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ABSTRACT

The last two decades have witnessed an unprecedented growth in the field of biomedical
nanotechnology. A vast variety of nanomaterials are inspected so far in this campaign but
among them only few have succeeded in their clinical trials. However, major drawbacks are
associated with these nanoparticles which impede their future implications. In this regard,
albumin based nanoparticles have emerged as a promising nano-platform due to their high drug
holding capacity, ability to protect entrapped cargo molecules from degradation, improved
solubility and bioavailability of drug, enhanced cellular uptake, biocompatible and non
immunogenic nature due to its biological origin. Moreover, the presence of functionally
charged groups offers albumin with various possibilities for surface modifications and
interactions with various nanoparticles and drug molecules. Thus, the current thesis focuses on
the development of albumin based nanoparticles and proposes their employment in anticancer

and antioxidant applications.

In Anticancer applications, albumin nanoparticles based water soluble nanoformulation of
highly hydrophobic anticancer drug niclosamide (i.e. BSA-Nic NPs) has been prepared, which
overcomes the drawbacks associated with niclosamide such as poor water solubility and limited
systemic bioavailability of the drug. Successful synthesis of spherical, highly monodispersed
nanoparticles was confirmed by various physicochemical characterization techniques. The
therapeutic efficacy of prepared nanoparticles was examined against cancer cells by cell
viability assay and morphological analyses. The gene expression analysis confirms the
successful induction of apoptosis by these nanoparticles. Another major hurdle in cancer
therapy is generalized distribution of therapeutic molecules which results in the implications of
higher drug dose that cause severe side effects. In order to address the problems associated with
non-specific distribution, cytotoxicity and genotoxicity at higher dose of silver nanoparticles
(Ag NPs), a folate conjugated albumin stabilized silver nanoparticles (FA-BSA-Ag NPs) was
prepared. The therapeutic potential and cellular uptake was determined on human breast cancer
cells, MCF-7 (FR-positive cells) having abundant folate receptor (FR) on its surface and human
lung cancer cells, A549 (FR-negative cells). Moreover, the successful induction of apoptosis
was confirmed by reactive oxygen species (ROS), cell cycle, morphological and nuclear

analysis, followed by apoptotic signalling gene expression analysis.

ROS induced oxidative stress is one of the major factors responsible for various diseases and
disorders including cancer. In case of excessive oxidative stress the antioxidant enzymes



defence system of the body gets impaired, which in turn disturb the oxidative balance and
cellular homeostasis. Nanoceria (CNPs) has emerged as potential nano-agent in antioxidant
therapy because of its exceptional antioxidative activity. In antioxidant applications, a highly
biocompatible nanoceria encapsulated albumin nanoparticles (BCNPs) was synthesized, which
overcomes the various drawbacks associated with nanoceria such as poor cellular uptake and
short residence time in body. Such artificial antioxidant nanozyme protects the cells against
actively generating ROS by providing a desired steady state level of therapeutic dose over a
period of time as examined in vitro. Furthermore, the gene expression analysis confirms the
preservation of antioxidant defence system of the cell and their protection from oxidant-
mediated apoptosis. Finally, other problems accompanied with nanoceria such as poor
solubility and use of harmful chemicals during preparation was addressed by synthesizing
albumin coated nanoceria (ANC) by alkaline based precipitation method without altering their
antioxidative property. These nanoparticles were highly biocompatible and provided protection

against oxidative stress as examined on both in vitro and in vivo models.

In summary, the present study demonstrated the potential of albumin based nanoparticles in
anticancer and antioxidant applications. Such nanoparticles open up a new avenue for the

development of improved nano-drug therapies for future clinical trials.
Keywords

Albumin nanoparticles, niclosamide, cancer therapy, antioxidant therapy, apoptosis, silver

nanoparticles, nanoceria, nanozyme
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INTRODUCTION

This chapter gives a brief introduction on the potential of nanotechnology for biomedical
applications. This chapter also includes the objectives, experimental approaches,
significance and salient features of the present study.
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CHAPTER 1

INTRODUCTION

Cancer, once considered as disease of western world, developing country like India is now on
the edge of major cancer epidemic with more than one million cases reported per year, which is
expected to be get doubled in next 2 decades. According to the world cancer report 2014,
cancer is amongst the leading cause of mortality and morbidity worldwide and is responsible
for approximately 8.2 million deaths. Around 14 million total new cases have been indentified,
of which 700,000 in India were recorded in 2012, which is expected to rise by about 70 % in
next two decades (Torre et al, 2015). Moreover, more than 60 % of these new cases and 70 %
of total cancer deaths occur in Asia, Africa, South and Central America. Lung and breast
cancers are among the most commonly diagnosed cancer in men and women respectively. The
lung cancer is a leading cause of cancer deaths in male worldwide, while breast cancer is
leading cause of cancer deaths in females in less developed countries. Tobacco use is one of
the major factors responsible for around 20 % global cancer deaths and 70 % of lung cancer
deaths. Presently, the conventional therapies including surgery, irradiation and chemotherapy
employed for the cancer treatment suffer severe drawbacks such as non specific accumulation
of the therapeutic molecules which results in reduced therapeutic efficacy, higher toxicity to
neighbour tissues and limits the maximum dose availability. In cancer therapy, due to the
heterogeneity and diverse cause associated with cancer, personalized medication and treatment
are the ultimate goals for their treatment. A major challenge among the researchers is to
develop a delivery system that has high accuracy, therapeutic efficacy and biocompatible.

Free radicals also emerged as a major pathologic factor responsible for various diseases and
disorders including cancer (Kumar et al., 2008, Emiret et al., 2004, Misra et al., 2009, Finkel et
al., 2000), affecting various organs of the body including lungs. Lungs have been under
continuous exposure to both exogenous free radical sources including photochemical air
pollution, tobacco smoke, electromagnetic or particulate radiation, drugs etc. and endogenous
free radical sources including activated phagocytes, enzymatic activity e.g. xanthine oxidase,
mitochondrial electron transport etc. Oxidative stress arises due to the incomplete removal of

these toxic free radicals and by impaired balance between the oxidants and antioxidants in the
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body leading to various respiratory diseases such as adult respiratory distress syndrome, cystic
fibrosis, and idiopathic pulmonary fibrosis. Numerous approaches have been implied and tested
so far to protect the cells from oxidative stress and restore physiological antioxidants activities.
This provokes a need to develop an artificial antioxidant system that is safe and effective
(Schunemann et al., 1997, Bargagli et al., 2009, Park et al., 2009).

In past decades, the tremendous impact of nanotechnology in cancer therapy is in the realm of
drug delivery. By programming various properties of nanoparticles such as chemical and
physical, we can modulate their biological properties including immunogenicity, circulation
half life and toxicity necessary for the development of drug delivery system. The emerging
trend is to exploit the shape, size and surface chemistry of nanoparticles which are responsible
for their cellular uptake, half life in blood, immune response and renal clearance in order to
revolutionize cancer therapy. Recently, nanomedicine has emerged as key area of research
combining the knowledge of medicine, chemistry, pharmaceutical technology, engineering and
material science. This shall led the foundation of global nanomedicine market, which is
projected to reach US$ 177.6 billion in 2019 with an estimated healthy compound annual
growth rate (CAGR) of 12.3%. Moreover, the drug delivery sector in nanomedicine itself holds
70% of total sales along with 59% patent and 76% of published articles

(http://www.transparencymarketresearch.com/pressrelease/nanomedicine-market.htm). Thus

nanoparticles based medicine would herald a new age of advanced health care, proficient health
economics and personalized medicine (Ranganathan et al., 2012, Venkatraman et al., 2014,
Cherian et al., 2014).

In general, nanomedicine has been defined as complex nanoscale system that retains the cargo
molecules throughout its circulation in the body without affecting the nearby tissues. Unlike
normal tissues where these nanoparticles don’t cross the endothelial barrier, in tumor they
easily accumulate at the tumor site by penetrating through the leaky blood vessels formed as a
result of aberrant angiogenesis in tumor. Moreover, tumor specific accumulation of these
nanoparticles can be further enhanced by active targeting. The surface of the nanoparticles is
functionalized by tumor specific ligands that specifically bind to the receptor present
abundantly on the surface of tumor cells, are internalized and release cargo molecules into the
target cells. A large variety of nano-carrier systems has been investigated so far for their
biomedical applications including polymeric nanoparticles, magnetic nanoparticles, solid lipid

nanoparticles, dendrimers, nanowires polymeric micelles, etc. but various drawbacks like high
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cost, toxicity, immunogenicity due to its foreign origin and insolubility in physiological
conditions associated with these nanoparticles hamper their future clinical role.

Amongst several biodegradable nanoparticles, protein based nanoparticles earn wide concern as
they are biodegradable, easy to produce with controllable size distribution (Langer et al., 2003),
lack toxicity and immunogenicity due to its biological origin, biocompatible, ability to hold a
variety of drugs in its hydrophobic pockets, improve the solubility of drugs and enhanced
bioavailability by their controlled release, low cost, enhanced circulation time in vivo and
inherent property of preferential uptake in tumor and inflamed tissue (Bhushan et al., 2014,
Uday Kumar et al, 2013). With the success of food and drug administration (FDA) approved
Abraxane (albumin based drug nano-formulation), alboumin based nanoparticles emerged as a
potential candidate in the field of nanotechnology and cancer therapy (lbrahim et al., 2002,
Miele et al., 2009, Green et al., 2006). Moreover, the presence of charged functional groups
including amino and carboxylic groups offer albumin with various possibilities for surface
modification and interaction with various nanoparticles and drug molecules (Gopinath et al.

2015). These properties make albumin an ideal candidate for drug delivery.

The hydrophobic nature of most of the anticancer drugs including niclosamide possesses a
major hurdle for their use in cancer therapy. Moreover, the organic solvents used to augment
the solubility of these drugs results in severe complications. Like many other drugs numerous
efforts have been made to increase the solubility of niclosamide, but a proper delivery system
has not yet designed to exploit the clinical aspect of this drug. With the implication of
nanotechnological tools, the therapeutic index of nearly all drugs has been enhanced by
improving their solubility and bioavailability to cells (Sahoo et al., 2003, Vasir et al., 2005).
Apart from this, those therapeutic molecules that previously failed in their clinical trials or have
not been yet utilized due to their solubility and toxicity concerns are now being investigated by
preparing their nanoparticulate formulations (Kipp, 2004). Another major problem need to be
addressed in cancer therapy is non-specific distribution and rapid clearance of most of the
therapeutic molecules from the body, which results in the application of high drug dose that
cause severe side effects. With the nanotechnological advancements, the cytotoxicity and
genotoxicity concerns associated with these therapeutic molecules are further reduced by their
efficient targeted delivery which results in the induction of apoptosis at lowest possible
concentrations and thereby providing an alternative mode of cancer therapy.



CHAPTER 1 6

In the plethora of nanomaterials, nanoceria emerged as a potential candidate for antioxidant
therapy, due to its superoxide dismutase (SOD) and catalase mimetic activity, high
biocompatibility and auto-regenerative properties. However, short residence time in body, poor
cellular uptake and poor bioavailability to the cells may narrow down the therapeutic index of
nanoceria. This provokes a need to explore a potential delivery system for nanoceria that
remain stable inside the cells and provide desired steady state level of therapeutic dose that
helps in defending the cells against actively generated ROS over a period of time. Other major
problems associated with such antioxidant system that hamper their future clinical role are poor
water solubility and use of toxic solvents in the synthesis processes. To address these problems,
a variety of systems has been developed, but several drawbacks associated with them such as
toxicity, non degradability, immune response etc. hinder their future clinical applications.
Moreover, the accountability of all such systems remains questionable as antioxidant potential
of these nanoparticles was not tested against in vitro or in vivo models. This provokes a need
for the development of more suitable delivery system for nanoceria in order to endorse its

clinical role.

Objectives
The main objective of the present work is as follows:
% To develop a biocompatible albumin based nanoformulation for delivery of
hydrophobic anticancer drug niclosamide.
% To develop a folic acid conjugated albumin stabilized Ag NPs for tumor-targeted
delivery of Ag NPs.
¢+ To develop albumin based nanoparticles as delivery system for the sustained release of
nanoceria.
¢+ To develop albumin based artificial enzymatic system and to investigate its antioxidant
potential against ROS both in vitro and in vivo.

