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ABSTRACT

The size and shape dependent properties of the nanomaterials, as a consequence of the
recent progress in the understanding of the physico-chemical and optoelectronic
properties of materials at nanoscale, have successfully been harnessed in diverse field
of science and technology. The potential of nanobiotechnology in addressing health
related issues has also been demonstrated by the researchers in various laboratories
around the world. In this regard, fundamental understanding of the interactions between
novel nanomaterials and biological systems merits further investigation in order to
develop novel materials with potential therapeutic implications. In the present study,
newer ‘green’ methods of synthesizing metal nanoparticles (NPs) — especially Ag NPs
— have been developed and the effects of these NPs on proteins, bacterial or
mammalian cells have been investigated in order to evaluate their possible therapeutic
significance. Chitosan, in addition to being used as the reducing and stabilizing agent,
has been combined with the NPs in order to either potentiate the bactericidal efficacy of
metal NPs in bacterial system or serve as novel biodegradable nanocarriers for NPs in
mammalian cells.

In order to investigate the interaction of metal NPs with protein, a single-step
synthesis of gold nanoparticles (Au NPs) with extraordinary size specificity in agueous
medium by purified green fluorescent protein (GFP) expressed in recombinant E. coli
has been developed. The fluorescence of GFP offered a probe for concomitant changes
in the protein during the course of synthesis, while the time-dependent formation of Au
NPs was monitored by its surface plasmon resonance (SPR). GFP, in presence of trace
amount of silver nitrate (AgNOs, 10° M), produced uniform spherical Au NPs with
particle diameter of 2.2 nm by cysteine—-mediated reduction of AuCl,. Fluorescence
spectroscopic measurements indicated that during synthesis of Au NPs in absence of
AgNOg, partial denaturation of the protein occurred resulting in the lowering of
fluorescence intensity. However, formation of Au NP in the presence of AgNO; led to
complete denaturation of GFP with concomitant loss of fluorescence. This was further
confirmed by native- and denaturing polyacrylamide gel electrophoresis (PAGE).
However, use of AgNOj3 only neither resulted in the formation of NPs nor had any

significant effect on the fluorescence of GFP.
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Abstract

The antibacterial potential of a novel chitosan-Ag-nanoparticle composite has been
evaluated against E. coli expressing GFP. The composite was found to have
significantly higher bactericidal activity than its components at their respective
concentrations. The one-pot synthesis method led to the formation of small Ag NPs
attached to chitosan. The presence of a small amount (2.15%, w/w) of Ag NPs in the
composite was enough to significantly enhance the inactivation of E. coli as compared
to unaltered chitosan. Fluorescence spectroscopy indicated that bacterial growth
stopped immediately (in 2 hours) after exposure of E. coli to the composite, with
release of cellular GFP into the medium at a faster rate than with chitosan.
Fluorescence confocal laser scanning microscopy and scanning electron microscopy
(SEM) results showed attachment of the bacteria to the composite and their subsequent
fragmentation. Native PAGE indicated no effect of the composite on bacterial proteins.

In the next part of my thesis work, | developed a completely ‘green” method of
preparing a novel biodegradable chitosan based nanocarrier (NC) system for Ag NPs.
The method takes advantage of conversion of bulk polymer-Ag NP composite into
nanoscale particles. Electron microscopy revealed that the polymer NCs were about
172.6 nm in size with homogenously embedded Ag NPs of diameter ca. 4.9 nm. The
SPR band of Ag NPs in the NCs confirmed that the shape and size of the metal NPs
were unaffected during the preparation of the NCs, indicating excellent applicability of
the present method to develop NCs for metal NPs. The functional activity of the Ag
NPs impregnated in the chitosan NCs were evaluated by studying the catalytic activity
of the Ag NP—containing NC system in NaBH, mediated reduction of p-nitro phenol.
Turn over frequency (TOF) of the nanocarriers was calculated and found to be much
higher than that of the bulk polymer-Ag NP composite.

The potential of these chitosan based NC of Ag NPs (Ag-CS NCs) in inducing
apoptosis in mammalian cells at very low concentrations of the Ag NPs was
investigated. Cell viability assay demonstrated that the concentration of Ag NPs
required to reduce the viability of HT 29 cells by 50% was 0.33 pg mL™, much less
than previously reported data. The nuclear and morphological changes characteristic of
apoptotic cell death were investigated by fluorescence microscopy and SEM,
respectively. The efficient induction of apoptosis by Ag-CS NCs was confirmed and
subsequently quantified by flow cytometry. The involvement of mitochondrial pathway

of cell death in the Ag-CS NC induced apoptosis was evident from the depolarization
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Abstract

of mitochondrial membrane potential (MMP, A¥,). Real time quantitative RT-PCR
analysis demonstrated the up-regulation of caspase 3 expression, which was further
reflected in the formation of oligo-nucleosomal DNA ‘ladders’ in Ag-CS NC treated
cells, indicating the important role of caspases in the present apoptotic process. The
increased production of intracellular reactive oxygen species (ROS) due to Ag-CS NC
treatment indicated that the oxidative stress could augment the induction of apoptosis in
HT 29 cells in addition to classical caspase signaling pathway.

Finally, | developed a self-trackable chitosan nanocomposite with potential
implication as drug delivery system. As a preliminary step to achieve this goal, chitosan
stabilized and water dispersible ZnS:Mn®* quantum dots (QDs) of ca. 3.6 nm, having
strong orange fluorescence, were synthesized in an environment friendly method.
Binding of plasmid DNA containing bifunctional cytosine deaminase-
uracilphosphoribosyltransferase (pCD-UPRT) gene, with immense therapeutic
importance in suicide gene therapy, has been investigated and shown to follow the
Langmuir reversible adsorption model. The biocompatibility of the composite on HT29
cells was confirmed by viability assay. The chitosan stabilized ZnS:Mn?* QDs
synthesized in the present study could be a promising alternative to conventional
organic fluorophore-tagged gene delivery systems for real-time monitoring in gene
therapy applications.

In summary, the present study demonstrated the effect of metal NPs on biological
systems, which can further facilitate their application in therapeutics. Furthermore, the
potential of chitosan—Ag NP composite material as therapeutic agent and chitosan—
ZnS:Mn?* as biomedical probe has been established. Finally, the chitosan based NCs of
Ag NPs developed in the present study, after appropriate in vivo experiments, could

lead to alternative strategies of cancer therapy.

Keywords: gold nanoparticle, silver nanoparticle, quantum dots, chitosan,
nanocomposite, nanocarrier, catalysis, protein denaturation, antibacterial, colon cancer,

apoptosis, gene delivery.
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Introduction and Literature Review

This chapter gives a brief introduction on the potential of nanotechnology in biodiagnostics and
therapeutics. The therapeutic applications of metal and semiconductor nanoparticles have been
discussed in detail. The chapter also presents the importance of the polymeric nanoparticles in
biomedical applications with a particular emphasis on the naturally abundant biopolymer, chitosan.
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Chapter 1

INTRODUCTION AND LITERATURE REVIEW

1.1. Introduction

The recent advancement in the understanding of the physico-chemical and
optoelectronic properties of materials at the nanoscale has revolutionized the present
day science and technology by opening a whole new spectrum of possibilities. The
phenomenal progress in nano- science and technology, in fact, reverberate the vision of
Prof. Richard Richard Feynman that ‘There's Plenty of Room at the Bottom’.
Manipulating the building blocks of materials at nanoscale has enabled us to exploit the
size and shape dependent properties of these nanomaterials in addressing problems in
diverse fields of science and technology.

There are a limited number of basic building blocks such as amino acids, lipids and
nucleic acids in nature. However, the chemical diversity of these biomolecules provides
the innumerable ways of combining or assembling them to produce an endless set of
possible structures. In this regard, the rapid progresses in synthetic chemistry and
biotechnology have propelled the possibility of producing newer functional and
structural materials with unique application as well as enhanced efficacy. Biomolecules
are highly promising for nanotechnology applications because of their dimensional
comparability and functional specificity. For example, proteins fold only into
predefined three-dimensional structures whereas nucleic acids bind themselves
according to specific complimentarity. The enzymes and antibodies are highly specific
in recognizing and binding their substrates or ligands as well. The researchers in
various laboratories around the world have already shown the promising aspect of
nano-biotechnology to encounter health related problems. In this respect, fundamental
understanding of the interaction between novel nanoscale materials and biological

systems is required to construct novel materials with potential biological values.
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1.2. Nanomaterials in Biology

Recent developments in biological application of nanomaterials range from
biodiagnostic to therapeutic aspect of nanomaterials (Niemeyer, 2001; Rosi and Mirkin,
2005). From therapeutic point of view, current research mainly centers around the
application of various polymeric nanoparticles as delivery vehicles of either nucleic
acids or pre-existing drugs against different diseases (Peer et al., 2007). On the other
hand, metal as well as semiconductor nanoparticles (NPs) have been successfully
applied as biosensors, due to their exciting optoelectronic and physico-chemical
properties, for the detection of DNA or proteins of therapeutic importance (Rosi and
Mirkin, 2005). Conversely, the researchers have also been able to assemble metal
nanoparticles in a patterned way exploiting the striking specificity of bio-molecules
such as DNA or proteins in order to construct functional nano-structures in a bottom-up

approach (Niemeyer, 2000).

1.2.1. Metal Nanoparticles

Metal NPs, especially Au and Ag NPs, have been the focus of research for many
decades owing to their fascinating optical properties (El-Sayed, 2001). The metal NPs,
when dispersed in liquid media, display very intense colors due to the localized surface
plasmon resonance (LSPR). According to the Mie theory (Mie, 1908), an
electromagnetic frequency induces a resonant coherent oscillation of the free electrons,
called the LSPR, at the surface of a spherical NP if it is much smaller than the light
wavelength (Figure 1.1). This absorption lies in the visible region for Au, Ag and Cu.
The LSPR frequency of metal NPs has been shown to strongly depend on their size,
shape, aggregation, and structure (solid vs. hollow), as well as the dielectric properties
of surrounding media (Kelly et al., 2003; Sun and Xia, 2002; Perez-Juste et al., 2005;
Novak and Feldheim, 2000). This extraordinary size and shape dependent
optoelectronic properties of metal NPs have been successfully exploited in various

biodiagnostics and therapeutic applications in recent times.
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Figure 1.1. (a) Schematic of plasmon oscillation for a sphere, showing the displacement of the
conduction electron charge cloud relative to the nuclei. (b) The color of Au nanorods change

ratio —h-—
R

for very small variation in mean aspect ratio (ratio of length to width). Bottom panel shows the
respective TEM micrographs (Courtesy: Perez-Juste et al., 2005).

1.2.1.1. Gold Nanoparticles

In 1857, Faraday reported, for the first time, the preparation of colloidal gold by
reducing gold chloride with phosphors and attributed the red color to the colloidal
nature of Au NPs. Mie, in 1908, explained visible absorption of Au NPs using
Maxwell’s electromagnetic equations. In 1951, Turkevich et al. simplified the synthesis
method by using sodium citrate as reducing agents. Since then, Au NPs have been
investigated as well as exploited in several applications in optics, catalysis, materials
science and nanotechnology including biology and nanomedicine (Daniel and Astruc,
2004). It is well established that Au NPs usually show very little toxicity. Finally, Au
NPs are redox active and, therefore, reduce the production of reactive oxygen and
nitrite species, which is of great importance with respect to therapeutic implications
(Shukla et al., 2005). The corresponding non-cytotoxicity, non-immunogenicity and

biocompatibility make Au NP potential candidate in the field of nanomedicine.

Photodynamic Therapy (PDT)

The singlet oxygen generated from a photosensitizer has been shown to have potential
application in photodynamic therapy (PDT) of cancer (Weishaupt et al., 1976). In this
regard, Au NPs have been successfully used by Russell et al. as a delivery system of
phthalocyanines to generate singlet oxygen in PDT of HelLa cells (a cervical cancer
cell line) (Hone et al., 2002; Wiederet al., 2006). Cheng et al. (2008) has recently
shown that silicon phthalocyanine 4 (Pc 4), a hydrophobic PDT drug currently under
phase I clinical trials (Oleinick et al., 1993; Detty et al., 2004) accumulated to the target

4
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tumor in vivo within only <2 h when conjugated with PEGylated Au NPs. Au NPs were
used as a vehicle to deliver 5-aminolevulinic (5-ALA) acid for selective and efficient
PDT of fibrosarcoma tumor cells (Oo et al., 2008). Protoporphyrin IX accumulated
preferentially in fibrosarcoma tumor cells treated with 5-ALA conjugated Au NPs
yielding significantly higher reactive oxygen species that resulted in 50% more

cytotoxicity to tumor cells than that of 5-ALA alone.

Photothermal therapy (PPT)

In photothermal therapy (PTT), photothermal agents get excited by absorbing light and
subsequently relax through nonradiative decay channels which results in increase in the
kinetic energy leading to the overheating of the local environment around the PPT
species (Jori, 1990; Soncin et al., 1999; Camerin et al., 2005). The heat produced can
be employed for local cell or tissue destruction (Sturersson and Andersson-Engels,
1995; He and Bischof, 2003). In this regard, the potential of gold nanostructures such
as gold nanospheres (El-Sayed et al., 2006; Huang et al., 2006; Khlebtsov et al., 2006),
gold nanorods (Takahashi et al., 2006a; Huff, 2007), gold nanoshells (O’Neal et al.,
2004; Loo et al., 2005) and gold nanocages (Chen et al., 2005; Hu et al., 2006) in PPT
have been successfully demonstrated due to their strongly enhanced absorption in the
visible and NIR regions on account of their LSPR oscillations. Furthermore, these
nanostructures are especially promising in PPT because of their ease of preparation,

ready multi-functionalization, and tunable optical properties.

Nitric Oxide Release

The release of nitric oxide (NO) in a controlled way could lead to effective therapy for
hypoxic respiratory failure associated with pulmonary hypertension as several cellular
events such as angiogenesis, vasodilation, neurotransmission and the immune response
are regulated by NO (Paciotti et al., 2006; Ignarro, 2000; Radomski et al., 1992;
Williams, 2003). NO, in a recent study, was efficiently stored in polyamines-tabilized
Au NPs by covalent linking via formation of acid labile N-diazeniumdiolate (Rothrock
et al., 2005; Polizzi et al, 2007). The effective release of NO from these water-soluble
nanocontainers in acidic condition merits important therapeutic implications due to
presence of mild acidic environment inside inflammatory and tumor tissues (pH ~ 6.8),
or cellular vesicles (endosomes, pH ~ 5.5-6 and lysozomes, pH ~ 4.5-5.0) (Mellman et

al., 1986; Engin et al., 1995).

TH-964_05615301



Gold Nanoparticles Chapter 1

Delivery Applications
Au NPs are particularly attractive candidates for gene delivery because of their high
surface-to-volume ratio which maximize the payload/carrier ratio. The most important
advantage is that the charge and hydrophobicity of Au NPs can easily be tuned to
enhance the transfection efficiency keeping the toxicity at minimum. Au NPs
functionalized with cationic quaternary ammonium groups have been shown to bind
plasmid DNA through electrostatic interactions, protect DNA from enzymatic digestion
and subsequently release the bound DNA on addition of GSH in vitro (MclIntosh et al.,
2001; Han et al.,, 2006b; 2005). Furthermore, these DNA—Au NPs conjugates
demonstrated efficient gene delivery in mammalian 293T cells with transfection
efficiency 8-fold more than polyethyleneimine (PEI) (Sandhu et al., 2002). Thomas et
al. (2003) reported the synthesis of AuNP-PEI transfection vectors and demonstrated
that the transfection efficiency of the hybrid vectors in Cos-7 cells were ~12- fold more
than the polymer itself. Han et al., (2006a) in an elegant study, loaded DNA on surface
of the photolabile Au NPs tailored with a photocleavable o-nitrobenzyl ester linker and
a quaternary ammonium salt as end-groups. In vitro studies showed that the complexed
DNA was released, upon near-UV irradiation which cleaved the nitrobenzyl linkage
creating an anionic carboxylate group, and DNA transcription was restored in T7 RNA
polymerase assay. On the other hand, nucleic acids have been covalently attached to Au
NPs via thiol (-SH) modification for grafting onto NPs. Au NPs conjugated thiolated
siRNA have been used as a smart delivery system for effective gene silencing in HuH-
7 cells (Oishi et al., 2006). Au NPs have also been demonstrated as efficient
transporters of peptides and proteins of interest. Verma et al. (2004) have reported that
cationic tetra-alkyl ammonium functionalized Au NPs recognize the surface of -
galactosidase through complementary electrostatic interaction and inhibit its activity,
which can be further restored upon addition of free glutathione releasing the protein.
Recently, chitosan stabilized Au NPs have been demonstrated to adsorb insulin on their
surface and, thus, are effective for transmucosal delivery of insulin (Bhumkar et al.,
2007).

Au NPs have been successfully used for targeted delivery of therapeutic drugs, via
both ‘active’ and ‘passive’ targeting. Folic acid conjugated Au NPs (FA-Au NPs) have
been demonstrated to be efficiently taken up by folate receptor-positive KB cells

whereas little cellular uptake was detected in WI cells that do not overexpress folate
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receptor (Dixit et al., 2006). Chen et al. (2007) have demonstrated that methotrexate
functionalized Au NPs (MTX—Au NPs) inhibits tumor growth in a mouse ascites model
of Lewis lung carcinoma (LL2). Fuente et al. (2005) functionalized Au NPs with TAT
peptides (a nuclear localization signal) and demonstrated enhanced localization of
TAT-Au NPs in the nucleus. Paciotti et al. (2004) reported that the PEGylated Au NPs
with adsorbed tumor necrosis factor, after intravenous injection into mice, accumulated

in MC-38 colon carcinoma tumors compared to liver, spleen, or other healthy organs.
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Figure 1.2. Schematic representation of various therapeutic applications of Au NPs.
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1.2.1.2. Silver Nanoparticle

For centuries, silver and silver ions have been used for their excellent bactericidal
properties. The history of using silver as an antimicrobial agent dates back to the
ancient Romans who used to treat their water with silver coins to make it potable.
Although the use of colloidal silver for wound treatment was approved by the US Food
and Drug Administration as early as 1920s, the arrival of antibiotics in the 1940s halted
the research on therapeutic application of silver (Jain et al., 2009). In 1960s, use of
0.5% silver nitrate solution and 1% silver sulfadiazine (SSD) cream in burn wounds by
Moyer et al. (1965) and Fox et al. (1968) respectively revived the research interest in
silver once again. Furthermore, the recent development in nano-science and technology
coupled with the emergence of antibiotic resistance has propelled the research in

antimicrobial efficacy of silver nanoparticles (Ag NPs).

Mechanism and Antimicrobial activities

In 2004, Sondi et al. first reported the antimicrobial activity of Ag NPs against E. coli
as a model gram-negative bacterium. They observed that the Ag NPs caused damage to
the cell wall which was evident from the formation of pits on the cell surface. Baker et
al. (2005) showed the antibacterial efficiency of Ag NPs synthesized by inert gas
condensation and co-condensation techniques on E. coli in liquid and solid medium.
The mechanism behind the antibacterial activity of Ag NPs was considered to be due to
the surface area to volume ratio of NPs; with smaller Ag NPs having larger surface area
to volume ratio and hence, higher bactericidal efficacy. The in-depth study of
antibacterial activity of commercially available Ag NPs in the size range of 1-100 nm
on E. coli by Morones et al. (2005), using scanning transmission electron microscopy
(STEM), confirmed the presence of Ag NPs in the cell membrane and inside the
bacteria. The turbidometric study indicated that a concentration of 75 pg mL™"' of Ag
NPs inhibited the bacterial growth. The high angled annular dark field (HAADF)
images revealed that the smaller sized (~5 nm) NPs depicted efficient antibacterial
activity, thus relating the activity of Ag NPs to the NP size.

In this regard, the research from our laboratory (Gogoi et al., 2006) also
demonstrated the efficient bactericidal effect of Ag NPs on GFP expressing E. coli. The
results revealed that Ag NPs of less than 10 nm diameter make pores on the bacterial
cells walls, as evident from the TEM investigation, and subsequently releasing the

cytoplasmic materials to the medium leading to cell death without affecting the
8
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intracellular proteins and nucleic acids. Ag NPs synthesized in one step by Panacek et
al. (2006) showed high bactericidal activity against Gram-positive and Gram-negative
bacteria including multi-resistant strains such as methicillin resistant S. aureus. The
bactericidal efficacy of these Ag NPs was found to be size dependent showing the toxic
effect at concentrations of 1.69 pg mL™" Ag NPs. The combined effect of Ag NPs
synthesized using Klebsiella pneumonia, with antibiotics was studied by Shahverdi et
al. (2007) against S. aureus and E. coli. It was reported that the antibacterial activity of
antibiotics like penicillin G, amoxicillin, erythromycin, clindamycin and vancomycin
increased in the presence of Ag NPs against E. coli and S. aureus. In 2007, Pal et al.
demonstrated the shape dependency of the antibacterial efficacy of Ag NPs by
preparing spherical, rod shaped and truncated triangular Ag NPs via seeded growth
method. Gong et al. (2007) synthesized Fe;Os@Ag core—shell nanoparticles having
super paramagnetic as well as antibacterial properties. These bifunctional NPs showed
excellent bactericidal activity against E. coli, S. epidermis, and Bacillus subtilis with
the minimum inhibitory concentration (MIC) determined to be >70 ug/ml for E. coli
and B. subtilis and >60 pg/ml for S. epidermis. According to the authors, these
Fe304@Ag NPs could be used as recyclable antibacterial agents having broad
antibacterial activity. The interaction of Ag NPs in NH,—terminated hyperbranched
poly(amidoamine) (HPAMAM-NH,)/Ag nanocomposites with bacteria has also been
revealed in a recent study (Zhang et al., 2008), in which the antibacterial activity of 4—
15 nm Ag NPs was tested against S. typhus, E. coli, B. subtilis, and Klebsiella mobilis.
The interaction between negatively charged bacterial cell wall and HPAMAM-NH,;
macromolecules (Ye et al., 2005; Sambhy et al., 2006; Lenoir et al., 2006) could
possibly lead to strong interaction of Ag NPs with bacteria, which could further
facilitate the release of active Ag into the bacteria resulting in a synergistic antibacterial

effect of the HPAMAM-NH,/Ag nanocomposites.

Biomedical Applications

In 2004, Furno et al. reported the successful impregnation of Ag NPs in polymeric
biomaterials in order to produce improved medical devices having better antimicrobial
efficacy. They used silicon discs of 0.45 mm thickness as a model biomaterial and
Staphylococcus epidermis as the test bacterium. The bactericidal efficacy of Ag NPs—
impregnated discs were evaluated in solid phase using tryptone soya agar (TSA) plates

as well as in liquid medium using suspension culture of S. epidermis by means of plate
9
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count and chemiluminescence. The impregnation of Ag NPs in medical devices, in fact,
also ensures the continuous release of silver ions providing antimicrobial activity
(Wilcox et al., 1998; Darouiche et al., 1999).

Recently, the development of newly designed wound dressings based on Ag NPs
has been proved to be a major breakthrough against the emerging problem of multi-
drug resistant strains of pathogens. These Ag NP-based wound dressings act like the
delivery systems which can maintain the sustained release of silver in different
concentrations. Kim et al. (2007) demonstrated the ability of Ag NPs to control the
infections occurring due to microorganisms such as the yeast isolated from bovine
mastitis, E. coli and S. aureus using the modified agar disc diffusion method of the
National Committee for Clinical and Laboratory Standards Institute, CLSI, 2000.
Detailed electron spin resonance (ESR) studies revealed the presence of free radicals
from Ag NPs which may be responsible for the antimicrobial effect. Poly(vinyl
alcohol) (PVA) nanofibres impregnated with Ag NPs were shown to have efficient
antibacterial property against E. coli (ATCC25922) and S. aureus (ATCC6538) by Jun
et al. (2007) and were proposed to be used for the preparation of wound dressings.
Moreover, the antimicrobial activity of commercially available Ag NP— based dressings
such as Acticoat, Acticoat7, Acticoat Moisture control, Aquagel Ag, Urgotul SSD,
ACTISORB, Contreet foam and Silvercel was demonstrated by Castellano et al. (2007)
against E. coli, S. aureus, Streptococcus faecalis and P. aeruginosa. Recently,
Maneerung et al. (2008) proposed a novel technique for preparing wound dressing
based on bacterial cellulose and impregnated Ag NPs which demonstrated efficient

antimicrobial activity against E. coli and S. aureus.

Applied Toxicology and its Therapeutic Implication

Although the Ag NPs have been emerged as potential antimicrobial and anticancer
agents, the cytotoxicity and possible genotoxicity associated with Ag NPs remain
critical for their successful therapeutic applications (Asharani et al., 2008, 2009). In
2005, Hussain et al. first reported the cytotoxic effect of Ag NPs in vitro using the rat
liver derived cell line, BRL 3A. The authors demonstrated that exposure to Ag NPs
caused depletion of GSH level, reduction in mitochondrial membrane potential and
increase in ROS levels in BRL 3A cells, which suggested that the cytotoxicity of Ag
NPs in liver cells was possibly due to oxidative stress. In a systematic study, Arora et

al. (2008) investigated the interactions of 7-20 nm spherical Ag NPs with HT-1080 and
10
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A431 cells in vitro. They also demonstrated involvement of oxidative stress in Ag NP—
mediated cytotoxicity, which was apparent from decreased GSH (~2.5-folds in HT-
1080, ~2-folds in A431) and SOD (~1.6-folds in HT-1080, 3-folds in A431) as well as
increased lipid peroxidation (~2.5-folds in HT-1080, ~2-folds in A431). The threshold
concentrations of Ag NPs for inducing apoptotic cell death (0.78 pg mL™ in HT-1080,
1.56 ug mL™" in A431) as determined by caspase-3 assay, were found to be much
lower than the necrotic concentration (12.5 pg mL™ in both cell types). The results led
the authors to propose a safe range of Ag NPs in which they can be used
therapeutically, still avoiding the necrotic effects. Hsin et al. (2008) further
demonstrated the cytotoxicity of Ag NPs including the induction of mitochondria-
dependent apoptosis in NIH3T3 fibroblast cells. Their results provided a molecular
mechanism of Ag NP cytotoxicity, showing that Ag NPs acts through ROS and JNK to
induce apoptosis via the mitochondrial pathway.

