuNC-NaB-NPs
have shown enhanced therapeutic activity as compared to that of other treatment
groups (NaB and ART only). The viable numbers of DLA cells were similar in case
of Au NC treated cells to those of control cells showing almost no toxic effects of
Au NCs. At the same time, prominent reduction in tumour volume was observed in
both PEG-Au NC-NaB-NPs and PEG-Au NC-NaB-NPs-ART treated mice, which was
confirmed by the body weights measured on respective days (0, 8th and 15t day)

as represented in Figure 4.19a. It can be inferred from (Figure 4.20), that
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Figure 4.19. (a) Change in the body weight of tumor bearing mice as monitored till 16
days following treatment with Au NC, NaB, PEG-AuNC-NaB-NPs, ART and PEG-AuNC-NaB-
NPs-ART, respectively. (b) Survival rate of DLA induced mice monitored up to 50 days
after treatment with Au NC, NaB, PEG-AuNC-NaB-NPs, ART and PEG-AuNC-NaB-NPs-ART,
as represented by Kaplan-Meir curve.

treatment with PEG-Au NC-NaB-NPs and combination therapy of PEG-Au NC-NaB-
NPs with ART showed clear potential in tumor volume reduction (Figure 4.20 d
and f). Among all the treatments with PEG-Au NC-NaB-NPs and in combination
therapy of PEG-Au NC-NaB-NPs with ART showed less increment in body weight
2.44 + 0.36*g and 1.85 * 0.31*g, respectively, as calculated from the initial body

weight of the mice. There was an upsurge in body weight of DLA induced mice
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(11.28 * 1.62*g) and Au NCs treated group (10.52 + 1.52). The results were

illustrated in Table A4.2, Appendix.

Figure 4.20. Photographs of DLA induced mice: (a) control i.e., without treatment (belly
swollen) taken on 14t day and those treated with (b) Au NC on 14t day, (c) NaB taken
on 25t day; and (d) PEG-AuNC-NaB-NPs taken on 30t day, (e) ART taken on 30t day and
(f) PEG-AuNC-NaB-NPs-ART taken on 30t day.

The enhanced therapeutic activity with combinational therapy can be
attributed to synergistic activity of NaB and ART, where PEG encapsulated drug
composite nanoparticles provide steric barrier, which prevents nanoparticles
opsonisation thereby increasing the blood circulation time and avoiding
nonspecific cellular uptake. Thus it helps in EPR and sustained drug release. The
increased life span of DLA mice was found in PEG-AuNC-NaB-NPs-ART treated
groups that emphasized superior therapeutic activity in combinational treatment
(Figure 4.19b). All the mice died within 17t and 18% days of post tumour
development in case of control and Au NC treated group (Figure 4.19b). [t is to be
noted that significant increase in mean survival time was observed as compared to
that of control and Au NC treated group in case NaB and ART treated groups,
where mice died on 39, 40th and 47th day (3 out of 5) and on 43rd and 46t day (2
out of 5), respectively. In an allied vein, interestingly having potent therapeutic
activity PEG-Au NC-NaB-NPs and PEG-Au NC-NaB-NPs-ART led to survival of mice
up to 50 days of study, where systemic toxicity of NaB and ART was greatly
reduced as observed in (Figure 4.19b).

For haematological parameters, increase in WBC counts was observed in
DLA induced mice with reduced RBC and Hb counts (Table A 4.3, Appendix). At
the same time, similar effects were observed on Au NC treated groups. Treatment

with NAB, PEG-Au NC-NaB-NPs and ART also showed elevated WBC counts, but

115
TH-1880_126153007



Chapter 4

less than only DLA induced mice (i.e., without treatment). The RBC and Hb counts
though had improved in these groups, but still were in lower range. Importantly,
treatment with PEG-AuNC-NaB-NPs-ART indicated superior results and revealed
counts almost near to the normal levels of WBC, RBC and Hb as shown in (Table A
4.3, Appendix). To evaluate the hepatotoxicity in DLA mice after various
treatment conditions, the liver functions tests (LFT) were carried out. It was found
that there was a rapid elevation of liver function marker enzymes (SGOT, SGPT &
ALP) in case of DLA induced mice as compared to that of normal mice (Table A
4.4, Appendix).The treatment with Au NCs also revealed enhanced liver function
marker enzymes. Though treatment with NaB and ART assisted in reduction of
these enzymes to some extent but it was still in a higher range. But treatments
with PEG-Au NC-NaB-NPs and PEG-Au NC-NaB-NPs-ART showed substantial
reduction and were almost near to the levels of control animals (without DLA).
The details of the obtained liver function marker enzymes after various

treatments are included in (Table A 4.4, Appendix).

Further histopathological studies were also carried out where in kidney of
DLA induction mice resulted in tubular congestion, glomerular atrophy and
deformed epithelial cells along with inflammatory cell infiltrate (Figure 4.21 a).
Administration of Au NCs failed to ameliorate the pathological condition to that of
DLA animals (Figure 4.21b). Intraperitoneal administration of NaB and ART
exhibited pronounced improvement in renal pathology where reduced
occurrences of glomerular and blood vessel congestion were recorded (Figure
4.21c and e). PEG-Au NC-NaB-NPs and PEG-AuNC-NaB-NPs-ART treatment
ensued the significant protection from DLA induced renal deformities (Figure
4.21d and f), where pronounced reduction of epithelial desquamation, tubular
congestion and hyperaemia of medullary part of kidney resembling the normal
renal physiology of mice were observed. Additionally, liver histology analysis
portrayed the pathological changes of liver in DLA mice. Abnormal hepatocytes
along with hepatic fibrillation, hemorrhage, polymorphic neutrophil infiltration,
and perinuclear clumping of cytoplasm were observed in DLA mice, whereas
similar changes were observed on Au NC treatment (Figure 4.21 g and h). In

contrast, NaB, ART, PEG-AuNC-NaB-NPs and PEG-AuNC-NaB-NPs-ART (Figure

116
TH-1880_126153007



Chapter 4

4.21 i, Kk, j and 1) treatment demonstrated significant protection with normal
hepatocellular ultra-structures. Among all the treatments, the PEG-AuNC-NaB-
NPs-ART (Figure 4.21 1) was found to be the best in combating hepatic damage
during DLA condition.
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Figure 4.21. Hematoxylin and Eosin stained tissues of kidney collected on 17t day to
monitor the histopathological changes. (a) Sections of kidney of DLA mice without any
treatment. Following are the images after treatment with (b) Au NCs, (c) NaB, (d) PEG-Au
NC-NaB-NPs, (e) ART and (f) PEG-Au NCs-NaB-NPS-ART. Similarly, tissues of liver were
also collected and stained where (g) represents liver of DLA mice without any treatment
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whereas (h-1) were histopathological data of liver following treatment with Au NCs, NaB,
PEG-AuNC-NaB-NPs, ART and PEG-AuNC-NaB-NPs-ART, respectively.

4.6. Conclusion

In brief, spherical PEG coated luminescent drug encapsulated composite
nanoparticles (PEG-Au NC-NaB-NPs) were synthesized in presence of negatively
charged sodium butyrate as an ion gelating agent. The internalisation of the
luminescent (PEG-Au NC-NaB-NPs) in Hela cells occurred through receptor
mediated endocytosis as was evident from the experiments with specific
inhibitors. The work emphasized the use of combination therapy with a plant
based antimalarial drug ART and small fatty acid chain (NaB) to enhance
therapeutic activity. The detailed studies on mechanism of synergy of ART and
NaB revealed enhanced generation of ROS, which resulted in depolarization of
mitochondria. At the same time the work highlighted the role of ART and NaB in
DNA damage and HDAC inhibition resulting in cell death. The findings were well
supported with in vivo studies to decipher synergistic therapeutic activity and

provided a promising combination platform for an effective cancer therapy.
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Appendix
Appendix of Chapter- 4 :A4
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Figure A4.1. DLS results representing the hydrodynamic size of as-synthesized PEG-Au
NC-NaB-NPs.
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Figure A4.2. Binding efficiency of drug (NaB) with its varied concentration (10 - 60 mM).
For this fixed concentration of Au NCs with the respective drug concentrations were used

for the synthesis of composite nanoparticles. Maximum binding of 65% was achieved at
50 mM concentration, after which saturation was attained.
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Figure A4.3. Confocal laser scanning microscopy images of control HeLa cells (without
any treatment). (a) Bright field image. (b) Red channel showing no luminescence.
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Figure A4.4. Cell viability based on MTT assay after 48 h of treatment with only Au NCs.

Table A4.1. Table showing CI (combination index) values for combination therapy
of PEG-AuNC-NaB-NPs (1.8 mM) with varied concentration of ART (100 uM) on
Hela cells. The CI values were found to be <1 for all concentrations and hence
synergism was considered to have been present.

PEG-Au NC-NaB- Clvalue<1
NPs ART (pM) Effect (%) (Synergism)

0.84 0.63
1.8 8.8 0.72 0.61
1.8 13.3 0.59 0.58
1.8 17.7 0.47 0.51
1.8 22.2 0.35 0.44

Table A 4.2. Effect of drug treatment on tumor volume.
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Weight change Viable cell count (105
Treatment
(gm) cells/ml)

DLA + Saline 11.28 + 1.62 418.4 +19.7
2 DLA + AuNC 10.52 +1.52 402.26 £17.8
3 DLA + NaB 3.37 £ 0.52%* 9.47 +1.7*
DLA + PEG-AuNC-
4 2.44 + 0.36* 4,97 £1.02*
NaB-NPs
5 DLA + ART 4.87 + 0.48* 10.35 + 1.5*
DLA + AuNC-NaB-
6 1.85+0.31* 2.51 £ 0.78*

NPs-ART

All the results were expressed in mean * S.D. * p < 0.05 in comparison of drug
treated groups with untreated group.

Table A4.3. Effect of drug treatment on hematological parameters.

WBC
RBC (cells/ml

Treatment

1 Normal animals
2 DLA + Saline
3 DLA + AuNC
4 DLA + NaB

5 DLA + PEG-AuNC-NaB-NPs
6 DLA + Artesunate

DLA + PEG-AuNC-NaB-NPs-
ART

TH-1880_126153007

X 10¢6)

5.24+0.43

2.73 £0.21%

2.84 +0.31

3.82 +0.34*

4.17 £ 0.56*

3.58 £ 0.38*

4.52 +0.52*

124

(cells/ml X
103)

10.14 £ 0.32
20.35 + 1.04¢
18.91 £ 1.47
15.35 £ 1.24*

13.75 £ 0.77*

16.62 £ 1.12*

12.45 + 0.86*

Hb g/dl

12.7 £ 0.53
6.6 £ 0.27%
6.9 £ 0.32
8.6 + 0.41*

9.6 £ 0.38*

8.4 +0.46*

11.04 + 0.42*
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All the results were expressed in mean * S.D. $p< 0.05 in comparison of saline

treated DLA animals with normal animals. * p < 0.05 in comparison of drug

treated DLA animals with untreated group DLA animals.

Table A4.4. Effect of drug treatment on serum biochemical enzymes.