1.2 Experimental approaches
In order to achieve the above objectives the following investigations were carried out:
» Synthesis of niclosamide and nanoceria encapsulated albumin nanoparticles by
desolvation method.
» Synthesis of albumin coated nanoceria by wet precipitation method.
» Synthesis of albumin stabilized Ag NPs by sodium borohydride (NaBH,) reduction
method, followed by folic acid conjugation to albumin via carboiimide reaction.
» Nanoceria particle synthesized by hydrothermal method.
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Determination of concentration of prepared Ag NPs and nanoceria, their release and
uptake by the cells by inductively coupled plasma mass spectroscopy (ICP-MS).
Physicochemical characterization of prepared nanoparticles by UV-visible
spectrometer, fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
Fluorescence spectrometer, dynamic light scattering (DLS), transmission electron
microscope (TEM), field emission scanning electron microscopy (FE-SEM), atomic
force microscopy (AFM), thermogravimetric/ differential thermal analyzer (TG/DTA).
Determination of drug entrapment efficiency and its release by UV visible spectrometer.
Determination of in vitro stability of nanoparticles by DLS.

Examination of antioxidant potential of nanoceria by SOD assay and photometric study.
Assessment of biocompatibility and therapeutic efficacy by 3-[4,5-dimethylthiozol- 2-
yl]-2,5 diphenyltetrazolium bromide (MTT assay).

Observation of apoptotic cell morphology by FE-SEM, acridine orange/ethidium
bromide (AO/EB) and Rhodamine B (Rho B)/ Hoechst 33342 staining.

Qualitative assessment of nanoparticles uptake by fluorescence microscopy, TEM and
FE-SEM equipped with energy dispersive X-ray detector (EDX).

Intracellular ROS assessment and cell cycle analysis by flow cytometer.

Involvement of various apoptotic and antioxidant signaling genes by semi-quantitative

reverse transcriptase-polymerase chain reaction (RT-PCR).

1.3 Significance and salient features of the present study

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

A water soluble formulation of hydrophobic anti-cancer drug, niclosamide has been
synthesized in order to facilitate its uptake by cancer cells.

A protein based system has been realized for the first time to deliver niclosamide for
cancer therapy; such protein based drug delivery system renders a scope for future
clinical application.

Formation of spherical, highly monodispersed and stable nanoparticles with improved
sustained release of niclosamide in aqueous environment.

BSA stabilized Ag NPs (BSA-Ag NPs) was synthesized and further conjugated with
folic acid (FA) to aid its uptake by FR (+) cancer cells such as MCF-7 cells.

A folate conjugated albumin stabilized Ag NPs overcomes various cytotoxicity and
genotoxicity associated with Ag NPs by reducing the effective therapeutic concentration

by enhancing their uptake.
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e An antioxidant enzyme mimetic highly biocompatible water redispered albumin coated
nanoceria particles has been synthesized in order to ease its uptake by the cells, as
assessed quantitatively and qualitatively by various techniques.

e A water soluble formulation of artificial redox enzyme, nanoceria encapsulated albumin
nanoparticles has been synthesized in order to facilitate its sustained release over a
period of time.

e A protein based system has been realized for the first time for the synthesis and
controlled delivery of nanoceria for intracellular ROS abatement.

e The antioxidant potential of aloumin based nanoceria system has been confirmed by
antioxidant and SOD assay.

e The therapeutic efficacy of BSA-Nic NPs and FA-BSA-Ag NPs has been validated
against A549 and MCF-7 cells.

e Efficient induction of apoptosis was corroborated by ROS determination, cell cycle,
morphological and nuclear analysis followed by gene expression analysis.

e The ROS scavenging potential of ANC was assessed in vitro against human lung
epithelial cells and in vivo on zebrafish (Danio rerio). Further, the efficient preservation
of the cell’s antioxidant defense system and protection against the oxidant-mediated

apoptosis was corroborated by gene expression analysis.

1.4 Organization of thesis

This thesis is organized into eight chapters. The literature review on cancer, albumin
nanoparticles, anticancer drug niclosamide and their mode of action, metal based nanoparticles
mainly Ag NPs and nanoceria are discussed in Chapter 2. The experimental techniques
followed in the present study are elaborated in Chapter 3. The synthesis and characterization of
niclosamide encapsulated albumin nanoparticles and their therapeutic potential is presented in
Chapter 4. Chapter 5 elaborates the preparation of folate modified albumin stabilized Ag NPs
and their ability to induce apoptosis at much lower concentration. The ROS scavenging
potential of nanoceria encapsulated alboumin nanoparticles are investigated in Chapter 6. While,
Chapter 7 demonstrates the antioxidant potential of albumin coated nanoparticles to protect the
human lung epithelial cells (L-132) and zebrafish embryos from oxidative stress. Finally, the

conclusions and scope of future work of present study is mentioned in Chapter 8.



LITERATURE REVIEW

This Chapter gives a brief introduction on the pro and cons associated with cancer and
antioxidant therapy. The potential of protein based nanoparticles in particular albumin
nanoparticles, anticancer drug niclosamide, silver nanoparticles and nanoceria have
been discussed in detailed.
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CHAPTER 2

LITERATURE REVIEW

2.1 Cancer

Cancer is a group of diseases responsible for millions of deaths, typified by the uncontrolled
growth and spread of abnormal cells. Cancer is mainly caused by external factors including
unhealthy diet, tobacco and infectious organism, and internal factors including hormones,
immune conditions and inherited genetic mutations. Present major treatments include

chemotherapy, radiation, surgery, immune therapy, hormone therapy.

In current scenario, there is rapid surge in number of cancer cases as result of growth and aging
of the population, overweight, changing reproductive patterns associated changing life style,
smoking and physical inactivity is putting an enormous burden on under developed and
developing countries like India. According to GLOBOCAN estimates around 14.1 million new
cases and 8.2 million deaths happens worldwide in 2012 as shown in Figure 2.1. Lung and
breast cancer are among the four most common cancers occurring worldwide including bowel
and prostate cancer. Lung cancer is responsible for more deaths as compared to other cancer in
both male and female. Among males lung cancer is the most frequently diagnosed cancer,
which account for 13 % of total diagnosed cancers and is leading cause of cancer death in 2012,
around 221,200 new lung cancer cases and 158,040 deaths are expected in 2015. In female,
lung cancer is leading cause of cancer deaths in developed countries, while in less developed
countries it is the second most leading cause of cancer death. Breast cancer among females is
the most recurrently diagnosed cancer and the leading cause of cancer death worldwide with
1.7 million cases and 521,900 deaths in 2012. Among females breast cancer alone account for
25 % of all cases and 15 % of all cancer deaths. (Torre et al., 2015, Siegel et al., 2015,

www.cancerresearchuk.org, http://globocan.iarc.fr/Pages/fact_sheets cancer.aspx,).
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Figure 2.1 Global cancer statistics according to GLOBOCAN estimates. (www.cruk.org/cancerstats)

2.2 Conventional therapies for cancer

The conventional strategies employed for cancer treatment includes chemotherapy, radiation,
surgery or combination of these strategies. Apart from them hormone therapy and
immunotherapy has been also applied for some type of tumor (Miller et al., 1981). Surgery is
one of the best tools to fight against cancer especially in case of non metastasized solid tumors,
followed by radiation therapy which utilized the high energy waves (radiation) or particles
beams such as gamma rays, X-rays, neutrons or pi-mesons for cancer therapy (Israel, 1978).
These radiation ionize the major component of the cell such as DNA/RNA, protein etc. and
hamper its biological activity, thus results in cell cycle arrest or cell death. These radiations are
found to be more lethal for cancer cells as compare to normal cells because cancer cell are more
unstable and their cellular repair mechanism is not efficient like normal cells which make it
more vulnerable to radiation. However, the major drawback associated with radiotherapy is its

inability to treat only cancer cells without affecting the surrounding normal tissues.

Chemotherapy is utilized for metastasized cancer, where surgery and radiation therapy is found
to be ineffective. The therapeutic molecules utilized in chemotherapy act by hindering the
process of cell division. However, they face the same challenge like radiation therapy due to its

unspecific nature and inability to differentiate between normal and cancer cells.

Apart from them hormone therapy or androgen suppression therapy or androgen deprivation
therapy are also utilized for the prevention of hormone dependent cancers such as prostrate or
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breast cancer by lowering androgen level that results in tumor growth suppression and
reduction of tumor volume (Vrbanec et al., 1998, Torri et al., 2005). While photodynamic
therapy (PDT) act by the activation of photosensitizer by the non-toxic infrared light, which
result in the formation of highly reactive singlet oxygen that cause the cancer cells to undergo
apoptosis or necrosis (Chen et al., 1996 and 1997, D'Cruz et al., 2004, Dolmans et al., 2003).
However, such therapy is applicable for superficial tumors such as head and neck cancer,

melanomas because of the limited penetration ability of light source.

Recently, immunotherapy or biologic therapy has been emerged as a promising tool for the
treatment of cancer that affects immune system such as lymphoma and leukemia.
Immunotherapy aim to arouse the immune system of the body by the administration of
monoclonal antibodies or cytokines such as colony-stimulating factor (CSFs), Interferon-alfa
(INF-0) and interleukin-2 (IL-2) (Rosenberg, 1999). Cytokine conjugate with the cancer cell
and facilitate its removal by making it recognizable to other immune cells, while monoclonal
antibodies covalently conjugated with radioactive chemical specifically target the cancer cell
and inhibit their growth (Weiner, 1999).

2.3 Nanoparticles in cancer therapy

A variety of nanomaterials has been extensively explored for their role in various biomedical
applications such as drug delivery, bio-imaging, tissue engineering, bio-sensing, antibacterial
materials etc. (Maehashi et al., 2007, Uday kumar et al., 2014, Kerman et al., 2008, Sachdev et
al., 2013, Kadam et al., 2013, Matai et al., 2014, Randall et al., 2011, Dubey et al., 20153,
Okuno et al., 2008). Among them, field of drug delivery has been revolutionized with the
advent of nanoparticles based carrier systems as outlined in Figure 2.2. These nanocarriers
provide protection of cargo molecule from degradation; enhance the absorption of cargo
molecule by facilitating cellular uptake, altering the drug distribution and pharmacokinetic
profile of drug. Moreover, by amending the composition and surface properties of these
nanocarriers a better therapeutic efficacy could be achieved. (Suri et al., 2007, Roco 2003,
Torchilin 2008, Natarajan et at., 2014). Moreover, the enhanced physiological stability and
ability of these nanoparticles to withstand physiological stress make them a potential candidate
as compared to other delivery system (Sahoo et al., 2008, Couvreur et al., 2006). A large
variety of nanoparticulate systems has been designed and investigated so far by utilizing the
traditional synthetic polymer such as poly(cyano acrylate) (Diepold et al., 1989), poly(lactic-
coglycolic acid) (PLGA) and poly(lactid acid) (PLA) (Park et al., 2009b) for drug delivery and

cellular uptake studies (Couvreur et al., 1979). Moreover, polyelectrolytes such as
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poly(ethylenimine) (PEI) revealed their tremendous potential in the field of gene delivery
(Gharwan et al., 2003). Apart from them, a vast variety of nanoparticulate system based on
natural polysaccharides such as chitosan, starch, dextran, 3-cyclodextrin, Pullulan etc. has been
investigated for their role in the delivery of cytotoxic agent, gene, imaging probe etc. (Liu et
al., 2008, Snima et al., 2012 and 2014, Anitha et al., 2013, Lakshmanan et al., 2011). Metal
nanoparticles represent another class of nanocarriers that have been screened in this campaign
due to their potential in cancer diagnosis and therapy (Brown et al., 2010, Smith et al., 2010,
Choi et al., 2008, Konwarh et al., 2009, Snima et at., 2013). Similarly, lipid based nanoparticles
has been utilized mostly for gene delivery as lipoplexes and for various parental applications as
solid lipid nanoparticles (SLP) (Koh et al., 2010, Joshi et al., 2009). But these nanoparticles
come out with their own limitation which restricts their further use in biomedical applications.