However, the possibility of using Ag NPs, by themselves or in combination with
gene therapy, in order to induce apoptosis in mammalian cells has been explored
recently (Gopinath et al., 2008 and 2010) by our group. In a recent study, the activity of
Ag NPs towards HIV-1 infected Hut/CCRS cells was investigated and the potential
cytoprotective activities of Ag NPs were revealed (Sun et al., 2005). Elechiguerra et al.
(2005) demonstrated the interaction of Ag NPs with HIV-1 virus and found that it
preferentially binds to gp120 glycoprotein knobs of HIV-1, which caused the virus not
to bind with the host cell.

1.2.1.3. Other Metal Nanoparticles

There are very few reports of potential therapeutic application of metal NPs other than
Au and Ag. Platinum based yolk—shell nanocrystals of FePt@CoS, have been found to
be more potent in killing HeLa cells compared to cis-platin (Gao et al., 2007). Recently,
Caruso et al. (2007) reported the synthesis of carboxy-terminated water soluble
platinum nanoparticles that can act as NO under the control of visible light stimuli. Kim
et al. (2006) has recently demonstrated the efficient antibacterial efficacy of Cu NPs
formed on the surface of SiO, NPs against Staphylococcus aureus and E. coli.
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1.2.2. Quantum Dots

Semiconductor NPs or popularly known as quantum dots (QDs) represent a intriguing
class of nanomaterials that possess unique size-dependent opto-electronic properties
arising from quantum confinement of the electronic motion otherwise unavailable in
either discrete atoms or bulk materials (Alivisatos, 1996) (Figure 1.3). QDs have
several advantages over the conventional organic fluorophores being used for
biological tagging and imaging due to their excellent resistance to photobleaching,
broad absorption with narrow emission spectra and tunable optical properties according
to size and material composition (Bruchez et al., 1998; Chan et al., 1998). Due to their
novel optical and electronic properties, QDs have drawn intense research interest as a
new class of nanoparticle probe for molecular, cellular, and in vivo imaging (Fan et al.,

2004; Chan et al. 2002).
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Figure 1.3. (a) Schematic representation of density of states in semiconductor nanocrystals.
(Redrawn from Alivisatos, 1996); (b) the size-tunable fluorescence properties of CdSe QDs
(corresponding core size and emission maxima indicated on the top, Aecxcitation = 365 nm)
(Courtesy: Medintz et al., 2005); (c) five-colour QD staining of fixed human epithelial cells:
cyan — 655-nm QDs labelling the nucleus, magenta — 605 nm QDs labelling Ki-67 protein,
orange — 525 nm QDs labelling mitochondria, green — 565 nm QDs labelling microtubules and
red — 705 nm QDs labelling actin filaments (Courtesy of Quantum Dot Corp.).
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QDs as Fluorescent Labels to Biomolecules

QD-bioconjugates have emerged as potential imaging agents for simultaneous
recognition and tracking of specific plasma membrane receptors in living cells.
Diffusion dynamics of glycine receptors on the membranes of living neurons was
revealed by single-QD tracking of the QDs conjugated to an antibody fragment specific
for glycine receptors (Dahan et al. 2003). In an elegant study, Lidke et al. (2004)
successfully demonstrated that CdSe-ZnS core-shell QDs coupled with epidermal
growth factor could be identified at the single-molecule level on the membranes of
cultured human cancer cells. The continuous observation of protein diffusion on the
cellular membrane and even after internalization was only possible due to the bright
and stable QD fluorescence. Moreover, the application of QDs for monitoring other
plasma membrane proteins such as tyrosine kinases (Echarte et al., 2007; Rajan and Vu
2006), integrins (Chen et al., 2007; Lieleg et al., 2007), G-protein coupled receptors
(Young and Rozengurt 2006), and membrane lipids associated with apoptosis (Gac et
al., 2006; Koeppel et al., 2007) have also been reported.

There are many reports where QDs have been successfully delivered and tracked
taking the advantage of the inherent capacity of uptaking extracellular space through
endocytosis by many cell types (Hanaki et al., 2003; Jaiswal et al., 2003; Parak et al.,
2002). Furthermore, conjugation of membrane receptors to the QDs could augment this
process (Lidke et al., 2004; Jaiswal et al., 2003; Derfus et al, 2004). Recently, cell-
penetrating peptides such as polyarginine and HIV-1 derived Tat have emerged as
promising transfecting agent because of high transfection efficiency and low toxicity.
In this regard, QDs have also been successfully delivered by conjugating cell-
penetrating peptides (Lagerholm et al., 2004; Nan et al., 2005; Delehanty et al., 2006).
Duan and Nie (2007) designed a fascinating class of cell-penetrating as well as
‘endosome-disrupting’ (endosomolytic) QDs by coating the surface of these QDs with
hyperbranched copolymer ligands such as PEG-grafted polyethylenimine (PEI-g-PEG).
The QDs could penetrate cell membranes and subsequently disrupt endosomal
organelles in living cells due to the cationic charges and the “proton sponge effect”
(Neu et al., 2005; Boussif et al., 1995; Pack et al., 2005) stemmed from the polyvalent

amine groups.
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In vivo imaging

The poor transmission of visible light through biological tissues due to the absorption
of the majority of the signals has left the optical imaging, especially fluorescence
imaging, with limited success in living animal models. The key to overcome this
problem is to use a ‘near-infrared optical window’ which has been suggested as a
region where most chromophores of mammals show local minima in absorption
(Weissleder 2001). The QDs, in this regard, have the potential for imaging in living
tissue as their emission properties can be tuned by simply adjusting their composition
and size.

One of the most successful demonstrations of using QDs in vivo imaging has been
their application for imaging of the cardiovascular system and the lymphatic system.
Green-light emitting CdSe-ZnS QDs, after intravenous injection in a living mouse,
were shown to retain their fluorescence and remain detectable in capillaries of adipose
tissue and skin of the mouse by Larson et al. (2003). In a similar study, Lim et al.
imaged the coronary vasculature of a rat heart using near-infrared QDs (Lim et al.,
2003). In 2004, Kim et al. successfully showed the possibility of using QDs for
imaging of the lymphatic system by intradermally injecting near-infrared CdTe(CdSe)
core(shell) QDs in mice and pigs, where the QDs translocated to lymph nodes. The
technique has successfully been exploited to recognize lymph nodes originating from
the lungs (Soltesz et al., 2005; Parungo et al., 2005), esophagus (Parungo et al., 2005),
and from subcutaneous tumors (Ballou et al., 2007). The multiplexing potential of QDs
has been recently applied for mapping lymphatic drainage networks (Hama et al., 2007;
Kobayashi et al., 2007). One of the first studies on in vivo imaging of tumors with QDs
was reported by Akerman et al. in 2002. They demonstrated that the ZnS-capped CdSe
QDs, conjugated to peptides with affinity for different tumor cells, specifically
accumulated into the tumor vasculature following intravenous administration of the
QDs into tumor-bearing mice. Later on Gao et al. (2004) reported that the tumor
contrast on the scale of whole-animal imaging could be achieved by active tumor
targeting of the QDs with the antibody against the prostate-specific membrane antigen
(PSMA) followed by intravenous injection of these probes into mice bearing
subcutaneous human prostate cancers. Similarly, active targeting and imaging of mouse
models of human liver cancer by ZnS-capped CdSe QDs conjugated to an antibody
against alpha-fetoprotein (Yu et al., 2007) have also been reported.

14
TH-964_05615301



Quantum Dots Chapter 1

Toxicity Issues

In spite of the promising potential of QDs in biomedical applications, the cytotoxicity
of QDs remains critical to human health and the environment. QD toxicity depends on
multiple factors namely QD size, charge, concentration, capping material (functional
groups), and oxidative, photolytic, and mechanical stability. In this regard, first and
most important is the composition of QDs (Braydich-Stolle et. al, 2005; Oberdorster
et.al, 2005). Cd, Se and Te, the most frequently used constituent metals in QD core, are
known to cause acute and chronic toxicities in vertebrates (Hamilton 2004; Kondoh et
al. 2002; Poliandri et al. 2003).

Another important aspect of QD toxicity is their stability in vivo and during
prolonged storage. Under oxidative and photolytic conditions, QD shell coatings
become labile and degradable, exposing potentially toxic “capping” material or
resulting in dissolution of the core complex to QD core metals (e.g., Cd, Se). Several
studies have demonstrated the correlation of free Cd*" ions released from QDs with
cytotoxic manifestations (Derfus et al., 2004; Cho et al., 2007; Chang et al., 2006). By
facilitating oxidative release of Cd*" ions from the surface of CdSe QDs by exposure to
air or ultraviolet irradiation, Derfus et al. (2004) showed that the cell death in primary
rat hepatocytes exposed to CdSe QDs exhibited was due to photo-lysis and oxidation of
the QD coating. However, adding one or two monolayers of ZnS to the QDs virtually
eliminated cytotoxicity due to oxidation. BSA-coated ZnS capped QDs also showed
reduced cytotoxicity compared with non-BSA-coated ZnS-capped QDs.

Doped Semiconductor Nanocrystals: Overcoming QD Toxicity

To alleviate the toxicity of QDs, a variety of synthesis, storage, and coating strategies
have been proposed. The decrease in QD cytotoxicity of CdSe QDs with the
overgrowth of a ZnS shell has been verified in several reports (Kirchner et al., 2005;
Maysinger et al., 2007). Surface coatings such as ZnS, bovine serum albumin (BSA)
and Vitamin E (Warren et. al, 2000) were shown to reduce cytotoxicity. With different
surface modifications including mercaptopropionic acid, silanization, and polymer
coating, there were always quantitative concentration limits of QDs for the onset of
cytotoxic effects to occur (Kirchner et al., 2005; Guo et. al, 2007). As Cd* release is a
major hindrance for the use of QDs in cells and in animals, several new types of QDs

having no heavy metal atoms may be useful for advancing this field.
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Doped semiconductor nanocrystals (d-dots), containing no heavy metals, have the
potential to compete with the mainstream emissive materials. Pradhan et al. (2005)
recently demonstrated that Mn- and Cu-doped ZnSe d-dots can cover an emission
window similar to that of the widely used CdSe QDs (Murray et al., 1993; Hines and
Guyot-Sionnest, 1996). The d-dots markedly differ from undoped QDs in terms of
mechanisms. When an undoped QD is excited by photons with energy higher than its
band gap, an exciton (an electron-hole pair) is generated. The quantum confinement of
the direct recombination of electron-hole pair in case of QDs (Brus, 1983) gives the
well-known band edge or exciton emission. However, the energy of a photogenerated
electrn-hole pair in a d-dot, after the absorption of the host semiconductor nanocrystal,
is transferred into the electronic levels of the dopant ions. The recombination in a
dopant ion center leads to the characteristic dopant emission, such as the 4T1 to 6A1
transition in case of Mn*" ion in Mn doped ZnSe (or ZnS) d-dots (Pradhan et al., 2005)
as shown in Figure 1.4. In addition to low cytotoxicity, d-dots can also overcome the
intrinsic disadvantages of strong self-quenching in undoped QDs caused by small
ensemble Stokes shift (Kagan et al., 1996; Achermann et al., 2003). Moreover, the d-
dots are also advantageous over the conventional QDs in terms of sensitivity to thermal,
chemical, and photochemical disturbances (Pradhan et al., 2005; Empedocles et al.,

1996; Li et al., 2003).
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Figure 1.4. Schematic of emission mechanisms in undoped and Mn”** doped ZnS QDs.
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1.2.3. Polymeric Nanoparticles
The development of polymer—based particulate (micro and nano) material has
revolutionized the pharmaceutical research and was one of the most broadly
investigated strategies for drug delivery during the last decades. Polymeric NPs are
solid, colloidal particles made of synthetic or natural polymeric substances and vary in
size from 1 nm to 1000 nm (Hans and Lowman, 2002). The polymer materials used for
the preparation of for nanoparticulate drug delivery systems can be classified into two
broad categories:
I) Synthetic polymers
In recent years, novel polymers are being designed primarily for medical applications
and have entered the arena of controlled release of bioactive agents. They are polyesters
[poly(lactic acid), poly(glycolic acid), poly(lactic-co-glycolic acid), poly(hydroxy
butyrate), poly(e-caprolactone)], polyanhydrides [poly(sebacic acid), poly(adipic acid),
etc], polyamides [poly(amino acids], acrylic polymers [polymethacrylates, poly(methyl
methacrylate)], phosphorous based polymers and others like poly(cyanoacrylates),
polyurethanes, polyortho esters, polydihydropyrans, polyacetals, polyvinyl pyrrolidone,
ethyl vinyl acetate, poloxamers, poloxamine, etc. (Guerin, 2006; Gill and Ballesteros,
1983). As these polymers are synthesized in laboratory with controlled environment,
they can be tailored to achieve required functionalities which can improve the efficacy
of the drug used (Uhrich et al., 1999). A potential problem with synthetic polymers is
the presence of unwanted monomers which can be toxic for in vivo applications (Pillai
and Panchagnula, 2001).
I1) Natural polymers
In spite of development of various synthetic and semi synthetic polymers, natural
polymers hold promising prospect in drug delivery due to their biodegradability and
easy availability. The important natural polymers, in this regard, include mainly
polysaccharides (alginate, chitosan, dextran, etc) polypeptides (albumin, collagen,
gelatin, casein, whey, etc) and nucleic acids (single and double stranded DNA,
oligonucelotides etc). The major problems associated with the natural polymers are the
immunogenecity and wide variability in their composition and therefore
physicochemical properties, which may result in poor reproducibility in delivery
characteristics.

Generally, in drug delivery applications, the drug of interest is dissolved,

entrapped, adsorbed, attached and/or encapsulated into or onto the nano-matrix for
17
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effective delivery. Depending on the preparation methodology, two types of
nanoparticles can be constructed i.e. nanospheres and nanocapsules, in order to achieve
optimum particle properties and release characteristics for specific therapeutic
application. Nanospheres are matrix systems in which the drug is physically and
uniformly dispersed whereas nanocapsules are vesicular systems in which a drug is
confined to a cavity surrounded by the polymer (Hans and Lowman, 2002; Soppimath
et al., 2001; Panyam and Labhasetwar, 2003). Oral administration of peptides or
proteins has been performed effectively by encapsulation in polymer nanospheres
which provides improved stability, less degradation and greater absorption in gastro-
intestinal tract (Vila et al., 2002). Nanoencapsulation enhanced the transfer of drugs
across the blood brain barrier (BBB) for delivery into the brain through intravenous
administration. Drugs that have successfully been transported into the brain using
polymeric nanocarriers include hexa-peptide dalargin, di-peptide kytorphin,
loperamide, tubocurarine, the NMDA receptor antagonist MRZ 2/576 and doxorubicin.
(Kreuter, 2001).

Polymeric nanoparticles have also been used extensively against cancer (Pridgen et
al., 2007). Furthermore, the surface of polymer nanoparticles can be modified easily to
target cancer cells by conjugating ligands such as antibody, folate, transferrin, peptides
and aptamers (Byrne et al., 2008). The successful delivery of anticancer drugs via
polymeric NPs exploits the unique biological architecture inherent to cancerous tissue.
The blood vessels in tumors, formed during angiogenesis, have irregular constructions
and wide endothelial pores large enough to allow the extravasations of particles up to ~
400 nm in size, which can accumulate in the tumor micro-environment due to a lack of
effective lymphatic drainage (Jain 1999; Maeda et al., 2000; Matsumura and Maeda
1986). This “enhanced permeability and retention (EPR)” effect constitute the basis of
‘passive targeting’, in addition to the ‘active targeting’ of cancer antigens, for in vivo

delivery of drugs encapsulated in polymeric nanocarriers (Figure 1.5).
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Figure 1.5. Schematic representation of different mechanisms of polymeric nanoparticle-
mediated delivery of anticancer drugs: Passive tissue targeting is achieved through the EPR
effect. Active cellular targeting can be achieved through the surface functionalization of
nanoparticles with cancer cell-specific ligands. The polymeric nanoparticles can (i) release their
contents in close proximity to the target cells; (ii) attach to the membrane of the cell and act as
an extracellular sustained-release drug depot; or (iii) internalize into the cell (Courtesy: Peer et
al., 2007). Two different approaches of encapsulating drug into polymeric nanoparticle, namely
polymer nanosphere and polymer nanocapsule, are also shown schematically (inset).

1.3. Chitosan

Chitosan is a naturally abundant poly-cationic biopolymer composed of polymeric 1—
4-linked 2-amino-2-deoxy-B-D-glucose. It is commonly found in shells of marine
crustaceans such as shrimp, crab, etc. as well as cell wall of fungi. Commercially,
chitosan is prepared by alkaline (NaOH, 40-50%) deacetylation of chitin (Wu et al.,
2002; Rabea et al., 2003). However, the process of deacetylation is almost never
complete and, thus making the distinction between chitin and chitosan on the basis of
the degree of N-deacetylation, subjective. Native chitosan is insoluble in water, alkaline

medium and organic solvents, but soluble in organic acids when the pH is < 6.

19
TH-964_05615301



Chitosan Chapter 1

Recently, successful efforts have been made to prepare functional derivatives of
chitosan by chemical modifications to increase the solubility in water (Muzzarelli,
1992; Heras et al., 2001; Jia et al, 2001; Ding et al, 2003; Kurita et al., 2002; Ramos et
al., 2003; Ronghua et al., 2003).
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Figure 1.6. Preparation of chitosan by alkaline deacetylation of chitin.

Chitosan has drawn potential research interest in diverse areas such as agriculture,
food industry, cosmetics, pharmaceutics and various biomedical applications (Martino
et al., 2005; Sashiwa and Aiba, 2004; Majeti, 2000; Roy et al., 1999; Shi et al., 2006)
because of ease of processing due to unique molecular structure, broad spectrum of
antimicrobial activity (Rabea et al., 2003), inherent biodegradability (Sashiwa et al.,
1990; Shigemasa et al.,1994) and biocompatibility (Khor et al., 2003). The physico-
chemical properties of chitosan such as the degree of deacetylation and the molecular

weight can be varied as required with respect to a specific application.

1.3.1. Antimicrobial Applications of Chitosan and Its Derivatives

The antimicrobial potential of chitosan has been well studied against a wide range of
microorganisms such as fungi, algae and some bacteria, and observed to be influenced
by inherent factors including the type of chitosan, the degree of chitosan
polymerization, the host, the chemical or nutrient composition of the substrates or both,

and the environmental conditions (e.g., substrate water activity or moisture or both).

Fungicidal activity
The fungicidal activity of chitosan against several fungi has been demonstrated with

reported MICs (Table 1) for specific target organisms ranging from 0.0018% to 1.0%
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(Liu et al, 2001). The inhibitory effect of chitosan against soilborne phytopathogenic
fungi was shown by Stossel and Leuba (1984). Laflamme et al. (1999) demonstrated
that chitosan successfully inhibited F. acuminatum, Cylindrocladium floridanum, and
other pathogens of forest nurseries in vitro. Similarly, Aspergillus flavus was
completely inhibited in field-growing corn and peanut (El Ghaouth and Asselin, 1992).
Roller and Covill (1999) demonstrated that, 15 yeasts and molds in apple juice
associated with food spoilage including Mucor racemosus and Byssoclamys spp. were
efficiently inactivated by chitosan at various concentrations, pH values, and
temperatures. Being a safe biopolymer for oral administration, chitosan has emerged as
promising fungicidal in the food industry. Chitosan has been successfully used as food
wraps (Muzzarelli, 1986) and the use of N,O-carboxymethyl chitin films to preserve
fruits for long periods has already been approved in both Canada and the U.S.A (Davies
et al., 1989).

Bactericidal activity

Chitosan has been shown to inhibit the bacterial growth in a wide range of bacteria
(Table 2). Furthermore, bactericidal effect of chitosan derivatives containing quaternary
ammonium salts, such as N,N,N-trimethyl chitosan, N-propyl-N,Ndimethyl chitosan
and N-furfuryl-N,N-dimethyl chitosan against E. coli has been demonstrated by Jia et
al. (2001). The authors found that the antibacterial activity of quaternary chitosan in
acetic acid medium is stronger than that in water as well as stronger than that of
chitosan itself. Sudarshan et al. (1992) investigated the antimicrobial efficacy of water-
soluble chitosans derivatives including chitosan lactate and chitosan hydroglutamate on
different bacterial cultures and found the derivatives showing excellent bactericidal
effect against both gram-positive and gram-negative bacteria with 1-5 log cycle
reductions within 1 h. They also reported that chitosan was no longer bactericidal at pH
7 due to the absence of a significant proportion of charged amino groups and the poor
solubility of chitosan. A similar study by Papineau et al. (1991) also showed that
chitosan lactate (0.2 mg/mL) was most effective against E. coli with a population
reduction of 2 and 4 log cycles within 2 min and 1 h exposure, respectively. The
authors also reported the effectiveness of chitosan glutamate and chitosan lactate in
inhibiting growth of yeast cultures such as Saccharomyces cerevisiae and Rhodotorula

glutensis.
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Table 1.1. MIC of Native Chitosan against Fungi and Bacteria (Rabea et al., 2003)

Fungi MIC * Bacteria MIC *
Botrytis cinerea 10 Agrobacterium tumefaciens 100
Fusarium oxysporum 100 Bacillus cereus 1000
Drechstera sorokiana 10 Corinebacterium michiganence 10
Micronectriella nivalis 10 Erwinia sp. 500
Piricularia oryzae 5000 Erwinia carotovora subsp. 200
Rhizoctonia solani 1000 Escherichia coli 20
Trichophyton equinum 2500 Klebsiella pneumoniae 700

Micrococcus luteus 20
Pseudomonas fluorescens 500
Staphylococcus aureus 20
Xanthomonas campestris 500

*Minimum inhibitory concentration in ppm

1.3.2. Biomedical Applications of Chitosan and Chitosan-Based Composite
Materials

A number of methods have been developed to fabricate chitosan-based micro or
nanoscale particles, fibers, hydrogels, membranes, and three dimensional scaffolds,
which can be used in various applications such as biosensors, drug delivery systems,
and non-viral vectors for gene transfection, tissue reconstruction and wound healing.
Several studies have already demonstrated the significant promise of chitosan, alone or
in combination with other polymers, in various fields of biomedical applications.

In 2001, Ma et al. demonstrated the utility of chitosan scaffolds to support cell
growth and proliferation. In this regard, the combination of chitosan with another
material to produce ‘composite’ material has been well investigated. The interaction of
chitosan—gelatin hydrogels with cells was studied by Risbud et al. (2001b). On the
other hand, chitosan-PVP hydrogels have been found not to have significant
interactions with endothelial cells and therefore might be used as immunoisolation
materials (Risbud et al., 2001a). Chitosan has also been shown to exert a strong
influence on nerve cell attachment and proliferation (Haipeng et al., 2000). By
combining with alginate, Cho et al. prepared chitosan-based scaffolds with
galactosylated chitosan (Chung et al., 2002). The efficient attachment of hepatocytes to
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the alginate-galactosylated chitosan scaffolds was demonstrated by the authors. Zhu et
al. (2002) reported improved cell attachment to photochemically attached chitosan onto
polylactic acid (PLA) film surfaces. The authors also demonstrated the possibility of
inhibiting platelet adhesion and activation by modifying the chitosan with heparin. Zhu
et al. (2002) showed that the amino acid—chitosan—-PLA membranes are cyto-
compatibile to chondrocytes mimicking the characteristics of glycosaminoglycans
(GAGs) found in tissue. In a recent study, chitosan grafted with cell adhesive peptides
has been shown to promote the proliferation of human endothelial cells compared to
neat chitosan (Chung et al., 2002). In summary, chitosan can be combined with a
variety of delivery materials such as alginate, hydroxyapatite, hyaluronic acid, calcium
phosphate, PMMA, poly-L-lactic acid (PLLA) and growth factors for potential
therapeutic application. Furthermore, chitosan, which provide the feasibility of
preparing a whole spectrum of matrices as shown in Figure 1.7, could efficiently be

exploited in cell-based tissue engineering (Hu et al., 2004).
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Figure 1.7. Schematic of chitosan processing for the application in tissue engineering
(Courtesy: Martino et al., 2005).

23
TH-964_05615301



Chitosan Chapter 1

The application of chitosan based materials in wound healing has been another
important area of biomedical research. It has been proposed that chitin and chitosan
could have potential implications in wound healing due the presence of monomeric N-
acetylglucosamine which also occurs in hyaluronic acid, an important extracellular
macromolecule in wound repair. In this regard, polyelectrolyte complex (PEC) films
have been prepared by combining chitosan with alginate and investigated as potential
wound dressing materials (Yan et al., 2001). The PEC membranes were found to
promote accelerated healing of incisional wounds in a rat model (Wang et al., 2001).
Lee et al. (2000) prepared a silver sulfadiazine—containing gel based on P-chitin
combined with PEG and subsequently freeze dried to produce the dressing material.
The in vivo study of this dressing material indicated infection controlled wound
healing. The excellent wound dressing potential of a novel bilayered membrane made
of a thin layer of chitosan as the antibacterial and moisture control barrier attached to a
sponge layer augmenting the absorption of wound exudates was demonstrated by Mi et
al. (2001). Recently, chitosan fibers combined with acidic GAGs was found to release
the GAGs, which could lead to an alternative wound healing approach (Hirano et al.,

2001).