Normal animals 46.3 +2.74 38.2+2.43 114.6 £ 5.26

2 DLA + Saline 92.8 + 4.26% 68.7 + 3.64% 226.7 £9.42%

3 DLA + Au NC 87.6 +5.26 63.8+4.18 219.6 £ 11.53

4 DLA + NaB 63.4 +3.67* 55.2 + 2.84* 151.4 + 7.35%*
DLA + PEG-AuNC-

5 55.7 + 3.48* 46.5 + 3.22* 134.8 + 6.71*

NaB-NPs

6 DLA + ART 67.2 + 4.14* 59.1 + 3.36* 157.2 + 8.27*
DLA + PEG-AuNC-

7 51.2 +3.21* 40.4 £ 291* 122.5 + 7.14*

NaB-NPs-ART

All the results were expressed in mean + S.D. $ p< 0.05 in comparison of saline
p < 0.05 in comparison of drug
treated DLA animals with untreated group DLA animals.

treated DLA animals with normal animals. *
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Chapter-S

Transferrin—-Copper Nanocluster
Doxorubicin Nanoparticles as Targeted
Theranostic Cancer Nanodrug

In Chapter 5, Transferrin (Tf)-templated luminescent blue copper Nanoclusters
(Tf-Cu NCs) were synthesized and were formulated into spherical Tf-
CuNC—doxorubicin nanoparticles (Tf-Cu NC—Dox NPs). The as-synthesized Tf-
Cu NC—Dox NPs were explored for bioimaging and targeted drug delivery to
delineate high therapeutic efficacy on TfR overexpressed cells (HeLa and MCF -
7) as compared to the cells expressing less TfR (HEK-293 and 3T3-LI).
Combination index (CI) revealed synergistic activity of Tf-Cu NCs and Dox in Tf-
Cu NC—Dox NPs. In vivo assessment of the NPs on TfR positive Daltons
Lymphoma Ascites (DLA) bearing mice revealed significant inhibition of tumor

growth rendering prolonged survival of the mice.

https://pubs.acs.org/doi/abs/10.1021/acsami.7b15165
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5.1. Introduction

In parallel to the conventional radiotherapy,! chemotherapy,? and surgery for
cancer treatments, contemporarily preferred modes include photothermal
therapy,® immunotherapy,*> hormone therapy,® recombinant protein therapy,”8
and stem cell therapy® which are based on the incidence and progression of
cancer. Importantly, nonspecificity and low solubility with reduced retention time
of majority of the chemotherapeutic drugs lead not only to severe side effects but
also to eventual development of multidrug resistance.1914 Thus, in clinical practice
along with surgery, combining other therapies with chemotherapy helps curtail
such inadequacies to some extent with better therapeutic outcome.> 17 However,
nanotechnology- based composite drug delivery systems have been reported to
improve loading capacity, detection, and specific release at the site of the disease,
circulation time and bioavailability of drugs, and thus help reduce untoward side
effects.18 21 [n this regard, molecule-like properties with discrete electronic states
and size-dependent photoluminescence (PL) of metal Nanoclusters of size near to
the Fermi wavelength of electrons, i.e., <2 nm (for Ag, Au and Cu), are useful in the
fields of bioimaging, biosensing, and drug delivery.2227 The ability to evaluate the
treatment by introducing multiple functions into a single nanoplatform (as a part
of theranostics) can be achieved with nanoclusters to advance the therapeutic
paradigm of cancer treatment.82223 Additionally, interaction of the designed
luminescent nanoclusters with cellular species or any external molecule like drug
or enzyme, guided by changes in their luminescence based on available
mechanisms such as Forster resonance energy transfer (FRET), photoinduced
electron transfer (PET), and others may allow monitoring of intracellular
interactions, stimuli-responsive behavior, imaging, drug localization, and
enhanced release with ease.28732 Although Au and Ag nanoclusters are widely
reported to have been incorporated into nanocarriers for imaging and

therapy,82123 use of Cu nanoclusters (Cu NCs) has been limited due to lack of
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stability even in a mildly oxidizing environment.2¢ However, Cu NCs in a hydrogel
nanocarrier have shown enhanced activity of cisplatin and synergy of action.33
Thus, the advantage of photoluminescent drug carrier lies in real-time monitoring
of drug localization and release; however, the application has been limited due to
nonspecificity.”833 Nanoparticle-based drugs like Doxil/Lipoplatin (PEGylated
liposome), Abraxane (paclitaxel albumin-stabilized nanoparticle), DepoCyt
(liposomal cytarabine), Oncaspar (PEG-asparaginase), CAELYXTM (PEGylated
liposomal doxorubicin), Genexol-PM (polymeric micellar nanoparticle), and
NK105 (Paclitaxel loaded polymeric micelles) are in clinical trials for cancer
therapy,21.24 but options for targeted imaging and diagnosis are not available in
these compositions. Mostly, therapeutic agents are released in the perivascular
cells of tumor where the nanoparticles tend to accumulate in spleen and liver as
captured by reticuloendothelial system. However, the tumor targeting could be
achieved by incorporating specific receptor protein(s) in the carriers.3437
Transferrin (Tf), a plasma protein, which plays a critical role in homeostasis of
iron, is overexpressed in many cancers due to augmented iron requirements in
cell proliferation. Tf easily enters the Tf receptor (TfR)-overexpressing cells
through active receptor-mediated endocytosis.3® Thus, the use of Tf in a carrier
could help targeted delivery of drugs in cancer tissues.3° Doxorubicin (Dox) is one
of the most widely used drugs for cancer therapy, but its use is associated with
side effects, unalterable cardiac toxicity, and occurrence of drug resistance.10.13715
Thus, minimization of its use, in combination with other less toxic candidates,

would be beneficial for enhanced therapeutic values.
5.2. Outline of the present work

Herein, a formulation of nanodrug containing blue-emitting Tf-stabilized Cu NCs
(Tf-Cu NCs) and Dox as hydrophobic drug, referred to henceforth as Tf-Cu NC-Dox
—nanoparticles (NPs), is reported. Following UV light excitation, FRET from the
blue-emitting Tf-Cu NCs as donor to the Dox acting as acceptor led to the NPs
emitting in the red thus acting as a probe. Interestingly, the blue emission of Tf-Cu
NCs could be effectively recovered in the cytoplasm of transferrin receptor (TfR)

overexpressed cancer cells, allowing observation of simultaneous and gradual
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release of Dox into the nucleus following internalization. This allowed real-time
monitoring of intracellular drug release based on FRET. At the same time,
synergistic anticancer activity could also be achieved involving Tf-Cu NCs and Dox
present in Tf-Cu NC-Dox NPs. To the best of our knowledge for the first time a
nanodrug incorporating Tf-Cu NCs and Dox has been developed for targeted
imaging and therapeutic action in conjunction with synergy of the components. In
addition to the in vitro studies, the nanodrug was tested for efficacy by
investigating in vivo using Dalton’s lymphoma ascites (DLA) cells, a T-cell
lymphoma first identified in thymus of DBA (H2D) mice and later adapted to a
closely inbred strain of the Swiss albino mice, which mimics characteristics similar
to human lymphoma. It is one of the most convenient and widely used models for
peritoneal carcinoma to screen the activity of various anticancer agents within a

short period of time.3440
5.3. Experimental Section

5.3.1.Materials

Copper sulphate (CuSO4) and hydrazine hydrate (N2H4) were procured from
Merck Specialties Private Limited, India. Transferrin, (3-(4, 5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium  bromide) (MTT), sinapinic acid, calcein
acetoxymethyl, ethidium bromide, propium iodide, chlorpromazine and NaNs3
were purchased from Sigma-Aldrich, U.S.A. Chlorazole black E was procured from
HIMEDIA. Doxorubicin was bought from a commercial source. AnnexinV-7AAD kit
was acquired from BD lifescience. For all experiments, Milli-Q grade water (18.2
MQ cm) was used. Four different cell lines, namely, HeLa (human cervical
carcinoma) and MCF-7 (human breast adenocarcinoma cell line), which
overexpress transferrin receptors on the cell surface and HEK-293 (human
embryonic kidney cell ), 3T3-L1 (mouse embryo fibroblast cell lines (Balb/3T3,

control) were procured from National Centre for Cell Sciences, India (NCCS) Pune.
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5.3.2.Synthesis of Tf-Cu NCs

In a typical synthesis, 0.2 mL (25 mM) of aqueous solution of copper sulfate
(CuSO4) was added dropwise to 2 mL of aqueous solution of transferrin (5
mg/mL) under vigorous stirring at 37 °C. After stirring for 10 min, pH was
adjusted to ~12 by adding freshly made 1 M NaOH solution during which the
reaction mixture turned purple from colorless solution. After 1 h of stirring, 80uL
of N2H4 (80%), was introduced into the reaction mixture dropwise and was
further allowed to stir for 10 h at 37 °C. The color of the reaction mixture
gradually changed from purple to light brown ensuring the completion of reaction.

The as-synthesized Tf-Cu NC was then further stored at 4 °C for further use.
5.3.3. Formulation of Tf-Cu NC-Dox NPs

First, 0.017 mL (2.5 mM with respect to copper) of as synthesized Tf-Cu NCs was
added to 0.8 mL of aqueous solution in a reaction vial and temperature was set at
37 °C. Under stirring condition, 50 pL of Dox solution (from 400 pM stock) was
added successively after a gap of 15 min each, and fluorescence spectrum was
recorded simultaneously. After final addition of 250 pL of Dox solution, the
reaction mixture attained a pinkish red color. The final resulting mixture, was then
allowed to age for ~2 h at 37 °C. The as-synthesized Tf-Cu NC-Dox NPs was then
collected by centrifugation at 10 000 rpm for 30 min. The pellet so obtained was

redispersed in 1 mL of Milli-Q water for further use.
5.3.4.Encapsulation Efficiency and Release Study of Doxorubicin

In order to calculate the amount of Dox present in the Tf-Cu NC— Dox NPs, the as-
synthesized Tf-Cu NC-Dox NPs were centrifuged at 10 000 rpm for 30 min at 15
°C. The supernatant was then collected, and the emission spectrum was recorded
with Aex = 480 nm. Similarly, emission spectrum of control Dox, i.e., the initial
concentration used during NP synthesis was recorded (Aex = 480 nm). The
emission intensities of the supernatant of Tf-Cu NC-Dox NPs and Dox only at Aem=
590 nm were then measured. The encapsulation efficiency (EE%) was then

calculated using the following equation:
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Dox, —Dox;
Dox;

E.E%=

where Dox; refers to emission intensity of Dox corresponding to initial
concentartion of Dox used in composite formulation and Doxf refers to emission
intensity of Dox in the supernatant of the composite after synthesis.

For release study, the drug-loaded NPs were incubated in two different
buffers (acetate buffer pH 4.5 and PBS pH 7) at 37 °C and release was then
monitored for 48 h by UV-vis spectroscopy. At different time intervals,
supernatant was collected after centrifugation at 10 000 rpm for 15 min and the

absorbance was measured at 480 nm for Dox.
5.3.5. Expression Analysis of Transferrin Receptors

The total RNA was isolated from HeLa, MCF-7, HEK-293, and 3T3-L1 cells using
GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich). Furthermore, 1 pg
of total RNA was used to generate cDNA pool of the respective cell lines with the
help of the Verso cDNA Kit (Thermo Scientificc MA). A semiquantitative
polymerase chain reaction (PCR) was performed with TfR primers using cDNA
pool of the respective cell lines. 3-actin gene was taken as endogenous control.
The products of PCR were run on a 1.3% agarose gel prestained with ethidium

bromide
5.3.6.In Vitro Experiments (Mammalian Cell Culture)

Human cervical cancer cell line (HeLa TfR-positive), human breast cancer cell line
(MCF-7 TfR positive), human embryonal kidney cell line (HEK-293 TfR partially
positive), and mouse embryo fibroblast cell line (Balb/3T3, control TfR-negative)
were procured from National Centre for Cell Sciences, Pune. Cells were grown in
CO2 incubator with 5% carbon dioxide in humidified atmosphere and cultured in
Dulbecco’s modified Eagle’s medium (DMEM, high-glucose) containing 10% FBS,
10 000 units of penicillin, and 10 mg/mL streptomycin.
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5.3.6.a. Cell viability assay

To study the effect of Tf-Cu NC-Dox NPs on different types of cell lines with varied
TfR expressions, MTT (3- (4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide) assay was carried out after 48 h of treatment. Briefly, 5x 103 cells were
seeded in each well of 96-well plate and were left for 24 h for attachment.
Furthermore, varying concentrations of Tf-Cu NCs (10 pg/mL), Dox (10 pg/mL),
and Tf-Cu NC-Dox NPs (10 pg/mL) were used for treatment for 48 h, in triplicates.
After the completion of the treatment duration, MTT was added in each well, and
the resulting formation of formazon was dissolved in DMSO. The absorbance of
formazan, which corresponds to the number of living cells, was then measured at
550 nm with background reference measured at 655 nm in Multiplate Reader
(Tecan). The normalized percentage cell viability was calculated as where As7o

corresponds to absorbance of formazan and Asgo arises due to background.