This provokes the researchers to develop nanostructured materials that overcome these hurdles.
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Figure 2.2 Nanoparticle based systems for biomedical applications.
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2.4 Protein based nanoparticles

In recent years, protein based nanoparticles have gain remarkable interest due to its unique
functionalities and probable applications in the field of nanotechnology and nanomedicine. A
vast variety of nanoparticulate systems have been developed based on proteins such as
Albumin (e.g. bovine serum albumin (BSA), human serum albumin (HSA) and ovalbumin),
Gelatin, apotransferrin, lactoferrin, fibrinogen, ferritin, heat shock protein (Hsp), viral
nanoparticles such as cowpea chlorotic mottle virus (CCMV), cowpea mosaic virus (CPMV),
sendai viral envelopes, Lectin, Collagen, Milk Proteins (e.g. casein, whey proteins), Silk
Proteins, Elastin, Zein, Gliadin, Soy proteins etc. (Gopinath et al. 2015, Bhushan et al. 2014,
Elzoghby et al. 2011, 2012 a and b, 2013, Khan et al., 2013, Rejinold et al., 2010, 2013, 2014
and 2015, Kumar et al., 2015, Jana et al., 2002, Ramani et al., 1997 and 1998, Tiwari et al.,
2012, Qi et al., 2012). Biomacromolecule protein overcomes various limitations of
conventional therapy such as poor solubility of drug, greater storage stability, poor
bioavailability and therapeutic efficacy of drug. These protein based system have inherent
property of preferential uptake in tumor and inflamed tissue, lack of toxicity and
immunogenicity and biodegradability. The amphiphilic nature of the proteins allows them to
interact with both the nanoparticles and the surrounding solvent system. The presence of
functionally charged groups including amino and carboxylic groups offer albumin with various
possibilities for surface modification and interaction with various nanoparticles and drug
molecules. These properties make protein an ideal delivery system (Bhushan et al., 2014, Uday
Kumar et al., 2013, Gopinath et al., 2015)

2.5 Albumin nanoparticles

During last few decade albumin based nanoparticles have been explored for their clinical
applications because of its low cost, high availability, easy purification, better drug-loading
capacity and its implication in medicine but major breakthrough came with the development of
FDA approved paclitaxel-albumin nanoparticles (Abraxane, an example of nanometer
albumin-bound technology (nab™)) for the treatment of metastatic breast cancer and advanced
non-small-cell lung cancer (Ibrahim et al., 2002, Miele et al., 2009, Green et al., 2006). Since
then there are around seven albumin based drugs or imaging agents in market and around ten
such products are under clinical trials for various applications including oncology, diabetes,
hepatitis C and rheumatoid arthritis (Ren et al., 2013).That augmented the interest in the use of
BSA as nanocarrier for biomedical applications (Rahimnejad et al., 2006).
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Albumin is the most copious plasma protein constituting more than half of the human plasma
protein with a molecular weight of 66.5 kDa, which is stable over a wide range of pH from 4-9,
and remain thermally stable when heated at 60 °C for up to 10 h without deleterious effects
(Neumann et al., 2010, Kratz, 2008). These plasma proteins constitute a crucial components in
various biological processes such as maintaining colloidal osmotic pressure, delivery of
nutrients to cells, balancing plasma pH and solubilizing long chain fatty acids. Moreover, the
unique ligand-delivery property of serum albumin impart enhanced solubility for serum
albumin conjugated hydrophobic drugs in plasma and help in improving pharmacokinetic

property of drug molecules in biological environment.

Until now, a large number of techniques are implied for the preparation of albumin
nanoparticles, some of the notable techniques are mentioned here:

Desolvation or coacervation method: It is one of the most widely used methods for the
preparation of aloumin nanoparticles by continuous drop wise addition of desolvating agent i.e.
ethanol under continuous stirring to the aqueous solution of albumin until solution appears
turbid. With increase in ethanol content albumin particles get phase separated as a result of
decrease in their water solubility. The particles formed are not stable and readily redissolve in
water. (Langer et al., 2003, Weber et al., 2000, Li et al., 2001). In order to increase their
stability cross-linking agent i.e. glutaraldehyde is added, which results in the crosslinking
between the amino groups in albumin and aldehyde group of glutaraldehyde (Meziani et al.,
2003, Merodio et al., 2001). A large number of drug encapsulated albumin nanoparticles have
been prepared so far as listed in Table 2.1. Apart from this Lin et al. use methyl polyethylene
glycol modified oxidized dextran (Dextranox-MPEG) as crosslinking agent instead of
glutaraldehyde (Lin et al., 1994).

Emulsification method: In emulsification method thermal and chemical treatment are used for
albumin stabilization. (Patil et al., 2003, Sundar et al., 2010) Thermal treatment are used to
stabilize albumin nanoparticles prepared by homogenizing the albumin droplets containing oil
phase (e.g. cotton seed oil, castor oil) by heating at high speed magnetic stirring (Jahanshahi et
al., 2008, Yang et al., 2007). The cooled mixture was then mixed with ethyl ether to facilitate
their separation through centrifugation by reducing the oil viscosity. While in chemical
treatment, emulsified aqueous albumin solution in oil phase was denatured by adding an
organic (e.g. ether, cyclohexane) solution containing crosslinking agent such as formaldehyde,
glutaraldehyde or 2,3-butadiene (Sundar et al., 2010, Jahanshahi et al., 2008, Reis et al., 2006,
Crisante et al., 2009).
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Thermal gelation: In thermal gelation method, heat induced unfolding of protein took place
followed by protein-protein interaction such as hydrophobic, electrostatic, disulphide-
sulfydryl interaction and hydrogen bonding (Yu et al., 2006, Qi et al., 2010, Bronich et al.,
2005).

Nano spray drying method: A vibrating mesh technology was used containing a spray cap that
has thin spray mesh (perforated membrane with micron size holes) incorporated with
piezoelectric crystal driven spray head. The mesh starts vibrating up and down at ultrasonic
frequency by the piezoelectric actuator resulting in the formation of aerosol containing millions
of precise sized droplets. (Lee et al., 2011). An electrostatic particle collector is used to collect

the oppositely charged particles.

Nab-technology (nanoparticle albumin-bound technology): This novel technique was
developed by American Bioscience, Inc. for preparing a hydrophobic drugs loaded albumin
nanoparticles by passing through the mixture of albumin and drug molecules under high
pressure through a jet. (Desai, 2007, Cortes et al., 2010). FDA approved Abraxane® (nab-
paclitaxel;paclitaxel-aloumin nanoparticle) is a landmark of this technology. Currently many
other nab drugs are under investigation including ABI-009 (nabrapamycin) and ABI-008 (nab-
docetaxel) (Desai, 2007).

2.6 Anticancer drug — niclosamide and its modes of actions

Around 50 years, niclosamide ((5-chloro-N-2-chloro-4-nitrophenyl)-2 hydroxy benzamide) has
been used as an oral antihelminthic drug against various tapeworm infections. Apart from this
niclosamide has also been utilized as molluscicide for schistosomiasis control in water
treatment programs. The niclosamide acts by inhibiting the anaerobic adenosine triphosphate
(ATP) production and mitochondrial oxidative phosphorylation (Weinbach et al., 1969). In last
decade, niclosamide emerged as a potential candidate for cancer therapy, demonstrating its
antiproliferative activity against a various cancer cells including solid tumor cells (such as
prostate cancer, brain cancer, breast cancer, colon cancer and lung cancer) and hematologic
cancer cells (such a acute myeloid leukemia, (AML)) (Wieland et al., 2013, Jin et al., 2010,
Sack et al., 2011, Wang et al., 2013, Ren et al., 2010, Lu et al., 2011). Moreover, it also
demonstrates an effective antitumor activity in xenograft nude mouse models (Jin et al., 2010,
Osada et al., 2011). The mechanism of action of niclosamide is not fully understood, but recent
study suggests that its acts on multiple signalling pathways as shown in Figure 2.3, thus helps

in overcoming the challenges associated with conventional chemotherapy such as drug
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resistance and relapse, providing it an edge over other anticancer drug molecules. Further,
niclosamide appear as an impressive agent for combination therapy, it shows both synergistic
effect and additive antiproliferative activity in combination with other chemotherapeutic agents
such as daunorubicin, cytarabine, oxaliplatin, and etoposide against AML and colorectal cancer
cell lines (Jin et al., 2010, Osada et al., 2011). Apart from this, niclosamide demonstrate
minimal effect against normal cells such as peripheral blood mononuclear cells and mammary
epithelial cells (MCF10A) (Osada et al., 2011).

Recently, Sack et al. demonstrated that the niclosamide inhibit the cancer cell metastasis and
migration in S100A4 (a 11kDa, calcium binding protein responsible for metastasis in colon
cancer) over expressing cells (Sack et al., 2011, Grum-Sc hwensen et al., 2005). In colon cancer
cells (HCT116), cell migration reduces to less than 50 % as compared to control cells on
niclosamide treatment as measured by scratch wound healing assays and matrigel covered
Boyden chamber. Similarly, S100A4 induced metastasis inhibition was also found in colon

cancer xenograft mouse model.

Modes of actions of niclosamide:

NF-«B pathway- NF-xB, a transcriptional factor responsible for the tumorigenesis,
angiogenesis and cancer growth. Niclosamide inhibit translocation of p65, TNFa-induce IkBa
phosphorylation and expression of NF-kB regulated genes responsible for the antileukemic
activity (Jin et al., 2010).

ROS generation- Like many other chemotherapeutic agents, niclosamide was also found to
induce ~ 20 fold ROS elevation in AML cells. Thus, suggesting their ROS mediated Killing of
tumor (Jin et al., 2010).

Wnt/p- catenin pathway- This signalling pathway plays an important role in maintaining tissue
homeostasis, embryonic development and tumorigenesis (Kumar et al., 2010). Recently,
reported that niclosamide inhibit B-catenin/ TCF transcription activating complex, B-catenin
stabilization, upregulated endorsed Frizzledl internalization, and down-regulated Dishevelled 2

protein expression (Osada et al., 2011).

Notch pathway- This signalling pathway takes part in various cellular processes such as

apoptosis, differentiation, proliferation, maintenance and cell fate decision. Wang et al.
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demonstrate that niclosamide acts by suppressing the luciferase activity of CBFldependent

reporter gene in K562 leukemia cells (Wang et al., 2009).

Stat 3 pathway- signal transducers and activators of transcription (STATSs), a class of
transcriptional factors that play key role in cell proliferation, angiogenesis, immune responses
and cell survival (Pakala et al., 2013). Ren et al. demonstrated that the niclosamide specifically
inhibit activation, transactivation, nuclear translocation and transcriptional activity of Stat 3 as
compare to Stat 1 and Stat 5 (Ren et al., 2010).

mTORC1 pathway — mTORC1, a protein complex made up of serine/ threonine kinase mTOR,
which play significant role in protein synthesis. Balgi et al. reported that niclosamide inhibit the
mTORC1 signaling, protein ubiquitination and increase the autophagosome formation and thus

induce autophagy (Balgi et al., 2009).
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Figure 2.3 Molecular targets of anticancer drug niclosamide.

However, despite its promising anti-cancer properties like many other drugs niclosamide suffer
serious drawback due to its extremely low solubility in water (solubility as low as 230 ng/mL in
water) (O’ Neil et al., 2001) and most organic solvent leading to their reduced bioavailability

to cell that limits its clinical efficacy. To address these problems, efforts have been made in
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recent past for mounting the aqueous dispersion or solubility of niclosamide (Dai et al., 2008,
Yang et al., 2005, Kenawy et al., 2004, Devarakonda et al., 2005). But such systems were not
designed keeping in mind their clinical aspects; therefore the biocompatibility and biotoxicity
of such systems remained questionable. So far, for in vitro or in vivo studies, niclosamide was
dissolved in organic solvents such as dimethyl sulfoxide (DMSO) or cremophore and later
mixed with phosphate buffer saline (PBS) but implication of such organic solvent on biological

systems lead to severe complications (Sack et al., 2011, Hanslick et al., 2009).