1.3.3. Chitosan Nanoparticles in Drug Delivery

Several methods such as emulsion crosslinking, coacervation, spray drying, emulsion
droplet coalescence, ionic gelation, and reverse micellar micro-emulsuion method have
been developed to prepare chitosan NPs (Agnihotri et al., 2004; Bodnar et al., 2005).
The size of these NPs can vary depending on the molecular weight of chitosan, its
concentration and its surface charge (Lopez-Leon et al., 2005). Since chitosan becomes
positively charged in aqueous acidic solutions due to the protonation of the free amine
groups below its pKa (pH<6.2) (Kumar et. al, 2004), it can form a variety of complexes
with natural or synthetic polyanions of various characteristics by the oppositely charged
electrostatic interactions. Bodmeier reported the technique of preparing micro or nano-
particulate drug delivery systems using chitosan/TPP complexes (Bodomier et al.,
1989).

A wide variety of drugs ranging from small organic molecules to proteins and nucleic
acids have been successfully delivered using chitosan NPs. Chitosan NPs when used as

anticancer drug carrier have shown potent cytotoxic effects on various tumor cell lines

24
TH-964_05615301



Delivery of Suicide Genes Chapter 1

in vitro and in vivo. The water-soluble drugs can easily be incorporated into chitosan
NPs without any modification of chitosan. The cationic anthracycline drug doxorubicin
hydrochloride forms complex with anionic chitosan, showed anti-proliferative activity
against human melanoma A375 cells, C26 murine colorectal carcinoma cells in vitro
and potential in vivo therapeutic efficacy against J774A.1 macrophage tumor cells
implanted in Balb/c mice (Janes et al., 2001; Mitra et al., 2001). Zhang et al. (2008)
demonstrated the usefulness of the nucleotide analogue 5-fluorouracil, when capsulated
in chitosan NPs prepared by ionic gelation, for the treatment of human gastric
carcinoma model in vivo.

Chitosan NPs, prepared through modification with hydrophobic moieties such as
cholic acid, 5B-cholanic acid and cholesterol, have been used to encapsulate
hydrophobic anticancer drugs (Lee et al., 1998; Wang et al., 2007). These modified
chitosan NPs were used for the delivery of poorly soluble anticancer drugs such as
paclitaxel, cisplatin, docetaxel, etc (Kim et al., 2006; Min et al., 2008). A recent study
showed that hydrophobically modified chitosan NPs can also be used for the delivery
of small peptide drugs in cancer therapy (Kim et al., 2008). Moreover, the conjugates of
anticancer agents with chitosan and its derivatives display good anticancer effects with
a decrease in the adverse effects of the original drug due to a predominant distribution
into the cancer and a gradual release of free drug from the conjugates (Kato et al.,

2005).

1.4. Delivery of Suicide Genes

Suicide gene therapy, a promising approach for cancer treatment, involves the transfer
of suicide genes in cancer cells resulting in the conversion of non-toxic prodrug into
toxic drug, which kill the cancer cell as well as neighboring damaged cells (Figurel.8).
Suicide gene therapy has gained much importance due to its selective approach to
eliminate tumor cells by the local production of toxic agents, which exhibits strong
bystander effects and reduces systemic toxicity (Springer and Duvaz, 2000). However,
the successful implication of suicide gene therapy has been limited by the inefficient

gene delivery systems (Yazawa et al., 2002).
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Figure 1.8. Schematic representation of suicide gene therapy.

One of the most intensely studied suicide genes is the bacterial cytosine deaminase
(CD). CD converts the prodrug antifungal agent 5-fluorocytosine (5-FC) into anticancer
agent S-fluorouracil (5-FU), which can diffuse across the cell membrane and kill
adjacent neighboring cells (Rowley et al. 1996). However, certain cancer cells are
resistant to 5-FC treatment, where the CD enzyme exhibits poor efficiency in
converting 5-FC into its toxic metabolites. This problem can be addressed by using a
bifunctional cytosine deaminase -uracil phosphoribosyltransferase (CD-UPRT) gene
(Gopinath and Ghosh, 2008), where UPRT, a pyrimidine salvage enzyme, converts 5-

FU into more cytotoxic metabolites as shown in Figure 1.9.
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5-flurouridinetriphosphate (6-FUTP) ——= RNA synthesis

Figure 1.9. Schematic representation of 5-FC metabolism by CD and UPRT enzymes

1.5. Key Areas and Scopes
Based on the literature review in the field of therapeutic implication of nanomaterials,
the research areas with potential scope are summarized below,

e Development of newer “green” synthesis methods of nanomaterials.

e Biocompatible polymer based composite nanomaterials.

e Investigating the interaction of nanomaterials and their composites with

bacterial and mammalian cells.
e Understanding molecular mechanism of interaction.

e Development of traceable delivery materials.

27
TH-964_05615301



Present Work Chapter 1

1.6. The Present Work
1.6.1. Objectives

The main objectives of the present work are as follows:

K/
L4

To develop a ‘green” method of synthesizing small and highly uniform Au NPs
by purified GFP and monitor the protein denaturation during the synthesis.

To evaluate the antibacterial efficacy of a ‘novel’ chitosan-Ag NP
nanocomposite on GFP expressing E. coli.

To develop a ‘novel’ chitosan—based biodegradable nanocarrier system for Ag
NPs and investigate the potential of these nanocarriers in catalytic applications.
To investigate the potential of chitosan—based nanocarriers for successful
delivery of Ag NPs in cancer cells in order to induce apoptotic cell death.

To develop biocompatible gene delivery system based on chitosan—QDs

. . 2+ .
nanocomposite using ZnS:Mn~" QDs as non-toxic fluorescent probes.

1.6.2. Significance and Salient Features of the Present Study

The significance and salient features of the present study are summarized below

X/
A X4

*0

TH-964_05615301

GFP, expressed in recombinant E. coli bacteria, was purified and used for
single-step synthesis of uniform spherical Au NPs with particle diameter of 2.2
nm.

The denaturation of the protein during synthesis of Au NPs was demonstrated
and the feasibility of probing the fluorescence of GFP to study the protein
denaturation was also established.

Efficient antibacterial activity of chitosan-Ag NPs composite on GFP
expressing E. coli was demonstrated.

The chitosan-Ag NP composite was shown to exert enhanced antibacterial
activity compared to either chitosan or Ag NPs, due to the synergistic effect of
chitosan and Ag NPs.

A completely ‘green’ method of preparing a novel chitosan-based nanocarrier
system for Ag NPs was developed.

The Ag NPs in the nanocarrier were demonstrated to have significantly higher
catalytic efficiency than those in bulk composite and can be applied as efficient
catalyst.

Novel chitosan based nanocarrier were employed to deliver Ag NPs in human

colon cancer cells in order to induce Ag NP—mediated apoptosis.
28
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% Successful induction of apoptosis by Ag NPs in cancer cells with minimization
of NP-toxicity was demonstrated.

« Involvement of reactive oxygen species (ROS), in addition to the mitochondria
dependent caspase pathway, in the Ag NP induced apoptosis was established.

< A novel chitosan stabilized Mn*" doped ZnS QDs having excellent water
solubility was synthesized.

% The efficient binding of pCD-UPRT, an important plasmid in suicide gene

therapy, with these QDs indicating the potential of the composite material in

gene delivery application was demonstrated.
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Green Fluorescent Protein Mediated
Synthesis of Highly Uniform Gold
Nanoparticles

In this chapter, a single-step ‘green’ synthesis of gold nanoparticles (Au NPs) with extraordinary
size specificity (2.2 £ 0.5 nm) in aqueous medium by purified green fluorescent protein (GFP)
expressed in recombinant E. coli has been reported. The concomitant changes in GFP structure during
the synthesis of Au NPs was also investigated using fluorescence spectroscopy and polyacrylamide gel
electrophoresis (PAGE).
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Chapter 2

GREEN FLUORESCENT PROTEIN MEDIATED SYNTHESIS OF

HIGHLY UNIFORM GOLD NANOPARTICLES

2.1. Introduction
At present, a vast array of different semiconductor and metal nanoparticles can be
synthesized by wet chemical methods — aqueous-phase as well as organic-phase
synthesis — with fair control on the size and shape of the synthesized nanoparticles
(Masala and Seshadri, 2004). However, use of stringent reaction conditions and
hazardous chemicals in the syntheses of these NPs by chemical methods not only pose
problems for large-scale synthesis but also make them less attractive for biological
applications. On the other hand, “greener” methods to synthesize NPs employing
biological systems have mainly centered on the microbial syntheses of nanoscale
materials (Klaus et al., 1999; Mukherjee et al., 2001; Nair and Pradeep, 2002; Dameron
et al., 1989; Kowshik et al., 2002; Shankar et al., 2004). The microbial syntheses,
however, offer less flexibility over the control of particle sizes and shapes. Although
there are some reports of synthesizing metal NPs using biological macromolecules
(Naik et al., 2002; Rangnekar et al., 2007; Zhou et al., 2001; Raveendran et al., 2003;
Tomczak et al., 2007), synthesis of uniform and well defined metal NPs of less than 5
nm, suitable for biological applications, by biomolecules such as purified protein still
remains a challenge. It is important to know that while synthesis of small NPs using
biomolecules is of great value, understanding the mechanism involved and the fate of
the NPs as well as that of the biomolecules following synthesis are equally important.
This assumes greater significance especially for the development of hierarchically
assembled functional nano-structured devices and in the evaluation of the
biocompatibility associated with these materials (Roach et al., 2005).

The changes in structural as well as functional stability of specific proteins
adsorbed on macroscopic surface have already been reported (Hlady and Buijs, 1996).
However, the effects of the physicochemical properties of the surface at the nanoscale
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on protein integrity has been investigated only recently (Vertegel et al., 2004;
Lundqvist et al., 2004; Asuri et al., 2006; Karajanagi et al., 2004; Shang et al., 2007)
and is far from being exhaustive. On the other hand, the primary focus in the
biosynthesis of nanoparticles (NPs) has been on the product NPs, their properties and
occasionally the properties of the composite system. There is no report on the
accompanying changes in the bio-precursor, as the synthesis of NPs takes place.

2.2. Outline of the Research Work

1) Green fluorescent protein (GFP) expressed in recombinant E. coli bacteria was
purified and used for single-step synthesis of gold nanoparticles (Au NPs) with
extraordinary size specificity in agueous medium.

2) Incubation of GFP with AuCl, produced spherical Au NPs having diameters
ranging from 5 nm — 70 nm. Remarkably, addition of trace amount (1.0 x 10
M) of AgNOs; in the medium produced uniform spherical Au NPs with particle
diameter of 2.2 + 0.5 nm.

3) The fluorescence of GFP offered an easy probe for concomitant changes in the
protein during the course of synthesis, in addition to the monitoring of the time-
dependent formation of Au NPs by the surface plasmon resonance (SPR).
Additionally, the fate of GFP was also investigated by native- and denaturing
polyacrylamide gel electrophoresis (PAGE)

4) Experimental results revealed that the partial denaturation of the protein
occurred during synthesis of Au NPs in absence of AgNOs, resulting in the
lowering of fluorescence intensity. On the other hand, when the NPs were
synthesized in the presence of AgNO3; complete denaturation of the protein was
observed.

5) Incubation of GFP in presence of AgNOs3 only neither formed NPs nor had any
significant effect on the fluorescence of GFP.

2.3. Experimental Section

2.3.1. Growth media and chemicals

Silver nitrate (AgNOs), sodium chloride (NaCl) and dimethyl sulfoxide (DMSO) were
purchased from Merck India Ltd. HAuCI, solution (17% wi/v in dilute HCI), 2,2’-
dithiobis (5-nitropyridine) (DTNP) and other high purity molecular biology grade
chemicals and reagents for native- and SDS-PAGE were obtained from Sigma-Aldrich
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Chemical Corporation. E. coli growth medium Luria-Bertani (LB) was purchased from
HiMedia, India. Milli-Q grade water (Millipore, USA) was used in all the experiments.

2.3.2. Isolation and purification of GFP

GFP (wild type) was isolated and subsequently purified from overnight grown culture
of GFP expressing E. coli. This was based on the modification of methods reported by
other workers (Jain et al., 2004; McRae et al., 2005). The procedure related to the
generation of recombinant green fluorescent protein (GFP) expressing E. coli (DH5a)
cell has been previously described by Gogoi et al. (2006). After purification of GFP,
excess salts from the protein sample were removed by dialysis. The dialyzed sample
was subsequently lyophilized and the resulting purified GFP in powder form was stored
at -20°C for further use.

2.3.3. Synthesis of Au NPs by GFP

The stock solution of GFP was prepared in 0.02 M Tris-HCI, pH 8.0, buffer containing
0.15 M NaCl and 5 mM EDTA. In a typical reaction, 14 pg mL™ GFP was added to 5
mL reaction medium containing 1.0 x 10* M HAuCI, and incubated at 37°C for 4 days.
The same buffer, used for making the GFP stock solution, was also used as the reaction
medium. Additional reactions were also carried out in the presence of different
concentration of AgNOs, keeping all other conditions the same as above. Appropriate
control samples, namely sample containing only HAuCl, in reaction buffer and sample
containing only GFP in reaction buffer, were also incubated in same conditions. A
complementary set of experiments was also carried out where GFP were incubated with
different concentrations of AgNO; in the same reaction conditions (in absence of
HAuUCI,) as above to check the formation of Ag NPs by GFP.

2.3.4. Characterization of Au NPs

The formation of Au NPs was followed by monitoring the UV-vis spectra of the
samples taken at regular time intervals in a Cary 100 UV-visible spectrophotometer
(Varian Inc.). The fluorescence of GFP in all the samples were also measured at regular
intervals by recording the fluorescence emission spectra of GFP (Aemission =509 nm)
using excitation at 395 nm with a FluoroMax-3 (HORIBA Jobin Yvon) fluorescence

spectrophotometer. The fluorescence emission spectra of GFP with Aemission = 505 nm
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and Aexcitation = 475 nm for each sample were also recorded. The measurements were
carried out under ambient conditions. For XRD measurements, as prepared solution of
Au NPs was spread on glass slide and subsequently air-dried under ambient conditions.
The measurements were performed using a Bruker D8 ADVANCE (Bruker AXS Inc.)
X-ray powder diffractometer using Cu-Ko. (A=1.54 A) source. In order to observe Au
NPs under transmission electron microscope (TEM), 5 uL of as prepared Au NPs
solutions from different samples were drop cast on carbon coated copper TEM grids
followed by air-drying. The grids were then analyzed by a JEOL 2100 UHR- TEM

instrument operating at an accelerating voltage of 120 KeV.

2.3.5. Protein gel electrophoresis

After incubation of GFP with HAuUCI,4, both in presence and in absence of AgNOs,
aliquots of the different samples were taken at 90 h and subjected to native as well as
SDS-PAGE. Protein profiles were visualized by staining the gel using silver staining
method as well as under UV trans-illuminator before silver staining in case of native
PAGE only.

2.3.6. Blocking of free thiol groups of GFP

The free thiol groups of cysteine residues of GFP were modified by previously
described method (Rangnekar et al., 2007). Briefly, 10.3 uL of 5 mM DTNP in DMSO
was added to 35 pL of 2 mg mL™ GFP. The final reaction volume was made up to 5
mL with 0.02 M Tris-HCI (pH 8.0), 0.15 M NaCl and 5 mM EDTA so as to give a final
GFP concentration of 14 pg mL™. After overnight incubation at 37 °C with gentle
stirring, the reaction mixture turned to a pale yellow colored solution. The modification
of free thiol groups was followed spectrophotometrically with a Cary 100 UV-visible
spectrophotometer (Varian Inc.). The solution was then incubated with HAuCl, (final
concentration of 1.0 x 10™ M), both in presence and absence of 1.0 x10° M AgNOs.
Appropriate control experiments were also carried out with unmodified GFP in
presence of DMSO.
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2.4. Results and Discussion

2.4.1. Synthesis of Au NPs

Following incubation of GFP in pH 8.0 buffer solution along with HAuCl, (1.0 x 10™
M) at 37 °C, the color of the solution became purple by 8 h indicating the formation of
Au NPs. UV-visible spectra of the solution (Figure 2.1a), comprised of gradually
increasing absorption peak at ca. 532 nm with an additional absorption band at ca. 680
nm. The maximum absorption was reached by 90 h of incubation. The peak at 532 nm
is characteristic of transverse plasmon resonance of Au NPs, whereas the peak at 680
nm is characteristic of longitudinal plasmon resonance of either Au nanorods or
triangular or hexagonal shaped Au NPs (Shankar et al., 2004; Daniel and Astruc, 2004).
When the same reaction was carried out in presence of 1.0 x 10> M AgNO;, the
solution became light pink in 10 h, which further turned to intense pink color after 48 h
of incubation. The time dependent UV-visible spectra of the solution (Figure 2.1b)
showed consistent increase in the absorbance at 532 nm till 90 h of incubation. There
was no second peak at higher wavelength as was observed with the sample prepared
from HAuUCI, and in absence of AgNOs. In both cases, the resulting colloidal Au NPs
were stable for more than a week without any detectable sign of aggregation or change
in UV-visible spectrum. Interestingly, when GFP was incubated with AgNO; (in
absence of HAuUCI,) there was no change in the absorption spectra of the solution and
appearance of any peak characteristic of Ag NPs was also not observed. Further,
Figure 2.1c depicts the XRD pattern obtained from evaporation of samples of GFP
incubated with HAUCI, only and HAUCI, in presence AgNOs (1.0 x 10° M). As is
clear from the figure, both the patterns consisted of peaks at 38°, 44°, 64%and 77°. The
peaks are assigned to the principal Bragg reflections corresponding to the (111), (200),
(220) and (311) lattice planes, respectively of Au with indexing based on the face-
centered cubic (fcc) structure of Au crystal (Mukherjee et al., 2001; Zhang and Sham,
2003). The broadening of the peaks implied the formation of NPs of Au in the samples.
Thus, the present observations suggest that in the presence of GFP, Au NPs were
produced from HAuCI, as well as from HAuCl,; mixed with AgNO;. However, Ag
NPs were not formed when AgNO; alone was incubated with GFP under the same

conditions.
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Figure 2.1. UV-visible spectra of Au NP solution synthesized by GFP in presence of (a)
HAUCI, only and (b) HAuCIl, and 1.0 x 10° M AgNOs,. (c) XRD spectra of Au NPs
synthesized by GFP in presence of HAUCI, only (upper) and HAuCl, and 1.0 x 10° M AgNO;
(lower).

In order to study the size and the shape of the Au NPs synthesized in present
method, NPs were investigated under TEM (Figure 2.2). From Figure 2.2a, it can be
clearly seen that Au NPs, synthesized by GFP in the presence of HAuCI, only, were
polydisperse in nature with a wide size distribution (Figure 2.2b). The average particle
size was calculated to be 18.0 £ 16.0 nm. The particles were mainly spherical in shape
with a considerable fraction being triangular, polygonal or rod-shaped. It may be
mentioned here that the anisotropy in the shape of the Au NPs can well be correlated

with the observation of the absorption band at ca. 680 nm in the corresponding UV-
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visible spectrum during the synthesis process (Jin et al., 2001; Shankar et al., 2004;
Daniel and Astruc, 2004). The selected area electron diffraction (SAED) pattern of
these Au NPs (Figure 2.2¢) indicated that the NPs were polycrystalline and of face-
centered cubic (fcc) type in structure. In order to gain insight into the structural details,
the Au NPs were further investigated under high resolution transmission electron
microscope (HRTEM). The HRTEM image of a typical polygonal Au NP is shown in
Figure 2.2d, where the individual lattice fringes can easily be observed. Furthermore, it
was interesting to find out that, under HRTEM, some of the Au NPs actually produced
Moiré pattern consisting of a periodic array of dots (Figure 2.2e). The occurrence of
Moiré pattern could possibly be due to different orientations of two sets of lattices, as a
result of the polycrystalline nature of these Au NPs (Sun et al., 2003). Interestingly, the
SAED image of an individual triangular Au NP (Figure 2.2f) showed characteristic
hexagonal pattern of spots indicating the presence of a single crystal of fcc Au oriented
in the [111] direction with top surface of the nano-triangle parallel to the TEM grid (Jin
et al., 2001; Shankar et al., 2004; Sun et al., 2003). In addition to the allowed {220}
and {422} reflection for the fcc lattice, the presence of weak spots due to the forbidden
1/2{422} reflection (Figure 2.2f) implied that the top and bottom faces of these nano-
triangles were atomically flat.

On the other hand, Au NPs synthesized by GFP in the presence of a mixture of
HAUCI, and 1.0 x 10> M AgNO; were well dispersed and uniform in size without the
presence of any detectable agglomeration (Figure 2.3a). The particles were mostly
spherical (~ 95%) in shape and exhibited a narrow size distribution with an average
diameter of 2.2 £ 0.5 nm (Figure 2.3b). The SAED image (Figure 2.3c) of these NPs
showed typical pattern characteristic of polycrystalline Au NPs in fcc structure. A
typical HRTEM image (Figure 2.3d) of one of these Au NPs clearly showed the well

separated individual lattice fringes.
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Figure 2.2. (a) TEM micrographs of Au NPs synthesized by GFP in presence of HAuCl, with
corresponding size distribution (b) and SAED image of polygonal Au NPs (c). (d) HRTEM
image of one of these Au NPs showing well-separated lattice fringes. (¢) HRTEM image of a
polygonal Au NP showing Moiré pattern. (f) SAED image of an individual triangular Au NP
(shown in inset); the original image was inverted for clarity.
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Figure 2.3. (a) TEM micrographs of Au NPs synthesized by GFP in presence of HAuCl, and
1.0 x 10° M AgNO; with corresponding size distribution (b) and SAED pattern of Au NPs (c).
(d) HRTEM image of individual Au NP showing well-separated lattice fringes.

From the TEM observation of the Au NPs synthesized by GFP, it was evident that
addition of AgNO3 to the reaction medium led to the formation of rather small (~2.2
nm) and uniform Au NPs, which had otherwise generated larger particles having
different kind of shapes in absence of AgNOs. In order to investigate the effect of
AgNO; concentration on the size and shape of the synthesized Au NPs, further TEM
studies were carried out with Au NPs prepared in presence of 1.0 x 10* M and 1.0 x
10 M AgNOs, The particle sizes were found out to be 23.3 + 4.3 nm and 30.6 + 7.6 nm
for 1.0 x 10* M and 1.0 x 10> M AgNOs respectively (Figure 2.4). Furthermore, under

TEM these Au NPs were found to be mostly spherical in shape with a small fraction
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being triangular or rod-shaped, which were also evident from the corresponding UV-
visible spectra showing weak peak at longer wavelengths (ca. 680 nm) (Figure 2.4c,
2.4f). In the present study, the average Au NP size increased by ~21 nm from 1.0 x 10
M to 1.0 x 10* M of AgNO3 whereas the same was found to be ~7 nm from 1.0 x 10™
M to 1.0 x 10 M of AgNO:s.
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Figure 2.4. (a) TEM micrographs and SAED image (inset) of Au NPs synthesized by GFP in
presence of HAuCI, and 1.0 x 10* M AgNOs; (b) particle size distribution and (c) UV-visible
spectrum corresponding to these particles. (d) TEM micrographs and SAED image (inset) of
Au NPs synthesized by GFP in presence of HAUCI, and 1.0 x 10° M AgNOs; (e) particle size
distribution and (f) UV-visible spectrum corresponding to these particles.
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2.4.2. Changes in GFP fluorescence

In order to study the structural integrity of GFP in the course of synthesis of Au NPs,
the time dependent fluorescence spectroscopy of GFP was pursued (Zimmer, 2002).
The changes in fluorescence characteristic of GFP due to the synthesis of Au NPs are
shown in Figure 2.5. At the initial stages, all the samples showed comparable amount
of fluorescence which decreased only marginally in case of control sample (only GFP
in buffered solution) and the sample where only AgNO3; was incubated with GFP
solution (Figure 2.5a and 2.5b). On the other hand, the fluorescence of the GFP solution
treated with HAuUCI, only (Figure 2.5c) progressively decreased up to 56 h, without
further decrease in fluorescence in later hours. However, in case of the GFP solution
incubated with HAuUCI, in presence of AgNO; (Figure 2.5d), the fluorescence reduced

drastically with time resulting in the loss of detectable fluorescence after 24 h only.
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Figure 2.5. Fluorescence emission spectra of GFP during the synthesis of Au NPs in (a) control
sample (only GFP), (b) GFP in presence of AgNO; (1.0 x 10* M) only, (c) GFP in presence of
HAuUCI, only and (d) GFP in presence of HAuUCI,and AgNO; (1.0 x 10° M).