(ASSO - A655)sample %
ASSO - A655)control

% of cellviability= 100

5.3.6.b. Studying the Mode of Cell Death

To probe the mode of cell death, FACS-based assays were carried out including
ROS generation assay, live and dead cell analysis with PI, and cell cycle and PE

AnnexinV-7AAD analyses for apoptosis.
5.3.6.c.  Calcein AM / Ethium Bromide (EtBr) Staining

To distinguish between live and dead cells, calcein AM and EtBr staining were
performed. Calcein AM is a hydrophobic non-fluorescent compound, which can
penetrate through live cells and is converted to calcein, a hydrophilic green
fluorescent compound by hydrolysis. In contrast, EtBr an intercalating dye, which
can pass through the compromised cell membrane. For this, HeLa cells were
seeded with 5x103 cells/well concentration in six well plates and after 80%-90%
confluency was attained, the cells were treated with Tf-Cu NC, Dox and Tf-Cu NC-
Dox-NPs. After 48 h of treatment, media were discarded and cells were washed
with PBS twice and calcein AM (1 uM) and EtBr solutions (4 pM) in PBS were
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added. The cells were incubated for 30 min at 37 °C with 5% CO; and were
observed under a fluorescence microscope (Nikon ECLIPSE) after thorough

washing.
5.3.6.d. FACS Analysis for Reactive Oxygen Species Generation

Generation of reactive oxygen species was analysed by using 2,7-
dichlorofluoresceindiacetate (DCFH-DA; Sigma-Aldrich, USA) staining method and
is measured in fluorescence activated cells sorter (Beckman Coulter). In brief, cells
were plated in 6 well plates at 5x103 cells/well confluency and left overnight,
which was followed by treatment with Tf-Cu NC, Dox and Tf-CuNC-Dox-NPs at
MTT IC50 dose for 3 h. Subsequently, 10 uM of DCFH-DA was added in each well
along with the control and they were then kept at 37 °C for 30 min. The
nonfluorescent dye DCFH-DA diffuses into the cell through plasma membrane and
is deacetylated by cellular esterases to a non-fluorescent compound DCFH.
Hereafter, DCFH is oxidized by ROS into 2', 7' —-dichlorofluorescein (DCF) giving
green fluorescence (Aex=488 nm and Aem=530 nm). The cells were then collected
after trypsinization and are re-dispersed in DMEM before being analyzed in a flow
cytometer FITC channel (530/30nm), which corresponds to green emission.
15000 cells were acquired and analyzed using CytoFLEX flow cytometer

(Beckman Coulter).
5.3.6.e. Cell Cycle Analysis

To evaluate the DNA content of the cells at different stages of cell division,
propidium iodide (PI) based cell cycle analysis was carried out in CytoFLEX flow
cytometer (Beckman Coulter). 5x103 cells/well was seeded in 6 well plates and
kept overnight for attachment followed by treatment with Tf-Cu NCs, doxorubicin
or Tf-Cu NC-Dox-NPs for 48 h. From the plates, both media and PBS were collected
and the trypsinised cells were harvested followed by centrifugation at 650 rcf for
6 min. Afterwards, under constant vortexing of trypsinized cells, chilled 1 mL of
cold 70% ethanol was added to fix the cells, which were then stored at -20 °C for 1
h and again centrifuged. The pellet was then redispersed in PBS before being
incubated in 0.4 mg/mL RNase solution for 1 h at 37 °C. Finally PI at a

concentration of 10 pg/mL was added into this and kept for 30 min under dark
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condition before analysis was carried out. The cells were acquired in PE-A channel
(band-pass filter, 585/42 nm) of CytoFLEX flow cytometer (Beckman Coulter)
using an excitation wavelength of 488 nm and emission was recorded in PE-A

channel. The data were then analysed using ModFit LT software 5.0.
5.3.6.f. PE Annexin V- 7-AAD Apoptosis Detection Assay

PE Annexin V detection kit (BD Biosciences) in conjunction with 7-amino-
actinomycin (7-AAD) dye was used to detect early and late apoptotic cells. Viable
cells are PE Annexin V and 7-AAD negative; whereas early apoptosis are PE
Annexin V positive and 7-AAD negative. The cells that are in late apoptosis or dead
are both PE Annexin V and 7-AAD positive. 7-AAD is permeable to dead cells
because of membrane damage, whereas viable cells with intact membrane exclude
7-AAD. Therefore, viable cells are negative for both PE Annexin V and 7-AAD.
Early apoptotic cells where membrane integrity is present are PE Annexin V
positive and 7-AAD negative; and cells that are in late apoptosis or already dead
are both PE Annexin V and 7-AAD positive. In this quest, the cells were grown in a
similar way as mentioned above, which was followed by treatment with Tf-CuNCs,
Dox and Tf-CuNC-Dox-NPs for 48 h. The prescribed protocol was followed for
sample preparation and the cells were analysed by the FACS.

5.3.7. Confocal Microscopy

To study the difference in uptake, based on the TfR expression, confocal
microscopy studies were carried out in 4 different cell lines (HeLa, MCF-7, HEK-
293, and 3T3-L1) using Zeiss LSM 880 microscope. A total of 5 x 103 cells were
grown on a coverslip in 35 mm culture plate for 24 h under integral condition of
COz incubator. The uptake study was carried out after 4 h incubation with Tf-Cu
NC-Dox NPs followed by PBS washing and fixing with 4% formaldehyde.
Thereafter, the coverslips were gently handled with the help of tweezers and were
placed upside down on the glass slide, and the sides were sealed. For time-
dependent uptake, the same procedure was followed where the cells were fixed at
appropriate time interval. The control cells without any treatment were prepared

in a similar manner for all sets of experiments. The prepared samples were
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observed under simultaneous mode (with Aex 405 nm for Tf-Cu NCs and Aex 488

nm for Dox) under Zeiss microscope LSM 880.
5.3.8. Mechanism of Cellular Uptake with Inhibitors

The uptake study was carried out with fluorescence based assays on both Tecan
and CLSM. For Tecan-based assay 5x 103 cells were grown in 96-well plate for 24
h at 37 °C, and cells were grown on coverslip in 35 mm culture for CLSM study.
For active and passive transport, the cells were incubated at 4 °C for 4 h and with
10 mM NaNs for 30 min at 37 °C. These pretreated cells were then incubated with
composite (Tf-Cu NC-Dox NPs) for 4 h. To confirm the mode of uptake, two
inhibitor assays were performed with Chlorazole Black E which is a TfR inhibitor
and chlorpromazine which inhibits clathrin mediated endocytosis. Before the
treatment with composite for 4 h, the cells were pre-treated with Chlorazole Black

E (50 uM for 6h) and chlorpromazine (50 uM for 4 h).
5.3.9. In Vivo Experiments

Adult male Swiss albino mice weighing 22— 25 g were procured from Chakraborty
enterprise (1443/PO/b/11/CPCSEA), Kolkata, India. All mice were housed at
Central Animal Facility, Institute of Advanced Study in Science and Technology
(IASST), Guwahati, Assam. The mice were maintained in polypropylene cages and
the room conditions was maintained at 22 * 2°C, 60-70% relative humidity, and a
12 h-12 h light-dark cycle. All mice were fed a standard Rodent pellet diet
(Provimi Animal Nutrition India Pvt. Ltd., India) and water ad libitum. Mice were
allowed to acclimate for a week and after close monitoring for a week all the
experiments were conducted. Before commencing the work, the protocols were
designed and approved (IASST/IAEC/2016-17/ 2301) by the Institutional Animal
Ethics Committee (IAEC) of IASST and implemented as per guidelines of
Committee for the Purpose of Control and Supervision of Experiments on Animals

(CPCSEA), Government of India.
5.3.9.a. Development of in Vivo Tumor (Dalton’s Ascites Lymphoma Cells)

Dalton’s ascites lymphoma (DLA) cells were acquired from IASST Central Animal
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Facility, and 1 x 106 viable tumor cells were transplanted through intraperitoneal
(I.P.) route to each mouse. The growth of tumor was ascertained by abnormal
belly swelling and increased body weight, which were visible in 8-10 days, post

induction.
5.3.9.b. Acute toxicity studies

Acute toxicity studies were conducted as per the Organization for Economic Co-
operation and Development (OECD) guidelines to test chemicals. Swiss albino
mice of either sex (n=6) were selected randomly to perform the experiment. All
the mice were fasted overnight with free access to water before administration of
test drugs. A single dose of Tf-C NC-Dox -NPs at 50 mg/kg was administered
separately to three mice each. The dose was regarded as toxic if mortality was
observed in 2 out of 3 mice. The experiment was repeated again and if mortality
was observed in 1 out of 3 mice then again the experiment is conducted. If the
mortality was observed, the experiment was continued with lower doses (20, 10, 5
& 2 mg/kg body weight). Initial observations were made based on the Irwin scale
parameters - like presence or absence of lethality, convulsions, straub tail,
sedation, excitation, jumps, loss of balance, abnormal writhes, piloerection,
stereotypies (sniffing, chewing or head movements), head twitches, scratching,
abnormal respiration, aggressiveness towards the experimenter, loss of righting
reflex, loss of corneal reflex, defecation, salivation and lacrimation. Further, mice

were kept under observation for 14 days in order to observe the mortality.
5.3.9.c.  Animal Grouping and in Vivo Experimental Design

Dox doses were selected for in vivo experiments on the basis of the acute toxicity
studies on Tf-Cu NC-Dox NPs and from previous literature data. For the tumor
progression, DLA cells (0.2 mL of 1 x 10° cells/ mice) were injected
intraperitoneally on day 0 leaving aside the normal group. The drug treatments
were started from day 8 post tumor transplantation in the interval of 24 h for 8
days. The work involved 46 mice, which were taken and separated into 5 groups

with 10 mice in each group, besides group [ having 6 mice.
e Group-I: Mice with no DLA tumor + No drug treatment
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e Group-II: DLA-bearing mice +0.2 mL of PBS (I.P.) for 8 days
e Group-III: DLA-bearing mice + Tf-Cu NC 2 mg/kg (I.P.) for 8
days

e Group-1V: DLA-bearing mice + Dox 2 mg/kg (I.P.) for 8 days
e Group-V: DLA-bearing mice + Tf-Cu NC-Dox NP 2 mg/kg
(I.P.) for 8 days

5.3.9.d. Effect of Treatment on Tumor Growth

During the experimental period, the body weight changes were measured daily,
and cells from all the groups were collected at the end of the drug treatment
period (16 days) to determine the cell viability and morphological changes
(FESEM analysis). At day 17, five mice from each group were sacrificed by
decapitation to collect the blood, liver, and kidney for biochemical and
histopathological analysis. The remaining 5 mice were observed for up to 50 days

to estimate the mean survival time (MST) and % increase in life span (% ILS).
5.3.9.e. Trypan Blue Test

To determine the cell viability from various treatment groups trypan blue assay
was conducted. Briefly, 0.1 mL of DLA cells was mixed with 0.1 mL of trypan blue
(0.4 %) solution - which is impermeable to the healthy cell because of its intact
cell membrane - and thus stains the cytoplasm of compromised cells. The cells
were counted using cell counter (Countess II FL, Life Technologies, USA).