2.7 Artificial nanozyme

The term “artificial enzyme” was coined by Ronald Breslow for the materials that have enzyme
mimetic properties (Breslow et al., 1970). A variety of materials including metal complexes,
polymers, porphyrins, cyclodextrin and biological macromolecules such as catalytic antibodies,
nucleic acid etc had been extensively studied for their enzyme mimetic properties (Wei et al.,
2013, Lu et al.,, 2009, Pollack et al., 1986). In last few decades, nanomaterials including
fullerene derivatives, rare earth nanoparticles, gold nanoparticles and ferromagnetic
nanoparticles (Wang et al., 2012, Fan et al., 2012, Vernekar et al., 2014, Wei et al., 2008,
Dugan et al., 1997, Ali et al., 2004, Chen et al., 2006) showed exceptional enzyme mimetic
activity. Thus, results in the development of nanozymes, nanomaterials based enzyme mimetic
system for various applications such as biosensing, cancer therapy, immunoassay, pollutant
removal etc. The term “nanozyme” was first coined by Scrimin and co-worker for ribonuclease
mimetic gold nanocluster (Manea et al., 2004). The various advantages and limitations

associated with these nanozyme are shown in Figure 2.4.

Disadvantages

o ] Advantages
- catalyse limited types of reactions

« less efficient

- low specificity and selectivity

= difficult to synthesize reaction specific = low cost of production
nanozyme = easily synthesize and recover

- high operational stability

* resistant against external conditions
- possibility of surface modifications
= no storage problems

Figure 2.4 Advantages and disadvantages associated with nanozymes.
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2.7.1 Nanoceria

In recent years, catalytic nanoparticles emerged as a promising candidate overruling the
drawbacks associated with natural enzymes including high cost of production, easy
denaturation and storage problems. Among them nanoceria shows tremendous potential to be
used as artificial enzymatic system due to its antioxidant enzyme mimetic activity, high
biocompatibility, regenerative or autocatalytic property, high stability, low cost of production
and no storage problems (Pagliari et al., 2012, Jiao et al., 2012, Das et al., 2007, Wei et al.,
2013, Korsvik et al., 2007). The therapeutic potential of nanoceria has been corroborated in a
surfeit of human cell lines and animal models to defend the cells against oxidative stress,
radiation induced damage, laser induced retinal damage, spinal injury, cardiovascular
myopathy and other inflammatory diseases (Das et al., 2007, Wei et al., 2013, Korsvik et al.,
2007, Tarnuzzer et al., 2005, Heckert et al., 2008, Niu et al., 2007, Silva, 2006, Colon et al.,
2010, Park et al., 2000, McGinnis et al., 1999, Yu et al., 2009, Baran, 2008, Hirst et al., 2009).
The antioxidant activity or free radical scavenging capabilities of nanoceria lies in the ability to
have oxygen defect and mixed valency i.e. oxidized (+4) and reduced (+3) oxidation state
imparting them with SOD (catalyzes the superoxide radical anion dismutation in living cells
(Wei et al., 2013, Korsvik et al., 2007, Tarnuzzer et al., 2005)) and catalase (capability to
decompose H20. to O. and H20 (Wei et al., 2013, Heckert et al., 2008)) enzyme mimetic
activity (Korsvik et al., 2007, Heckert et al., 2008). Seal and co-workers depicts that higher the
Ce**/Ce** ratio in nanoceria better will be its SOD like activity, while Self and co-workers
found that lower the Ce®**/Ce** ratio in nanoceria better will be its catalase like activity (Heckert
et al., 2008, Pirmohamed et al., 2010, Korsvik et al., 2007) Further, the kinetic measurement
reveals that the nanoceria having a size range from 3-5 nm showed efficent SOD mimetic
activity, even better than native CuzZn SOD (Korsvik et al., 2007). Moreover, Seal and co-
workers demonstrated the protective role of vacancy engineered nanoceria for normal cells
from radiation induced damage. However, nanoceria does not protect the tumor cells, which
might be due to the more loosely packed chromatin in tumor as compared to normal cells which
resulted in the exposure of more bases for free radical attack (Tarnuzzer et al., 2005). Recent
Pagliari et al., 2012 demonstrate that the nanoceria protect the cardiac progenitor cells (CPCs)
from H20> induced ROS for one week. Apart from them the presence of mixed valency and
oxygen defect in nanoceria also impart them with the ability to be utilized in other redox active
processes for instance promote stem cell growth, anti-inflammatory effect and neuro-

protection.
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But still a lot of unresolved challenges are required to be addressed including poor solubility,
short retention time and use of harmful chemicals in production, for the complete exploitation
of nanoceria in the field of antioxidant therapies. In order to address these problems nanoceria
has been coated with variety of materials including dextran, starch, chitosan, polyethylene
glycol (PEG) and glucose (Perez et al., 2008, Zhai et al., 2013, Darroudi et al., 2014, Karakoti
et al., 2009, Karakoti et al., 2007). However, there still a long way ahead to explore the

antioxidant potential of nanoceria in clinical applications.

2.8 Metal based nanoparticles

In the recent years, metal based nanoparticles have shown their tremendous potential for
biomedical applications. In particular, gold, silver, silica rare earth metal, and iron oxide based
nanoparticles are widely used for cancer therapeutic and bio-imaging applications (Uday
Kumar et al., 2013).

2.8.1 Silver nanoparticles

In recent years, silver nanoparticles found tremendous applications in the household and
consumer products such as antiseptic spray, food packaging (Edwards-Jones, 2009), water
purification (Gangadharan et al., 2010), and in sunscreen cream and other cosmetic items

(www.nanotechproject.org) etc. due to its broad spectrum antibacterial activity. The broad

spectrum antimicrobial activity of silver ions lies in their ability to obstruct the respiratory
enzyme pathways, alter microbial cell wall and DNA, inhibit protein synthesis and elevate ROS
as shown in Figure 2.5 (Dubey et al., 2015 b). With the development of FDA approved
Acticoat (Ag NPs based wound dressing bandage) similar composites are of tremendous
interest among the scientific community (Mazurak et al., 2007). Since then Ag NPs have been
extensively studied either alone or in composites form for their antibacterial potential (Biswas
et al., 2014, Nair et al., 2011, Sudheesh kumar et al., 2010). In order to investigate the
antimicrobial activities of Ag NPs, Gogoi et al., 2006 used green fluorescent protein (GFP)
expressing recombinant Escherichia coli (rGFP E. coli) bacteria as a model system. Recently,
our group developed a porous and stable nanofiber scaffold composed of polymeric blend
poly(ethylene oxide) (PEO) and polycaprolactone (PCL) incorporated with silver nanoparticle
(Ag NPs) for antibacterial wound dressings applications. The prepared nanofiber scaffold
demonstrates a potential antibacterial activity against rGFP expressing antibiotic-resistant
E.coli (Dubey et al., 2015a). Moreover, Matai et al., 2014 synthesized microwave assisted

silver—zinc oxide (Ag-ZnQO) nanocomposites which demonstrated broad-spectrum antibacterial
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activity against both Gram-negative (rGFP E.coli) and Gram-positive bacteria (Staphylococcus

aureus).

The therapeutic potential of these nanoparticles was also investigated in vitro and in vivo model
system. The cytotoxicity of these nanoparticles depends on their shape, size, surface chemistry,
etc., as spherical silver nanoparticles and microparticles are almost non-toxic to human alveolar

epithelial cells, while silver wires shows strong cytotoxicity against it (Stoehr et al., 2011).
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Figure 2.5 Bactericidal action of silver nanoparticles.

Gopinath et al., 2010 studied the effect of silver nanoparticles on cellular gene expression in
baby hamster kidney cells (BHK21) and human colon adenocarcinoma cells (HT29). The
results depict that like most of other chemotherapeutic drugs, Ag NPs also induced p53-
mediated apoptotic pathway, thus suggesting their future role for biomedical and
pharmaceutical applications. Moreover, Gopinath et al., 2008 also studied the role of Ag NPs in
combination therapy. The Ag NPs in combination with gene therapy demonstrate a synergistic
effect. A uracil phosphoribosyl transferase (UPRT) expression system and non UPRT
expressing cell was used that depict a synergistic effect on apoptosis on treating the cells with
Ag NPs in combination with 5 FU. Later, Matai et al., 2015 developed a poly(amidoamine)
(PAMAM) dendrimer based multicomponent delivery system for cancer therapy. A Generation
5 (G5) PAMAM dendrimer stabilized Ag NPs were co-delivered with anticancer drug 5-FU,
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results showed their synergistic antiproliferative effect and also induce p53 and caspase

signalling gene cascade mediated apoptosis in A549 and MCF-7 cells.

Thus, previous studies by our group corroborates that apart from disturbing the membrane
integrity and normal function of the cells, Ag NPs by themselves or in combination with other
therapeutic agents successfully induce apoptosis in  various human cancer cells. The
therapeutic potential of Ag NPs lies in their ability to augment the ROS generation and activate
mitochondria dependent apoptosis (Hsin et al., 2008). However, major drawbacks associated
with Ag NPs such as genotoxicity and DNA damaging capability hindered their therapeutic
applications (Asharani et al., 2008 and 2009). This provokes a need to develop a safe and
effective system for efficient delivery of Ag NPs with enhanced therapeutic efficacy at lowest
possible Ag NPs concentrations and thereby provide an alternative mode of cancer therapy.

2.9 Tumour targeting

One of the major problems associated with most of the anticancer drugs and other therapeutic
molecules is widespread distribution and rapid elimination of drug from the patient’s body that
lead to implication of higher drug dose, which results in severe side effects (Luo et al., 2012).
In order to overcome such complications and to enhance the tumor selectivity, a nanoparticle

relies on two strategies namely (Figure 2.6):

Passive targeting: In passive targeting nanoparticles exploits the physical properties of tumor
tissues mainly enhanced permeability and retention (EPR) effect and rely on the natural
distribution pattern of nanoparticles such as passive diffusion and phagocytosis processes in
order to achieve selective accumulation of nanoparticles at the targeted tumor site (Poste et al.,
1983). In EPR effect hyperpermeability is created as a result of disorganized angiogenic
vasculature with leaky membrane for circulating nanoparticles and macromolecules. Due to
which, tumor tissue gets more nutrient as compare to normal tissue resulted in the rapid growth
of tumor (Konan et al., 2002). Moreover, large molecular weight drugs (more than 40 kDa) get
retained in the interstitium owing to lack of intratumoral lymphatic drainage, thus results in
enhanced tumor targeting (10-100 folds) as compared to small molecular weight drug (Duncan
et al., 2005). The advantages associated with passive targeting include low cost and ease of
manufacturing. However, in case of metastatic carcinoma or early stage tumor where size of the
tumor is too small, the passive targeting is found to be inappropriate. Moreover, it is found to

be less selective than active targeting.
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Active targeting: In certain tumor cells which have special gene expression, the active targeting
is found to be more specific. The active targeting is achieved by attaching a biorecognition
moiety to the nanoparticles such as aptamers (Farokhzad et al., 2004), small molecule
(Weissleder et al., 2005), proteins (Chan, et al., 1998), antibody fragments (Qian et al., 2008),
peptides (Cai et al., 2006), antibodies (Bose et al., 2005, 2006 a and b, Jiang et al., 2008) etc.
But high cost and tedious conjugation process associated with these targeting moieties, promote
the use of nutrients such as folic acid and glucose coated nanoparticles, which are easily taken
up by the growing cancer cells in order to support their heightened metabolism.
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Figure 2.6 Passive and active targeting strategies of nanoparticles for cancer therapy.