41
TH-964_05615301



Results and Discussion Chapter 2

Figure 2.6 shows the fluorescence decay of GFP, expressed in terms of relative
fluorescence intensity at different time intervals. The results essentially reveal that the
fluorescence intensities of the samples containing HAuCl, alone or AgNO; (at different
concentrations) along with HAuUCI, decreased compared to control sample or sample
incubated with AgNO3 only, which in turn implied the loss of tertiary structure of GFP
in those samples. Further, it was interesting to observe complete loss of fluorescence in
samples containing GFP incubated with HAuCl, in the presence of AgNO;3 in 24 h,
whereas GFP treated with HAuUCI, only retained 40% of fluorescence in that period. On
the other hand, only AgNO3 had apparently no effect on the GFP structure by this time.
Finally the relative fluorescence of the GFP treated with HAuCl, only, attained a
minimum value of approximately 20% in later hours, which did not decrease further.
Additionally, a difference in the rate of loss of fluorescence in the presence of various
amount of AgNO; was observed. For example, when the concentrations were at 1.0 x
10 M as well as 1.0 x 10™ M, the intensity was down to about 15% in 10 h and near-
complete loss was observed at 24 h. On the other hand, when the concentration of
AgNO; was at 1.0 x 10™ M the intensity went down to 35% in 10 h and to about 5% at
24 h.

Relative Fluorescence
Intensity (%)

Figure 2.6. Kinetics of GFP fluorescence decay expressed (relative fluorescence intensity) in
GFP only (A); GFP and 10 M AgNO; only (B); GFP and HAuUCI, only (C); GFP and HAuCI,
in presence of 10° M (D1), 10“ M (D2), 10° M AgNO; (D3).
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2.4.3. Structural changes in GFP

In order to further investigate the structural changes of GFP, the samples were analyzed
by native PAGE (Figure 2.7). Figure 2.7a depicts the electrophoretic migration pattern
of the native GFP in the control sample as well as in other treated samples, when the
gel was observed on the UV- transilluminator. The fluorescent bands of GFP in lanes 6,
7, 8, 9 implied the retention of tertiary structure of GFP, and hence the detectable
fluorescence, in the samples incubated with HAuUCI, only as well as the samples treated
with different concentrations of AgNO; only. On the other hand, absence of any
detectable fluorescent band in lanes 2, 3, 4 or 5 could be due to the total disruption of
the GFP native structure in the samples containing AgNOs in addition to HAUCI,.
These observations could be well correlated with the results in Figure 2.6. Interesting
results were found after staining the gel with silver stain (Figure 2.7b), where the band
intensity in lane 6 corresponding to the sample treated with HAuUCI,; only was
apparently comparable to that of the control or only AgNO; treated samples. However,
no bands were observed in lanes 2, 3, 4, 5. This could be due to extensive protein
adsorption on the surface of Au NPs synthesized in presence of AgNOs resulting in the
complete disappearance of the protein from the medium. Furthermore, the fact that the
protein stabilizes the Au NPs by being attached to NP surface through cysteine thiol
groups or by adsorption also supports the above possibility.

Figure 2.7. Structural integrity of GFP after the synthesis of Au NPs as followed by native
PAGE: (a) under UV-transilluminator and (b) subsequent silver staining of the gel. Lanes:
control (lane 1); GFP in HAUCI, with 10° M (lane 2), 10 M (lane 3), 5.0 x10* M (lane 4) and
10° M (lane 5) AgNOs; GFP in 10* M HAUCI, only (lane 6) and GFP in presence of 10° M
(lane 7), 10* M (lane 8), and 10 M (lane 9) AgNO; only.
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In order to have further insight on the adsorbed protein, samples were investigated
in SDS-PAGE. The gel (Figure 2.8) clearly shows the GFP bands in the samples of Au
NPs synthesized in presence of AgNO;3 (lane 6 and 7), along with the control (lane 2)
and the only HAuUCI, treated sample (lane 4). These results confirmed the complete
attachment of GFP to the Au NPs synthesized in presence of Ag". This can be
explained by considering the fact that Au NPs synthesized in presence of AgNOg3 are
more uniformly small and spherical than in its absence and hence more surface area is
available for protein attachment. Further, Ag® could play a role in this differential
protein attachment by increasing positive charges on the protein. This could explain the
excellent colloidal stability shown by the Au NPs synthesized in presence of AgNO; at
high salt (e.g. 0.5 M NaCl) concentration compared to those in absence of AgNOs3, as
probed by their UV-visible spectra (Figure 2.9). These findings essentially led to the
revelation that, when GFP was incubated with HAuCl,, the protein was not completely
denatured although most of the tertiary structure was lost; whereas the GFP was
completely attached to the Au NP surface and eventually denatured in case of the

sample containing AgNOj3 in addition to HAuCl,.

kD 1 2 3 4 5 6 7

43 —
29

20 —

Figure 2.8. Electrophoresis profile of GFP in a denaturing gel after the synthesis of Au NPs as
followed by SDS-PAGE and subsequent silver staining. Lanes: molecular weight marker (lane
1), control (lane 2), GFP in 10* M HAuCI, only (lane 4) and GFP in HAuCI, with 10° M (lane
6), 10* M (lane 7) AgNO;. Lane 3 and lane 5 were left blank.
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Figure 2.9. Effect of NaCl concentration on the colloidal stability of the Au NPs synthesized
by GFP. UV-visible spectra of Au NPs synthesized by GFP with HAuClI, only (A. 0 M and a.
0.5 M NaCl ) and HAuCl, in presence of 10° M (B. 0 M and b. 0.5 M NaCl), 10* M (C. 0 M
and ¢. 0.5 M NaCl), 10° M (D. 0 M and d. 0.5 M NaCl) of AgNOs.

In order to investigate whether the loss of GFP fluorescence was due to the
denaturation of protein or the quenching of fluorescence by Au NPs, samples were
further analyzed by the standard SDS-PAGE without boiling the samples before
loading (partial denaturation condition) (Figure 2.10). Under UV-transillumination
(Figure 2.10a), fluorescent bands were seen in control and Au NPs sample synthesized
in absence of AgNOs;; whereas no fluorescent bands were present in the AgNOg3
supplemented Au NPs samples. The same gel when silver-stained (Figure 2.10b),
revealed protein bands in AgNO; supplemented Au NPs samples along with other
samples namely control and Au NPs synthesized in absence of AgNQs. Interestingly,
additional non-fluorescent protein band can be observed in case of Au NPs synthesized
in absence of AgNO; (Figure 2.10Db, lane 3), which could be attributed to the denatured
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GFP population present in the sample supporting fluorescence spectroscopic results
(Figure 2.5(c) and 2.6). Finally, the absence of any fluorescent band in the AgNO;
supplemented Au NPs samples and the presence of additional non-fluorescent band in
non-AgNO3 supplemented Au NP sample demonstrates that the loss of fluorescence of
GFP adsorbed on the Au NPs is due to the denaturation of the protein structure rather
than quenching of fluorescence by Au NPs.

Figure 2.10. Electrophoresis profile of GFP in a partially denaturing gel after synthesis of Au
NPs: (a) under UV-transillumination and (b) subsequent silver staining of the gel. Lanes:
Control (lane 2), GFP in 10* M HAUCI, only (lane 3) and GFP in HAuCI, with 10° M (lane 5),
10" M (lane 6) AgNO3; purified GFP reconstituted in SDS-free sample loading buffer was
loaded in lane 1 as a reference. Lane 4 was left blank.

2.4.4. Mechanism of Au NP synthesis

Synthesis of Au NPs from HAuUCI, by GFP essentially involves the reduction of Au®*
(in AuCly) to metallic gold (Au®). Now the potential of a protein to be used as a
reducing agent for the synthesis of metal NPs has not been widely studied despite the
fact that there are different functional groups in the side chain of the constituting amino
acids in a protein. Out of these various functional groups, thiol (-SH) associated with
cysteine residue is of principal interest as it can readily react with gold to form Au-S
bond as well as reduce Au** to Au’. Recently, Rangnekar et al. (2007) have reported
the enzymatic synthesis of Au NPs by a-amylase and proposed that free and exposed
thiol groups of the enzyme were responsible for the reduction of Au** to metallic Au
NPs. The structural analyses revealed that GFP (Figure 2.11a) has two free cysteine
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thiol groups — one of which is exposed on the surface of the protein while the other one
is buried in the three dimensional structure (Yang at al., 1996). On the other hand, the
fundamental role of tyrosine in the reduction of Au** to Au® has recently been
identified by others (Zhou et al., 2001; Tomczak et al., 2007). There are ten tyrosine
residues in a GFP molecule among which five are surface exposed. Because of their
strong electron donating properties, the tyrosine residues of GFP could also be the
potential candidates for Au®* reduction in the present study.

In order to ascertain the mechanism of Au NP synthesis involved in the present study,
the free cysteine thiol groups of GFP were modified with DTNP as described
previously (Rangnekar et al., 2007). The UV-visible spectrum of the reaction mixture
initially showed the characteristic DTNP peak at 317 nm (Figure 2.11b). The DTNP
peak completely disappeared after overnight incubation with the concomitant
appearance of a pale yellow coloured solution which indicated the modification of the
free thiol groups as mentioned previously (Rangnekar et al., 2007). This was further
confirmed by examining the UV-visible spectrum of the yellow colored solution
(Figure 2.11b), which consisted of a single peak at 390 nm characteristic of 5-
nitropyridine-2-thione formed as a product of the reaction between DTNP and thiols.
We also observed that DTNP-treated GFP retained its fluorescence property.
Incubation of thiol-modified GFP with HAuUCI, did not produce Au NPs either in
presence or in absence of AgNO; (1.0 X 10 M), whereas control experiments with
unmodified GFP resulted in the formation of Au NPs under identical conditions
(Figure 2.11c). Figure 2.11c clearly shows that HAuCl, incubated with unmodified
GFP exhibited the characteristic Au NP absorption band around 550 nm and 528 nm in
absence and presence of AgNOs, respectively. On the other hand, thiol-modified GFP
did not produce any visible absorption band upon HAuCI, treatment either in presence
or in absence of AgNOs; Furthermore, it has already been demonstrated that 5-
nitropyridine-2-thione, product of the reaction between DTNP and thiols, does not
affect the Au NP formation (Rangnekar et al., 2007). These results clearly demonstrate
that the free thiol groups of cysteine residues in GFP are responsible for the reductive
synthesis of Au NPs and also eliminate the possibility of the involvement of tyrosine
residues in the Au®* reduction process.
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Figure 2.11. (a) Three dimensional structure of GFP (PDB ID: 1EMA) showing buried Cys 70
and exposed Cys 48 residue bearing free thiol group; (b) UV-visible spectra of GFP plus DTNP
before and after overnight incubation at 37°C. (c) UV-visible spectra of GFP incubated with
HAUCI, only (A. DTNP treated and D. unmodified GFP) and GFP incubated with HAuCl, in
presence of 10° M AgNOs (B. DTNP treated and C. unmodified GFP).

The three dimensional structure of GFP is a B-can structure consisting of 11 -
sheets, forming a barrel like structure, and a a-helix running diagonally through the
barrel with the chromophore attached to this a-helix at the centre (Yang at al., 1996;
Zimmer, 2002). The stability of the chromophore and hence the fluorescence of the
GFP is strongly dependent on the tertiary structure which covers almost all of the
primary sequence of GFP. The plot of time-dependent changes in fluorescence of the
protein as well as the increase in absorbance due to the formation of NPs as shown in
Figure 2.12 indicates that the process of protein destabilization and the synthesis of Au
NPs occur separately. As is clear from the figure, the addition of AuCl, to GFP, both in
the presence and absence of AgNOs, possibly leads to the destabilization of the native
structure of the protein and hence the loss of fluorescence at the early hours. This is
followed by the thiol-mediated reduction of the metal salt leading to the formation of
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NPs and hence increases in the absorbance at 532 nm, which takes place at a much
slower pace compared to the rate of loss of fluorescence. It may be mentioned here that
it is plausible that the destabilization of GFP makes the Cys 70 thiol group also
exposed, which is otherwise buried in the three dimensional structure of native protein.
The free thiol groups of Cys 70 along with the surface exposed Cys 48 help both in the
formation and concurrent stabilization of the Au NPs, as established above. In brief, the
loss of fluorescence due to the denaturation of the protein occurs much earlier than the
formation and stabilization of the NPs.

Furthermore, synthesis of Au NPs by heat-denatured GFP was investigated in order
to understand the importance of native structure of the protein for NP synthesis (Figure
2.13). Although Au NPs were synthesized by the denatured protein in presence as well
as in absence of AgNO;3, the particle sizes were not commensurate with those formed
starting with native protein under the same experimental condition. Also, the particles
formed with the heat-denatured proteins tend to agglomerate into lumps of structures
indicating random agglomeration following the synthesis of particles. It is interesting
to observe the formation of Au NPs by heat denatured protein in the presence of AuCl,
alone resulted in a red-shift of the absorbance maxima in comparison to those
synthesized by native protein. This indicates formation of larger particles as a result of
agglomeration which can also be seen in the TEM micrographs. On the other hand, the
UV-visible spectra of the NPs synthesized by heat-denatured protein in the presence of
AgNO; consisted of peak at the same wavelength as those formed without heat-
denaturation. This indicates that although the particles appeared to have lumped
together in the TEM micrograph they might actually be separated by the denatured
protein thus exhibiting absorption spectra of those produced with the native protein.
Essentially, the process of NP formation by the heat-denatured proteins and native
proteins are different, although the proteins in the end get denatured even in the case of
starting with native proteins. The denaturation of protein by AuCl,” and AgNO;
involved a process leading to well-separated and uniform NPs, which is very different

from those produced through heat-mediated denaturation of the protein.
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Figure 2.12. Concomitant changes in GFP fluorescence intensity (expressed in terms of
relative fluorescence intensity calculated based on initial fluorescence intensity at A emission =
509 nm) and surface plasmon resonance of Au NPs (expressed in terms of absorbance at 532
nm) in sample containing GFP and HAuCI, only (A- fluorescence profile and a- absorbance
profile); sample containing GFP and HAUCI, in presence of 1.0 x 10° M (B1- fluorescence
profile and b1- absorbance profile), 1.0 x 10™* M (B2- fluorescence profile and b2- absorbance
profile), 1.0 x 10° M AgNO; (B3- fluorescence profile and b3- absorbance profile).
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Figure 2.13. TEM micrographs Au NPs synthesized by heat-denatured GFP in presence of
HAuUCI, only (a); HAuCIl, and 10° M AgNO; (b); HAuCI, and 10* M AgNO; (c). The UV-
visible spectra of corresponding Au NPs are shown in al, bl and c1, respectively.
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2.5. Conclusion

In brief, a novel one-step method of synthesizing monodisperse Au NPs of ca. 2.2 nm
using purified recombinant GFP as the reducing agent have been developed. For the
synthesis of these sub-5 nm Au NPs, the role of AgNO3 as well as the native structure
of GFP have been found to be critical. Using GFP as the model system for the reductive
synthesis of Au NPs, it was also possible to study the fate of the protein during the
synthesis of NPs by simply probing the fluorescence of GFP. Also, the Au NPs
synthesized in presence of AgNO; exhibited complete adsorption and subsequent
denaturation of the protein. The insight gained in the present study about the synthesis
of the Au NPs and concurrent interaction with GFP would be critical in developing
functional nanobio-devices intended to be applied in biological systems as delivery
vehicle or even as probes. It will be interesting, in this regard, to further investigate the
effect of biocompatible metal NPs on the prokaryotic as well as eukaryotic cells in
search of potential therapeutic implications.
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Antibacterial Properties of a Novel
Chitosan- Silver Nanoparticle Composite

Chapter 3 describes the antibacterial potential of a newly synthesized chitosan-Ag-nanoparticle
composite against E. coli expressing green fluorescent protein (GFP). The composite was found to
have significantly higher bactericidal activity than its components at their respective concentrations.
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Chapter 3

ANTIBACTERIAL PROPERTIES OF A NOVEL CHITOSAN—

SILVER NANOPARTICLE COMPOSITE

3.1. Introduction

Chitosan is an important poly-cationic biopolymer having high antimicrobial activity
(Rabea et al., 2003). Chitosan has been used in diverse areas such as agriculture, food
industry, cosmetics, pharmaceutics and various biomedical applications because of ease
of processing due to unique molecular structure, broad spectrum of antimicrobial
activity, inherent biodegradability and biocompatibility (Martino et al., 2005; Sashiwa
et al., 1990; Shigemasa et al., 1994 and 2004; Majeti and Kumar, 2000; Roy et al.,
1999; Shi et al., 2006; Khor and Lim, 2003). The antibacterial activity of chitosan and
its derivatives has been extensively studied with proposed mechanism being the
binding of cationic chitosan with negatively charged bacterial cell wall and subsequent
destabilization of the cell envelope, which leads to altered permeability followed by
possible attachment of chitosan with DNA inhibiting DNA replication (Rabea et al.,
2003; Helander et al., 2001; Yi et al., 2003; Wang et al., 2004).

On the other hand, the possible potential of Ag NPs as antibacterial agent has been
revealed recently as a consequence of the emergence of bacterial resistance to the
conventional bactericides and antibiotics (Sondi and Salopek-Sondi, 2004; Morones et
al., 2005; Gogoi et al., 2006; Jain and Pradeep, 2005; Lee et al., 2005). The proposed
mode of bactericidal action of Ag NPs is that Ag NPs attach to the bacterial cell wall
via thiol containing proteins and possibly bind to DNA by penetrating the cell
membrane with compromised permeability. Recent results from our laboratories (Gogoi
et al., 2006), however, suggest that Ag NPs do not have any direct effect either on the
bacterial DNA or on intracellular protein structures. Despite the potential of Ag NP-
based chitosan nanocomposite as effective bactericides, there are only a few reports
(Rhim et al., 2006) on the antimicrobial activity of Ag NP-chitosan nanocomposite.

Therefore, further investigations on the interactions between Ag NP-chitosan composite

TH-964_05615301 >4



Outline of the Work Chapter 3

and microorganisms accompanied by mechanistic details are needed in order to provide
biomedical and food-industrial applications with biocompatible nanocomposite having

enhanced antimicrobial activity.

3.2. Outline of the Research Work

1) A novel and ‘green’ method of synthesizing chitosan-Ag NPs composite using
chitosan as the reducing as well as stabilizing agent has been developed.

2) The antibacterial effect of chitosan-Ag NPs composite was investigated on GFP
expressing recombinant Escherichia coli (E. coli) as a model system, using GFP
as an easy probe to understand the bactericidal mechanism by spectroscopic and
microscopic tools.

3) Modern analytical tools such as, fluorescence microscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and confocal laser
scanning microscopy (CLSM) were used to monitor morphological changes in
bacterial cells, while biochemical changes were studied by viability tests,
fluorescence spectroscopy and electrophoretic analysis of proteins.

4) The chitosan-Ag NP composite showed elevated antibacterial activity compared
to either chitosan or Ag NPs, due to their synergistic effect of chitosan and Ag
NPs. Furthermore, the bactericidal properties of the composite did not have any
direct effect on cellular proteins.

3.3. Experimental Section

3.3.1. Growth media, chemicals and GFP expressing E. coli

E. coli growth media Luria-Bertani (LB) and agar powder (bacteriological grade) were
purchased from HiMedia, India. Silver nitrate (AgNOs3) and acetic acid (glacial, 99-
100%) were purchased from Merck India Ltd. Chitosan (high MW, >75% deacetylated)
and other high purity molecular biology grade chemicals and reagents for native-PAGE
were obtained from Sigma-Aldrich Chemical Corporation. The procedure related to the
generation of GFP expressing recombinant E. coli cells has been described previously

from our laboratory (Gogoi et al., 2006).
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3.3.2. Synthesis of chitosan-Ag NPs composite

Chitosan-Ag NPs composite was prepared by adding freshly prepared AgNO3 solution
(4 x 10 M) followed by 100 pL of 0.3 M NaOH solution, to 50mL of 0.2 % chitosan
solution in a beaker under constant stirring at 95°C. The appearance of yellow color
within 1 min of NaOH solution addition indicated formation of Ag NPs. The reaction
was stopped after 10 min and the resultant yellow color precipitate was filtered and
washed with water. The filtrate was dried and finally a 0.2 % solution of chitosan-Ag
NPs composite was made in 0.1 % acetic acid solution. Appropriate amount of this

solution were added to the bacterial medium for bactericidal study as described below.

3.3.3. Characterization of chitosan-Ag NPs composite

UV-visible spectra of the nanocomposite samples (in 0.1 % acetic acid) were recorded
using a Perkin-Elmer Lambda-25 spectrophotometer. The dynamic light scattering
measurements of the samples were performed with an ALV 400 (Peters) particle size
analyzer. The composite was dissolved in 0.1 % acetic acid and then kept in the sample
compartment of the equipment. The above measurements were performed at room
temperature. For transmission TEM analysis, 5 puL of appropriate sample of the
chitosan-Ag NPs composite in LB media was drop coated on carbon coated copper
TEM grids followed by air-drying. The grid was then analyzed by a JEOL 2100 UHR-
TEM instrument operating at an accelerating voltage of 200 KeV.

3.3.4. Antibacterial activity of the nanocomposite

GFP expressing E. coli cells (10° CFU) were grown overnight in 150 mL LB medium
(pH 6.3) supplemented with 100 pg mL™ ampicillin. The cells were then harvested by
centrifugation and resuspended in 300 pL LB medium. 100 pL of the cell suspension
was separately inoculated into 50 mL fresh LB — ampicillin media (pH 6.3) with two
different chitosan-Ag NPs concentrations (240 and 360 pg mL") and incubated
aerobically at 37°C. Appropriate control was kept by growing bacteria in absence of
chitosan-Ag NP. Bacterial growth was monitored by observing the turbidity of
periodically withdrawn culture by a UV-visible spectrophotometer (SPEKOL 1200,
Analytikjena, Germany) at 595 nm. Simultaneously, the GFP fluorescence of each

sample was measured by a fluorescence spectrophotometer (Varian Cary Eclipse) with
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an excitation wavelength of 400 nm. The cell viability was also quantified by plating
serially diluted bacterial culture on LB-agar ampicillin plates.

The minimum inhibitory concentration (MIC) is the minimum concentration of an
antimicrobial substance below which the test compound fails to inhibit the microbial
growth. The minimum killing concentration (MKC) is, on the other hand, the minimum
concentration of the test compound required to kill the microbes. The minimum
concentration of the nanocomposite, at which no visual turbidity could be observed,
represented the MIC of chitosan-AgNP nanocomposite. The cultures lacking turbidity
were re-inoculated into fresh LB media containing ampicillin to check their viability.
Similarly, MKC of the nanocomposite was the concentration that prevented growth of
the bacterial cells following re-inoculation. Appropriate control experiments were

performed with acetic acid only.

3.3.5. Fluorescence and confocal laser scanning microscopy (CLSM)

Antibacterial effects of chitosan-Ag NPs composite on GFP expressing E. coli cells
were monitored under epifluorescence microscope (Axioskop2 MAT, Carl Zeiss) as
well as confocal microscope (Axiovert 200 M, LSM 510 META, Carl Zeiss) at
different time intervals. Aliquots of SuL bacterial culture withdrawn from the control
and treated samples were placed over microscope slides, air-dried and observed under
microscopes. The excitation wavelengths were 445-495 nm and 488 nm for
epifluorescence microscope and confocal microscope, respectively, while the

observation filters had long-pass filter wavelength above 515 nm for both.

3.3.6. Scanning electron microscopic (SEM) Analysis

The interaction of chitosan-Ag NPs composite with bacterial cells at different time
points of study were examined in LEO1430VO SEM by depositing 10 uL of each
sample on glass slides followed by air drying. The slides were then coated with gold

film for investigations under SEM.

3.3.7. Poly-acrylamide gel electrophoresis (PAGE)
For protein analysis by native PAGE, cells from 2 ml portions of control and treated
samples were harvested by centrifugation, washed and resuspended in 500 ul of

phosphate buffer saline (PBS). The samples were sonicated using an ultra-sonicator
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(VibraCell, Sonics, Newtown, CT, USA) to disrupt the cells, then centrifuged to
remove the cell debris. An 8 pl portion of supernatant from each sample was mixed
with 2 pl of 5x sample loading buffer [310 mM Tris—HCI, pH 6.8, 50% (v/v) glycerol,
and 0.05% (w/v) bromophenol blue] and loaded onto a 12% (w/v) polyacrylamide gel
prepared in 1.5 M Tris—HCI buffer, pH 8.8. Electrophoresis was performed at 20 mA
for 3 h using Tris/glycine electrophoresis buffer, pH 8.3 (Tris base, 3 g/l and
glycine,14.4 g/l). Proteins were visualized by staining with Coomasie Brilliant Blue R-
250 solution. GFP bands were visualized by UV trans-illumination of the gel.

3.4. Results and Discussion

3.4.1. Characterization of chitosan-Ag NPs composite

Chitosan has strong affinity towards metal ions due to extensive presence of amine and
hydroxyl groups which can absorb metal ions either by chelation or by ion exchange
mechanism (Varma et al.,, 2004; Vold et al., 2003). These properties have been
exploited by Huang and Yang (2004) to synthesize Au NP-chitosan composite. It has
recently been found in our laboratory that chitosan can also reduce Ag" ions to Ag
atoms under alkaline condition (Murugadoss and Chattopadhyay, 2008). This
observation was used to synthesize Ag NPs using chitosan as the reducing agent in the
present study.