Cytotoxicity (%) was measured by using the following formula:

No.of viablecells in

the treated group
No.of viablecells in

the untreated controlgroup

x 100

%of cell cytotoxicity =100—

5.3.9.f. FESEM analysis

To observe the cell morphology FE-SEM analysis of DLA cells was perfomed. After

139
TH-1880_126153007



Chapter 5

the treatment, the cells from various treatment groups were fixed in 3 %
glutaraldehyde solution for 4 h. After incubation with 0.2 mM PBS for 6 h the cells
were subjected to dehydration with gradiant acetone (30, 50, 70, 90 & 100 %)
followed by critical point dehydration by tetramethyl silane. Further, cells were

observed under FE-SEM to observe the morphological changes.
5.3.9.g. Haematological profiling

The blood from various treatment groups were collected in ethylenediaminetetra
acetic acid coated (EDTA) vials. The blood components like red blood cells (RBC),
white blood cells (WBC) and haemoglobin (Hb) levels were estimated using
haematology analyser (Sysmex, Japan). All the results were expressed in mean *

S.D.
5.3.9.h. Biochemical Parameters

After the drug treatment period, a part of blood was collected in non-
anticoagulant vials. Blood was centrifuged at 1500 rpm for 10 min at 4 °C and
supernatant (serum) was separated. The serum levels of aspartate transaminase
(AST), alanine transaminase (ALT) and alkaline phosphatase (ALP) were
measured using biochemical kits obtained from Accurex, India as per the

instructions given by the manufacturer.
5.3.9.i. Histopathological Analysis

To observe the pathological changes in liver and kidney tissues from all the
treatment groups; the organs were immediately isolated and fixed with 10%
formalin. Further, tissues were processed for dehydration using alcohol (50, 70,
90 & 100 %), xylene and then embedded in paraffin blocks. Sections of 5 um were
prepared using microtome and stained with hematoxylin and eosin to observe

under light contrast microscope (10x).

5.3.9.j. Measurement of Mean Survival Time( MST) & Increase in Life Span %
(ILS)

Five mice from all the treatment groups were observed for 50 days to determine
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the effect of drug treatment on motality rate of the cancer (DLA) mice. Kaplan
meier curve was established to represent the death of mice on respective days.

MST and % ILS were calculated by using the following formula:

[ firstdeath+lastdeath]
2

Mean survival time=

Mean survivaltimeof treated group
Mean survival timeof untreated group

Increasein life span(ILS)% = { - 1} x 100

5.3.9.k. Statistical Analysis

Statistical analysis was carried out for each group to find out significant difference.
Mean values and standard deviation were calculated by one way ANOVA, where
statistical significance is denoted by *' (p < 0.05), ** (p < 0.005), ***' (p < 0.001)
and “**** (p< 0.0001) followed by Tukey’s multiple Comparison test between all
the groups with P < 0.05 was considered as significant. Graph Pad Prism 6
software was used for standard statistical analysis and Kaplein-Meier method was

followed for survival study.

5.4. Characterization

5.4.1. UV-Visible and Fluorescence Spectroscopic Measurements

UV-vis spectra were recorded using Perkin Elmer Lamda 25 UV-vis
spectrophotometer and fluorescence spectra were recorded using HORIBA Jobin

Yvon FluoroMax-4 spectrofluorimeter.

5.4.2. Transmission Electron Microscopy (TEM)

The size and morphology of as synthesized Tf-Cu NC and Tf-CuNC-Dox-NPs were
probed using JEOL, JEM 2100 TEM (Peabody, MA, USA), which operates at
maximum accelerating voltage of 200 kV. For analysis, first 1 mL of as-
synthesized particle was taken and centrifuged at 15 000 rpm for 30 min. The
pellet was then redispersed in 1 mL of Milli-Q water and from which 200 pL of Tf-
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Cu NC—Dox NPs were taken and diluted in 1 mL of water. Briefly, 8 pL of the

composite from the above dispersion was drop-cast onto copper-coated TEM grid.

The sample was allowed to dry at room temperature for 6 h before analysis.
5.4.3.Dynamic Light Scattering Based Measurements

Hydrodynamic diameter and net surface charge of the composite nanoparticles
were measured using Malvern Zeta Size Nano ZS-90 instrument. The change in
dynamic light scattering (DLS) hydrodynamic size and surface zeta potential of Tf-
Cu NCs before and after drug binding were performed at a temperature of 25 °C. In
each case, 50 pL of the dispersion was diluted in 950 pL of water, and then
measurements were performed. For each sample dispersion, three DLS
measurements were made with a fixed run time of 11 s with scattering angle set at

90°. The Malvern DTS 5.10 software was used for data analysis.
5.4.4.Time Resolved Photoluminescence (TRPL) Study

Time-resolved photoluminescence (TRPL) intensity decay of the NCs were
recorded using time-correlated single photon counting (TCSPC) set up (Horiba).
The laser diode 375 (Delta Diode) was used as a source with excitation

wavelength of 375 nm. The fluorescence decays were fitted using DAS6 software.

5.4.5.Matrix-Assisted Laser Desorption Ionization Time-of-Flight

Mass Spectrometric (MALDI-TOF-MS) Measurements

Bruker 4800 Plus MALDI TOF/TOF Analyzer was used to measure the mass
spectra of the composite nanoparticles. Sinapinic acid was used as matrix, which
was prepared by dissolving sinapinic acid (10 mg) in a mixture of 1 mL of 50 %
acetonitrile (ACN) and 0.05% of trifluroacetic acid (TFA). Composite nanoparticles
and matrix were mixed in the ratio of 1:2 (volume ratio) carefully and then

spotted.
5.4.6.Circular Dichroism Study

Circular dichroism spectra were recorded using JASCO-815 spectrometer (Jasco,
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Japan).
5.4.7. Field-Emission Scanning Electron Microscopy (FESEM)

FESEM analyses of the composites and the cells were carried out in a JEOL JSM-
7610F instrument. For FESEM, the prepared samples were drop cast on glass slide
covered with aluminium foil and kept overnight for drying. Before analysis, the
samples were coated with platinum using sputter coater JEC-3000FC auto fine
coater, JEOL. Cells treated with ICso dose of the composite for 48 h were washed
with PBS and subsequently collected after trypsinization. The trypsinized cells
were then fixed with 4 % formaldehyde. The same procedure was followed for

untreated cells (control).
5.4.8. Quantum Yield Measurements

The fluorescence quantum yield of as-synthesized Tf-Cu NCs was determined
relative to a reference sample - quinine sulphate (dissolved in 0.1 M H2S04). It was
calculated by using the following formula, where both Tf-Cu NCs and reference

sample i.e,, quinine sulphate were excited at same wavelength.

A, _Abs, g
Ys =QYg x—=Xx—x— (S1
QYs QRXARXAbSSXn,i )

where QYs and QYr refers to measured quantum yield of as synthesized Tf-CuNCs
and quinine sulphate in 0.1 M H2SO4 as reference respectively; As and Arrefers to
area under the emission spectrum obtained at Aex = 375 nm at slit-width = 2 nm
for sample and reference, respectively; Absg and Abss refer to absorbance of the
reference and sample, respectively; ns and nr refer to refractive indices of solvents
for the sample and reference, respectively. For experiments, same solutions with
respect to sample and reference were used to record UV-vis absorbance and
fluorescence emission. The quantum yield of the reference (QY:) is 0.54, whereas

refractive index of solvent (water) is 1.33.
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5.5. Results and Discussion

The nanodrug formulation was achieved using a blue-emitting Tf-Cu NCs and well-
known hydrophobic drug, Dox, with the availability of FRET-based energy transfer
between the components. Blue-emitting Tf-Cu NCs was synthesized by an aqueous
method with hydrazine hydrate as the reducing agent at pH 12. (Refer to
Experimental Section 5.3.2). The schematic depiction of formulation of nanodrug
for FRET assisted bioimaging, targeted delivery and synergistic therapeutic
activity in vitro as well as in vivo has been elucidated in (Figure 5.1).Here, Tf
acted as a stabilizer by forming strong metal-ligand bond between Cu ions and
cysteine residues along with contribution from N atom of histidine and O atom of
tyrosyl residues*! apart from acting as functional ligand for targeting TfR
overexpressed in cancer cells. The 26 tyrosine residues of Tf (at pH > 10) along
with N;H4 imparted the reducing environment, whereas some of the 38 cysteine
sulfur residues might have acted as stabilizing ligands to the copper core in the

cluster.3942

Cancer Cells Normal Cells

4
. .é‘f-:t
S e g ”
Transferrin Transferrin-Copper Nanoclusters ~ Doxorubicin  Transferrin-Copper Nanoclusters

Doxorubicin Nanoparticles
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Figure 5.1. Schematic Depiction of Formulation of Targeted Nanodrug for FRET-Assisted
Bio-Imaging, Targeted Delivery, and Synergistic Therapeutic Activity In Vitro as well as In
Vivo.

The as synthesized Tf-Cu NCs exhibited strong blue emission band at 460 nm (Aex
= 375 nm) as shown in (Figure 5.2a). Additionally, the absence of any surface
plasmon resonance (SPR) peak in the visible region discounted the presence of
large sized copper nanoparticles (Figure A 5.1, Appendix). The PL quantum yield
of the as synthesized Tf-Cu NCs was quantified as 7.5%, using quinine sulfate as
the standard. This is analogous to the reported emission efficiency of Cu NCs and
therefore supported their suitability to be used as bioimaging probe.26:33 The
formation of Tf-Cu NCs was further validated from TEM image as shown in
(Figure 5.2b) with average particle size distribution of 2.08 nm *+ 0.84 (Figure
5.2c). The average size was calculated from about 100 particles in TEM images
recorded with different sets of experiments and with the help of Image ] software.
The characterization of the as-synthesized Tf-Cu NCs was further pursued by both
matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF) based
mass spectrometric measurements (using sinapinic acid as the matrix) and X-ray
photoelectron spectroscopy (XPS), which signified the number of atoms
responsible for cluster formation and the oxidation state of the concerned atoms,
respectively. MALDI TOF mass spectrum showed a base peak due to singly
charged Tf at m/z = 80 027, whereas mass spectrum of Tf-Cu NCs as recorded
showed a weak peak at m/z = 80 207 and two prominent peaks at m/z = 80 312
and m/z = 80 496 indicating the presence of 3, 5, and 7 Cu atoms in the as-
synthesized Tf-Cu NCs (Figure 5.2d). XPS spectrum showing two peaks at 932.2
and 952.2 eV, corresponding to Cu 2p3,2 and Cu 2p1,2, respectively (Figure 5.2e),
indicated the Cu(0) state of copper in the as-synthesized Tf-Cu NCs along with
Cu(I), which differs from Cu(0) binding energy by 0.1 eV. Thus, both Cu(0) and
Cu(I) species might have been present in the clusters. Additionally, absence of
peak at 942 eV ruled out the possibility of Cu(Il) in the system. Furthermore,
circular dichroism (CD) measurements were carried out to probe the targeting
ability of the protein by evaluating the degree of conformational change in
transferrin following the synthesis of Tf-Cu NCs. It was found that after Tf-Cu NC

synthesis there was a slender decrease in the a-helix conformation from 28.6 to
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26.2% and (-sheet from 21.3 to 20.3% respectively (Figure 5.2f). This indicated
that the targeting efficiency of Tf might have remained unaffected after Tf-CuNCs

synthesis.
a 501
o
7 £ 40+
=] 2
bt =
z T 304
7] =
5 -9
€ S 204
= -
[ = 101
.=
7.