2.9.1 Folate receptor mediated targeting

The current conventional therapies have many unresolved challenges including non specific
accumulation of the therapeutic molecules which results in reduce therapeutic efficacy, higher
toxicity to neighbouring tissues and limits the maximum dose availability (Wang et al., 2011).
These drawbacks need to be addressed in order to develop an efficient tumor targeted
therapeutic system for cancer therapy. Until now, researchers have exploited the natural
endocytosis pathways for the efficient delivery of therapeutic agents into the cells (Gabizon et
al., 1999). A vast variety of cancer specific ligands have been explored so far for the enhanced
delivery and retention of therapeutic molecules inside the tumor tissue (Lu et al., 2002). Among

them folate and their conjugates shows tremendous affinity towards the folate binding protein
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i.e. folate receptor became a confirmed target for non-destructive cancer specific delivery of
therapeutic molecules (Leamon et al., 1991, Sudimack et al., 2000). Folic acid, a natural ligand
for FR is a vital dietary vitamin (vitamin B9) required for the DNA biosynthesis, cell
proliferation and metabolism (Lu et al., 2002). The FR is present specifically in abundance on
the surface of variety of cancer cells including ovary, breast, kidney, myeloid and brain cells as
compared to normal tissues (Lee et al., 1995, Paulos et al., 2004). Moreover, the high binding
affinity towards FR, small size (441.39 g/mol), non immunogenic, high stability, ease of
attachment, low cost, high availability, high compatibility with organic solvents used in the
synthesis process and high tumor specificity make it an ideal candidate for drug delivery
(Leamon et al., 2004, Shen et al., 2011). To date a large number of macromolecules including
albumin have been successfully conjugated with the carboxylic group of FA without altering its
targeting capability and thereby enhancing the drug delivery in FR-positive cancer cells (Lee et
al., 2003, Wang et al., 2011, Lee et al., 1994, Zhao et al., 2010, Rollett et al., 2012, Martinez et
al., 2014).

The carboxylic group of folic acid is covalently conjugated with the amino group of albumin
nanoparticles by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/ N-hydroxy
succinimide (NHS) coupling technique (Shen et al., 2011). The uptake of fluorescein
isothiocyanate (FITC) labeled folate-conjugated BSA nanoparticles by SKOV3 cells (human
ovarian cancer cell line) was inhibited in presence of excess free folic acid, suggesting the
folate receptor mediated binding and uptake of albumin nanoparticles (Zhang et al., 2004,
Leamon, 2008, Parker et al., 2005). Further, Turek et al., 1993 demonstrated that the folic acid
conjugated protein bind to the folate binding protein (FBP) present on the cell membrane and
were later internalized via endocytosis, with no change in the catalytic activity of protein.
Further, sub cellular localization of protein folic acid conjugates was studied by using folic
acid-bovine serum albumin-colloidal gold (F-BSA-CG) as a tracer in human nasopharyngeal
carcinoma cells (KB cells). During initial 15-60 min, these conjugates stayed in multivesicular
bodies (MVBs) and other tubular endosomes after being taken up through caveolae or uncoated
pits. After 6 h, some of the conjugates were found free in the cytoplasm and in the secondary

lysosomes, while rest of the conjugates remain in the MVBs.

A large number of drugs including paclitaxel (Zhao et al., 2010), mitoxantrone (Zhang et al.,
2010), doxorubicin (Shen et al., 2011), epigallocatechin-3-gallate (Zu et al., 2009), cisplatin
(Chen et al., 2010), vinblastine sulfate (Zu et al., 2009) and bexarotene (Qi et al., 2014) loaded

folate modified albumin nanoparticles has been successfully developed so far. Recently, many
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folic acid modified BSA conjugated nanoparticles were developed for cancer imaging and
therapy. Lin et al., 2013 demonstrated a biomimetic synthesis of BSA-conjugated gold
nanocomplexes, which on conjugation with folic acid showed specific targeting dual-modality
dark-field and fluorescence imaging on MGC803 gastric cancer cells. Similarly, Meng et al.,
2011 developed a folic acid conjugated BSA-coated CdTe/ ZnS quantum dots (BSA-QDs) for
cancer diagnosis. About three times higher cellular uptake than BSA-QDs was observed in FR-
positive KB cells, which was suppressed on pre-treating the cells with excess folic acid,
confirming the FA mediated uptake enhancement.

Recently, tumor targeted multifunctional supermagnetic FesO4 nanocrystals loaded folic acid
conjugated dextran BSA nanoparticles (FesOs/BSA-DEX-FA) was prepared by thermal
gelation method for tumor diagnosis and therapy. Later, doxorubicin was loaded in
Fe304/BSA-DEX-FA by diffusion process, resulted in the formation of highly biocompatible,
stable nanoparticles with enhanced tumor inhibition efficiency in H22 tumor-bearing mice and
enhanced tumor MRI in KB tumor-bearing mice (Hao et al., 2014). Similarly, multifunctional
nanoparticles were prepared by protecting the surface of the doxorubicin loading a highly
fluorescent carbon dots (C-dots) with BSA, followed by the FA conjugation for tumor targeted
imaging and therapy in HelLa cells (Mewada et al., 2014).

Moreover, a hybrid nanocluster with magnetofluorescence property is prepared by
simultaneous clustering of MnFe2O4 magnetic nanoparticles (MNPs) and AgInS,-ZnS quantum
dots in the presence of BSA under ultrasonication imparting them with yellow fluorescence and
enhanced T2 contrasting properties in HelLa cells. The prepared hybrid nanocluster is then
conjugated with folic acid and doxorubicin for tumor targeted drug delivery (Fahmi et al.,
2014). Similarly, Yang et al., 2014 developed folic acid-conjugated, doxorubicin-loaded,
magnetic iron oxide bovine serum albumin nanospheres (FA-DOX-BSA MNPs) with enhanced
therapeutic efficacy as a result of targeted combination therapy by the anticancer drug and
hyperthermia by heating of magnetic nanospheres nasopharyngeal carcinoma.

2. 10 Reactive oxygen species
ROS are ions, molecules or radicals having unpaired electron in their outermost shell, which

imparts high reactivity. ROS is categorized into two groups:
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(1) Free oxygen radicals including hydroxyl radical ("OH), peroxyl radicals (ROO), nitric
oxide (NO"), thiyl radicals (RS"), superoxide (O2"), alkoxyl radicals (RO"), thiyl peroxyl
radicals (RSOQO), organic radicals (R"), sulfonyl radicals (ROS"), and disulfides (RSSR).

(2) Non-radicals including ozone/trioxygen (Os), hydrogen peroxide (H202), nitrosoperoxy
carbonate anion (O=NOOCO2"), nitronium (NO2"), nitrocarbonate anion (O2NOCO"),
dinitrogen dioxide (N20), singlet oxygen (*O), peroxynitrite (ONO"), hypochloride
(HOCI), organic hydroperoxides (ROOH), and highly reactive carbohydrate or lipid

derived carbonyl compounds.

Hydrogen peroxide, hydroxyl radicals and superoxide are most investigated ROS for their role
in cancer. High levels of ROS production in cancer cells is attributed to the mitochondrial
dysfunction, increased cellular receptor signaling, increased metabolic activity, oncogene
activity, peroxisome activity, increased activity of lipoxigenases, oxidases, thymidine
phosphorylase and cyclooxygenases (Storz, 2005, Szatrowski et al., 1991, Babio, 1999). In
mitochondria, ROS generated as a byproduct due to incomplete reduction of oxygen in aerobic
metabolism, which could be involved in cell signaling including induction of apoptosis and
protection against pathogen. However, the excess level of ROS in the body leads to cell
damage that endorse a variety of disorders and diseases such as Alzheimer, Parkinson,
cardiovascular dysfunctions, inflammatory conditions, aging and cancer (Kumar et al., 2008,
Emerit et al., 2004, Misra et al., 2009, Finkel et al., 2000). The c-Jun N-terminal Kinases
(JNKS) activated in response to ROS (H202 and NO release from mitochondria), catalyzed the
phosphorylation and downregulation of B-cell lymphoma 2 (Bcl-2) and basal cell lymphoma-
extra large (Bcl-XL), altered Bax/Bcl-2 complex composition by increasing the expression of
Bcl-2-associated X protein (Bax) and subsequent induction of apoptosis (Cadenas, 2004, Storz,
2007, Lee et al., 2008, Qanungo et al., 2005, Shim et al., 2007, Zhang et al., 2008). Moreover,
there are many other signaling proteins including p53, forkhead transcription factors (i.e.
FOXO03a) and p66Shc that induce ROS mediated apoptosis (You et al., 2006, Brunet et al.,
1999).

In normal condition, non-enzymatic molecules (i.e. vitamins A, E and C, flavenoids and
glutathione) or antioxidant enzymes mainly SOD, catalase, and glutathione peroxidase
generated by the cells in response to ROS and defend the body from its detrimental effects as
shown in Figure 2.7 (Harris, 1992). SODs are metalloenzymes ubiquitously found in

prokaryotes and eukaryotes catalyzed the superoxide dismutation into hydrogen peroxide and
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oxygen by utilizing the metal ions e.g. manganese (Mn?*), copper (Cu?"), iron (Fe?") or zinc
(Zn?*) as cofactors (Copin et al., 2000). Catalase found mostly in peroxisomes and cytosol of
most of the eukaryotes assist the decomposition of H>O> into H.O and O, (Bendayan et al.,
1982, Hashimoto et al., 1990, Litwin et al., 1987). While glutathione system consist of
glutathione peroxidases (GPX), glutathione (GSH), glutathione S-transferases (GST) and
glutathione reductase responsible for the reduction of cytoplasmic proteins disulfide bonds in
cysteines. Moreover, the GPX catalyze the organic hydroperoxides and hydrogen peroxide
degradation (Brigelius-Flohe, 1999, Ursini et al., 1995). While GST act as detoxifying enzyme
and catalyses conjugation of variety of endogenous and exogenous compounds with GSH
(Townsend et al., 2003, Sharma et al., 2004, Hayes et al., 2005). However, in case of sudden
oxidative damage such enzymes are found to be insufficient to protect the cells. This provokes
a need to develop an artificial antioxidant enzyme mimetic system that has high ROS
scavenging potential, biocompatible, remain stable inside the cells and provide high therapeutic
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2.11 Apoptosis

The term apoptosis was first introduced in 1972 by Kerr, Wyllie and Currie. In 90’s with the
investigation to understand the processes of cell death that took place during the development
of Caenorhabditis elegans, apoptosis is distinguished as genetically determined removal of cell
by “programmed cell death” (Horvitz, 1999). It is a homeostatic phenomenon that occurs
mainly during development and aging in order to maintain the required cell populations in
tissue (Figure 2.8). Moreover, apoptosis is also induced when cells undergo damage by the
harmful drugs or diseases and at times also during the immune reactions (Norbury et al., 2001).
A vast variety of pathological and physiological conditions and stimuli’s are responsible for the
induction of apoptosis. In case of anticancer drugs and irradiation cells undergo DNA damage,
which results in the trigger of p53-dependent apoptotic pathway. Apart from this there is
another process which occurs simultaneously, sequentially or independently with apoptosis,
which is termed as “necrosis” (Hirsch et al., 1997; Zeiss, 2003). It’s the type and degree of
stimuli which decide whether cells will undergo apoptosis or necrosis. In most cases, low
concentration of chemotherapeutic drug and other stimuli such as radiation, heat, hypoxia
induce apoptosis, but the higher doses of these stimuli leads to necrosis.
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Figure 2.8 Features of the apoptotic cell death.
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Recently, Ye et al., 2014 demonstrated the therapeutic potential of niclosamide in vitro and in
vivo on breast cancer. A concentration dependent growth inhibition and induction of apoptosis
was observed in mouse breast cancer cells (4T1cells). The induction of apoptosis was
correlated with the down regulation of Bcl-2, Survivin, Mcl-1 and activation of cleaved
caspases-3. In addition, niclosamide inhibit the migration and invasion of breast cancer cells
along with reduction of phosphorylated SrcTyr416, STAT3Tyr705 and FAKTyr925 was also
examined. Furthermore, Park et al.,, 2011 reveal that niclosamide treatment disrupts
mitochondrial potential, decrease ATP level and promote mitochondrial fragmentation. Thus

these studies reveal that niclosamide induce apoptotic cell death.