The UV-visible absorption spectrum of chitosan-Ag NPs composite (Figure 3.1a)
showed a single and narrow peak at ca. 410 nm, characteristic of surface plasmon
resonance (SPR) of Ag NPs. The resultant NPs get anchored to the polymer once
produced in the reaction and thus proving a single-step synthesis and stabilization of
Ag NPs. In order to find the sizes and shapes of the Ag NPs synthesized using the
present method, the composite was further investigated by TEM (Figure 3.1b). Figure
3.1b indicated that the Ag NPs produced were small and spherical in nature. The
selected area electron diffraction pattern (SAED) in Figure 3.1c confirmed the
presence of single crystalline Ag NPs. A typical particle size distribution determined by
DLS (Figure 3.1d) indicates that more than 90% of the particles produced in this
method have diameters between 2 nm - 4 nm. This is important as it is well established
that the Ag NPs must necessarily be less than 10 nm in diameters to be effective
bactericidal. It is also evident from the TEM image that the small Ag NPs were

uniformly distributed over the flakes of chitosan, which is critical for effectiveness of
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the composite as more uniformly distributed NPs in the composite have better
antimicrobial activities than those distributed less homogeneously.
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Figure 3.1. (a) UV-visible absorption spectrum of the chitosan-Ag NP composite. (b) TEM
micrograph of chitosan-Ag NP with corresponding SAED pattern (c). (d) Particle size
distribution of chitosan-Ag NP composite as determined by DLS.

3.4.2. Antibacterial activity

The primary challenge in determining the efficacy of the nanocomposite as bactericide
and bacteriostatic is to be able to have the aqueous solution of the composite near
physiological pH conditions so that the NPs would be working under micro-

heterogeneous conditions. This would also allow the testing of the composite near to
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ideal conditions in contrast to the conventional tests for chitosan carried out at low pH
conditions or under heterogeneous conditions (Fujimoto et al., 2006). In order to
achieve this, the composite was dispersed in the bacterial medium at pH 6.3 in the
presence of acetic acid. It was observed that this was an optimal condition for the
intended studies without affecting the bacteria due to harsh experimental conditions as
well as for obtaining stable composite dispersion in water.

The effect of the chitosan-Ag NPs composite on the growth of GFP expressing E.
coli was investigated through a time-dependent turbidity measurement study by
monitoring ODsgs. As evident from Figure 3.2, the bacterial growth was completely
inactivated at chitosan-Ag NPs composite concentration of 100 pg mL™ or more,
whereas a concentration of 10 pug mL™ caused a retarded growth. On the other hand, the
negligible growth inhibition in the sample treated with 300 ppm acetic acid (acetic acid
control) indicated that using acetic acid at low concentration (60 ppm), for the
dispersion of chitosan-Ag NP composite in the present system, did not show any
adverse effect on the bacterial growth. The MBC and MIC in the present study were
found to be 100 pg mL™ and 120 pg mL™, respectively. The literature reference for
MBC of chitosan on E. coli ranges from 0.0075 % - 1.0 % (w %) (Rabea et al., 2003).
The variations in bactericidal efficiency of chitosan can be ascribed to the fact that
antimicrobial activity of chitosan depends on a number of parameters such as its
molecular weight, degree of deacetylation, viscosity, ionic strength, pH and presence of
metallic ions in the media and the temperature (Liu et al., 2006; No et al., 2002; Chung
et al., 2003). Due to variation of the parameters mentioned above, it is difficult to get an
unambiguous comparison among individual studies. However, it was observed that
0.012 % is the concentration of chitosan (in the composite) needed for inhibiting the
growth of the bacteria in the medium. This value is comparable to other reports as the
conditions of the present study were much milder (such as pH) in comparison to other
reports. The concentration of Ag NPs at MIC and MBC values of the chitosan-Ag NPs
composite are 2.2 ug mL™ and 2.6 pg mL™ respectively, which are much less than
earlier reports for Ag NPs only (Gogoi et al., 2006). In other words, the amount of Ag
NPs needed for antimicrobial activities are much less in the composite than the NPs

alone.
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Figure 3.2. Effect of different concentrations of chitosan-Ag NP composite on the growth of
recombinant E. coli. CS in the figure represents chitosan.

Also clear from Figure 3.2, only chitosan is less efficient than chitosan-Ag NPs
composite in inhibiting the bacterial growth. There could be several factors contributing
to this efficiency. As discussed before, the NPs synthesized herein were less than 5 nm
in diameters whereas previous studies have reported with particles around or less than
10 nm in diameters. Smaller NPs are known to be more reactive and hence could be
more efficient in their antimicrobial activities. Also, it has to be considered that
chitosan itself is known for having strong antibacterial properties. The present
investigation, therefore, indicates that chitosan-Ag NPs composite is more efficient
than either Ag NPs or chitosan alone in killing bacteria.

A more quantitative understanding of the antibacterial activities was pursued by
standard viability test of the bacteria in the presence of the composite. Figure 3.3a
shows the comparative effect of chitosan-Ag NPs composite (at 2x MBC) and only
chitosan on the bacterial growth. Also, it is evident from Figure 3.3a; chitosan-Ag NP
composite killed all the bacteria within 4h, whereas chitosan was found to be
bacteriostatic only at the test concentration. Furthermore, it was important to
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investigate the killing rate of bacteria as a function of concentration of the composite.
This was pursued by following the time-dependent viability of composite-treated
bacteria, at the concentration of twice and thrice of the MKC. The results, shown in
Figure 3.3b, demonstrated that the rate of bacterial inactivation by the composite

varied proportionally with the composite concentration.
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Figure 3.3. (a) Comparative effect of chitosan-Ag NPs and chitosan only on recombinant E.
coli viability. (b) Effect of chitosan-Ag NPs composite of higher concentration (2x and 3x
MBC) on the viability of recombinant E. coli. CS represents chitosan.

3.4.3. Fluorescence microscopy

Time-dependent fluorescence micrographs of control and chitosan-Ag NPs composite
treated GFP expressing E. coli are shown in Figure 3.4. At 0 h, the bacterial
populations in all the three samples were proportionate. The little variation in Figures
3.4A1, 3.4B1 and 3.4C1 are due to exact distributions of bacteria present on the spot as
observed under microscope, after evaporation of the droplets containing bacterial
solution. However, important observation is that while the population increased with
time in the control sample, the number of bacteria as well as the fluorescence intensity
decreased in the treated samples with time. The results indicate that the nanocomposite
is efficient in terms of antimicrobial activities. Further, it is important to note that the
antimicrobial activities of the composite could easily be probed by fluorescence

microscopy under milder conditions.
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Figure 3.4. Time dependent fluorescence micrograph of GFP expressing E. coli. Columns A, B
and C represent control, 240 pg mL™ of chitosan-Ag NPs and 360 pg mL™ of chitosan-Ag NPs
composite treated samples, respectively. Rows 1, 2, 3, and 4 stand for samples at 0, 3, 6 and 12
h time interval, respectively.

3.4.4. Mechanism of antibacterial activity

There are several studies regarding the antibacterial activity of chitosan and also about
its effect specifically on E. coli. Although different hypotheses have been proposed, the
exact mechanism behind the bactericidal activity of chitosan has still not been fully
understood (Rabea et al., 2003). On the other hand, the antibacterial effect of Ag NPs

has also been reported with different mechanisms proposed by different groups (Sondi
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and Salopek-Sondi, 2004; Morones et al., 2005; Gogoi et al., 2006). In order to
investigate the mechanism of bactericidal action of chitosan-Ag NP composite in the
present study, the chitosan as well as composite-treated E. coli bacteria were observed
under SEM (Figure 3.5). Under SEM, the composite treated bacteria were seen to be
attached to the composite immediately after the treatment (Figure 3.5a). By 60 min,
fragmentation of the attached bacteria was apparent (Figure 3.5b). Within 90 min most
of the bacteria appeared to be fragmented and deformed (Figure 3.5¢). In contrast, with
chitosan alone the numbers of bacteria attached to the polymer appeared to be less than
the numbers attached to the composite (Figure 3.5d). That the attachment of bacteria to
the polymer leads to the killing of the bacteria can be understood in terms of
immobilization of the bacteria and thereby preventing any further activity. The outer
membrane (OM) of gram negative bacteria (E. coli) consists of lipopolysachharides
(LPS) containing phosphate and pyrophosphate groups which render the cell surface
negatively charged (Prescott et al., 2002). On the other hand, chitosan is a cationic
polymer and can, therefore, attach with E. coli cell wall easily by electrostatic

interaction.
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Figure 3.5. SEM micrograph of E. coli cells after (a) 30 min, (b) 60 min, (c) 90 min treatment
with chitosan-Ag NPs composite material and (d) after 90 min treatment with chitosan only.
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Under careful observation of Figures 3.5, it is clear that most of the bacteria
appeared to be attached on the boundary and/or the crevices in the chitosan structures,
whereas the bacterial cells should ideally be found all over the chitosan structure due to
the electrostatic interaction. It may be mentioned here that, chitosan is known to form
gel by interaction with phosphates and sulphates (Sinha et al., 2004) present in both LB
medium and LPS of bacterial cell itself. The formation of gel could interfere with the
clear view of the bacterial distribution over the chitosan structures under SEM (Walker
et al., 2003). To overcome this problem, chitosan-Ag NP treated recombinant bacterial
cells were further examined under CLSM. Figure 3.6 clearly shows that the GFP
expressing recombinant E. coli bacteria were attached all over the chitosan structure.
Thus it is clear that the bacteria get attached to the chitosan and subsequently die. The
use of GFP expressing recombinant E. coli bacteria as a model system in the present
study was crucial in this respect as the fluorescence of GFP enabled the visualization of
the effect of interaction of bacteria with chitosan-Ag NP composite.

Figure 3.6. Confocal laser scanning micrographs of GFP expressing E. coli treated with (a)
chitosan-Ag NP composite and (b) chitosan only. Series 1 and 2 correspond to images in
fluorescence and DIC mode respectively while series 3 represents the combined image.
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Further analysis of the CLSM micrograph of E. coli cells treated with chitosan-Ag
NP for 1 h (Figure 3.7a) showed considerable number of lyzed bacteria with some
extracellular fluorescence. The destabilization of the cell wall by chitosan in chitosan-
Ag NPs composite treated bacteria may be enhanced by the binding of Ag NPs to the
thiol containing proteins present in the cell wall. At the same time, some of the Ag NPs
could actually penetrate the barrier of the cell wall resulting into compromised
permeability (Morones et al., 2005; Gogoi et al., 2006; Feng et al., 2000). This can lead
to leakage of proteins and other intracellular constituents (Rabea et al., 2003; Helander
et al., 2001), followed by bacterial death. This was substantiated by fluorescence
spectroscopic studies for the presence of GFP in the cell free supernatant. The
fluorescence intensities of the GFP released into the medium by untreated, chitosan
treated and composite treated bacterial cultures are shown in Figure 3.7b. The
fluorescence spectroscopic studies showed that the amount of GFP released into the
medium was much higher for both the composite and chitosan treated E. coli cells
compared to the amount released by untreated cells. Also, the release of GFP into the
medium, which indicated the degree of membrane destabilization, was faster in the

composite treated sample than in the chitosan treated sample.
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Figure 3.7. (a) CLSM micrograph of GFP expressing E. coli after 1 h incubation with
chitosan-Ag NPs composite; the fragmentation of bacteria is evident (inset). (b) Ratio of GFP
fluorescence intensity in cell free supernatant to that of the total bacterial culture for 360 pug mI’
! of chitosan-Ag NPs treated, 0.036 % chitosan treated and control sample.

TH-964_05615301 06



Results and Discussion Chapter 3

3.4.5. Effect on bacterial proteins

In order to investigate the effect of the composite on the bacterial proteins, whole cell
proteins from the control and treated samples were analyzed by PAGE in non-
denaturing condition. Figure 3.8 shows the quantitative difference in protein profile for
control and treated samples. The growth of E. coli was responsible for the progressive
increase in the band intensities in untreated samples. The band positions in the
composite treated samples were similar to those in untreated samples at different times.
In contrast, the band intensities in treated samples were less than those in untreated
samples. Under UV trans-illumination the differences between untreated and treated
samples with respect to GFP fluorescence were again apparent.

Figure 3.8. (a) Whole cell protein profile of chitosan-Ag NPs composite treated E. coli in
native PAGE, (b) Fluorescence profile of GFP in whole cell lysate observed by keeping the
same gel under UV-transilluminator Lanes 1, 4 and 7 show protein isolated from control, lanes
2, 5 and 8 show protein isolated from 240 ug mL™ composite treated, and lanes 3, 6, 9 show
protein isolated from 360 ug mL™ composite treated E. coli cells all at 3 h, 6 h and 12 h
respectively.

It has been proposed by Liau et al (1997) that the interaction of Ag® with thiol
groups of the proteins had important role in the bactericidal activity of silver. It has also
been proposed that Ag NPs could interact with the sulfur containing intracellular
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proteins in the bacterial cells (Morones et al., 2005; 2006; Feng et al., 2000). However,
recent study from our laboratory has indicated that Ag NPs have no observable effect
on the proteins of E. coli bacteria (Gogoi et al., 2006). The present study also indicates
that the chitosan-Ag NP composite does not have any discernible effect on the cellular

proteins of the E. coli bacteria.

4. Conclusion

In the present study, it has been shown that a newly synthesized chitosan-Ag NPs
composite material is more effective in antibacterial activity compared to those of
either Ag NPs or chitosan alone. The synthesis of chitosan-Ag NPs composite by a
novel method using chitosan as the reducing as well as capping agent provides a
‘green’ approach to study the antimicrobial characteristics of nanomaterials. Moreover,
the inherent stability and uniformity of the fluorescence property and nominal photo-
bleaching of GFP allowed us to use GFP expressing E. coli as the model system to
understand the antibacterial effects more efficiently compared to previous reports
(Newman, 2006) involving use of commercial dye which are known not to stain
uniformly because of physiological and morphological differences. The results
primarily indicate that the composite not only kills the bacteria more efficiently in
comparison to the polymer alone, it also induces faster release of cellular GPF into the
medium by rupturing the cell wall at a shorter time. Finally, the present work shows the
promise combining nanotechnology and biotechnology in deciphering the role of an
antimicrobial agent with consequential potential biomedical applications. In this regard,
it is important to develop an effective biodergradable nanocarrier system embedding

Ag NPs and study its interaction with the mammalian cells.
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Chitosan-Based Nanocarrier for Silver
Nanoparticles with Enhanced Catalytic Activity

Development of a completely ‘green’ method of preparing a chitosan based biodegradable
nanocarrier system for silver nanoparticles (Ag NPs) is reported in this chapter. The polymer
nanocarriers were about 172.6 nm in size with homogenously embedded Ag NPs of diameter ca. 4.9
nm. The catalytic activity of the nanocarrier system was investigated by following the NaBH, mediated
reduction of 4-nitrophenol and found to be much superior to the bulk polymer-Ag NP composite.

Absorbance

Ag NPs in
Chtiosan Nanocarrier

250 350 450
Wavelength (nm)
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CHITOSAN — BASED NANOCARRIER FOR SILVER

NANOPARTICLES WITH ENHANCED CATALYTIC ACTIVITY

4.1. Introduction

Metal nanoparticles (MNPs) are particularly promising candidates for catalysis and
other surface-associated applications because a large fraction of metal atoms in MNPs,
due to high surface-to-volume ratio, are exposed to substrate molecules. However, the
nanoscopic size and their susceptibility towards aggregation mainly due to van der
Waals forces (Chen et al., 2002) have made direct application of MNPs in industrial
field a challenging issue. In order to facilitate their application in practical field, MNPs
have been synthesized in presence of various stabilizing agent namely surfactants
(Masala and Seshadri, 2004; Daniel and Astruc, 2004), polymers (Laudenslager et al.,
2008; Cai et al., 2009) and dendrimers (Manna et al., 2001; Esumi et al., 2000).
Another promising strategy, in this regard, is to develop polymer based carrier system,
such as microgel (Lu et al., 2009; Budhlall et al., 2008; Palioura et al., 2007), micro- or
nanoparticles (Wen et al., 2008; Tamai et al., 2008; Lu et al., 2006a). MNPs loaded into
polymeric nanocarriers can easily be separated by centrifugation and subsequently
reused. Moreover, excellent dispersion of these carrier systems, in fact, enhance the
extent of surface associated phenomena, such as catalysis by allowing substrate
molecules to easily access the active sites on the surface of MNPs.

Although the synthesis of polymeric micro- or nanoparticle with immobilized
MNPs has been well-studied, it is far from being exhaustive. In particular reference to
silver nanoparticles (Ag NPs), Ballauf and coworkers have successfully immobilized
Ag NPs onto various core-shell polymeric nanoparticles showing excellent catalytic
activity (Lu et al., 2006a, 2007). Wen et al. (2008) immobilized Ag NPs selectively in
the outer shell layer of the poly (styrene-co-4-vinylpyridine) core-shell microspheres.
The formation of Ag NPs by UV irradiation on the surface of polystyrene particles
incorporating poly (methylphenylsilane) has been reported by Tamai et al. (2008).
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Although the strategy of immobilizing Ag NPs onto the surface of polymeric
particles employed in these systems leads to easy access of NP surface to substrates, it
also increases the possibility of leaching of Ag NPs from the carrier system

compromising the reusability issue.

4.2. Outline of the Research Work

1) A completely ‘green’ method of preparing a novel biodegradable polymer based
nanocarrier system for Ag NPs has been developed.

2) Chitosan based nanocarriers for Ag NPs were prepared by synthesizing Ag NPs
using the biopolymer itself as the reducing as well as the stabilizing agent,
followed by ionic gelation of the Ag NP-impregnated bulk polymer with tri-
polyphosphate.

3) Electron microscopy revealed that the polymer nanocarriers were about 172.6
nm in size with homogenously embedded Ag NPs of diameter ca. 4.9 nm. The
surface plasmon resonance (SPR) band of Ag NPs in the nanocarrier confirmed
that the shape and size of the MNPs were unaffected during the preparation of
the nanocarriers indicating excellent applicability of the present method to
develop nanocarriers for MNPs.

4) The catalytic activity of the nanocarriers was investigated by NaBHs-mediated
reduction of 4-nitrophenol (4-NP), a refractory pollutant in industrial
wastewater (Pradhan et al., 2002; Lu et al., 2006a). The results indicate that Ag
NPs in the nanocarrier have significantly higher catalytic efficiency than those

in bulk composite and can be applied as efficient catalyst.

4.3. Experimental Section

4.3.1. Synthesis of chitosan nanoparticle (CS NP) and Ag NP-chitosan nanocarrier
(Ag-CS NC)

Stock solution (2 mg mL™) of chitosan was prepared in 0.1% (v/v) glacial acetic acid
and used in subsequent reactions. CS NPs were prepared according to the process
developed by Calvo et al. (1997) based on the ionotropic gelation of chitosan by tri-
polyphosphates (TPP). Briefly, NPs were formed upon addition of 2.5 mL of aqueous
TPP solution (1.6 mg mL™) to 7.5 mL chitosan solution under magnetic stirring at room
temperature. The optimum ratio of chitosan to TPP was standardized based on

preliminary experiments.
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Chitosan stabilized Ag NPs were synthesized as described previously (Murugadoss
and Chattopadhyay, 2008). In brief, freshly prepared AgNO; solution (4 x 10™* M) was
added to 50 mL of 2 mg mL™" chitosan solution under constant stirring at 95°C. The
appearance of yellow color after the addition of 100puL of 0.3 M NaOH to the reaction
mixture indicated formation of Ag NPs. The yellow color precipitate was filtered and
washed five times with water to remove NaOH completely. The filtrate was dried in
vacuum and 2 mg mL™ solution of chitosan-Ag NPs composite was prepared in 0.1 %
acetic acid for synthesizing Ag-CS NCs. Ag-CS NCs were prepared by following the

same procedure described above for blank CS NPs.

4.3.2. Characterization of CS NPs and Ag-CS NCs

SEM was performed in a LEO1430VO SEM by depositing 10 uL of nanoparticle
sample on glass slides followed by air drying. The slides were coated with gold film
with a Polaron Sputter Coater before analyzing under SEM. For TEM, 5 uL different
liquid nanoparticle samples were drop cast on carbon coated copper TEM grids and
subsequently air dried at room temperature. The grids were then analyzed by a JEOL
2100 UHR-TEM instrument operating at an accelerating voltage of 200 KeV. The
histograms for particle size distribution were constructed analyzing several frames of
similar images.

The formation of Ag NPs was followed by monitoring the UV—visible spectra of
the samples in a Perkin-Elmer Lambda-45 spectrophotometer at room temperature.
Fourier transform infrared (FTIR) spectra of chitosan, CS NPs and Ag-CS NCs were
measured using a Perkin-Elmer Spectrum one spectrometer. The nanoparticle samples
were lyophilized and resulting powders were mixed with KBr to make pellets for the
FTIR studies. The amount of Ag NPs present in the Ag-CS NCs was determined by
atomic absorption spectroscopy in a Varian AA240 atomic absorption

spectrophotometer.

4.3.3. X-Ray diffraction (XRD) and thermogravimetric analysis (TGA)

CS NPs and Ag-CS NCs were lyophilized and subsequently used for XRD and
thermogravimetric analysis. For XRD measurements, samples were analyzed by a
Bruker D§ ADVANCE (Bruker AXS Inc.) X-ray powder diffractometer using Cu-

Ko, (A=1.54 A) source at ambient temperature. TGA analysis was carried out using a
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Mettler Toledo Thermogravimetric Analyzer (TGA/SDTA851e/LF/1100) with a

heating rate of 10 °C min™" under Ar.

4.3.4. Catalytic study

In order to study the catalytic activity of Ag-CS NCs, first 0.3 mL of freshly prepared
aqueous solution of NaBH4 (100 mM) was added to 2.7 mL of 4-NP (final conc. 0.1
mM). To this solution different amount of Ag-CS NCs (4.9 — 19.6 mgL™") were added
and the catalytic reaction was followed by recording the UV- visible spectra of the
reaction mixture every 30 s, immediately after the addition of the nanocarrier. The
spectra were recorded with a UV-visible spectrometer (Perkin-Elmer Lambda-45
spectrophotometer) in the range 250—-500 nm at room temperature. The rate constant of
the reaction was calculated by recording the change in absorbance at A = 400 nm with

time.

4.4. Results and Discussion

4.4.1. Synthesis of Ag-CS NCs

Chitosan, the second most abundant biopolymer after cellulose, is a linear
polysaccharide composed of glucosamine and N-acetyl glucosamine monomers linked
in a B(1—4) fashion. Chitosan acts as an excellent adsorbent of metal ions due to its
high content of primary amine and hydroxyl groups which help in adsorbing metal ions
by chelation or complexation (Varma et al., 2004). Exploiting this property, an
environment-friendly method of synthesizing chitosan stabilized Ag NPs has been
recently developed in our laboratory using chitosan as a reducing as well as stabilizing
agent (Murugadoss and Chattopadhyay, 2008). On the other hand, preparation of
chitosan nanoparticle (CS NP) by TPP via ionic gelation method has already been well-
established by Calvo et al. (1997) and others. In principle, chitosan based ‘nanocarrier’
of MNPs can be prepared by synthesizing chitosan stabilized MNPs followed by ionic
gelation of the MNP-chitosan composite by TPP. In the present study, a novel Ag-CS
NC has been developed following the scheme shown in Figure 4.1.
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Chitosan

Figure 4.1. Schematic representation of preparing Ag-CS NCs.