0.
0.0 05 1.0 1.5 2.0 25 3.0 3.5 4.0
Particle Size (nm)

400 450 500 550 600 650 700
Wavelength (nm)

1404 Cu-‘TAf’- s, Y 9001 Cu2p % Original data 251 e ]
d o O e cuNes o ' ammFitPeak i T —T1-CuNCY
120'"« I 850+ s it Peak 2 ~ 151 e
= 1004~ ) —— Cumulative Peak Fit ¥ =
R = 800+ u2p < 10
C . < ”
> S0Y: < J g SN
z £ 750 20
Z 604 'z T
“ . -54
E ok = \ N £ 0]
20 650 T & .15
0 600 201
80000 80400 80800 812 925 930 935 940 945 950 955 96 25— T T r
m/z (Da) Bhling inerey (6V) 200 210 220 230 240

Wavelength (nm)

Figure 5.2. (a) Photoluminescence intensity of as synthesized Tf-Cu NCs (blue curve, Aex =
375 nm) and transferrin (cyan curve) with the inset showing digital image of Tf-Cu NCs
under UV trans-illumination. (b) TEM image of Tf-Cu NCs (scale bar 50 nm). (c) Histogram
showing size distribution of Tf-Cu NCs (as obtained from panel b). (d) MALDI-TOF spectra
of Tf (red) and Tf-Cu NCs (blue) due to singly charged species. Peaks assigned to
respective number of Cu atoms are circled in green. (e) XPS spectrum of as synthesized
Tf-Cu NCs showing two peaks corresponding to Cu2p electrons. (f) CD spectra of Tf (red)
and Tf-Cu NCs (blue).

For the formulation of organic-inorganic nanodrug composite, freshly
prepared Dox was added to a dilute aqueous dispersion of the as-synthesized Tf-
Cu NCs, under constant stirring at ambient temperature, which was followed by
aging for 2 h. Details of synthesis have been described in the Experimental
Section 5.3.3. The Tf-Cu NC-Dox NPs were then collected after centrifugation at
10 000 rpm for 30 min. The formulation of organic-inorganic nanodrug was
monitored using steady-state fluorescence spectroscopy. The inorganic moiety of
Tf-Cu NCs showed a characteristic emission at 460 nm (Aex = 375 nm), whereas
Dox employed as organic drug has characteristic absorption at 480 nm, which

emits at 590 nm. Thus, prominent spectral overlap between Tf-Cu NCs (donor, Aex
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= 375 nm and Aem= 460 nm) and Dox (acceptor, Aex= 480 nm and Aem= 590 nm)
allowed us to realize the existence of a FRET mechanism between them (Figure

5.3a). Additionally, the excitation spectra recorded for Dox only (acceptor) and

composite NPs at Aem= 590 nm provided further evidence of the energy transfer
process from donor Tf-Cu NCs (Figure 5.3b). A good spectral overlap between the
excitation spectrum of composite NPs (Figure 5.3b (ii)) and emission spectrum of
Tf-Cu NCs can be observed in Figure 5.3b (iii), whereas Figure 5.3b (iv) shows

the emission spectrum of final composite NPs (nanodrug).
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Figure 5.3. (a) Photoluminescence (PL) spectrum of Tf-CuNCs (Aex at 375 nm) and
absorption spectrum of Dox. (b) Normalized excitation spectra of (i) Dox (Aem = 590 nm)
and (ii) composite (Aem = 590 nm), and emission spectra of (iii) Tf-CuNCs (Aex= 375 nm)
and (iv) the composite nanoparticle Tf- Cu NC-Dox-NPs (Aex= 375 nm).

To understand the FRET process, emission characteristic change of Tf-Cu NCs
was monitored by addition of varying concentration of Dox at fixed intervals of
time (Aex = 375m). Briefly, a fixed concentration of Tf-Cu NCs (Experimental
Section 5.3.4) was taken, and Dox was added under stirring condition after an
interval of 15 min each. The fluorescence spectrum of the composite dispersion
was then recorded after each successive addition of 50 pL of Dox (from 400 uM
stock). As is evident in Figure 5.4a, the emission intensity at 460 nm due to Tf-Cu
NCs showed gradual drop with concomitant rise in emission intensity at 590 nm
due to Dox (when excited by 375 nm light). The results indicated the energy
transfer from the Tf-Cu NCs to Dox based on FRET mechanism. At a final Dox
concentration of 93.7 uM in the composite (which is equal to 50.92 pg of dox), the
blue fluorescence of Tf-Cu NCs was completely quenched showing maximum

emission at 590 nm due to Dox thereby reaching a saturation and hence finally
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giving rise to pink color dispersion that exhibited red emission. To get better
insight into the occurrence of FRET between Tf-Cu NCs and Dox, time resolved
photoluminescence (TRPL) spectroscopic measurements were carried out. Figure
5.4b shows the PL decay profile of Tf-Cu NCs and Tf-Cu NC—Dox NPs with Aex =
375 nm. The drop in average PL lifetime of Tf-Cu NCs from 3.3 to 1.2 ns in the Tf-
Cu NC-Dox NPs (Figure 5.4b) gave evidence of the steady state emission
quenching of the donor in the presence of the acceptor (Dox) and its active
participation in the FRET process. On the basis of this, the energy transfer
efficiency from Tf-Cu NCs to Dox in the NPs was calculated to be 63.6% following
equation A5.2 ii, Appendix. The degree of energy transfer was further
determined from spectral overlap integral value calculated following eq A5.2 iii
appendix which was found to be 3.71 x 1014 M1 cm—! Forster radius (Ro) equal to
2.83 nm (using eq A5.2 iv,Appendix), which was found to be in the desired range
(1-10 nm) of an ideal FRET pair. Therefore, using the values obtained for Ro and E,
the actual distance between the FRET pair (using eq A5.2 v, Appendix) was
calculated to be 2.55 nm. (Refer to the Section 5.2 Appendix for FRET parameters

and calculation details.)
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Figure 5.4. Change in PL emission intensity of Tf -Cu NCs recorded at varying
concentrations of Dox (400 uM stock) as mentioned in the legends (Aex = 375
nm).(b)Time-resolved photoluminescence decay curve of as-synthesized Tf-Cu NCs (blue)
and Tf-Cu NC-Dox NPs (red) monitored at Aem = 460 nm (and Aex = 375 nm). (c) TEM
image of Tf-Cu NC-Dox NPs. (d) Corresponding particle size distribution of as synthesized
Tf-Cu NC-Dox NPs.

Furthermore, to shed light into the mechanism of NP formation, DLS-based
zeta potential measurements were performed. The zeta potential data revealed a
negative charge of —13.2 + 5.02 mV for the as-synthesized Tf-Cu NCs. The increase
in zeta potential of the Tf-Cu NCs in the final composite to a value of 2.74 + 1.59
mV, upon addition of positively charged doxorubicin suggested the electrostatic
mode of interaction between the two species. However, H-bond interaction as well
as - stacking interaction between Dox and hydrophilic and hydrophobic sites in
protein could also be the basis of interaction.32 Thus, after the formation of NPs,
the net surface charge of the composite NPs was found to be 2.74 + 1.59 mV,
indicating the propensity of electrostatic and hydrogen bond interaction toward
strong association between as synthesized Tf-Cu NCs and Dox (Figure A5.3,
Appendix). The resulting Tf-Cu NC-Dox NPs dispersion (pH 6.5) was centrifuged
at 10 000 rpm at 15 °C and supernatant was collected. The drug encapsulation
efficiency was then obtained by measuring the emission intensity (Aex= 480 nm)
for Dox present in supernatant, following centrifugation of Tf-Cu NC—Dox NPs,
with respect to the emission intensity of Dox used for synthesis (Figure
A5.4,Appendix). Further details of the procedure are available in the
Experimental Section 5.3.4. On the basis of this, the encapsulation efficiency was
found to be ~89% in the final composite collected after centrifugation, which was
equivalent to 44.5 pg/mL of Dox in the dispersion. For successful drug delivery
through passive targeting of tumor cells using enhanced permeability and
retention (EPR) effect, fulfilment of size criterion remains an essential feature.
Studies revealed that particles with diameter <200 nm are effective for easy
extravasation through leaky tumor cells via EPR effect.2# Therefore, the as-
synthesized NPs were characterized by transmission electron microscopy (TEM),
field-emission scanning electron microscopy (FESEM), and DLS-based studies.

TEM study revealed spherical nature of the as- synthesized Tf-Cu NC—-Dox NPs

(Figure 5.4c) with an average particle size 42.14 nm *#16.83 nm, which represents
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the thermodynamically most stable structure and hence shape under the given
reaction condition. In addition, kinetic stability of the particles during the
observation period may also have contributed to such particular size range.
Additionally, the histogram plot of the as-synthesized Tf-Cu NC-Dox NPs is shown
in Figure 5.4d. The Cu NCs of size <2 nm in Tf-Cu NC— Dox NPs are noticeable in
the TEM image (Figure A5.5c,Appendix), while no characteristic SAED pattern
for Cu metal was observed (Figure A5.5d, Appendix). The FESEM image (Figure
5.6b, Appendix) of Tf-Cu NC— Dox NPs revealed an average particle size of 47.79
+ 8.53, which matched closely with the TEM results. However, DLS based
measurement of the hydrodynamic size of the Tf-Cu NC-Dox NPs revealed size of
117.35 £ 10.15 nm, which may be due to the protein in the liquid medium and the
hydration layer surrounding the NC core (Figure A5.5e, Appendix). Thus, the
present composite NP system fulfils the size criterion required for passive
targeting based on EPR effect. To further explore the cellular internalization and
real-time imaging of cancer cells, confocal microscopy imaging experiments were
carried out on TfR overexpressed cells. Confocal microscopy image along with
depth projection image of HeLa cells after 4 h of treatment with Tf-Cu NCs
revealed their successful internalization in the cells. The cells exhibited bright blue
luminescence in the cytoplasm (Figure A5.7b, Appendix) signifying their uptake,

which was corroborated by Z-stack image as shown in (Figure A5.7d, Appendix).

However, a similar phenomenon was not observed in 3T3-L1 cells, which have
low expression of TfR (Figure A5.8b, Appendix). It has been reported that TfR is
overexpressed in HeLa and MCF-7 cells, whereas HEK-293 and 3T3-L1 cells have
low expression of them as shown by semi quantitative polymerase chain reaction
(PCR) using TfR gene primers (Figure 5.5a). Relative expression level of the TfR
was measured by extracting the RNA of the respective cells followed by
transformation into cDNA by reverse transcription polymerase chain reaction
(RTPCR). Semi quantitative PCR analysis and agarose gel electrophoresis of cDNA
gave an insight into the expression level of TfR in all the cells. To confirm the
receptor-mediated active endocytosis, fluorescence-activated cell sorting (FACS)-
based experiments were performed with transferrin inhibitor Chlorazole Black E

(50 uM), which was added to the cells 6 h prior to the treatment (in order to block
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the TfR). The overgrown HeLa cells on treatment with transferrin inhibitor
blocked the uptake of Tf-Cu NC-Dox NPs. The same amount of Tf-Cu NC-Dox NPs
without inhibitor showed a higher shift in fluorescence intensity plot than the
cells treated with inhibitor after 4 h of treatment (Figure 5.5b) as analysed by
FACS. Without inhibitor, the uptake of Tf-Cu NC-Dox NPs was more facile

compared to that of control Dox used for the treatment (Figure A5.9, Appendix).
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Figure 5.5 (a) Agarose gel electrophoresis results (image) showing different expressions
of TfR on HeLa, MCF-7, HEK-293, and 3T3-LI cells, and (3- actin, which was taken as
endogenous control. (b) FACS analysis confirming the uptake of the composite by cells
without Tf inhibitor as observed by shift in fluorescence intensity profile in PE-H channel
than the cells treated with inhibitor. (c) Confocal fluorescence microscopic images of
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HeLa cells treated with Tf-Cu NC—Dox NPs for 4 h, and then with inhibitor for 6 h, only
Dox and cells treated with Tf-Cu NC—Dox NPs without inhibitor. First column represents
the bright-field images; the second and third columns represent fluorescence image
collected in the emission windows of 580—700 and 380—-490 nm at excitation wavelengths
of 405 and 488 nm, respectively. The fourth column is the merged image. The scale bar is
5 pum for first 3 columns, whereas the image representing the control has a scale bar of 10
pm.