Recently, Satapathy et al.,, 2013 demonstrated the anticancer potential of silver based
nanoparticles in human colon cancer cells. The results depicts the apoptotic cell death of
HCT116 cells characterized by cleaved caspases 3, 8 and 9, p53, p21 and poly(ADP-ribose)
polymerase, increase in 4°,6-diamidino-2-phenylindole-stained apoptotic nuclei, Bax/Bcl-XL
ratio, while decrease in level of NF-kB and AKT. Moreover, a decrease in G1 phase of cell
population was observed. Similarly, Kim et al., 2014b further confirm the p53 mediated
apoptosis in human bronchial cell on Ag NPs treatment by treating the cells with p53-specific
short interfering RNA (siRNA) or p53 inhibitor (pifithrin-a ), thus preventing the Ag NPs
induce DNA fragmentation. Moreover, the involvement of various apoptotic signaling such as
Caspase-3, Bax and Bcl-2 was also confirmed at mRNA and protein level.

2. 12 Zebrafish

In past decades, rodents has been extensively exploited for toxicological studies, but due to
high cost, time consuming experiments and recent restrictions by the legal authorities their use
in the field of nanomedicine is restricted. Fishes, a non mammalian vertebrate have been
extensively used in risk assessment and regulation (Schirmer, 2006). Among various fish
species utilized for the standard testing of environmental and chemical samples, zebrafish
emerged as a potential model organism due to its special characteristics (Figure 2.9). It is a
small (approximately, 3-5 cm) fresh water fish found in the rivers of northern India, Nepal,
Pakistan, and Bhutan. The various advantages associated with zebrafish includes short
generation time i.e. 3-5 months which enables transgenerational studies, easy to manage in
laboratory space at low cost due to its small size, similar mode of embryogenesis and
development like higher vertebrates except the development occur outside the female body in
transparent egg, rapid embryonic development i.e. development of all major organs within 24 h

and fish hatched within 3 days, while at 5dpf complete yolk is consumed and external feeding
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is started (Wixon, 2000, Rubinstein, 2003). Moreover, within 3-4 months, the zebrafish get
sexually matured and start generating offspring. A single female lays around 200 eggs per
week, thus several thousand embryos can be easily produced daily under laboratory conditions.
(Stern et al., 2003). The zebrafish embryos remain transparent during initial days of life, while
pigmentation starts after 1-3 dpf, thus enable the analysis of morphological changes occur
within the early-stage development. Moreover, transparency can be further maintained by
preventing the pigmentation by treatment with bleach or 0.003 % phenylthiourea after fixation.
Recently, complete genome of the zebrafish is sequenced (Sanger Institute,
http://www.sanger.ac.uk/Projects/D_retio) and found to be more complex than human genome
as it has two more pairs of chromosomes (Hill et al., 2005). Moreover, the small size of the
embryos and juveniles make them a better candidate for pharmacological and toxicological
studies by allowing high-throughput screenings as small amount of testing compounds are
required, thus sufficient replicate data can be produce along with significantly reduce volume
of potentially hazardous waste (Hill et al., 2005; Spitsbergen et al., 2003). Greater ease of
genetic modification and high survival rate of mutant zebrafish embryos results in production
of hundreds of zebrafish phenotypic mutants for various studies including human diseases
(Stern et al., 2003).
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Figure 2.9 Advantages associated with zebrafish.



MATERIALS AND METHODS

In this Chapter, the strategies involved during the preparation of albumin based

nanoparticles for anticancer and antioxidant applications have been discussed. The

various techniques and methodologies followed in the present study are also elaborated

in this chapter.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials and reagents

BSA and DMSO were purchased from HIMEDIA. Silver nitrate (AgNO3), acetic acid, methyl
violet (MV), iron (Il) sulfate heptahydrate (FeSO4.7H20), hydrogen peroxide (30%),
ammonium hydroxide and sodium borohydride were procured from Merck (Germany). The
stock solutions of MV, FeSO4 and Tris-HCI buffer (pH 4.7) were prepared in ultra pure water
at concentrations of 2x10*% M, 15x10° M and 0.1 M, respectively. Anticancer drug
niclosamide, propidium iodide (PI), EDC, NHS and 2°,7’- dichlorfluorescein diacetate (DCFH-
DA), (NHa)2 Ce(NOs)s, CHsCOONa, SOD assay kit (Kit #19160-1KTF) and crosslinking agent
glutaraldehyde (50 wt% in H>O) were procured from Sigma—Aldrich and stored at appropriate
storage conditions until used. MTT, ethanol and isopropanol was procured from Amresco,
USA. The cell staining dyes rhodamine B and Hoechst 33342 were purchased from life
technologies. All reagents were of analytical grade and used without further purification. All

other chemicals used were molecular biology grade.

3.2 Cell culture

A549 cells, L-132 cells and MCF-7 cells were obtained from the cell repository of National
Centre for Cell Science, Pune, India. They were maintained in Dulbecco's modified Eagle's
medium (DMEM) with 10% calf serum and 1% Penicillin-streptomycin in the humidified
incubator with 5% CO; at 37 °C.

3.3. Preparation of nanoparticles

3.3. 1. Preparation of niclosamide encapsulated albumin nanoparticles

BSA-Nic NPs were synthesized using a desolvation method. Briefly, 5 mL of 5 mg mL? BSA
solution in water was transferred to a beaker under a continuous stirring on a magnetic stirrer at
room temperature. Niclosamide (Stock concentration- 8 mg mL™ in ethanol) were added drop
wise at a constant rate of 0.8 ml/min into the above solution. The mixture was stirred for one
hour followed by drop wise addition of pure ethanol till turbidity just appeared. The suspension
was stirred for additional 10 min before glutaraldehyde was added drop-wise to the suspension.
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The suspension was stirred for overnight. Afterwards, the suspension was centrifuged at 18000
x g for 10 min to remove the supernatant. The sediment was washed with ethanol to remove
adsorbed glutaraldehyde and free drug from nanoparticles surface. The washed samples were
resuspended in 5 mL of ultrapure water. For rhodamine loaded BSA NPs 40 pL of 10%
rhodamine solution was mixed well with constant stirring and rest followed the above

mentioned procedure.

3.3.2. Preparation of folate conjugated albumin stabilized silver nanoparticles

Albumin stabilized silver nanoparticles was synthesized using a NaBH4 reduction method
reported earlier (Gebregeorgis et al., 2013, Zhang et al., 2013). Briefly, BSA (25 mg mL™) was
dissolved in 10 mL of deionized water and then AgNOz (50 mM) was added into the above
solution at 25 °C under vigorous stirring. The pH of the solution was maintained at pH =8 with
0.1 M NaOH. After 5 min, silver ions were reduced by drop-wise addition of NaBH4 (10 mM),
until the colour of solution changes from colourless to brown colour. The solution was allowed
to stir overnight in dark. The BSA-Ag NPs were conjugated with FA according to the standard
procedure reported earlier (Qi et al., 2014, Meng et al., 2011). An active ester intermediate
(NHS—folate) was prepared by the reaction of EDC/ NHS with the carboxyl groups of FA,
which in turn covalently conjugates with the amine groups of BSA. Briefly, FA (27 mg) was
dissolved in 2 mL DMSO, followed by addition of EDC (58.6 mg) and NHS (35.2 mg) and
allowed to stir in dark for 30 min. Consequently, the pre-activated FA mixture was slowly
added to the BSA-Ag NPs solution under alkaline condition (pH adjusted to 10 by 1M NaOH).
The solution was allowed to stir overnight in dark at room temperature. The solution was then
continuously dialyzed for 3 days and further purified by using Sephadex G-25 column to
remove excess FA and other reactants. The final solution obtained was filtered and stored in

amber color bottle at 4 °C, until further used.

3.3.3. Preparation of nanoceria

The nanoceria was synthesised via hydrothermal method as reported earlier (Liu et al., 2012).
Briefly, (NH4)2 Ce(NOz)s and CH3COONa were dissolved in deionized water followed by
subsequent addition of 10 mL of acetic acid to the solution and stirred for 1 h. After mixing, the
solution was transferred to a Teflon-lined autoclave for hydrothermal treatment at 200 °C for
12 h. the precipitated particles were separated by centrifugation and thoroughly washed 4-6
times using deionized water and ethanol. Finally nanoparticles were dried in the hot air oven at

50 °C and re-suspended in water for further use.
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3.3.4. Preparation of nanoceria encapsulated albumin nanoparticles

The nanoceria encapsulated albumin nanoparticles were prepared by desolvation method. In
this process ceria nanoparticles were dispersed in water via sonication and then added dropwise
into the 5 mL of 5 mg mL* BSA solution in water. After one hour of mixing, ethanol was
added dropwise into the solution till the turbidity just appeared. The suspension was stirred for
additional 10 min before glutaraldenyde was added drop-wise to the suspension. After
overnight stirring, the nanoparticles were separated by centrifugation and washed thoroughly
with ethanol to remove adsorbed glutaraldehyde and free nanoceria from nanoparticles surface.
It was noted that some amount of free CNPs remain attached on the surface of BCNPs even
after thorough washing due to the strong electrostatic interaction between the nanoceria and
albumin nanoparticles as reported earlier (Patil et al., 2007), and it was not possible to complete
eradicate these adsorbed CNPs. The prepared nanoparticles were lyophilized and redispersed in
deionized water for further studies. The control albumin nanoparticles (BNPs) were also
prepared by the above procedure without nanoceria addition. The amount of ceria nanoparticles
entrapped inside the albumin nanoparticles were determined by using ICP-MS, by digesting a
known amount of nanoceria encapsulated nanoparticles with concentrated nitric acid and then
diluted it with deionized water. Later, the concentration was analyzed by using ICP-MS.
Moreover, it should be taken into account that the concentration of nanoceria obtained by ICP-
MS contained both entrapped and surface adsorbed CNPs, as it was not possible to calculate the
exact amount of adsorbed CNPs. So, the entrapment efficiency obtained here is combination of
both entrapped and adsorbed CNPs.

3.3.5. Preparation of albumin coated nanoceria

Albumin coated nanoceria was synthesized by alkaline precipitation method. 0.2 g bovine
serum albumin was directly dissolved in 20 mL deionized water. When protein had dissolved
completely, 5 mL of 1 M (NH4)2 Ce (NOz)s was added slowly to the albumin solution with
continuous stirring. The resulting solution was stirred for 30 min; subsequently, a
stoichiometric amount of 1 N ammonium hydroxide was added in a dropwise manner as a
precipitant and stirred for 24 h at room temperature. The yellow- colored final precipitated
particles were centrifuged and thoroughly washed several times using deionized water and
centrifuged to remove any adsorbed nitrate ions. Finally, the prepared nanoparticles were

lyophilized and redispersed in deionized water for further studies.
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3.4. Characterizations of nanoparticles

UV-visible spectroscopic measurement was done on Lasany double beam L1 2800 UV-visible
spectrometer. FTIR spectra were recorded on Thermo Nicolet FTIR spectrometer in the range
4000-400 cm™* using KBr pellets. Fluorescence study conducted inside a fluorescence
spectrophotometer (Hitachi F- 4600, Japan) equipped with Xenon arc lamp at an excitation
wavelength of 280 nm. The excitation slit width and emission slit width being 2.5 nm and 5 nm
respectively. The average hydrodynamic size and surface charge for the prepared nanoparticles
were determined by dynamic light scattering (DLS, Malvern). TEM (TECNAI G2 20 S-TWIN)
operating at 200 keV and FE-SEM (Carl Zeiss ULTRA PLUS) equipped with energy
dispersive X-ray detector operating at an accelerating voltage of 15-20 keV were used to
determine the particle size, morphology and compositional analysis of the nanoparticles. The
size distribution histogram of prepared nanoparticles were analysed using ImageJ

(http://rsb.info.nih.gov/ij/download.html). Morphology and average grain size of the particles

were confirmed using AFM (NTEGRA PNL) operating in semi-contact mode. The images
were further processed using NOVA software. XRD analysis was done by using Bruker AXS
D8 advance powder X-ray diffractometer (Cu-Ka radiation, A = 1.5406 A°) in the range of 10—
90° at a scan speed of 0.5°/min. Thermal studies were done by heating 10 mg of respective
samples from 30 °C to 1000 °C at a constant rate of 10 °C/ min in EXSTAR TG/DTA 6300
under controlled nitrogen atmosphere. The concentrations of nanoparticles were analyzed by
ICP-MS (Perkin-Elmer ELAN DRC-e).