4.4.2. Characterization of Ag-CS NCs

The SEM images of as prepared CS NPs and Ag-CS NCs are shown in Figure 2, which
shows that CS NPs as well as Ag-CS NCs were spherical in shape. Absence of
considerable number of aggregated particles in SEM images (Figures 4.2a and 4.2b)
indicated formation of well dispersed CS and Ag-CS NCs in the present method.
Particle size distribution (Figure 4.2c, 4.2d) revealed the average particle size of CS
NPs and Ag-CS NCs to be 136.9 nm (+28.5 nm) and 172.6 nm (£27.1 nm),
respectively. The larger size of Ag-CS NCs compared to CS NPs could be due to the
impregnation of polymer NPs with Ag NPs. However, it was difficult to identify
individual Ag NPs in Ag-CS NCs using SEM. In order to examine the Ag NPs
immobilized into the chitosan nanoparticle, Ag-CS NCs were further investigated under
TEM. Figure 4.2e displays the TEM image of an Ag-CS NC. It is evident from the
TEM image that the Ag NPs immobilized in the Ag-CS NCs were spherical in shape
and homogenously incorporated into the chitosan NPs. The selected area electron
diffraction (SAED) pattern (Figure 4.2e) confirmed the presence of crystalline Ag NPs
in the composite. The size distribution of Ag NPs in Ag-CS NCs, estimated from the
TEM image, is shown in Figure 4.2f. Figure 2f demonstrates that Ag NPs were 4.9 +
1.6 nm in size with narrow size-dispersion.
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Figure 4.2. SEM images of (a) CS NPs and (b) Ag-CS NCs with particle size distributions
shown in (C) and (d), respectively. (€) TEM image of an Ag-CS NC with SAED pattern (inset)
and corresponding particle size distribution for Ag NPs (f).
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Figure 4.3a shows the UV-visible spectra of colloidal solution of CS NPs and Ag-
CS NCs. The UV-visible spectra of Ag-CS NCs exhibited a strong absorption band at
ca. 409 nm corresponding to characteristic SPR of metallic Ag NPs. The position of
SPR band of Ag NPs in Ag-CS NCs remained almost unaltered compared to that of Ag
NP-chitosan bulk composite, used as the starting material for preparing Ag-CS NCs in
the present study. This implied that the size and shape of Ag NPs were unaffected
during the encapsulation of Ag NPs in chitosan nanoparticle by TPP-mediated ionic
gelation method, which was also evident from the TEM image of bulk Ag NPs-CS
composite (Figure 4.3b). Moreover, the sharp Ag NP SPR band in UV-visible
spectrum of Ag-CS NCs indicated the presence of well separated Ag NPs with narrow
size distribution in Ag-CS NCs, which is in good agreement with TEM observation.
The results clearly demonstrated the excellent applicability of the present method for

immobilizing Ag NPs in chitosan particle at the micronscale and the nanoscale.
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Figure 4.3. (a) UV-visible spectra of colloidal solutions of CS NPs, Ag-CS NCs and Ag NP-
chitosan composite. The spectra of Ag-CS NCs were recorded with respect to blank CS NPs as
the reference in order to compare the SPR band of Ag NPs. (b) TEM images of bulk Ag NPs-
chitosan composite with corresponding particle size distribution (Scale bar: 10 nm).
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4.4.3. XRD analysis

In order to examine the crystallinity of Ag-CS NCs, XRD analysis of the powdered
samples were carried out. Figure 4.4 shows the powder XRD pattern of chitosan
powder, CS NPs and Ag-CS NCs. The XRD pattern of pure chitosan powder showed
characteristic peaks around 20 = 9.6” and 20°, corresponding to the hydrated crystalline
structure and amorphous structure of chitosan, respectively (Rhim et al., 2006; Wang et
al., 2005). On the other hand, CS NPs exhibited characteristic peaks around 20 = 8.10,
11.2°, 18° and 22.8°. The former two peaks were due to hydrated crystallinity of
chitosan, while latter two peaks indicated amorphous structure of chitosan (Rhim et al.,
2006; Wang et al., 2005). In Ag-CS NCs, the XRD pattern consisted of two peaks
around 20° and 38.5°. The peak at 20° indicated the amorphous nature of chitosan in
Ag-CS NCs which, in turn, indicated the loss of crystallinity of chitosan matrix in Ag-
CS NCs. The other peak at 38.5” was due to Bragg reflection corresponding to (111)
planes of fcc structure of silver and confirmed the presence of Ag NPs in Ag-CS NCs.
The broadening of diffraction peaks confirmed the presence of nano-sized Ag NPs. The
average particle size of Ag NPs was estimated to be 3.4 nm from Scherrer equation

094

Cullity, 1978), d =
( Y ) pcosd

(1)

where A is the X-ray wavelength, B is the full width at half maxima (FWHM) of the

diffraction peak and 0 is the diffraction angle.
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Figure 4.4. XRD patterns of (a) chitosan, (b) CS NPs and (¢) Ag-CS NCs.
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4.4.4. FTIR analysis

FTIR analysis of chitosan (Figure 4.5) revealed characteristic peaks of primary and
secondary alcohols at 1026 cm™, 1067 cm™ and 1133 cm™ (Laudenslager et al., 2008).
On the other hand, the sharp peaks at 1533 cm™ and 1627 cm™ were due to amines and
amides. In CS NPs, the alcohol peak at 1067 cm™ shifted to 1643 cm™ while
amine/amide peak of 1533 cm™ appeared at 1549 cm™. This subtle change could be due
to the ionic incorporation of polyphosphates into chitosan matrix in CS NPs.
Interestingly the peak at 1533 cm™ of the amine and amide region drastically shifted in
Ag-CS NCs while the peaks in alcohol region remained almost unaffected. This
confirmed the amine groups of chitosan to be involved in the ionic complexation of
Ag" followed by subsequent formation of Ag NPs in situ. Similar results were also

observed by Laudenslager et al. (2008) for MNPs in chitosan matrix.
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Figure 4.5. FTIR spectra of chitosan (CS), chitosan nanoparticle (CS NP) and Ag-CS NCs.
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4.4.5. TGA analysis

In order to investigate the thermal stability, the thermal properties of Ag-CS NCs were
studied by TGA. The thermogravimetric (TG) and differential thermogravimetric
(DTQ) analysis curves of pure chitosan powder, blank CS NPs and Ag-CS NCs are
shown in Figure 4.6a and 4.6b, respectively. The major thermal events with

corresponding temperature range as well as mass losses are summarized in Table 4.1.

Derivative Weight
(103 mgs™)

T T T T T T T T -10 T T T T T T T T
25 125 225 325 425 525 625 725 825 25 125 225 325 425 525 625 725825

Temperature (°C) Temperature (°C)

Figure 4.6. (a) TG and (b) DTG curve of chitosan, CS NPs and Ag-CS NCs.

Table 4.1: Major Thermal Events in TGA

Temperature ("C) * T °C)°  Weight loss (%) °
Range Midpoint
First stage
Chitosan 33-98 65.5 64 12
CS NPs 33-93 63.0 61 13
Ag-CS NCs 33-105 69.0 60 10
Second stage
Chitosan 227-375  301.0 299 46
CS NPs 221-377  299.0 281 27
Ag-CS NCs 173-326  249.5 247 32

? Calculated from TG curve. ° Temperature of maximal thermal degradation rate
(Tw) were calculated from DTG curve.
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It is clear from Figure 4.6a that the thermal degradation of chitosan occurred in
two stages. The first stage of weight loss due to loss of water (Wan et al., 2009; Neto et
al., 2005) started at ca. 60°C with maximum loss being at 64 °C and accounted for 12%
weight loss. On the other hand, the weight losses in blank CS NPs and Ag-CS NCs at
this stage were 13% and 10%, respectively. DTG data in Figure 4.6b showed that the
temperature of maximal thermal degradation rate (Ty,) decreased to 61 °C and 60 °C in
CS NPs and Ag-CS NCs, respectively. Being a polysaccharide, chitosan has a strong
affinity for water. The hydroxyl and amino groups of chitosan play important role in its
hydrated properties by strongly interacting with water molecules (Neto et al., 2005).
The decrease in Ty, observed in CS NPs and Ag-CS NCs could be attributed to the fact
that the ionic complexation of polyphosphates and/or Ag" with hydroxyl and amino
groups in chitosan during the formation of NPs reduce the number of hydroxyl and
amino groups available for interacting with water molecules.

The second stage of thermal degradation of pure chitosan powder, starting from
227 °C to 375 °C with a weight loss of ca. 46%, indicated the thermal decomposition of
chitosan resulting in vaporization as well as elimination of volatile products (Neto et
al., 2005). Similarly the thermal decomposition of chitosan in CS NPs and Ag-CS NCs
took place in the temperature range of 221 °C- 377 °C and 173 °C- 326 °C, respectively.
The DTG (Figure 4.6b) curves clearly showed that the T, of the thermal
decomposition of chitosan moiety decreased to 281 °C and 247 °C in CS NPs and Ag-
CS NCs, respectively compared to 299 °C in pure chitosan. Interestingly, Ag NPs and
polyphosphates incorporated into the chitosan matrix during the formation of Ag-CS
NCs had an effect on the decomposition temperature of chitosan by decreasing it by ca.
52 °C. Similar results were also observed for PDLLA matrix by Blaker et al. (2005)
when they used Bioglass” as filler in the PDLLA matrix. The decrease in thermal
stability of Ag-CS NCs compared to pure chitosan could be due to significant loss of
crystallinity of chitosan in Ag-CS NCs as a result of incorporation of Ag NPs and

polyphosphates through ionic interaction with hydroxyl and amino groups.

4.4.6. Catalytic Study

In order to investigate the catalytic activity of Ag NPs in Ag-CS NCs, the reduction of
4-NP by an excess of NaBH4 was studied as the model reaction (Pradhan et al., 2002;
Lu et al., 2006a, 2007; Murugadoss and Chattopadhyay, 2008). The kinetics of the

reaction in presence of Ag NPs can be followed simply by recording the absorption
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spectra of 4-NP having a characteristic absorbance maxima at 400 nm. The peak at 400
nm is due to the 4-nitrophenate ions formed immediately after the addition of NaBHy in
the system. The absorption spectra for the reduction of 4-NP in presence of Ag-CS NCs
were recorded at different time intervals and are shown in Figure 4.7a. It is clearly
evident from Figure 4.7a that the peak intensity at 400 nm decreased gradually while a
new peak around 290 nm due to the reduced product, 4-aminophenol (Lu et al., 2006a),
appeared and continued to increase in intensity with time. It may be mentioned here
that the SPR band of Ag NPs in Ag-CS NCs did not interfere with the absorption
spectra of 4-NP in the present study as the amount of Ag-CS NCs in the reaction media
was very low (Figure 7b).
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Figure 4.7. (a) Reduction of 4-NP by NaBH, in presence of 11.4 mgL™" of Ag-CS NCs at room
temperature. UV-visible spectra of 4-NP were recorded at different times as indicated in the
graph. (b) UV-visible spectra of 49 mg L' Ag-CS NCs and 49 mg L' Ag-CS NCs incubated
with 10 mM NaBH, for 30 min.

The catalytic rate of Ag-CS NCs in the present study can be evaluated by
considering the rate kinetics of the catalytic reaction to be of pseudo-first order with
respect to the concentration of 4-NP as the concentration of NaBH, used was in large

excess compared to that of 4-NP. As the apparent rate constant, Kapp should be
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proportional to the surface of the Ag NPs present in the system, the rate equation in the
present study can be expressed as (Lu et al., 2006a, 2007):

dc
_d—tt = KappCt = KSC: )

where Kapp is the apparent rate constant, C; is the concentration of 4-NP at time t, S is
the surface area of Ag NPs normalized to unit volume of the system and K is the rate
constant normalized to S. As the absorbance of 4-NP is directly proportional to its
concentration in the reaction mixture, the ratio of the concentration (C;) of 4-NP at time
t to its value (Cop) at ty can be directly obtained from the ratio of the corresponding
absorbance (A/Ay). The catalytic reduction of 4-NP by NaBH, in presence of different
concentrations of Ag-CS NCs were followed and In(Cy/Cy) versus reaction time t were
plotted for each case (Figure 4.8). Figure 4.8 demonstrated a linear relationship
between In(Ci/Cp) and time t in all the cases. Interestingly, an induction period for the
catalytic reduction was observed in each case. This could be due to the time required
for the activation of the Ag NPs in Ag-CS NCs in the reaction mixture. The same
phenomenon has also been observed previously by others studying catalytic reduction
of 4-NP by MNPs (Pradhan et al., 2002; Lu et al., 2006a, 2007; Murugadoss and
Chattopadhyay, 2008). Moreover the duration of the induction period decreased
gradually with increasing concentration of Ag-CS NCs in the system.

Figure 4.9a shows the plot of apparent rate constant K.y, as a function of
concentration of Ag-CS NCs present in the reaction medium. The apparent rate
constants (Kapp) were calculated form the curve of In (Ci/Co) versus time t by linear fit in
each case. Figure 4.9a essentially reveals that Kupp increased almost linearly with
increasing concentration of Ag-CS NCs. In other words, increasing the amount of Ag
NPs in the system leads to faster catalysis of 4-NP. Figure 4.9b shows the values of
Kapp as a function of theoretical surface area of Ag NPs present in unit volume of
reaction medium (detailed calculations of theoretical surface area given in Appendix,
Table 4.Al). The result demonstrates nearly linear dependency of Kapp on the specific
surface area of Ag NPs, consistent with the assumption made in equation (2). This also
confirms the surface of the Ag NPs to be involved in the catalysis and the catalytic
activity depends on the total surface area of Ag NPs immobilized in Ag-CS NCs per

unit volume of the system.
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Figure 4.8. Effect of Ag-CS NC concentration on the reduction of 4-NP by NaBH, at room
temperature. Concentration: [4-NP] = 0.1 mM, [NaBH,] =10 mM.
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Figure 4.9. (a) Rate constant Kap, as a function of the concentration of Ag-CS nanocarrier. (b)
Rate constant Kapp as a function of the surface area S of Ag NPs normalized to the unit volume
of the reaction medium.
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The rate constant normalized to the surface area of Ag NPs per unit volume of the
reaction medium, k was calculated from the graph in Figure 4.9b to be 0.13 s' m™ L
for Ag-CS NCs. In order to evaluate the catalytic efficiency of the present system, the
rate constants (normalized to the surface area of Ag NPs per unit volume) of other Ag

NP —based systems together with the present study are summarized in Table 4.2.

Table 4.2: Catalytic Activity of Ag NPs in the Reduction of 4-Nitrophenol

Study Carrier System d®(m) k(s'm™ L)
Present Chitosan nanoparticles 49+1.6 130X10"
study
Luetal,  PS core - poly(N-isopropylacrylamide) (PS- 8.5+ 1.5 5.02X 107
2006a NIPA) shell microgel
Luetal., PS core - poly(acrylic acid) polyelectrolyte 3+1.2  7.81 X 107
2007a brush particles
Luetal, PS core-highly branched poly(ethylene 7.5+2  7.27 X107
2006b glycol) methacrylate (PEGMA) brush particle
Luetal,  PVA hydrogel 45+5  731X10°
2007b

PVA/PS-PEGMA composite hydrogel 35+5 7.80 X 107
Pradhanet pya polymer 25 3.78 X 107
al., 2002

* Diameter of the Ag NPs. PS: polystyrene.

The value of k in the present study is quite high compared to previously reported
data on the catalytic reduction of 4-NP in presence of Ag NP- based nanocarrier
systems (Lu et al., 2006a, 2007a, 2007b). Turn over frequency (TOF) is another
commonly used parameter to indicate the catalytic efficiency of a catalyst and can be
defined as,

Nr
Nst

TOF =

where N; is the number of molecules (4-NP in the present study) reacting in the

presence of catalyst in time t to produce the product, and N is the number of surface
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atoms of the catalyst involved in the reaction. TOF, for each concentration of Ag-CS
NCs used, was calculated by considering the size of Ag NPs to be 4.9 nm as observed
under TEM (Appendix, Table 4.A2). The average TOF for the Ag-CS NCs in the
present study was estimated to be 0.4 = 0.1 (including induction period) and 0.7 =+ 0.1
(excluding induction period), which is much higher than previously reported value of
0.97 + 0.02 X 10° and 1.5 £ 0.3 X 107 , respectively, for bulk chitosan-Ag NP
composite material (Murugadoss and Chattopadhyay, 2008). The high TOF value of
Ag-CS NCs indicated excellent catalytic property of Ag NPs immobilized in chitosan
nanoparticles in the present study. As indicated previously (Lu et al., 2007), the
pronounced enhancement in the catalytic activity of Ag-CS NCs could be due to the
fact that the polyelectrolyte nature of chitosan makes Ag-CS NCs to have open
structures allowing reactant molecule to diffuse easily and reach Ag NPs quickly. Also,
the dispersion of the NCs in the reaction medium makes the catalyst more efficient as
the reaction occurs under micro-heterogeneous conditions rather than bulk precipitate

where the reaction takes place under heterogeneous condition.

4.5. Conclusion

Well-dispersed nanocarriers for Ag NPs having average size of about 172.6 nm were
prepared from biogenic polymer, chitosan in a completely ‘green’ method. TEM
analysis demonstrated that monodispersed and crystalline Ag NPs of mean particle size
of 4.9 + 1.6 nm were uniformly impregnated in the chitosan nanocarriers, which led to
increased amount of accessible surface of Ag NPs. Moreover, Ag-CS NCs showed
excellent catalytic activity in NaBHs-mediated reduction of 4-NP. The present study
demonstrates that chitosan nanoparticles can work as excellent nanocarrier system for
Ag NPs which has potential reusability in catalysis and other applications.
Additionally, the method developed in the present study can easily be extended to
prepare nanocarrier systems for other metal nanoparticles. Now, it will be interesting to
study the interaction of Ag NPs embedded in this nanocarrier with the cancer cells for

possible therapeutic implications.
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4.6. Appendix

1. Calculation of Surface Area of Ag NPs in Ag-CS NCs

Diameter of a single Ag NP in Ag-CS NCs, d = 4.9 nm (Average particle size as

observed under TEM) and density of a single Ag NP in Ag-CS NCs, p = 10500 kg/m’

(Density of bulk metallic Ag),

3
7[2 =61.57 nm’

So, Volume of a single Ag NP in Ag-CS NCs, v =

Surface area of a single Ag NP in Ag-CS NCs, s = 7d* = 75.39 nm’

Mass of a single Ag NP in Ag-CS NCs, m = pv = 6.47 X 10" ng

Now, Total volume of the reaction medium was 3.0 mL.

Table 4.Al. Calculated Specific Surface Area

[Ag-CSNC] AgNP No. of Ag Total surface area  Specific surface
(mgL™) added (ng)" NPs added (m?) area, S (m’L™)
49 230 3558 X 10" 268X 10” 0.008941

8.2 390 60.32X 10" 455X 107 0.015162

9.8 460 71.15X 10" 536X 107 0.017883

11.4 540 83.53X 10" 630X 10° 0.020993

13.1 620 9590 X 10" 723X 107 0.024103

16.3 770 119.10 X 10" 8.98 X 107 0.029935

19.6 930 143.85X 10" 10.85X 107 0.036155

* Amount of Ag NPs in Ag-CS NC system was calculated theoretically to be 1.58%
and Ag content in Ag-CS NC was measured in atomic absorption spectroscopy (AAS)

to be 1.54 %. Ag content was, hence, considered to be 1.58% for further calculation.
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2. Calculation of TOF

Final reaction volume = 3 mL and [4-nitrophenol] = 0.1 mM

So, no. of 4-nitrophenol molecule in the reaction medium, N, =1.8 X 10"

As, the cross-sectional area of a single Ag atom = 0.08 nm” (diameter of Ag atom =

0.32 nm), no. of surface Ag atom per Ag NP =943

Table 4.A2: Calculated TOF

[Ag-CS  No. of Ag No. of Time, t (s) * CNe
NC] NPs surface Ag TOF = Nt ()
(mgL™") added atoms  (Ns)
(x 1()10) (x 1()14) Excluding Including [P Excluding Including
P® P IP
4.9 35.58 3.4 Not considered °
8.2 60.32 5.7 480 780 0.7 0.4
9.8 71.15 6.7 450 720 0.6 0.4
11.4 83.53 L 420 630 0.5 0.4
13.1 95.90 9.0 210 360 0.9 0.6
16.3 119.10 11.2 210 360 0.8 0.4
19.6 143.85 13.6 180 300 0.7 0.4
Average TOF 0.7£0.1 0.4+0.1

*Time , t was considered as the time needed for Abssg to reach a value of 0.75. ® 1P:
Induction period. ¢ Ag — CS NC concentration of 4.9 mgL™' was not considered as the
Absago did not reach 0.75 within the experimental time.
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CHAPTER 5

Induction of Apoptosis in Cancer Cells by
Silver Nanoparticles using Chitosan
Nanocarrier

This chapter describes the implication of the chitosan based nanocarrier of Ag NPs (Ag-CS NCs) in
inducing apoptosis in HT 29 human colon cancer cells at a very low concentration of Ag NPs. While
the characteristic morphological changes of apoptosis were evident in fluorescence and electron
microscopy, flow cytometry confirmed the efficient induction of apoptosis by Ag-CS NCs. Intracellular
ROS production was demonstrated to augment the apoptosis in HT 29 cells, in addition to classical
mitochondria dependent caspase signaling pathway.

Ag NP in
Chitosan Nang
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INDUCTION OF APOPTOSIS IN CANCER CELLS BY SILVER

NANOPARTICLES USING CHITOSAN NANOCARRIER

5.1. Introduction

The possibility of using silver nanoparticles (Ag NPs), by themselves or in combination
with gene therapy, in order to induce apoptosis in mammalian cells has recently been
explored (Gopinath et al., 2008, 2010) by our group. This therapeutically promising
aspect of Ag NPs to induce apoptosis can effectively be exploited in the field of
nanomedicine as the genetically programmed cell death or apoptosis, which eliminates
the unwanted or damaged cells in the process of development or in response to infection
or DNA damage (Newmeyer and Ferguson-Miller, 2003), is critical to develop viable
therapeutics for fighting against killer diseases, such as cancer and autoimmune
diseases (Thompson, 1995). The DNA damaging ability and possible genotoxicity of
Ag NPs reported in recent studies (AshaRani et al, 2008, 2009) pose critical issues in
the therapeutic implications of Ag NPs. However, the conventional anti-cancer
therapies suffer from lack of generality, effectiveness in case of advanced stages of the
disease and numerous toxic side effects caused by radiation or chemicals used in the
process (Carr et al., 2008; Singal and Iliskovic, 1998). The level of toxicity associated
with the use of Ag NPs, hence, may not necessarily be graver than those mentioned
above and thus could be considered for alternative therapy. In this regard, nanocarriers
(NCs) have recently emerged as potential drug-carriers in cancer therapy due to
increased drug efficacy, low toxicity and continued steady-state therapeutic level of
drug in drug-nanocarrier systems (Peer et al., 2007). The potential of chitosan for
developing biocompatible NCs of conventional anti-cancer drugs, DNA and other
therapeutically important molecules has already been well established (Kumar et al.,
2004; Bhattarai et al., 2010). However, chitosan NCs have not been used as such for

metal NP delivery. The development of chitosan based NC system for Ag NPs, thus,
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could lead to increased therapeutic index of Ag NPs as a result of improved bio-

availability and thereby overall decrease in toxicity.

5.2. Outline of the Research Work

1) Induction of apoptosis in human HT 29 colon cancer cells by the Ag NPs
confined within the biodegradable chitosan nanospheres (Ag-CS NCs)
[reported in chapter 4].

2) The apoptotic cell death was investigated by conventional AO/EB dual
staining as well as electron microscopy. Flow cytometric quantification of
apoptosis along with cell viability assay revealed that the apoptosis could
successfully be induced in HT 29 cells by Ag NPs (being present in the NC) at
a concentration, way below the previously reported values.

3) The interplay of the pro-apoptotic caspase 3 and anti-apoptotic Bel 2 in the
apoptotic process was shown by semi-quantitative RT-PCR as well as
quantitative real time RT-PCR.

4) In order to appreciate the multiplex origin of apoptosis, the effect of Ag-CS
NCs on the cellular oxidative stress (ROS) and mitochondrial membrane
potential (MMP) was also investigated.

5) The results indicate that the NCs are efficient in inducing programmed cell

death with the minimization of toxicity at very low concentrations of Ag NPs.

5.3. Experimental Section
5.3.1. Synthesis of silver nanoparticle-chitosan nanocarrier (Ag-CS NC)
The synthesis and detailed characterization of Ag-CS NCs have been described in

Experimental Section in Chapter 4.

5.3.2 Cell culture and Ag-CS NCs treatment

HT 29 cells (human adenocarcinoma) were procured from National Center for Cell
Sciences (NCCS), Pune, India and were cultured in Dulbecco’s modified Eagle’s
medium supplemented with L-glutamine (4 mM), penicillin (50 units mL™),
streptomycin (50 mg mL™) and 10% (v/v) fetal bovine serum. Cells were maintained in
5% CO, humidified incubator at 37°C. The stock solutions of Ag-CS NCs and blank CS
NCs (2 mg mL™") were prepared in sterile phosphate buffered saline (PBS). Required
volume of Ag-CS NCs and CS NCs stock solution were added to the cultures to obtain

TH-964_05615301 90



Experimental Section Chapter 5

appropriate concentrations of nanocarriers and incubated for 24 h. DMEM was used to
dilute the nanocarrier stock to required concentrations. After the treatment with Ag-CS
NCs and CS NPs, HT 29 cells were observed under a phase contrast microscope (Nikon
ECLIPSE, TS100, Tokyo) to identify the morphological changes as compared to the

non-treated cells.

5.3.3. Lactate dehydrogenase (LDH) assay
The cytotoxicity of Ag-CS NCs and blank CS NCs was determined by measuring the
activity of LDH enzyme, released in culture media due to the treatment, using CytoTox
96 Non-Radioactive Cytotoxicity Assay Kit (Roche Applied Science). 50.0 uL aliquots
of culture media were collected at different time intervals, diluted with 1: 1 fresh
medium and incubated with 50.0 puL of tetrazolium salt (INT) solution (substrate) for 30
min at room temperature. As LDH converted INT to the red formazon product, the
LDH release was measured at 490 nm with a microplate reader (Bio-Rad Model 680;
Bio-Rad, CA) as per manufacturer’s instructions. The cells treated with 0.8 % (v/v)
Triton X-100 were used as positive control whereas non-treated cells served as negative
control. Cytotoxicity of the test materials were calculated as:

% cytotoxicity = (LDH release in treated cells — LDH release in negative control) /

(LDH release in positive control — LDH release in negative control) x 100.

5.3.4. 5-carboxyfluorescein diacetate succinimidyl ester (cFDA) — propidium iodide
(PI) staining

Viability of Ag-CS NC treated cells were microscopically examined by cFDA-SE
(Sigma-Aldrich) staining. ¢cFDA-SE is a membrane permeable nonfluorescent probe
which intracellular esterases convert to a fluorescent derivative that in turn is covalently
bound to intracellular proteins through the probe’s succinimidyl group (Weston and
Parish, 1990). The stock solution of cFDA-SE (100 uM) was prepared by dissolving in
20 uL dimethyl sulfoxide (Sigma-Aldrich) and then further diluted in 1 mL ethanol
(Merck India Ltd.). The stock was filter sterilized and stored at -20°C. Following the
nanocarrier treatment, 5 uM cFDA-SE was added to the culture plate and incubated for
30 min. The cells were then washed with PBS and fresh DMEM was added to the plates
before observing under the fluorescence microscope (Nikon ECLIPSE, TS100, Tokyo).
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5.3.5. Viability assay

Cell viability was quantified by measuring mitochondrial activity by CellTiter 96
Aqueous One Solution Assay kit (Promega, Madison, WI). Respiring mitochondria in
viable cells convert tetrazolium compound, MTS [3-(4, 5-dimethylthiazol-2yl)-5-
(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] to formazon product in
presence of an electron coupling reagent phenazine ethosulfate (PES). The quantity of
formazon product as measured by the absorbance at 490 nm is directly proportional to
the number of living cells in culture. For viability assay, HT 29 cells were seeded in 96
well microtitre plates followed by overnight incubation. After overnight incubation, the
cells were treated with different concentrations of the Ag-CS NCs for another 12 h. 20
puL of Aqueous One solution was then directly added to individual well and further
incubated for 2 h. The amount of formazon product was measured by recording Aag
with a microplate reader (Bio-Rad Model 680; Bio-Rad, CA). The cell viability was
calculated as:

% cell viability = (A4 in treated sample / A4gp in control sample) x 100.