It is apparent from the FACS data that there was an observable shift of
fluorescence intensity plot of HeLa cells after 4 h of treatment with Tf-Cu NC—Dox
NPs than only Dox as depicted in (Figure A5.9, Appendix). To evaluate whether
the uptake was an active or passive process, the cells were preincubated (i) at 4 °C
for 4 h and (ii) in an ATP-depleted environment (using 10 mM NaN3 for 30 min).
This is followed by incubation with (Tf-Cu NC-Dox NPs) for 4 h. The control was
also maintained at 37 °C following treatment for 4 h. These exposures resulted in
prominent reduction of fluorescence intensity by 67.45 and 58.96%, respectively

(Figure 5.6). The results were further supported by CLSM studies (Figure A5.10,

Appendix), hence suggesting the prevalence of active transport mechanism.
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Figure 5.6. Quantitative analysis of cellular uptake of Tf-CuNC-Dox-NPs by HeLa cells
after 4°C incubation, in presence of sodium azide (NaN3) and chlorpromazine inhibitors.
All the measurements were carried out in Tecan (in triplicates). Here control means HeLa
cells treated with Tf-CuNC-Dox-NPs for 4h at 37°C.

Furthermore, to validate the pathway involved in endocytosis, the cells were
preincubated with chlorpromazine (5 uM for 4h), which is a known clathrin

mediated endocytosis inhibitor. Experimental results indicated drastic reduction
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of fluorescence intensity (76.67%) compared with that of control (Figure 5.6).
The reduced luminescence as seen in CLSM images (Figure A5.10, Appendix)
also revealed less uptake of Tf-Cu NC—Dox NPs in chlorpromazine treated cells

thus confirming the clathrin mediated endocytosis pathway.

Additionally, the confocal microscopy studies also supported the inhibitory
action of Chlorazole Black E, as no activation of luminescence was observed on
HeLa cells treated with Chlorazole Black E for 6 h followed by 4 h treatment with
Tf-Cu NC-Dox NPs (Figure 5.5c). This observation was possibly due to blocking of
TfR receptor mediated endocytosis pathway by the inhibitor. Furthermore, the
internalization of Tf-Cu NC-Dox NPs after 4 h of treatment was clearly observed in
case of HeLa and MCF-7 cells as opposed to HEK- 293 and 3T3-L1 cells, which
have low expression levels of TfR (Figure A5.11, Appendix). To get a better
insight into the manifestation of FRET in the as-synthesized NPs, vis-a -vis, being
inside cells, time-dependent confocal microscopy studies was carried out in HeLa

cells.

Interestingly, receptor-mediated endocytosis of Tf-Cu NC— Dox NPs in TfR-
overexpressing cells led to gradual activation of blue luminescence of Tf-Cu NCs in
the cytoplasm as is clear from Figure 4. The time-dependent confocal laser
scanning microscopic studies revealed no luminescence at 0 h of treatment by the
as-synthesized NPs (Figure 5.7). However, after 2 h of treatment, slender blue
luminescence was observed in the cytoplasm, which was gradually enhanced over
the time possibly due to gradual disruption of donor—acceptor interaction
between Tf-Cu NCs and Dox following internalization. This led to gradual recovery
of blue fluorescence in cytoplasm and hence simultaneous release of Dox in the
nucleus. Figure 5.7 clearly revealed the blue luminescence observed in cytoplasm
after 4 h of treatment with red fluorescence of the Dox in the nucleus, the intensity
of both of which was augmented at the end of 6 h of study. In contrast, no
significant recovery of blue luminescence was observed in 3T3-L1 cells, which
have relatively low TfR expression, when treated with the Dox loaded composite

(Figure 5.8a).
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Red Blue
Bright Field Channel Channel Merged

Figure 5.7. Fluorescence confocal microscopy images of HeLa cells at different time
intervals —0 h, 2 h, 4 and 6 h of treatment, indicating the gradual uptake of Tf-Cu NC—Dox
NPs. The excitation wavelength was 405 and 488 nm. First column is the bright-field
image, for the second and third columns the fluorescence images were collected in the
range of 580—700 and 380—490 nm, respectively. Fourth column is the merged image. The
scale bar is 10 ym.
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Figure 5.8. Bright field (a and c) and confocal microscopy (b and d) images of 3T3-L1 and
HeLa cells treated with Tf-Cu NC-Dox-NPs recorded after 4 h of treatment.

To evaluate the intracellular drug release and its therapeutic activity, MTT-
based cell viability assay was carried out. The HeLa cells were incubated at
different concentrations of Tf-CuNCs, free Dox, and Tf-Cu NC—Dox NPs for 48 h at
37 °C. The final concentrations of copper and Dox in the Tf-Cu NC-Dox NPs was
1.82 and 44.5 pg/mlL, respectively. The copper concentration in the Tf-Cu NC-Dox
NPs was determined by AAS. Furthermore, 75% of HeLa cells were found to be
viable when treated with Tf-Cu NCs only at a concentration of 0.44pg/mL (with
respect to copper) as shown in (Figure A5.12a, Appendix). Furthermore, MTT
assay carried out in HeLa cells at Dox concentrations in the range of 0.2-1.33
nug/mL showed viability of around 50% at 1.23 pg/mL as shown in Figure 5.9a.
Interestingly, the same concentration of Dox on cells treated with Tf-Cu NC-Dox
NPs displayed viability of only 22%. The ICso values, calculated by nonlinear
regression curve fit (using Graphpad Prism Software), were found to be 0.65
pg/mL for Dox and 0.32 pg/mL for copper (Figure 5.9a), suggesting the
occurrence of synergistic effect. To establish the synergy of Cu and Dox in Tf-Cu
NC-Dox NPs, the isobologram and combination index (CI) were calculated based
on the median effect principle of Chou and Talalay,43 using the CalcuSyn software
(Biosoft, Version 2.1). The line of additivity of isobologram plot can be interpreted
in terms of synergy (CI <1) placed below the line, additivity (CI = 1) on the line and
antagonism (CI > 1) above the line. The isobologram plot of MTT data shown in
Figure 5.9b depicts that all the data points were below the line of additivity,
which represented drug—drug interactions, i.e.,, synergy. The details of the CI
values are given in (Table A5.1). Similar dose-dependent cytotoxicity of nanodrug
was also observed in MCF-7 cells (Figure A5.12b, Appendix), where cell viability
was decreased to 20% at 1.33 pg/mL of Dox. The ICso value was found to be at 0.6
ug/mL of Dox and 0.24 pg/mL of copper. However, in case of HEK-293 and 3T3-L1
cells, around 80-90% of cells were viable at the ICso dose of HeLa cells (Figure
A5.12 c,d, Appendix). In fact, at the highest concentration of Dox (1.33 pg/mL) of
our experiment, the viability of cells was more than 70% in the case of 3T3-L1

cells. This is essentially because of the selective targeting of the Tf-Cu NC-Dox NPs,
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based on TfR expression that promoted increased uptake by HeLa and MCF-7 cells
as opposed to HEK-293 and 3T3-L1 cells. Thus, the significant decrease of cell
viability with nanodrug (composite NPs) as opposed to free drug molecule
evidenced synergistic therapeutic efficacy herein. The anti-cell proliferative effect
of Dox was remarkably enhanced in HeLa cells when incorporated in Tf-Cu NCs.
Hence, the subsequent intracellular release of anticancer drug, with synergistic
therapeutic activity, was observed in case of overexpressed TfR cells (HeLa and
MCF-7). To support the cytotoxicity of Tf-Cu NC—Dox NPs, in vitro release profile of
Dox was pursued at pH 4.5 (acetate buffer) and pH 7.0 (phosphate buffer), which
resemble the physiological conditions of tumor cells and normal cells,
respectively. The time-dependent release profile shown in Figure 5.9c indicates
that at pH 4.5 nearly 65% of Dox was released after 48 h, whereas around 40% of
drug was released at pH 7.0. This outcome was attributed to enhanced

disintegration of the inorganic-organic composite NP system at acidic pH.
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Figure 5.9. (a) Cell viability based on MTT assay after 48 h of treatment with varying
concentrations of Dox and Tf-Cu NC—Dox NPs in HeLa cells. The experiments were carried
out in triplicate and are represented as the mean + SD. The ANOVA test revealed the
statistical significance between Dox and Tf-Cu NC-Dox NPs which is denoted by * (p <
0.05), ** (p < 0.005), and *** (p < 0.001). (b) Isobologram analysis showing all points
below additive line indicating synergistic effect. Combination index (CI) values calculated

156
TH-1880_126153007



Chapter 5

using Calcusyn software. (c) Time-dependent in vitro release profile (in %) of Dox from
Tf-Cu NC-Dox NPs in the PBS (pH 7.0) and acetate buffer (pH 4.5). Experiments were
carried out at 37 °C and are represented as the mean = SD from three individual

experiments. (d) FACS analysis results of the generation of reactive oxygen species (ROS)
in HeLa cells investigated in DCF channel (FITC) corresponds to the green emission of the
DCF. Cells treated with Tf-Cu NC—Dox NPs exhibited prominent shift as compared to the
control cells.

To further examine the cytotoxicity of Tf-Cu NC—Dox NPs, analyses of live
and dead cells were performed using Calcein AM and EtBr. For this, HeLa cells
were treated with ICso dose of Tf-Cu NC-Dox NPs with respective Tf-Cu NC and
Dox concentrations as mentioned above. Observation under epifluorescence
microscope revealed heightened EtBr-stained apoptotic cells, which signified the

preferential uptake of Tf- Cu NC-Dox NPs as compared with Dox by the treated
cells (Figure 5.10).

Calcein AM Merged

Control

TECuNC

Dox

Tf-Cu NC-Dox-
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Figure 5.10. Calcein AM/Et-Br dual staining of live and dead HeLa cells (control) and cells
treated with Tf-CuNCs, Dox, and Tf-CuNC-Dox-NPs, respectively. Scale bar represents 100
um.

Additionally, the onset of apoptosis was documented in FESEM images, after
48 h of treatment with Dox and Tf-Cu NC—Dox NPs. Initiation of apoptosis was
illustrated by gradual indentation and irregularity in the cell morphology treated
with Dox (Figure 5.11b) than control (Figure 5.11a). In contrast, more blebbing
and distortion were observed in case of cells treated with Tf-Cu NC-Dox NPs

(Figure 5.11c¢).

Figure 5.11. FESEM images of HeLa cells for (a) control, (b) cells after 48 h treatment
with Dox showing initiation of blebbing and (c) cells after 48 h treatment with Tf-CuNC-
Dox NPs showing blebbing and cell distortion. Scale bar is 1um.

Moreover, the presence of apoptosis was also confirmed using propidium
iodide (PI) assays after 48 h of treatment at ICso dose of Tf-Cu NC—Dox NPs along
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Figure 5.12. FACS based PI staining analyses for live and dead HeLa cells after 48 h (a)
control (without treatment), and after treatment with (b) Tf-CuNCs, (c) Dox and (d) Tf-
CuNC-Dox-NPs.

with the control Tf-Cu NCs and Dox. The results suggested upsurge of dead cells
population to 51.12, 10.38, and 35.93%, for cells treated with composite NPs, Tf-
Cu NCs, and Dox respectively (Figure 5.12), which corroborated the cell viability

results.