3.5. Entrapment efficiency (EE) of drug
The obtained nanoparticles were frozen and lyophilized at —80°C and 0.085-mbar pressure by a

freeze dryer to obtain a lyophilized nanoparticles powder for further studies. The weighed
product of nanoparticles was then ultrasonicated in ethanol for 30 minutes. The released drug
was centrifuged and the supernatant was collected. The supernatant solution was analyzed by
UV-visible spectrophotometer and the entrapped drug was calculated by using calibration curve
of niclosamide in ethanol. The EE was determined according to the formula given below.

EE = Total amount of drug- Amount of drug in supernatant x 100%

Total amount of drug

3.6. In vitro release studies

3.6.1. In vitro drug release studies of niclosamide from BSA-Nic NPs

The in vitro drug release studies were carried out by placing a 5 mL of BSA-Nic NPs in a
dialysis tube. The dialysis tube was then placed in a Schott bottle that was filled with 15 mL
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PBS (pH 7.4) solution and continuously shaken at 37 °C, 120 rpm. At the predetermined time
interval, the PBS solution in the Schott bottle was removed and replaced with fresh PBS
solution. The niclosamide concentration in the used PBS solution was then determined using an
UV-visible spectrophotometer. Finally, the cumulative percentage of drug released at a specific
time interval was calculated from the total amount of drug entrapped in BSA-Nic NPs. The

drug release percent can be determined by the following equation:

Drug release [%] = c(t) /c(0) x 100

Where, ¢(0) and c(t) represent the amount of drug entrapped and amount of drug released at a

time t, respectively. All studies were done in triplicate.

3.6.2. In vitro CNPs release studies

In a characteristic release experiment, 5.0 mg of BCNPs were redispersed in 5 mL of 10 mM
PBS (pH = 7.4) and incubated at 37 °C with constant shaking at 150 rpm. After predefined
interval the supernatant was withdrawn and replaced immediately with equivalent amount of
fresh buffer in order to maintain the sink condition. The supernatant was then digested with

nitric acid solution and the concentration was measured by ICP-MS.

3.7. In vitro stability of nanoparticles

The stability of prepared NPs in aqueous and saline solution was evaluated by detecting their
mean diameter at 25 °C by DLS. Briefly, nanoparticles were reconstituted in pure water and
0.9% NaCl or PBS (pH 7.4) solutions at 25 °C. In the following 0, 12, 24, 48, 72 and 96 h,
mean particle diameters were investigated by DLS.

3.8. Antioxidant and SOD assay

The antioxidant property of the as-prepared ANC was determined photometrically as reported
earlier. (Zhai et al., 2013, Xue et al., 2011), Solutions used for photometric determination
contained 1.2 x 10° M MV, 0.1 M Tris-HCI buffer (pH 4.7), 0.45 mM FeSOa, 50 uL. ANC and
0.1 M H20; (denoted as MV/FeSO4/ ANC/H202), and all reagents were added as in above
mentioned order. The absorbances of all solutions were obtained by using UV-Visible

spectrophotometer after incubating the samples for 5 min at room temperature.

The SOD activity of ANC and released CNPs collected at different time intervals were assessed

by using commercial SOD assay kit (Sigma Aldrich, USA). The superoxide radicals reduce 2-
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(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt into a
water soluble formazan dye, which is inhibited by SOD. All the experiments were performed
according to the instructions provided by the manufacture. Briefly, a 20 puL sample solution
was added to the 200 pL of WST-1 working solution followed by the addition of 20 pL
xanthine oxidase in a 96 well plate. The enzyme (xanthine oxidase) was used to produce
superoxide radicals. A decrease in the color formation correlated with the inhibition activity
was measured by using a Cytation 3 cell imaging multi mode plate reader (Biotek) at 450 nm.

All experiments were done at room temperature.

3.9. Cell viability assay

The cell viability assay of prepared nanoparticles was evaluated by MTT assay. It is a
colorimetric test based on the selective ability of viable cells to reduce the tetrazolium
component of MTT into purple colored insoluble formazan crystals. Briefly, cells were seeded
on a 96 well plate (Corning, Costar, NY) with a density of 10,000 cells/cm?. Different
concentrations of nanoparticles were prepared by dilution with the media. Once the cells were
attached, they were treated with different concentrations of nanoparticles and incubated at 37
°C in incubator with 5% CO2. After 24 h incubation, the spent media was removed and cells
were given a brief PBS wash. Fresh media (DMEM) (~ 90 pL) containing 10 pL of MTT (stock
concentration-5 mg/mL in PBS) was added to each well. The cells were incubated at 5% CO>
incubator for 3-4 h to form formazan crystals by mitochondrial dehydrogenases enzyme. The
supernatant spent media was removed and formed crystals were solubilized in DMSO and
incubated at room temperature over gyratory shaker for 15-30 minutes until the all formazon
crystals get solubilized. The absorbance of the finally dissolved product was measured at 570
nm and 690 nm using a Cytation 3 cell imaging multi mode plate reader (Biotek). Triplicate
samples were analyzed for each experiment. For drug alone study DMSO was used as solvent

for niclosamide and equivalent amount of DMSO alone was taken as reference.

3.10. Cell morphological studies

3.10.1. Acridine orange/ethidium bromide dual staining

In order to differentiate apoptotic nuclei from necrotic nuclei, the BSA-Nic NPs and FA-BSA-
Ag NPs treated A549 and MCF-7 cells were stained with AO/EB dual dye. Briefly, 2 x 10°cells
per well were seeded in a 6 well plate and allow to adhere. After overnight attachment cells
were treated with desired concentrations of NPs for 24 h. The culture media were then removed
and the cells were washed twice with PBS. Fresh medium containing 10 pL of AO/EB mix (10

mg mL* AO and 10 mg mL™ EB stock solution in PBS) were added in each well and the cells
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were incubated at 37 °C for 5-10 minutes and then given a PBS wash to remove the excess dyes
(to avoid background fluorescence of free dye) before visualizing under a EVOS cell imaging

system (Life technologies, USA).

3.10.2. Rhodamine B and Hoechst 33342 staining

The events of apoptosis such as nuclear chromatin compaction and cytoskeleton alteration were
examined via Hoechst 33342 and rhodamine B fluorescent dual dyes combinations. Briefly, 2 x
10° cells per well were seeded in a 6 well plate and after attachment cells were treated with FA-
BSA-Ag NPs for different time periods. After treatment spent media were removed and cells
were given a brief PBS wash, followed by incubation with 2 pL Hoechst dye (stock
concentration-10 mg mL ) and 5 pL Rho B (stock concentration- 1 mg mL™?) at 37 °C for 10—
15 min. Thereafter, overlay images were obtained under red and DAPI filters.

3.10.3. FE-SEM analysis

For FE-SEM analysis, A549 and MCF-7 cells were seeded on a sterile glass cover slip and
incubate for overnight attachment. The cells were then treated with desired concentrations of
BSA-Nic NPs and FA-BSA-Ag NPs for 24 h and then fixed by using 2% glutaraldehyde for 10
min followed by ethanol gradient fixation. The fixed cells were then air dried and sputtered

coated with gold before examined under FE-SEM.

3.11. Cellular uptake studies

3.11.1. ICP-MS analysis

For quantitative determination of amount of nanoparticles internalized by the cells, briefly
2 x107 cells were seeded in a 6 well plate and left overnight for attachment. Thereafter cells
were co-incubated with different concentration of FA-BSA-Ag NPs and ANC for 3 h and 24 h
respectively, while 100 pg/mL BCNPs were incubated for different time intervals. In order to
remove all extra cellular nanoparticles, the cells were given extensive PBS wash and then
harvested and counted. The cells were finally acid digested by using concentrated nitric acid
(16 M) for 24 h. The digested sample was then diluted with deionized water and nanoparticles

concentration was determined by ICP-MS.

3.11.2. FE-SEM analysis
For FE-SEM analysis cells were seeded over glass cover slips in 3.5 cm cell culture dishes.
When cells get properly attached, they were co-incubated with BCNPs and ANC for 24 h. After

incubation, media was removed and the cells were given thorough PBS wash. Thereafter, cells
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were fixed with 2% glutaraldehyde solution followed by dehydration in graded ethanol
solutions. Finally, the cells attached on cover slips were then sputter coated with gold before
observation under FE-SEM.

3.11.3 TEM observation

L-132 cells were grown in 3.5 cm cell culture plate and then co-incubated with 100 pg ANC
and BCNPs. After 24 h, cells were thoroughly washed with PBS and harvested through
trypsinization. The collected cells were then fixed with 2% glutaraldehyde solution, followed
by dehydration through graded ethanol solution. The cells were finally mounted on 300 mesh

copper grid and analyzed under TEM.

3.11.4. Fluorescence microscopic analysis

Briefly, A549 and MCF-7 cells were seeded in 6 well plate with a seeding density of 2 x 10°
cells per well and incubated at 37 °C in incubator with 5% COz2. Once the cells get attached, the
spent media was removed and the cells were carefully washed with PBS buffer. Then the cells
were incubated with rhodamine loaded BSA-Nic NPs for 8-12 h. Thereafter media was
removed and cells were given a brief PBS wash. The cells were then viewed under EVOS cell
imaging system (Life technologies, USA) and images were captured under green filter and

transmitted mode.

3.12. Cellular ROS detection assay

Cells were seeded into six-well plates and grown to sub-confluence. Subsequently, the cells
were incubated with 100 pg/mL of BCNPs for different time period. While for free nanoceria
and ANC cells were incubated with different concentration of nanoparticles for 24 h. After
incubation, the cells were given thrice PBS wash followed by exposure to 800 uM H2O; in
culture medium for 8 h at 37 °C. In case of FA-BSA-Ag NPs, cells were treated with desired
concentration of FA-BSA-Ag NPs for 3 h. The DCFH-DA dye was used to measure
intracellular ROS production. Inside the cell, endogenous esterases deacetylate the DCFH-DA
into non-fluorescent 2°, 7°-dichlorfluorescein (DCFH), which further converted into a green
fluorescent dichlorofluorescein (DCF) compound in respond to ROS production that was
analyzed by flow cytometry. Stock solution of DCFH-DA was prepared in DMSO. After the
treatment the cells were given thorough PBS wash, followed by incubation with 20 uM DCFH-
DA at 37 °C for 30 min. At the end of incubation, the cells were washed thoroughly, and then
harvested. The fluorescent intensity was analyzed with a Flowsight flow cytometer (Amnis),

and the data were acquired from 10,000 cells per sample. The relative fluorescence intensity
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was measured as the ratio of mean intensity of the experimental cells and mean intensity of
control cells. The data were analyzed by IDEAS version 6.0 software. The intracellular
antioxidant activity of BCNPs and ANC was also studied by EVOS cell imaging system (life
technologies, USA). L-132 cells were treated following the same procedures as mentioned
above. After incubation with DCFH-DA and subsequent washing, the cells were visualized.
The intracellular ROS level in each sample was reflected by the fluorescent intensity of the

images.

3.13. Cell cycle analysis

The effect of FA-BSA-Ag NPs on the cell cycle of A549 and MCF-7 cells was determined by
Pl staining and consequent analysis by flow cytometry as described earlier (Sharma et al.,
2014). Briefly, 2x 10° cells were seeded in a 6-wells plate and incubate overnight at 37 °C for
attachment. The cells were then treated with desired concentration of FA-BSA-Ag NPs for 24
h. The cells were carefully harvested by trypsinization to prevent the loss of floating cells,
followed by fixation with 70% alcohol for 15 min in ice. The fixed cells pellet obtained after
centrifugation were then incubated with PI staining solution (50 pg/mL PI, 1 mg/mL RNase A,
and 0.05% triton X-100) for 30 min at 37 ° C in dark. The PI stained cells were then analysed
through flow cytometer (Amnis Flowsight) to determine the cell cycle distribution. A total of

10,000 events per sample were captured and analyzed through IDEAS software in the same

3.14. Semi-quantitative RT-PCR analysis

For gene expression analysis, cells were grown in 3.5 cm plates. After overnight incubation,
cells were treated with required concentration of nanoparticles. While, in case of ANC and
BCNPs cells were preincubated with required concentrations of nanoparticles followed by
H202 (500 uM for 24 h) treatment. Total RNA was isolated from entire cell population in each
well using Tri reagent (Sigma-Aldrich, USA). cDNA was generated from total denatured RNA
(1 pg) by reverse transcription performed at 42 °C for 50 min using Superscript Il Reverse

Transcriptase (Invitrogen, USA) in a total mixture of 20 pL.