5.3.6. Acridine orange /ethidium bromide (AO/EB) staining

The cells treated with Ag-CS NCs were stained with AO/EB (Sigma-Aldrich) dual dye
in order to detect apoptotic or necrotic nuclei. Cells were grown in 6-well tissue culture
plate for 24 h followed by the Ag-CS NC treatment at desired concentrations. The
culture media were then removed and the cells were washed twice with PBS. Fresh
media were added in each well and the cells were stained by adding 10 uL. of AO/EB
mix (10 mg mL™" AO and 10 mg mL™" EB in PBS). After 10 min of incubation, cells
were washed with PBS before visualizing under a fluorescence microscope (Nikon

ECLIPSE, TS100, Tokyo) with an excitation filter of 480/30 nm.

5.3.7. Scanning electron microscopy (SEM)

Cells were grown in 6 well tissue culture plates and treated with respective
concentrations of Ag-CS NCs for 6 h. The cells were then washed with PBS followed
by fixation in glutaraldehyde/paraformaldehyde solution. The fixed cells were
dehydrated in graded ethanol solutions and air dried. Finally a heated metal cutter was

used to cut out discs from the bottom of the wells on which the cells had been grown.
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The cells attached on discs were coated with gold film in a Polaron in the sputter coater

and examined in LEO 1430VP SEM.

5.3.8. Annexin V — Pl staining

The induction of apoptosis in HT 29 cells by Ag-CS NCs was examined by FITC
labeled annexin V (FITC-annexin V) staining of the treated cells. The cells were
simultaneously stained with PI in order to differentiate the necrotic cells from the
apoptotic ones based on the membrane integrity. Following the Ag-CS NC treatment,
cells were harvested and washed with PBS. The cells were then stained with FITC-
annexin V — PI as per manufacturer’s instructions (FITC Annexin V Apoptosis
Detection Kit, BD Pharmingen™, NJ) and analyzed in a FACS Calibur (BD
Biosciences, NJ) flow cytometer. The data were collected with Cell Quest Pro software
for 15,000 cells in each sample and subsequently analyzed with WinMDI software.
Parallel set of FITC-annexin V — PI stained cells were also visualized for apoptosis

under a fluorescence microscope (Nikon ECLIPSE, TS100, Tokyo).

5.3.9. Analysis of DNA fragmentation

Following the treatment with required concentrations of Ag-CS NCs for 12 h, HT 29
cells were collected, washed with PBS, and lyzed (Lysis solution: 10 mM Tris-HCI pH
7.4, 10 mM EDTA and 0.5% Triton X-100). Cell lysates were then incubated with
RNase A (200 mg mL™"; Bioline, USA) for 1 h, followed by proteinase K (200 mg mL"
'. Bioline, USA) treatment for 1 h at 37°C. After extracting the samples with
phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v) followed by chloroform, DNA was
precipitated in two volumes of ethanol in the presence of 0.3 mol/L sodium acetate at -

20°C. Finally the DNA samples were run on 1.5% agarose gel at 60 V and visualized by
ethidium bromide staining under UV light.

5.3.10. Semi-quantitative RT-PCR and real time quantitative RT-PCR analysis

Expression of apoptotic signaling genes, Bcl2 and caspase-3 was examined using
reverse transcriptase — polymerase chain reaction (RT-PCR). The housekeeping gene 3
actin was used as internal control. Total RNA was isolated using Tri reagent (Sigma-
Aldrcih, USA). cDNA was generated from of total denatured RNA (3 pg) by reverse
transcription performed at 37°C for 50 min using M-MLV Reverse Transcriptase

(Sigma-Aldrcih, USA) in a total mixture of 20 pl. Semi-quantitative PCR was carried
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out with 2 pl of the above RT product using the gene specific upstream and downstream
primers in Gene Amp PCR system 9700, Applied Biosystems. Initial denaturation
(94°C for 2 min) was followed by a PCR cycle of denaturation (94°C for 15 s),
annealing (55°C for 30 s), extension (68°C for 1 minute) and final extension (68°C for
5m). The PCR products were finally resolved on a 1.2% agarose gel and visualized by
ethidium bromide staining under UV light.

For real time PCR reaction, reactions were performed with 2 pl of cDNA sample in
a total volume of 25 pl including SYBR Green PCR master mix (Applied Biosystems,
CA) according to manufacturer’s instructions. Amplification was carried out in an
Applied Biosystems 7500 Real-Time PCR System, keeping cycles parameters same as
above except the initial denaturation was performed at 95 °C for 10 min (for activation
of Ampli- Taq Gold present in SYBR Green PCR master mix). Each PCR reaction was
performed in triplicate. Relative quantification of the target gene transcripts normalized
to endogenous control B actin and relative to a calibrator (non-treated control cells) was
calculated by SDS software (provided with the Applied Biosystems 7500 Real-Time
PCR System) based on AACT method. Thus the gene expression in control sample has a
value of 1 and expression in treated sample is expressed as an n-fold difference relative
to control. The primers used were 3 actin — forward: 5'-CTGTCTGGCGGCACCACC
AT-3" and reverse: 5'-GCAACTAAGTCATAGTCCGC-3’, Bcl 2 — forward: 5'-AGA
TGTCCAGCCAGCTGCACCTGAC-3" and reverse: 5-AGATAGGCACCCAGGGT
GATGCAA GCT-3" and caspase 3 —forward: 5'-TTTGTTTGTGTGCTTCTGAGCC-3’
and reverse: 5-ATTCTGTTGCCACC TTTCGG-3".

5.3.11. Determination of mitochondrial membrane potential (MMP)

HT 29 cells grown for 24 h were treated with appropriate concentrations of Ag-CS NCs
for 3 h and then incubated with 5 uM of 5,5,6,6-tetrachloro-1,1,3,3-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Sigma-Aldrich, USA) for 30 min in
the CO, incubator. After the incubation the cells were washed twice with prewarmed
PBS, harvested and analyzed with a flow cytometer (FACSCalibur; BD Biosciences).
The JC 1 fluorescence data were recorded with the CellQuest program (BD
Biosciences) and subsequently analyzed by WinMDI software. A parallel batch of
treated cells were stained with JC 1 and washed with PBS before visualizing under a

fluorescence microscope (Nikon ECLIPSE, TS100, Tokyo).
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5.3.12. Determination of reactive oxygen species (ROS)

The generation of ROS in Ag-CS NCs treated cells was determined by 2, 7-
dichlorofluoresceindiacetate (DCFH-DA; Sigma-Aldrcih, USA) staining. DCFH-DA is
non-fluorescent and can diffuse into the cell through the plasma membrane where it is
hydrolysed to DCFH. Non-fluorescent DCFH is finally converted to green fluorescent
dichlorofluorescein (DCF) upon intracellular oxidation. The cells, treated with different
concentrations of Ag-CS NCs for 3 h, were harvested and washed twice with PBS.
Finally the cells were resuspended in 1 mL DMEM with 5 uM DCFH-DA and
incubated for 10 min at 37°C. Stock (I mM) solution of DCFH-DA was prepared in
ethanol and stored under liquid nitrogen vapour. Immediately after the incubation, the
samples were analyzed for DCF fluorescence in a flow cytometer (FacsCalibur, BD
Biosciences, NJ) at an excitation wavelength of 488 nm and emission wavelengths of
530. Flow cytometric data were analyzed using WinMDI software and the ROS
generation was expressed in terms of percentage of cells with DCF (green)
fluorescence. A parallel batch of treated cells was stained with DCFH-DA visualized
under a fluorescence microscope (Nikon ECLIPSE, TS100, Tokyo).

5.3.13. Cell cycle analysis

Cell cycle analysis was performed by measuring the DNA content of the treated as well
as control cells in a flow cytometer. HT 29 cells were grown in 100-mm tissue culture
dishes followed by Ag-CS NC treatment for 24 h. After treatment, the cells were
harvested by trypsinization, washed with PBS, fixed by adding slowly 2 mL of cold
70% ethanol and finally stored at 4°C. The cells were then centrifuged and washed in
ice-cold PBS. Finally the cells were stained with PI in RNase (40 pg/mL PI and 100
pg/mL RNase A) and incubated at 37 °C for 30 min in the dark. Immediately after the
incubation, the samples were analyzed in a FACSCalibur (BD Biosciences, NJ). Flow
cytometric data were recorded with CellQuest software and subsequently re-analyzed

by WinMDI software.

5.3.14. Statistical analysis

The values for all experiments are expressed as mean + standard deviation (S.D.) of
three or more individual experiments. The data were analyzed using Student’s t test and
statistically significant values are denoted by * (p < 0.05), ** (p < 0.005) and *** (p <
0.001).
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5.4. Results and Discussion

5.4.1. Characterization of Ag-CS NCs

The Ag-CS NCs used in the present study were prepared via ionic gelation of bulk CS-
Ag NP composite by TPP as described in Chapter 4. The detailed characterization of the
Ag-CS NCs has been described in Results and Discussion section of Chapter 4. In brief,
172.6 nm Ag-CS NCs with homogenously impregnated Ag NPs (~ 4.9 nm) and 136.9

nm blank CS NCs (for control cytotoxicity experiments) were synthesized.

5.4.2. Cytotoxicity
In order to examine the cytotoxic effect of Ag CS NCs, the morphology of treated HT
29 cells were observed under phase contrast microscope and distinct morphological
changes were detected in treated cells (Figure 5.1). More cells appeared to be rounded,
shrunken and loosely attached to the surface as the concentration of the Ag-CS NCs
increased up to 40 pg mL™'. The Inter-cellular connections also decreased notably. At a
concentration of 80 pg mL™" or above, treated cells were mostly swollen and detached
form neighbor cells with completely disintegrated membrane indicating extensive
necrotic cell death at these concentrations. However, HT 29 cells treated with CS NCs
(80 pg mL™") showed healthy and normal morphology as compared to the control cells.
The cytotoxicity of Ag-CS NCs on HT 29 cells were measured quantitatively by
LDH assay. The results (Figure 5.2) demonstrate the concentration and time dependent
leakage of LDH from HT 29 cells exposed to Ag CS NCs. Moreover, the insignificant
LDH release in cells treated with blank CS NPs confirmed the cyto-compatibility of the
chitosan nanocarriers (Figure 5.2, inset) in the present experimental concentration

range.
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Figure 5.1. Morphology of HT 29 cells treated with 20 ug mL™" (a1, a2), 40 ug mL™" (b1, b2),
60 pg mL™ (c1, c2) and 80 ug mL™" (d1, d2) of Ag-CS NCs for 3 h (al, b1, cland d1) and 6 h
(a2, b2, c2 and d2). Morphology of non-treated control cells (el, 3 h and €2, 6 h) and CS NC
(80 pg mL™)-treated cells (f1, 3 h and f2, 6 h) are also shown. Scale bar: 20
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Figure 5.2. Cytotoxicity of different concentrations of Ag-CS NCs on HT 29 cells after 3 and 6
h of treatment, as calculated from the LDH assay. Cytotoxicity due to blank chitosan
nanoparticles is shown in the inset. The values are represented as mean = S.D. of three
individual experiments. Statistical significance between non-treated control and treated sample
is denoted by * (p < 0.05) and *** (p <0.001).
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5.4.3 Cell viability

The effect of Ag-CS NCs on the viability of HT 29 cells was assessed microscopically
by cFDA/PI staining of the treated cells. The result of cFDA/PI staining (Figure 5.3)
clearly shows that the number of viable cells decreased with increasing concentration of
Ag CS NCs, as evident from the gradual increase in number of Pl-stained (red) cells.
Additionally, MTS assay was carried out in order to determine the cell viability
quantitatively in Ag CS NCs-treated cells and the results are shown in Figure 5.4. The
results show the inhibition of cell viability by Ag CS NCs in a concentration-dependent

manner. The ICsy value of Ag CS NCs was calculated to be 22 ug mL™.

Figure 5.3. cFDA/PI staining of HT 29 cells treated with (a)10 ug mL™", (b) 20 pg mL™, (c) 30
pg mL”, (d) 40 pg mL™, (€) 60 pg mL™ and (f) 80 ug mL™" of Ag-CS NCs for 6 h. Morphology
of (g) non-treated and (h) CS NC (80 pg mL™) -treated cells are also shown. Scale bar: 20 p
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Figure 5.4. Cell viability of HT 29 cells after 12 h treatment with different concentrations of
Ag-CS NCs, as calculated from the MTS assay. The values are represented as mean + S.D. of
three individual experiments. Statistical significance between non-treated control and treated
sample is denoted by * (p < 0.05) and *** (p < 0.001); statistical significance compared to
blank CS NPs (80 ug mL™) treated sample is denoted by # (p < 0.05).

Based on the ICsq value, three different concentrations of Ag-CS NCs namely 12
png mL" (~%% ICs), 24 ng mL™" (~ICso) and 48 ng mL" (~2 ICsp) were chosen for
further apoptosis experiments. It may be mentioned here that the concentration of Ag
NPs in Ag-CS NCs at ICsy value, as determined by atomic absorption spectroscopy
(AAS), was found to be 330 ng mL™'. The concentration of Ag NPs required to reduce
cell viability by 50% in the present study is less than previously reported values
(Gopinath et al., 2008; AshaRani et al, 2009; Jain et al., 2009; Hsin et al., 2008; Arora
et al., 2008; Hussain et al., 2005) by orders of magnitude (Table 5.1). This
extraordinarily high cell death caused by the Ag NPs in the present study could be due
to the increased bio-availability of the Ag NPs impregnated in chitosan NCs which,
unlike free Ag NPs, prevent Ag NPs from premature interaction with biological

environment as well as help in intracellular uptake (Peer et al., 2007).
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Table 5.1. ICs values of different Ag NP systems

Study Carrier Particle Size Cell Type I1Cso
system (nm) (ng mL™)
Present Chitosan NCs 4.9 HT 29 0.33
Gopinath et al., 2008 10-15 HT 29, BHK 21 27.0
Jain et al., 2009 Polymeric gel 16.6 Hep G2 251
Arora et al., 2008 7-20 A431 11.6
HT-1080 10.6
AshaRani et al, 2009 6-20 IMR-90, U251 ~400
Hussain et al., 2005 15 BRL3A 24.0
100 19.0
Hsin et al., 2008 1-100  NIH3T3,A10, HCT116  ~50.0

5.4.4. Mode of cell death

In order to investigate the mode of cell death (viz. apoptosis or necrosis) in HT 29 cells
caused by the Ag-CS NCs, treated cells were stained with AO/EB dual dye and
observed under the fluorescence microscope. Figure 5.5b shows that the cells treated
with 12 ug mL" Ag-CS NCs, like the non-treated ones (Figure 5.5a), are uniformly
green with normal nuclear morphology and well-organized chromatin structure.
However, extensive nuclear margination accompanied with chromatin condensation
and fragmentation, distinctive of apoptotic cell death (Rello et al., 2005; Allen et al.,
1997) was observed in treated cells at the Ag-CS NCs concentration of 24 pg mL™ and
48 pg mL™. The images in Figure 5.5¢ and 5.5d clearly demonstrate the presence of
early apoptotic cells having condensed chromatin as well as late apoptotic cells with
fragmented chromatin and apoptotic bodies. The results of AO/EB nuclear staining
indicated the induction of apoptosis in HT 29 cells by Ag-CS NCs.

In complementary to the AO/EB staining, Ag-CS NC treated HT 29 cells were
further examined under the SEM in quest of the characteristic morphological changes
observed during apoptosis. Figure 5.6a shows the typical morphology of healthy HT
29 cells that are well-attached to the surface. The cells treated with 12 ug mL™ (% ICsp)
Ag-CS NC showed healthy morphology (Figure 5.6b) whereas the cells treated with
24 pg mL™! (ICs) and 48 pg mL™ (2 ICsg) of Ag-CS NC demonstrated round-shaped
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and loosely attached cells (Figure 5.6¢ and 5.6d) as compared to non-treated cells. The
occurrence of membrane blebbing as well as formation of apoptotic bodies, indicative
of apoptotic cell death (Rello et al., 2005; Allen et al., 1997), were clearly detected in
HT 92 cells treated with Ag-CS NCs (at ICso and 2 1Csp).

Figure 5.5. Representative images of AO/EB dual staining of (a) non-treated, (b) 12 ug mL™
(~Y ICs0), (C) 24 pg mL™" (~ ICsp) and (d) 48 pg mL™" (~2 ICso) Ag-CS NCs treated HT 29 cells
after 6 h of treatment. Condensed chromatin in early apoptotic (EA) cells and fragmented

chromatin in late apoptotic (LA) cells are clearly visible in (¢) and (d). Scale bar: 20 n
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Figure 5.6. Representative SEM images of (@) non-treated HT 29 cells and cells treated with
(b) 12 ug mL™" (~¥ ICsp), (C) 24 pg mL™' (~ ICsp) and (d) 48 ug mL™' (~2 ICs) of Ag-CS NCs
for 6 h. Image (c) and (d) are shown at higher magnification in () and (f), respectively.
Morphological changes associated with apoptosis viz. membrane blebbing and formation of
apoptotic body are clearly detectable in (c) — (f). Scale bar: 10 u (a-d) and 2 p (e, f).
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5.4.5. Anexin V- PI staining

The apoptotic cell death in HT 29 cells induced by Ag-CS NCs was confirmed and
subsequently quantified by microscopic and flow cytometric analysis of anexin V-PI
stained HT 29 cells, respectively. Early apoptotic cells can easily be identified by green
fluorescence of FITC-conjugated anexin V as annexin V has a high affinity towards
phosphatidyl serine (PS) residues which are externalized from inner to outer leaflet of
the plasma membrane during early stages of apoptosis (Martin et al., 1995; Koopman et
al., 1994). Due to its membrane impermeability, PI, on the other hand, helps in
identifying the necrotic and late apoptotic cells having damaged plasma membrane
(Allen et al., 1997; Koopman et al., 1994). The fluorescence microscopic images of
FITC-anexinV — PI stained HT 29 cells (Figure 5.7a-5.7h) revealed that the cells
treated with 12 pg mL' Ag-CS NCs were almost unaffected as compared to non-
treated control cells. However, the induction of apoptosis in HT 29 cells by Ag-CS NCs
at the concentrations of 24 pug mL" and 48 pg mL™ is evident from the presence of
green fluorescent early apoptotic cells and red - green dual fluorescent late apoptotic
cells in Figure 5.7c and 5.7d.

Figure 5.7i shows the results of flow cytometric analysis of FITC-anexin V — PI
stained HT 29 cells treated with different concentrations of Ag-CS NCs. The
percentage of apoptotic and necrotic population in treated as well as non-treated cells
were calculated from the flow cytometric data and summarized in Figure 5.7j. Figure
5.7j clearly shows the dose dependent reduction in cell viability of HT 29 cells in
presence Ag-CS NCs. Most importantly, the apoptotic population in HT 29 cells
increased by ca. 34% and ca. 61% in presence of 24 pg mL" and 48 pg mL"' Ag-CS
NCs, respectively. On the other hand, an increase of ca. 8% and ca. 2.5%, respectively,
was observed in necrotic population at these concentrations. The results of flow
cytometric analysis clearly establish the efficient induction of apoptotic cell death in

HT 29 cells by Ag-CS NCs.
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Figure 5.7. Representative images of FITC-annexin V — PI staining of (a, €) non-treated, (b, f)
12 pg mL™" (~% ICs), (¢, 9) 24 pg mL" (~ ICsp) and (d, h) 48 pug mL™ (~2 ICsp) Ag-CS NCs
treated HT 29 cells after 6 h of treatment. The images in the lower panel (e-h) are
corresponding bright field images. Scale bar: 10 p. (i) Flow cytometric analysis of FITC-
annexin V — PI stained HT 29 cells after Ag-CS NC treatment. (j) Apoptotic and necrotic
population (%) in each sample were calculated from cytometric analysis. The values are
represented as mean + S.D. of three individual experiments. Statistical significance between
non-treated control and treated sample is denoted by * (p < 0.05), ** (p < 0.005) and *** (p <
0.001).
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5.4.6. DNA fragmentation and up-regulation of caspase 3

The formation of oligo-nucleosomal DNA fragments or ‘ladder’ due to the
fragmentation of DNA is widely regarded as a biochemical hallmark of late apoptosis
(Rello et al., 2005). The DNA fragmentation in the present study was verified by
extracting DNA from HT 29 cells treated with Ag-CS NCs followed by detection in the
agarose gel. Figure 5.8a clearly demonstrate the DNA ‘laddering’ pattern in HT 29
cells treated with 24 pg mL™" (~ICs) and 48 pg mL™ (~2 ICsp) Ag-CS NCs. On the
other hand, cells treated with 12 pg mL! (~% 1Csp) Ag-CS NCs did not produce
detectable DNA ladder. These results are consistent with flow cytometric data of
apoptosis in Ag-CS NC treated HT 29 cells.

Caspases are cysteine-aspartic acid proteases and well known for their vital role in
the initiation as well as the execution of apoptosis (Nunez et al., 1998). Especially the
activation of caspase-3 is crucial for cellular DNA fragmentation (Janicke et al., 1998).
The role of caspase 3 in Ag-CS NC mediated apoptosis in HT 29 cells was investigated
by conventional RT-PCR analysis. The results of semi-quantitative RT-PCR (Figure
5.8b) indicate up-regulation of caspase 3, as compared to house-keeping 3 actin gene,
in HT 29 cells treated with 48 png mL™ (~ICso) Ag-CS NCs. Additionally, quantitative
real-time RT-PCR analysis (Figure 5.8¢c) clearly demonstrates that the expression level
of caspase 3, normalized to [ actin gene as internal control, increased after exposure to
Ag-CS NCs. The results indicate the involvement of the caspase signaling pathway in
the apoptotic cell death of HT 29 cells treated with Ag-CS NCs. The elevated caspase 3
activity in Ag NP treated mammalian cells has been also reported by others (Gopinath
et al., 2008, 2010; Hsin et al., 2008; Arora et al., 2008). On the other hand, the changes
in anti-apoptotic Bcl 2 expression in treated HT 29 cells were insignificant, as evident
from RT-PCR and real-time quantitative RT-PCR analysis (Figure 5.8b, 5.8c). The
importance of up-regulation of Bcl 2 in shielding the apoptotic responses of nano-silver
in HCT 116 cells has recently been reported by Hsin et al. (2008). The RT-PCR results
indicate that the absence of active up-regulation, although not down-regulated, of anti-

apoptotic Bcel 2 plays a critical role in Ag-CS NC induced apoptosis in HT 29 cells.
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Figure 5.8. (a) DNA laddering assay of non-treated (lane 3), 12 pg mL™ (lane 1), 24 ug mL™
(lane 4) and 48 pg mL"' (lane 5) Ag-CS NCs treated HT 29 cells. Lane 2: A DNA/Hind III
marker. (b) Semi-quantitative and (C) real time quantitative RT-PCR analysis of caspase 3 and
Bcl 2 gene in HT 29 cells treated with Ag-CS NCs (24 pg mL™).
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5.4.7. Effect on mitochondrial membrane potential (MMP)

Mitochondria play key role in the apoptotic pathway of cell death, and the changes in
mitochondrial membrane permeability comprise the early events during apoptosis
(Thresset al., 1999). As the mitochondrial inner membrane potential decreases during
apoptosis, the effect of Ag-CS NC exposure on the mitochondrial membrane potential
(Aymm) of HT 29 cells in the present study were further investigated by JC 1 staining. JC
1 is a cationic lipophilic dye which stains polarized mitochondria in viable cells as red
due to the formation of J-aggregates emitting red fluorescence (Cossarizza et al., 1993).
On the other hand, due to the depolarization of mitochondrial membrane in apoptotic
cells, JC 1 remains in its monomeric form and thereby emits green fluorescence. A
reduction in the J-aggregate (red fluorescence) / monomer (green fluorescence) ratio,
thus, indicates a drop in Ayy,. Fluorescence microscopic observation of control HT 29
cells (Figure 5.9a) showed completely polarized mitochondria forming J-aggregates as
red dots. In contrast, the treatment with Ag-CS NCs resulted in the depolarization of the
mitochondrial membrane in HT 29 cells, as evident from the loss of the red dots and
simultaneous increase of green fluorescence (Figure 5.9b-5.9d). Quantitative analysis
by flow cytometry showed that the MMP in HT 29 cells treated with 24 (ICsp) and 48
pg mL™ (2 ICso)of Ag-CS NCs decreased by 43% and 55%, respectively, as compared
to that of the control cells. Preferential localization of nanoparticulate fullerenes (Ceo)
in mitochondria has already been reported by Foley et al (2002). As the mitochondrial
respiratory chain is the main source of intracellular ROS production in aerobic cells,
mitochondrial dysfunction due to NP immobilization may lead to oxidative stress. On
the other hand, mitochondrial membrane is among the major susceptible targets of the
deleterious effects associated with intracellular ROS. The present results indicate that
the adverse changes in mitochondrial function due to Ag-CS NCs, with possible

association of intracellular ROS production, trigger the apoptosis process.
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Figure 5.9. Microscopic image of JC 1 staining of (a, €) non-treated, (b, f) 12 pg mL" (~%
ICsp), (C, g) 24 pg mL' (~ ICso) and (d, h) 48 pug mL"' (~2 ICs,) Ag-CS NCs treated HT 29
cells. The images in the lower panel (e-h) are corresponding bright field images. Scale bar: 20
. (i) Flow cytometric analysis of MMP in presence of different concentration of Ag-CS NCs.
The values are represented as mean + S.D. of three individual experiments. Statistical
significance between non-treated control and treated sample is denoted by * (p < 0.05) and **
(p < 0.005).
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5.4.8 Role of ROS