To elucidate the mode of cell death exerted by the nanodrug (Tf-Cu NC-Dox
NPs), fluorescence-activated cell sorting (FACS) based assays were carried out.
First, reactive oxygen species (ROS) generation was investigated using the 2’,7’-
dichlorofluorescin diacetate (DCFDA) staining method where DCFH is to be
oxidized to green fluorescent 2’,7’-dichlorofluorescein (DCF) in the presence of
ROS. It can be inferred from Figure 5.9d that there was shift in fluorescence
intensity in cells treated with nanodrug (Tf-Cu NC-Dox NPs), which correlated
with the amount of ROS production inside the cells. Tf-Cu NCs and Dox on the
other hand induced less oxidative stress than Tf-Cu NC-Dox NPs. Cell cycle
analysis revealed the arrest of G2/M phase in cells treated with Dox, whereas S-
phase arrest was observed in the case of cells treated with Tf-Cu NC-Dox NPs
(Figure 5.13). Additionally, FACS based Annexin V-7AAD assay confirmed
apoptosis mode of cell death, where significantly greater percentage of apoptotic
cells (17.47%) was observed for Tf-Cu NC-Dox NPs treated cells than control

(2.59%), Tf-Cu NCs (4.56%) and Dox (10.15%) treatment (Figure 5.14).
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Figure 5.13. (a) Propidium iodide based cell cycle analysis using FACS where 1
represents the control and 2—4 are the cells treated with Tf- Cu NCs, Dox, and Tf-Cu NC—
Dox NPs, respectively.
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Figure 5.14. Flow cytometric analyses via annexin-V-7-AAD staining in order to find out
the apoptotic and necrotic populations (%). In the dot plots the second, and third
quadrants denotes early apoptotic (E.A.), and late apoptotic (L.A.) population of control
cells and the cells treated with Tf-Cu NCs, Dox, and Tf-Cu NC—-Dox NPs, respectively.
Finally, in vivo efficacy of Tf-Cu NC-Dox NPs was examined on mice bearing
tumors of Dalton’s lymphoma ascites (DLA). Adult male Swiss albino mice were
used to induce DLA by subcutaneous inoculation of DLA cells in groups II-V for
respective experiments; subsequently, the size of tumor growth was monitored.
The DLA cells collected from the mice harboring tumor showed adequate
expression of TfR (Figure 5.15a); hence, the transferrin-carrying NPs could be
employed on DLA mice model for selective targeting in vivo. The uptake of Tf-Cu
NC—-Dox NPs on DLA cells was confirmed by confocal microscopy (Figure 5.15b).
The toxicity studies of Tf- Cu NC-Dox NPs suggested that Tf-Cu NC-Dox NPs at 20
mg/kg did not produce any deleterious effects on animal health, and no mortality
was seen up to 14 days of observation period. Therefore, 1/10th of the no
observed adverse effect level (NOAEL), i.e., 2 mg/kg, was selected for cytotoxic
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evaluation and tumor suppression activities of Tf-Cu NC-Dox NPs, Tf-Cu NCs, and

free Dox.

3-Actin

Figure 5.15. (a) Expression analysis of transferrin receptors protein in DLA cells using
semi quantitative PCR. (b) Confocal microscopic fluorescence images of DLA cells after 3 h
of incubation indicating the uptake of Tf-CuNCs-Dox-NPs. The excitation wavelength was
405 and 488 nm.

The experiments were conducted in Swiss albino mice bearing DLA
tumorogenesis. The mice were divided into four groups (n = 10) where the first
group was assigned as control followed by groups treated with Tf-Cu NCs (2
mg/kg), free Dox (2 mg/kg), and Tf-Cu NC-Dox NPs (2mg/kg). After 8 days of
tumor growth (with the belly swollen due to accumulation of ascitic fluid), the
nonlethal dose of Tf- Cu NC-Dox NPs (2 mg/kg) was injected into the peritoneal
cavity of the mice at scheduled intervals for 8 days as illustrated in the
experimental Figure 5.16 a. After 8 days of drug treatment period, the cells from
all mice were tested for cell viability. Results of trypan blue (Table
A5.2,Appendix) assay revealed that Tf-Cu NC-Dox NPs treatment significantly
reduced the percentage of viable DLA cells compared to the other treatment
groups (free Dox and Tf-Cu NCs). It can be inferred from Figure 5.16b that
reduction in tumor volume was observed in both free Dox and Tf-Cu NC-Dox NPs
treated mice, as confirmed by body weight reduction compared to control and Tf-
Cu NC treated groups. Among all the treatments, the Tf-Cu NC-Dox NPs treatment
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showed the highest potential in tumor volume reduction. At the end of the
treatment (day 16), mice treated with Dox and Tf-Cu NC—Dox NPs showed a lesser
increase in body weight (4.32 £ 0.86* g and 1.55 + 0.42* g, respectively) compared
to control and Tf-Cu NCs treated mice (11.28 * 1.62 g and 10.14 = 1.14 g,
respectively) to that of initial body weight (Figure 5.16b).
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Figure 5.16. (a) Experimental scheme representing the effect of Tf-Cu NC-Dox NPs in
tumor bearing Swiss albino mice monitored for 50 days. (b)Change in the body weight of
tumor bearing mice after treatment with Tf-Cu NCs, Dox, and Tf-Cu NC—Dox NPs,
respectively, until 16 days of treatment. (c) Survival probability of DLA induced mice
monitored up to 50 days after treatment with Tf-Cu NCs, Dox, and Tf-Cu NC-Dox NPs, as
represented by Kaplan—Meir curve.

The changes in body weight, cell viability, and tumor volume in various

treatment groups are illustrated in Figure 5.17 and Table A5.2, Appendix.

162

TH-1880_126153007



Chapter 5

Figure 5.17. Photographs of DLA induced mice (a) control i.e., without treatment (belly
swollen) taken on 14t day and those treated with (b) Dox taken on 25t day, (c) Tf-CuNC
taken on 14t day; and (d) Tf-CuNC-Dox-NPs taken on 30th day.

The superior activity of Tf-Cu NC-Dox NPs compared to that of free Dox can
be attributed to the targeted internalization and longer circulation time of Tf-
CuNC-Dox NPs resulting in enhanced EPR effect. This superior therapeutic
efficacy of Tf-Cu NC-Dox NPs has a direct impact on the increased life span of DLA
mice as compared to other treatment groups. In control and Tf-Cu NCs treated
groups, all mice died by 18 days of post tumor development as shown in Figure
5.17c. Most importantly, though free Dox treatment showed promising
therapeutic effect on tumor size reduction, due to systemic toxicity issues the life
span of DLA mice were reduced as compared to that of Tf-Cu NC-Dox NPs treated
mice. The free DOX treated mice showed a significant increase in mean survival
time compared to those of control and Tf-CuNC groups, but periodical death of
mice was observed by day 28 (Figure 5.17c). Selective targeting efficacy of Tf-Cu
NC-Dox NPs led to survival of mice until 50 days of study, where systemic toxicity
of Dox was greatly reduced as can be viewed from Figure 5.17c. Furthermore,
morphological observation of DLA cells from various treatment groups confirmed
that Tf-CuNC—Dox NPs induced maximal destruction of DLA cells over treatment

with other group, viz., free Dox or Tf-Cu NCs (Figure 5.18).
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Figure 5.18. FESEM images of (a) control DLA cells without treatment and DLA cells after
16 days of treatment with (b) Tf-Cu NCs, (c) Dox, and (d) Tf-Cu NC—Dox NPs.

In addition, DLA transplanted untreated mice showed increased levels of WBC
and decline of Hb and RBC counts (Table A5.3, Appendix). Tf-Cu NCs
administration showed almost similar counts of those found in DLA transplanted
untreated mice, whereas free Dox treatment showed an increase in RBC and Hb
count toward the normal, and in parallel decrease in WBC count. Interestingly,
treatment with Tf-Cu NC-Dox NPs showed superior results and displayed counts
almost near to normal levels of WBC, RBC and Hb as shown in Table A5.3,
Appendix. Furthermore, liver functions tests (LFT) were performed to assess the
hepatotoxicity in DLA mice under different treatment conditions. DLA induction in
mice significantly raises all the liver function marker enzymes (SGOT, SGPT, and
ALP) compared to those of normal mice (Table A5.4, Appendix). Tf-Cu NC
administration did not show any appreciable variation in these levels. However,
free Dox treatment reduced these enzyme levels compared to those of DLA mice,
while the Tf-CuNC—Dox NPs treatment showed their significant reduction, which
were close to normalcy. Histopathological examination of kidney of untreated DLA
mice (Figure 5.19b) showed glomerular atrophy, tubular congestion, infiltration
of cells, and deformed epithelial cells. Tf-Cu NC administration (Figure 9c) failed to
improve the condition and showed pathological observations similar to that of
DLA mice. Free Dox treatment (Figure 5.19d) demonstrated significant
improvement in the condition with decreased occurrence of tubular, glomerular,
and blood vessel congestion. However, Tf-Cu NC-Dox NPs treated mice (Figure
5.19e) exhibited significant reduction of tubular cast and congestion, epithelial
desquamation, and hyperaemia of medullary part with normal glomerular
structures, which resemble the normal renal physiology of mice. Similarly, liver
tissue sections of DLA mice (Figure 5.19f) showed abnormal hepatocytes with
polymorphic neutrophil infiltration, hepatic fibrillation, hemorrhage, and
perinuclear clumping of cytoplasm. These histological features were also observed
in Tf-Cu NC treated mice (Figure 5.19g). On the contrary, free Dox (Figure
5.19h) and Tf-Cu NC-Dox NPs treatment (Figure 5.19i) significantly reduced the

damages with cellular ultrastructure’s, which were comparable to normal mice.
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Most importantly, hepatic physiology of DLA mice treated with Tf-Cu NC-Dox

NPs was comparable with normal mice.

KIDNEY

Figure 5.19. Histopathological examination images of main organs kidney (a—e) and liver
(fj), stained with hematoxylin and eosin. The organs were collected on day 17 after
treatment with Tf-Cu NCs, Dox, and Tf-Cu NC—Dox NPs, respectively.

5.6. Conclusions

In brief, a green aqueous method of synthesis of a novel nanodrug system in the
form of Tf-Cu NC-Dox NPs has been reported. The as-synthesized composite NPs
were found to be efficacious in targeted delivery of anticancer drug Dox to TfR
receptor expressing cancer cells, where uptake and release of Dox from the
nanoparticulate system was monitored by FRET assisted bioimaging. Additionally,
inhibitor-based experiments helped understand the cellular uptake of the
formulated nanodrug specifically in TfR overexpressed HeLa and MCF-7 cells than
the normal healthy cells, thereby elucidating their targeted imaging and
therapeutic potential. The work also highlighted the significance of synergistic
activity of Tf-Cu NC and Dox in the formulated NPs and their important
therapeutic efficacy on TfR positive DLA mice model. To the best of our
knowledge, this is the first report with Cu NCs, where high drug-loading capacity,
excellent tumor targeting specificity and monitoring of drug release based on a
FRET-assisted strategy have been combined for potential clinical applications in

cancer theranostics.
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Figure A5.1. UV-vis spectrum of as-synthesized Tf-CuNCs.

A5.2 Calculation of Energy Transfer Parameters between Tf

CuNC-Dox FRET Pair
The efficiency of energy transfer (E) in a FRET pair from donor to acceptor

depends upon FRET parameters viz, Ro and r and is given by equation (i),!

._®
RS +r°

(i)

where ‘Ro’ refers to critical binding distance called Forster radius when the
efficiency of energy transfer is 50 % and r’ refers to actual distance between the

donor and acceptor pair.

The transfer of energy efficiency can also be calculated from the lifetime of the

donor in absence and presence of acceptor using equation below,
T .
E=1--B (ii)
Tp

Where tpa and tp refer to lifetime of the donor in absence and presence of

acceptor, respectively.
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Now, the degree of spectral overlap between donor emission and acceptor
absorption can be obtained from overlap integral (J(A)) value calculated by the
equation (iii) below,

J(A)= T F, (1)ex(A)A4dA (iii)

where Fp(A) refers to corrected fluorescence intensity of the donor in the
wavelength range A to A +AA with total intensity normalized to unity and €a(A)

refers to molar extinction coefficient of the acceptor (in the units of M-1lcm-1).

Now, the critical FRET distance (Ro) which depends upon the overlap integral

value J is related by the equation (iv) shown below,
Ro =0.0211[J(A)x*n*e] (in nm)1/6 (iv)

where J(A) refers to overlap integral value, k? refers to dipole orientation factor
usually considered to be 2/3, n refers to refractive index of the medium and ¢

refers to quantum yield of the donor (Tf-CuNCs).

Now using equation (i), the actual FRET distance between the donor and the

acceptor (r) can be calculated as follows:

=Ry (V)

In the present system Tf-CuNCs is the donor and Dox is acceptor. Considering

equation (ii), (iii), (iv) and (v) and using the standard values assigned for x?2
=0.666, n (water) = 1.33, €a(A) (acceptor, Dox) = 10410 M-Icm-land ¢ (donor, Tf-
CuNCs) = 0.075, we calculated Rp = 2.83 nm, | =3.71x10 M-Icm'Inm4, E = 63.6 %

and r = 2.55 nm.
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Figure A5.3 . Zeta potential of (a) Tf-Cu NCs and (b) Tf-Cu NC-Dox-NPs.
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Figure A5.4. Photoluminescence spectra (Aex= 480 nm) of free Dox (red) and that
corresponding to Dox (blue) present in the supernatant, which was obtained following
centrifugation of Tf-CuNC-Dox-NPs dispersion at 10000 rpm for 30 min. Inset : Digital
photograph of (i) Tf-CuNC-Dox-NPs and (ii) only Dox under UV light excitation.
Encapsulation efficiency was calculated from the emission intensity of control Dox and
the Dox present in the supernatant obtained from Tf-CuNC-Dox-NPs dispersion.
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Intensity (%)
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Figure A5.5. TEM image of as-synthesized Tf-Cu NC-Dox-NPs at (a) lower magnification
and (b) higher magnification. (c) Magnified view of the TEM image in (b) showing the
presence of CuNCs in Tf-CuNC-Dox NPs, (d) Featureless SAED pattern obtained from

image in (b) and (e) DLS results representing the hydrodynamic size of as-synthesized Tf-
CuNC-Dox-NPs.
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Figure A5.6. FESEM image of (a) Control (only platinum coating without sample) and (b)
Tf-Cu NC-Dox-NPs (scale bar =100 nm).

Figure A5.7 . Confocal images of HeLa cell treated with Tf-Cu NCs for 4 h. (a) Bright field
image and (b) fluorescence image of the HeLa cells showing distinct blue emission of Tf-
Cu NCs,(c) Merged image of both (a) and (b); (d) Z-stack projection of the cell imaged in
(a) confirming the uptake of the NPs.

Figure A5.8. Confocal microscopy images of 3T3-L1 cells treated with Tf-Cu NCs for 4 h.
(a) Bright field image and (b) fluorescence image of the 3T3-L1 with no emission
corresponding to Tf-Cu NCs, (c) Merged image of both (a) and (b).
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Figure A5.9. FACS results for uptake of Dox and Tf-CuNC-Dox-NPs in HeLa cells after 4 h
of treatment, monitored in PE-H channel by tracking the luminescence of Dox.

Bright Field Red Channel Blue Channel Merged

Control

Tf-CuNC-
Dox-NPs

Pre-Treatment

(10mM NaNs) at 4°C(Freezing)

Pre-treatment

(5uM Chlor-
-promazine)

Pre-Treatment

Figure A5.10. Confocal laser microscopy images of control HeLa cells (1t row), HeLa cells
treated with Tf-Cu NC-Dox-NPs for 4 h without any inhibitor (2nd row). In the 3rd, 4th and
5t row, HeLa cells were pre-treated at 4°C (4h), 10mM NaN; (30 min) and in 5pM
chlorpromazine respectively followed by 4h incubation with the nanocomposite. First
column represents the bright-field images; second and third column represents
fluorescence images collected in emission window 580-700 and 380-490 nm at

excitation wavelength 405 and 488 nm, respectively. Fourth column is the merged image.
The scale bar is 10 um.

175
TH-1880_126153007



Chapter 5
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Figure A5.11. Confocal microscopy images
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of HeLa, MCF-7, HEK-293, 3T3-L1 cells
treated with Tf-CuNC-Dox NPs for 4 h. First column is the bright-field image; in the second
and third column the fluorescence images were collected at 380-490 nm and 580-700nm
under excitation wavelengths 405 and 488 nm, respectively. Fourth column represents
the merged images. The scale bar is 20pm.
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Figure A5.12. Cell viability based on MTT assay after 48 h of treatment with (a) varying
concentration of Tf-CuNCs on HeLa cells. MTT assay to check the viability of different cells
at variable concentration of Dox only and Tf-Cu NCs-Dox-NPs after 48 h of incubation in
(b) MCF-7 cells, (c) HEK-293 cells and (d) 3T3-L1 cells. Experiments were carried out in
triplicates.

Table A5.1. CI (combination index) values for varying concentrations of Tf-
CuNCs-Dox-NPs treated cells with the viability %. The CI <1 for all concentration

thus showing synergism.

Dox (ug/mL) | Tf-CuNC (ug/mL) Effect(%) g;::r]; -1
02 0.08 0.85 0.91284
04 0.16 0.72 0.97013
0.6 0.24 0.6 0.94584
08 032 0.42 0.70510
KT 0.4 0.32 0.66833
1.33 0.4 0.22 0,516

Table A5.2. Effect of drug treatments on cell viability and body weight changes

in DLA mice.

- DLA + Saline 11.28 + 1.62 4184 +19.7
- DLA + Tf-CuNCs 10.14 + 1.14 389.3 + 18.6
- DLA + Dox 432 +0.86* 7.1+1.3*
DLA + Tf-CuNC-
+ * + E3
. Dox.NPs 1.55 + 0.42 3.4+0.7

All the results were expressed in mean + S.D. with * p < 0.05 for drug treated

groups in comparison with untreated group.

Table A5.3. Effect of drug treatments on haematological parameters.
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Normal animals 5.24 +0.43 10.14 + 0.32 12.7 £ 0.33
- DLA + Saline 2.73+021%  20.35+ 1.04$ 6.6 +0.17%
- DLA + Tf-CuNCs  2.85 + 0.26 18.94 + 1.12 7.1+0.19
3.64 +
DLA + Dox 15.75 + 0.41* 8.9 + 0.20*
0.26*
DLA c NC Dox- 473 +
. . 13.21 £ 0.44* 112 £0.22*

All the results were expressed in mean + S.D. $p< 0.05 in comparison of saline
treated DLA animals with normal animals. *p < 0.05 in comparison of drug treated

DLA animals with untreated group DLA animals.

Table A5.4 . Effect of drug treatments on serum biochemical enzymes.

- Normal animals 463 +274 382+243 114.6+5.26
- DLA + Saline 92.8+4.26% 68.7+3.645 226.7+9.42%

DLA + Tf-CuNCs 87.4 £5.73 663 +4.04 2143 +8.64

- DLA + Dox 58.2+5.21* 48.2+3.17* 148.6+ 7.22%

DLA + Tf-CuNC-
+ TECuNC 49.7 + 416* 43.6+3.48* 124.2 +6.38*
Dox-NPs

All the results were expressed in mean * S.D. $ p< 0.05 in comparison of saline
treated DLA animals with normal animals. * p < 0.05 in comparison of drug

treated DLA animals with untreated group DLA animals.
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Conclusions and Future Prospects

Bacterial Detection, Enumeration
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This chapter briefly presents the summary of the current study and

scope for future work.
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Chapter 6

6.1. Summary of the Thesis

Metal nanoclusters owing to their physicochemical features including distinct
molecular-like photoluminescence, high stability, tunable luminescence,
ultrasmall size, and high biocompatibility have received notable attention in the
different fields of science. Luminescent metal nanoclusters have enormous
applications in the field of bioimaging, sensors, detection, energy, medicine and in

therapeutics.

The present thesis primarily emphases on synthesis and development of
noble luminescent metal nanoclusters (gold and copper) with biomolecules as
templates and their formulation into composite nanoparticles with potential
applications in bacterial detection and enumeration, detection of antibiotic
resistant bacteria, white light emission, bioimaging and cancer therapeutics. For
this, a new synthesis method of non-toxic luminescent gold nanoclusters (Au NCs)
using bacteria as template was developed, which is easy, rapid, and low cost
approach. The luminescence property of the as-synthesized Au NCs was probed
for bacterial detection and counting where luminescence intensity of the Au NCs
changes with the number of bacteria, offering a quick method to enumerate the
number of bacteria present in the test samples. The intrinsic properties of
bacterial cell wall were explored for differentiation between the Gram strains. The
method was also employed for detection of bacterial contaminants from water
sources and kanamycin resistant strains rapidly. In the subsequent study, similar
method was employed for synthesis of Au NCs by tuning the number of bacteria
along with its precursors. This resulted in generation of white light from a
unicellular living organism with high quantum yield and chemical stability. The
commission internationale de I'elcairage (CIE) coordinate measurements values
were found to be 0.33 and 0.31 with quantum yield of 2.5 + 0.7%. The correlated
color temperature (CCT) and colour rendering index (CRI), which decides the

potential of the former as futuristic light emitting device and was found to be
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equivalent to bright bluish white light and is quite analogous to day light.
Additionally, for potent application in the field of cancer theranostics different
bimolecular templates like chitosan and transferrin were used for the synthesis of
Au NCs and Cu NCs, respectively. For hallmark of successful cancer treatment,
combination therapy was accomplished with Au NCs encapsulated drug sodium
butyrate (NaB) nanoparticles and a plant based drug artesunate (ART). The work
highlighted the use of alternative chemotherapeutic drugs i.e NaB and ART as
effective anticancer agents to elucidate enhanced synergistic activity with detailed
molecular mechanisms. NaB and ART plays a vital role in inhibition of histone
deacetylase (HDACi) and DNA fragmentation, respectively, leading to cell death.
The work is well supported with in vivo results. Further, for specific targeting of
the cancer cells, transferrin directed luminescent blue Cu NCs were synthesized
and transformed into nanodrug with doxorubicin (Dox) for detection, targeted
drug delivery and effective therapy. The uptake and release of Dox from the
nanodrug was monitored by FRET assisted bioimaging, where blue luminescence
of Cu NCs was restored in cytoplasm upon internalisation by transferrin receptor
(TfR) due to specific interaction between Cu NCs and TfR receptors. The
established nanodrug was biocompatible and displayed superior targeting
efficiency on TfR overexpressing HeLa and MCF-7 cells for detection and therapy
in both in vitro and in vivo conditions. The nanodrug evinced synergistic
anticancer activity involving Cu NCs and Dox, where mechanism of its action was

also elucidated.
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6.2. Future Prospects

The future scopes of study based on the current findings are as follows

>

Synthesis of metal nanoclusters (Ag, Cu, Pt, Pd) on different types of
bacteria may open a wide range of applications in food industry and waste
water treatments.

The luminescence property of metal nanoclusters can be exploited for early
detection of bacteria responsible for various diseases e.g. Salmonella Typhi
responsible for typhoid and to detect antibiotic resistant bacteria.
Thermophillic bacteria can be used for nanocluster synthesis to produce
white light emitting device.

Surface modification of bacteria followed by synthesis of luminescent
nanoclusters can pave a new domain of microbots. The microbots can be
used for both bacterial and cancer detection.

Microbots can be used as a cargo for drug delivery in cancer therapy.

Block polymers, dendrimers and liposomes nanoclusters can also be
employed for nanocluster synthesis for better efficacy of cancer treatment.
Combination therapy with different drugs and genes along with
photothermal activity for cancer theranostics.

The fate and renal clearance of various metal nanoclusters can be further

explored.
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