The interaction of engineered nanoparticles with mammalian cells can induce oxidative
stress by favoring the cellular ROS production over the cellular antioxidant defenses.
Although the exact mechanism is still to be understood, the critical role of ROS in
nanoparticle mediated cytotoxicity and genotoxicity has been recently reported by
several researchers (Limbach et al., 2007; Sayes et al., 2005; Green et al., 2005; Park et
al., 2008). In order to investigate the effect of Ag-CS NC on the cellular ROS
production in the present study, the treated cells were examined under microscope for
their ability to show green fluorescence of DCF, produced by the intracellular oxidation
of DCFH-DA dye. Figure 5.10 clearly shows the elevation in the ROS production in
the Ag-CS NC treated cells compared to the non-treated cells. The increase in ROS
generation in treated cells was quantified by determining the percentage of cells with
increased green fluorescence in a flow cytometer. It is evident from the flow cytometric
analysis (Figure 5.10i) that Ag-CS NC raised the level of intracellular ROS in a
concentration dependent way and the percentage of cells with elevated ROS increased
significantly at 24 and 48 pg mL" of Ag-CS NC. The present data indicates that Ag-
CS NCs, at low concentrations (~ %2 ICsp), induce modest oxidative stress in HT 29
cells which can be efficiently repaired by intracellular antioxidant response. However,
the intracellular ROS level in presence of Ag-CS NC at ICsy or more crossed an
optimal limit which was toxic enough to augment the apoptotic cell death by damaging
mitochondrial membrane integrity and increasing oxidative DNA damage (Ott et al.,
2007). Similar role of ROS in ceramide induced apoptosis in U937 cells were reported
previously by Quillet-Mary et al. (1997) where ROS scavengers such as
dithiocarbamates (PDTC), N-acetylcysteine (thiol antioxidant), and a glutathione

(GSH) precursor successfully inhibited the ceramide induced apoptosis.
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Figure 5.10. DCFH-DA staining of (a, &) non-treated, (b, f) 12 pg mL™ (~% ICs), (C, 9) 24 ug
mL™ (~ ICs) and (d, h) 48 pg mL™ (~2 ICsp) Ag-CS NCs treated HT 29 cells for visualization
of cellular ROS production. The images in the lower panel (e-h) are corresponding bright field
images. Scale bar: 20 p. (i) Flow cytometric analysis of ROS production in presence of different
concentration of Ag-CS NCs. The values are represented as mean + S.D. of three individual
experiments. Statistical significance between non-treated control and treated sample is denoted
by * (p <0.05) and ** (p < 0.005).
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5.4.9. Effect on cell cycle

In order to investigate the possible DNA damage due to oxidative stress in Ag-CS NC
treated HT 92 cells, the cell cycle distribution was monitored by measuring the DNA
content in a flow cytometer. Flow cytometric analysis (Figure 5.11) shows that the cell
populations in different phases of cell cycle (Go/G;, S and G/M) were mostly
unaffected at lower Ag-CS NC concentrations (~% IC and ICs), as compared to the
non-treated cells. The G,/M population increase by ca. 3 % only when the cells were
treated with 48 ng mL™ (=2 ICsy) Ag-CS NC. However, significant increase in sub
Go/G; population indicates the apoptotic cell death in Ag-CS NC treated cells.
Recently, AshaRani et al (2009) has reported the profound effect of starch-capped Ag
NPs on cell cycle progression, in the form of concentration dependent G,/M arrest, in
IMR-90 and U 251 cells and related this to the genotoxic effect of the Ag NPs.
However, the absence of any significant Go/M arrest in HT 29 cells the present study
could be due to the fact that the concentrations of Ag NPs (in Ag-CS NCs) tested here
are order of magnitude less. The present results are promising from therapeutic point of
view as the detrimental geno-toxicity of Ag NPs could be avoided without

compromising the beneficial apoptosis-inducing efficacy.

control
12 ug mL"
[] 24 ug mL™

Ef 48 ug mL"

Sub Go/G1 Go/G1 S Ga2/M

% of gated cells

Figure 5.11. Effect of Ag-CS NCs on cell cycle in HT 29 cells was evaluated by calculating the
percentage of cells in each phase from flow cytometric data. The values are represented as mean
+ S.D. of three individual experiments. Statistical significance between non-treated control and
treated sample is denoted by * (p < 0.05).
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5.5. Conclusion

Ag-CS NCs, prepared in a completely ‘green’ method, were used for the successful
delivery of Ag NPs to human HT 29 adenocarcinoma cells. The NCs were found to
elicit anti-proliferative response at a much lower concentration of Ag NPs (330 ng mL™
at ICsp) compared to previously reported data indicating the superior efficacy of the
present system. Efficient induction of apoptosis, accompanied by insignificant necrosis,
in HT 29 cells by Ag-CS NCs in the concentration range of 24 — 48 pg mL™ was
clearly demonstrated by flow cytometric analysis. The results may prove to be
significant in therapeutic applications as the cell death induced by Ag-CS NCs could
actually be directed to follow the apoptotic pathway by optimizing the concentration of
Ag-CS NCs. The oxidative stress and mitochondrial dysfunction were shown to play
important role in the apoptosis. The cell cycle progression was found to be unaffected
by Ag NPs indicating the intimidation of carcinogenesis and genotoxicity being at
minimum. The implication of the present findings seems to be promising for the
possible application of chitosan based nanocarriers of Ag NPs to cancer cells, where
synergistic effect of two separate mechanistic pathways — caspase signaling pathway
and ROS production — leads to efficient apoptosis. Additionally, this could also help in
the wound healing process which is otherwise affected by the inflammatory response
elicited by the necrotic cell death. An important continuation of the present study would
be the incorporation of fluorophores, such as quantum dots (QDs), in the chitosan

matrix in order to monitor effects of nanoparticles in real time in vitro.
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Incorporation of Gene Therapy Vector in
Chitosan Stabilized ZnS:Mn*" Quantum Dots

Chapter 6 describes the synthesis of chitosan stabilized and water dispersible ZnS:Mn?* quantum
dots (QDs) of ca. 3.6 nm, having strong orange fluorescence, in an environment friendly method.
Binding of plasmid DNA containing CD-UPRT gene, having therapeutic importance in suicide gene
therapy, has been investigated. These chitosan stabilized QDs could be a promising alternative to
conventional organic fluorophore-tagged gene delivery systems for real-time monitoring in gene

therapy applications.
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INCORPORATION OF GENE THERAPY VECTOR IN CHITOSAN

STABILIZED ZnS:Mn”*" QUANTUM DOTS

6.1. Introduction

Development of newer biocompatible gene delivery vehicles with potential implication
in cancer gene therapy is an emerging area of research (Park et al., 2006). On the other
hand, monitoring transport and sustained release of therapeutic gene(s) in real-time has
also been a critical issue in unveiling the enigma of intracellular transport mechanism
of trans-gene expression (Suh et al, 2003). In this regard, biocompatible
nanocomposites consisting of quantum dots (QDs) would constitute ideal choices as
delivery vehicles that are easily traceable. Recently, our laboratory has developed a
potent gene therapy system associated with bifunctional cytosine deaminase —
uracilphosphoribosyl transferase gene (CD-UPRT), which converts prodrug 5-
fluorocytosine (5-FC) to 5-fluorouracil (5-FU) and other toxic metabolites useful for
anticancer therapy (Gopinath and Ghosh, 2008). The molecular mechanism leading to
apoptotic cell death due to 5-FC/CD-UPRT gene therapy has been established
(Gopinath and Ghosh, 2009). Hence, development of suitable delivery vehicle, with the
possibility of tracking by fluorescence of QDs, for 5-FC/CD-UPRT system is important

in order to further enhance the efficacy of this system.

6.2. Outline of the Research Work
1) A novel chitosan stabilized Mn** doped ZnS QDs having excellent water
solubility was synthesized and subsequently characterized.
2) The binding capacity of these QDs with plasmid carrying cytosine deaminase
— uracilphosphoribosyl transferase (pCD-UPRT), having therapeutic
importance in suicide gene therapy, was investigated thoroughly and was

shown to follow the Langmuir reversible adsorption model.
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3) The biocompatibility of the composite on human colon adenocarcinoma (HT
29) cells was confirmed by cell viability assay.

4) The chitosan stabilized ZnS:Mn”*" QDs synthesized in the present work could
be a promising alternative to conventional organic fluorophore-tagged gene

delivery systems for real-time monitoring in gene therapy applications.

6.3. Experimental Section

6.3.1 Synthesis of chitosan stabilized Mn** doped ZnS QDs

The wet chemical synthesis method used for the preparation of ZnS: Mn®>" QDs was
based on a previous report (Warad et al., 2007) with some modifications. Briefly, 10
mM zinc acetate (Sigma-Aldrich) and 2.5 mM manganese chloride (Sigma-Aldrich)
were mixed together in 10 mL of aqueous solution of 0.5 mg mL™" chitosan (Sigma)
and heated at 80°C for 15 min under constant stirring. After cooling to room
temperature, freshly prepared 10 mM sodium sulfide (Merck India Ltd.) solution was
added drop wise in the reaction mixture kept in an ice bath under constant stirring. The
clear solution started turning milky white indicating the formation of ZnS: Mn*" QDs.

The QDs were precipitated at 10,000 rpm, washed and resuspended in MiliQ water.

6.3.2. Characterization of ODs

The UV-visible spectrum of colloidal QDs was recorded in a Cary 100 UV-visible
spectrophotometer (Varian Inc.). Fluorescence emission spectrum was recorded in a
Fluoro Max-3 (HORIBA Jobin Yvon) fluorescence spectrophotometer at an excitation
wavelength of 318 nm. For X-ray Diffraction (XRD), colloidal solution of ZnS: Mn*"
QDs was freeze-dried and subsequently analyzed in a Bruker D8 ADVANCE (Bruker
AXS Inc.) X-ray powder diffractometer using CuKa (4 = 1.54 A) source. For
transmission electron microscopic (TEM) analysis, 5 pL of as prepared colloidal
solution of QDs was drop cast on carbon coated Cu TEM grids followed by air-drying.
The grids were then analyzed by a JEOL 2100 UHR-TEM instrument operating at an
accelerating voltage of 200 KeV.

6.3.3. DNA binding study
Binding of DNA to QDs was investigated using pCD-UPRT (an expression vector
developed in our laboratory (Gopinath and Ghosh, 2008) containing E. coli hybrid

cytosine deaminase and phosphoribosyltransferase gene) and checked by gel
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retardation assay. For this purpose, different amount of pCD-UPRT DNA were
incubated with the 2 pg of QDs for 1h at room temperature and then electrophoresed in
a 0.8 % agarose gel at 70 mV. The gel was subsequently stained with ethidium bromide
and visualized under UV transilluminator.

For quantitative study of DNA binding to the chitosan stabilized QDs, different
amount of pCD-UPRT DNA were added to 1 mL Mili-Q water containing 5 pug of
QDs. The pH of the solution was adjusted at 5.5 and incubated for 1 h at room
temperature. The samples were then spun at 10,000 rpm for 20 minutes to precipitate
the QDs as well as pCD-UPRT DNA bound onto them. The free DNA in the
supernatant was quantified spectrophotometrically by taking absorbance at 260 nm
(Az60). The amount of bound DNA was calculated by subtracting the amount of free
DNA from that of initial DNA added.

6.3.4. Cell viability assay

The cytotoxicity of ZnS:Mn*" QDs was tested on HT 29 cell line maintained in
complete DMEM medium supplemented with 10% FBS, 50 U mL™" penicillin and 50
mg mL™' streptomycin in a humidified atmosphere containing 5% CO, at 37°C. For cell
viability assay, HT 29 cells were seeded into 96-well plate at a density of 1 x 10*
cells/well and grown overnight. Then different concentrations of QDs were added to
the cells and incubated another 24 or 48 h. After the treatment of HT 29 cells with QDs,
MTS based cell proliferation assay was carried out with CellTiter 96 Aqueous One

Solution Assay kit (Promega, Madison, WI) as per manufacturer’s instructions.

6.4. Results and Discussion

6.4.1 Characterization of chitosan stabilized ZnS: Mn’" ODs

The UV-visible absorption spectrum (Figure 6.1a) of chitosan stabilized ZnS:Mn*"
QDs shows absorption edge at ca. 315 nm, considerably blue-shifted compared to that
of bulk ZnS occurring at 340 nm (Sapra et al., 2005). In nano-crystalline ZnS, the
particle radius r (nm) is related to band gap E (eV) by the equation,

. 032-29vE-3.49

2(3.5-E) 0

as reported previously (Suyver et al., 2001). The size of the ZnS:Mn*" QDs were

calculated from equation (1) to be 3.7 nm.
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Figure 6.1. (a) UV-visible absorption and (b) fluorescence emission spectrum of chitosan
stabilized ZnS: Mn** QDs.

Figure 6.1b shows the fluorescence emission spectra of the chitosan stabilized
ZnS:Mn*" QDs with two emission peaks at around 409 nm and 586 nm respectively.
However, the undoped ZnS QDs showed only one emission peak at about 409 nm due
to radiative recombination as a result of defect states in the ZnS nanocrystals (Sapra et

al., 2005). In Mn”" doped QDs, the first emission peak at 409 nm was due to host ZnS,

4 6

but the second emission peak at 586 nm was due to L =>4y transition within the 3d
shell of Mn”" ions doped into Zn$ lattice. Incorporation of Mn”" into nanocrystalline
ZnS allows d electrons of Mn®" to interact strongly with the s-p electronic states of ZnS

(Sapra et al., 2005; Bhargava et al., 1994). This perturbation partially allows otherwise
spin forbidden T - A transition to occur resulting into the characteristics orange
colored emission.

The XRD pattern of ZnS:Mn*" QDs, shown in Figure 6.2, consists of characteristic
peaks at 28°, 48° and 56.5° corresponding to principal Bragg reflections in (111), (220)
and (311) lattice planes, respectively, of bulk ZnS crystallizing in Wurtzite structure
according to the JCPDS-ICDD database. The mean crystallite size d was calculated
according to Scherrer equation (Cullity, 1978),

092

B IBCOS o (2)
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where A is the X-ray wavelength, 3 is the full width at half maxima (FWHM) of the
diffraction peak and © is the diffraction angle. Based on the diffraction peak

corresponding to (220) plane, the average crystallite size of ZnS QDs was estimated to

be 3.5 nm, in good agreement with UV-visible absorption data.

(220)  (311)

Intensity (a.u.)

20 30 40 50 60
20 (degrees)

Figure 6.2. XRD pattern of chitosan stabilized ZnS:Mn*" QDs.

TEM images of ZnS:Mn”" QDs (Figure 6.3a) shows that QDs are nearly spherical
in shape and have an average size of 3.6 nm, calculated based on the corresponding
particle size distribution shown in Figure 6.3b. Under high resolution TEM (HRTEM),
the lattice-resolved image of Mn*":ZnS QDs (Figure 6.3c) revealed typical lattice
spacing of about 1.2 A and 1.7 A corresponding to the (111) and (220) planes of the
crystal respectively. Furthermore, energy dispersive X- ray spectrum (EDX) confirmed

the presence of Mn in QDs.
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Figure 6.3. (2) TEM image of chitosan stabilized ZnS:Mn*" QDs. (b) Size distribution of ZnS:
Mn®" QDs, calculated based on several frame of images; (C) The separation between individual
lattice planes in QDs were calculated in a lattice resolved image under HRTEM and
corresponding Bragg planes were identified.

6.4.2. DNA binding with the chitosan stabilized ZnS: Mn’" ODs

The binding of pCD-UPRT DNA to chitosan stabilized Mn>" doped ZnS QDs was
examined qualitatively by gel-retardation assay. Figure 6.4 clearly shows that the DNA
samples, incubated with QDs, remained almost completely in the wells demonstrating
efficient binding of DNA onto the chitosan —QD composite. Interestingly the presence
of a faint band, corresponding to free DNA, in lane 5 indicated that about 4 pg of pCD-
UPRT was sufficient to saturate 2 pg composite. In other words, the band is due to the
excess of DNA that could not bind with the composite.
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Figure 6.4. Gel retardation assay of pCD-UPRT incubated with chitosan stabilized ZnS: Mn>"
QDs (lane 2-5). Lane 1 and 7 corresponds to QDs and pDNA control, respectively.

In order to investigate the DNA binding capacity of the chitosan-QD composite
further, the amount of DNA bound to 5 pg of the composite with varying dose of initial
DNA were measured quantitatively. The results (Figure 6.5a) showed that amount of
bound DNA initially increased linearly with increasing amount of initial pCD-UPRT up
to 4.16 pg of initial dose. DNA binding reached a plateau at 5.2 pug or greater amount
of initial DNA indicating the saturation of pCD-UPRT DNA binding on chitosan
stabilized QDs. Figure 6.5b shows the effect of weight ratio of initial pCD-UPRT
DNA to the composite on the DNA-loading efficiency of the composite. Initially the
DNA-loading efficiency increased form 80% to almost 100% with increasing
DNA/composite ratio from 0.62 to 0.83. Beyond this value, however, the loading
efficiency decreased linearly with increasing DNA/composite ratio simply because of

the saturation of the composite with plasmid DNA.
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Figure 6.5. (a) DNA binding isotherm of chitosan stabilized ZnS:Mn”>" QDs conducted at pH
5.5 with 5 pg of QDs. (b) Effect of DNA: chitosan-QD composite weight ratio on DNA loading
efficiency.

The amino groups of chitosan are expected to be protonated at pH 5.5 as the pK,
value of the chitosan amino group is estimated to be at ~6.3 (Kumar et al., 2004).
Therefore, the binding of pCD-UPRT DNA onto the chitosan stabilized QDs in the
present study was possibly due to the positively charged NH;" groups on the surface of
the composite. Recently chitosan coated silica beads have been successfully applied in
microfluidic devices for solid phase extraction of DNA and RNA based on the same
principle (Cao et al., 2006; Hagan et al., 2009). Previous studies (Tanaka et al., 2009;
Balladur et al.,, 1997; Chan et al., 1997) have shown that the adsorption of high
molecular weight double stranded DNA (dsDNA) or single stranded oligonucleotides
onto aminosilane-modified surface follows a Langmuir reversible adsorption model. In
equilibrium, Langmuir reversible adsorption equation can be written as:

KCeq
1+KCeq (3)

Q:Qmax

where Q is the amount of adsorbed DNA (fmol cm™), Ceq (fmol uL™) is the equilibrium

DNA concentration in the solution, Qumax (fmol cm™) is the maximum DNA adsorbed
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and K (cm’ mol™) is the adsorption equilibrium constant. The Langmuir equation can
be linearized into the form of:
Coq 1 1

= Ceq +
0 Om " KOw @).

The values of Ccq/Q versus Cq, calculated from the present experimental dada, are

plotted in 3d and a linear regression is performed. Figure 6.6 shows that experimental
data fitted quite well to the Langmuir adsorption model (R > 0.95). The maximum
amount of bound DNA (Qmax) and equilibrium binding constant (K) were calculated
from the graph to be 60.24 fmol cm™ and 4.6 x 10'* cm® mol™, respectively. The Qpax
value is greater than previously reported 0.85 fmol cm™ by Tanaka et. al. (2009) or 1.1
fmol cm™ by Benzanilla et al. (1995) for 2961 bp plasmid, but still less than that (0.5 or
19 pmol cm™?) for single stranded oligonucleotides (Balladur et al., 1997; Chan et al.,
1997). The difference in Quax value can be attributed to the fact that Qu.x strongly
depends on the surface charge density of the adsorbent, nature of bound DNA and the
experimental condition (Balladur et al., 1997). Further, the equilibrium binding
constant K, the ratio of the adsorption and desorption rate constants, was found to be
very high in the present study indicating very rapid binding of plasmid DNA to the

chitosan-QD composite.
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Figure 6.6. Linear regression of C.,/Q as a function of C, of the DNA binding onto chitosan-
QD composite.
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6.4.3. Cytotoxicity of the QDs

The cytotoxicity of the chitosan stabilized ZnS:Mn*" QDs are critical for successful
application of these QDs in DNA delivery system. MTS assay was carried out in order
to evaluate the cytotoxicity of the composite on HT 29 cells and results are shown in
Figure 6.7. Figure 6.7 clearly shows that the composite had hardly any effect on the cell
viability after 24 h of treatment and viability decreased only by 5-10 % after 48 h of
treatment. More than 90% cells were viable even after 48 h in all the concentrations of

the composite tested indicating excellent biocompatibility of the chitosan stabilized

QDs.
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Figure 6.7. Cell viability of HT 29 cells treated with different concentration of chitosan
stabilized ZnS:Mn** QDs for 24h or 48h. Viability of control cells was considered 100%.

6.5. Conclusions

In summary, chitosan stabilized Mn*" doped ZnS QDs, having excellent stability in
aqueous solution and strong orange-colored photoluminescence (Aemission = 386 nm),
have been synthesized. pCD-UPRT, a therapeutically important plasmid having
practical application in suicide gene therapy, has been shown to efficiently bind onto
the surface of the chitosan stabilized ZnS:Mn*" QDs following a Langmuir reversible
adsorption model with a high equilibrium binding constant The excellent
biocompatibility of the composite synthesized in the present study has also been
demonstrated. The results and the insight gained in the present study could be critical in
developing a ‘self-tracking’ non-viral gene delivery system for bifunctional CD-UPRT
mediated suicide gene therapy. Nevertheless, the immediate use of these QDs in gene
delivery system, as biocompatible fluorescent probe, or even colloidal phase for DNA
adsorption in microfluidic devices has potential implications in therapeutics and
biodiagnostics.
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A summary of the present study and scopes for the future work are described in this chapter.
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Chapter 7

CONCLUDING REMARKS

7.1. Summary of the Present Work

The work involved in the present thesis consisted of development of novel methods of
preparing polymer—based nanocomposite materials and investigation of the usefulness
of these nanocomposites on the biological systems, with special emphasis on
therapeutic implications.

A single step biochemical route has been developed to prepare Au NPs with
extraordinary size specificity (~2.2 nm) in aqueous medium with the use of purified
GFP. The role of cysteine residues in the formation of Au NPs has been established.
The fluorescence of GFP has been monitored in order to study the concomitant changes
in the protein during the synthesis. The polyacrylamide gel electrophoresis of GFP
revealed the protein denaturation during the formation of Au NPs. In addition to the
establishment of a green method of synthesizing uniform small-sized Au NPs, the
results would enrich our knowledge about the ‘protein—metal NP’ interaction especially
during the synthesis of the NPs.

Further, the antibacterial potential of a novel chitosan-Ag NP nanocomposite has
been investigated against GFP—expressing E. coli. The composite was found to have
significantly higher bactericidal activity than its components at their respective
concentrations present in the composite. The results indicate the potential of the
chitosan-Ag NP nanocomposite in various biomedical and therapeutic applications as
an efficient antibacterial agent.

In addition, a novel biodegradable chitosan based nanocarrier (NC) system ca.
172.6 nm in size for Ag NPs has been developed. Electron microscopy and
spectroscopic investigations revealed that Ag NPs (~4.9 nm) were homogenously
impregnated the polymer NCs and were unaffected during the preparation of the NCs,
indicating excellent applicability of the present method to develop NCs for metal NPs.

The catalytic activity of the Ag NP-containing NC system was found to be much
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higher than that of the bulk polymer-Ag NP composite, showing their potential, in
catalysis applications.

Moreover, the potential of the chitosan based NC of Ag NPs (Ag-CS NCs) in
inducing apoptosis in human colon cancer cells at a very low concentration of the Ag
NPs has been demonstrated. The corresponding 1Cso of Ag NPs was found to be 0.33
ug mL™, much less than previously reported value of 27 ug mL™ in case of free Ag
NPs by our laboratory. In addition to the involvement of mitochondrial pathway and
up-regulation of caspase 3 expression, the important role of oxidative stress (ROS) in
the apoptotic cell death has also been revealed. The chitosan based NCs of Ag NPs,
after appropriate in vivo experiments, could open novel strategies of cancer therapy.

Finally, Mn?* doped ZnS QDs showing strong orange fluorescence and excellent
water dispersibility were synthesized in an environment friendly method using chitosan
as the stabilizing agent. Efficient binding of plasmid DNA containing bifunctional
suicide gene to the composite has been demonstrated and shown to follow the
Langmuir reversible adsorption model. Moreover, the in vitro biocompatibility of the
chitosan — ZnS:Mn?* QDs composite was confirmed by viability assay. The chitosan
stabilized ZnS:Mn** QDs synthesized in the present study could be a promising
alternative to conventional organic fluorophore-tagged gene delivery systems for real-

time monitoring in gene therapy applications.

7.2. Scope for Future Work

+« Films, based on chitosan-Ag NP composite material, can be developed in order
to prepare novel antibacterial packaging material for food industries.

% Scaffolds can be made from chitosan-Ag NP composite material to provide
efficient biocompatible dressing material for wounds.

« The methodologies for preparing chitosan based nanocarriers for Ag NPs
developed in the present study can easily be extended to produce nanocarriers
for other metal NPs.

+«+ The chitosan based nanocarriers for Ag NPs can be further pursued in animal
models for their in vivo efficacy of inducing apoptosis.

¢ The chitosan nanocarrier can be conjugated with cancer cell specific markers in

order to achieve ‘active targeting’ of these nanocarriers toward cancer cells.
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