Expression of antioxidant and apoptotic genes was examined using RT-PCR, where
housekeeping genes p-actin (ACTB) and Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were used as internal control. Semi-quantitative PCR was carried out with 1 uL (5
times diluted stock of the above RT product) using the gene-specific upstream and downstream
primers as mention in Table 3.1 in Veriti 96 well thermal cycler (Applied Biosystems). Initial

denaturation (94 °C for 3 min) was followed by a PCR cycle of denaturation (94 °C for 30 s),
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annealing (60 °C for 30 s), extension (72 °C for 1 min), and final extension (72 °C for 10 min).
The PCR amplified products were resolved on a 1.2% agarose gel and finally visualized under
UV light by ethidium bromide staining. The intensity of all bands was quantified by using
Image lab 4.0 software.

3.15 In vivo experiments on zebrafish model

3.15.1 Origin and maintenance of zebrafish

Adult zebrafishes were procured from commercial dealer and were maintained in multi sensor-
automated re-circulatory system (Aquaneering, USA). The tank temperature was between 26.8
°C to 28.0 °C, pH between 7.1 to 7.8, conductivity between 1100 uS/cm to 1400 uS/cm and
with the lighting conditions of 14/10 light/dark cycle. Adult fishes were fed with micro pellet
feed. Following successful pairwise breeding, the eggs were subsequently collected from the
bottom of breeding tanks and the embryos were raised in embryo rearing solution (5 mM NaCl,
0.17 mM KCI, 0.4 mM CaClz and 0.16 mM MgS0O.). Animal stages were recorded as hours
post fertilization (hpf) or days post fertilization (dpf). All the protocols were reviewed and
approved by Institutional Ethical Committee (Approval number for animal usage
IBSC/2013/DBT-IDB/RRK-009) of Sathyabama University.

3.15.2 Water borne exposure of embryos to ANC and H202

Initially, H202 concentration was standardized for viability assay and the most effective
concentration was opted for further experiments in 8 hpf embryos. The standardization was
processed by treating the embryos (n=20) at 8 hpf with different concentrations of H2O: (i.e.
30, 60, 90 and 120 mM) for 30 min. In order to evaluate the ability of ANC to protect against
the H>O-induced cytotoxicity, zebrafish’s embryos (8 hpf) were incubated with different
concentrations of ANC for 24 h and then washed 3-4 times in E3 medium. After that the
embryos were treated with 120 mM H,O; for 30 min and then thoroughly washed with E3
medium. Finally, embryos were incubated in fresh E3 medium and observed for deformities
and mortalities for 3 days. The dead embryos were counted and removed. Moreover, embryos
were also treated with different concentrations of ANC (i.e. 10, 25, 50, 100, 200 and 300 ug
mL™) to evaluate their biocompatibility. Approximately, 20 embryos per well were examined
for each treatment. In order to reduce variation among different batches, randomized embryos

were taken from 4-5 independent pair-wise mating. All experiments were done in triplicate.
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13.15.3 Heart-beat rate measurement

In order to determine the toxicity of H2O. and the protective effect of ANC, the heart-beating
rate of both atrium and ventricle was assessed at 32 hpf. The atrial and ventricular contraction
was observed for 1 min under the microscope and results were presented in the form of average

heart-beating rate per min.

3.15.4 ROS scavenging potential of ANC in zebrafish embryos

The ROS generation in zebrafish embryos were examined with the help of oxidation-sensitive
fluorescent probe dye, DCFDA (Kim et al., 2014a and 2015, Ko et al, 2014, Kang et al., 2013a,
2013b and 2014). In order to investigate the protective effect of ANC against H20O. induced
oxidative stress, 8 hpf embryos were incubated with different concentrations of ANC. After 24
h of incubation, embryos were washed with E3 medium and treated with 120 mM H20, for 30
min. The embryo media was changed and treated embryos were then incubated with DCFDA
(7 pg/mL). After, 30 min of incubation at 27 °C in dark, embryos were rinsed with fresh E3
medium and DCFH fluorescence values of the individual embryos were acquired using a
multimode plate reader (Perkin Elmer). For fluorescence imaging, the embryos were
anesthesized before visualization and images of the stained embryos were acquired by using
stereo fluorescent microscope (Leica M165 FC), which was equipped with Leica DFC310 FX
camera. The images were captured under GFP filter. The experiment was carried out in
triplicate

13.15.5 Estimation of oxidative stress induced cell death in zebrafish embryo

Oxidative stress induced cell death in live zebrafish embryos was detected by using acridine
orange, a nucleic acid specific metachromatic dye which stain the cells having disturbed plasma
membrane permeability, thus stain the necrotic and late apoptotic cells (Kang et al., 2013a,
2013b and 2014). In brief, the 28 hpf embryos were incubated for 30 min, followed by
treatment with 120 mM H»O, for 30 min. After incubation, the embryo media was changed and
the embryos were developed upto 2 dpf. The embryos were then treated with AO solution (5
ug/mL) for 30 min in dark at 28 °C. The embryos were then rinsed and AO fluorescence values
of the individual embryos were acquired using a multimode plate reader (Perkin Elmer). For
fluorescence imaging, the embryos were anesthesized before visualization and images of the
stained embryos were acquired by using fluorescent microscope (Leica M165 FC), which was
equipped with Leica DFC310 FX camera. The images were captured under RFP filter. The

experiment was carried out in triplicate.
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Genes Primers

GAPDH Forward: 5> CCACCCATGGCAAATTCCATGGCA 3’
Reverse : 5> TCTAGACGGCAGGTCAGGTCCACC 3°

SOD2 Forward: 5> TCCACCACCGTTAGGGCTGAGG 3’
Reverse : 5> CACCAGCAGGCAGCTGGCTCC3?

SOD1 Forward : 5> CAATAGACACATCGGCCACAC 3’
Reverse : 5> AAGGCCGTGTGCGTGCTGAA 3°

GPX Forward : 5> CCACCAGGAACTTCTCAAA 3°
Reverse : 5 TGGCTTCTTGGACAATTGCG?’

CAT Forward : 5> AAGACCAGTTTACCAACTGGG 3°
Reverse : 5° CAGATGGACATGCGCACATGS’

ACTB Forward: 5> CTGTCTGGCGGCACCACCAT 3’
Reverse : 5 GCAACTAAGTCATAGTCCGC 3°

TP53 Forward: 5> TGGCCCCTCCTCAGCATCTTAT 3°
Reverse : 5° GTTGGGCAGTGCTCGCTTAGTG 3’

CASP3 Forward : 5> TTCAGAGGGGATCGTTGTAGAAGTC 3’
Reverse : 5> CAAGCTTGTCGGCATACTGTTTCAG 3’

MYC Forward : 5> CCAGGACTGTATGTGGAGCG 3’
Reverse : 5> CTTGAGGACCAGTGGGCTGT 3’

BAX Forward : 5> AAGCTGAGCGAGTGTCTCAAGCGC 3’
Reverse : 5> TCCCGCCACAAAGATGGTCACG 3’

BAD Forward : 5> CCTTTAAGAAGGGACTTCCTCGCC 3°
Reverse : 5’ACTTCCGATGGGACCAAGCCTTCC 3°

BCL2L1 Forward : 5’ATGGCAGCAGTAAAGCAAGC 3’
Reverse : 5° CGGAAGAGTTCATTCACTACCTGT 3’

Table 3.1 List of antioxidant and apoptotic genes primers used in semi-quantitative RT-PCR

analysis (PCR cycle number=28).



PREPARATION AND CHARACTERIZATION OF NICLOSAMIDE
ENCAPSULATED ALBUMIN NANOPARTICLES FOR CANCER
THERAPY

In this Chapter, a water soluble formulation of hydrophobic anti-cancer drug,
niclosamide has been synthesized in order to facilitate its uptake by cancer cells. The
therapeutic efficacy of niclosamide encapsulated albumin nanoparticles has been
validated against A549 and MCF-7 cells. Further, the efficient induction of apoptosis by
these nanoparticles was corroborated by gene expression analysis.

4 Apoptosis



CHAPTER 4

PREPARATION AND CHARACTERIZATION OF
NICLOSAMIDE ENCAPSULATED ALBUMIN
NANOPARTICLES FOR CANCER THERAPY

Overview

One of the major unresolved challenges among the scientific community is to develop anticancer
drugs that are safe and effective. A large number of anticancer drugs are screened so far in this
campaign. Among them niclosamide has shown potent anti-cancer properties as demonstrated in
a plethora of human cancer cell line and animal carcinogenesis models. But the extreme
hydrophobicity and consequently, minimal systemic bioavailability associated with this drug
limited its widespread clinical applications. Nanoparticle-based drug delivery approaches have
the potential for realizing water soluble formulation of highly hydrophobic anticancer drugs like
niclosamide, thus circumventing the pitfalls of poor solubility. In this work niclosamide was
encapsulated into albumin nanoparticles through a desolvation method to improve its scope of
application in cancer therapy. Physico-chemical characterization confirms that the prepared
nanoparticles were spherical, highly monodispersed, and stable in aqueous system. These drug
encapsulated albumin nanoparticles, unlike free drug demonstrates better in vitro therapeutic
efficacy against a human lung and breast cancer cell lines, as assessed by cell viability assay and
morphological analyses. Further, the efficient induction of apoptosis by these nanoparticles was
confirmed by semi-quantitative RT-PCR. This work provides an opportunity to expand the

clinical repertoire of this effectual agent by enabling ready aqueous dispersion.
Results and discussion

4.1 Preparation of BSA-Nic NPs

BSA-Nic NPs used in the present study were prepared via desolvation method (Weber et al.,
2000), using ethanol as desolvating agent and glutaraldehyde as the cross linking agent as shown
in schematic Figure 4.1(a). This method leads to the formation of least aggregated particles with
a uniform distribution and found to be highly stable in water and cell culture medium.
Glutaraldehyde, water soluble homo bifunctional reagents are capable of forming stable inter-
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and intra-subunit covalent bonds. It reaction with protein leads to the formation of Schiff bases
between two carbonyl ends of glutaraldehyde and positively charged amino groups of the protein.
Thus, the amino moieties in lysine and arginine residues constituting around 10 percent of the
total amino acids of BSA play crucial role in the formation of nanoparticles. Synthesized NPs
were characterized by UV-visible spectroscopy and the absorption maximum analyzed by a
spectral scan from 200 to 700 nm as shown in Figure 4.1(b). The UV-visible absorption spectrum
of albumin shows a characteristic absorption peak of protein at 280 nm corresponding to the
aromatic amino acids present inside the protein. The niclosamide drug alone (dissolved in
ethanol) had two absorption maximum at 260 nm and 346 nm. While drug encapsulated albumin
NPs in agueous medium shows characteristic peak of drug at 346 nm. A slight change in spectra
has been observed, which might be a result of chemical cross linking between the amino acids of

protein and the formation of protein-drug nanoparticles complex.

4.2 Characterization: Surface morphology, particle size and zeta potential

The surface morphology of the particles was determined by the field emission-scanning electron
microscopy. The images of the drug encapsulated albumin nanoparticles revealed a spherical
morphology as shown in Figure 4.2(b). Majority of the particles showed uniform size distribution
without any crystal precipitation. While, the micrometer size rod shaped flakes were observed
for pristine niclosamide powder as shown in Figure 4.2(a). The BSA NPs and rhodamine loaded
BSA NPs showed similar spherical surface morphology corresponding to BSA-Nic NPs as

shown in Figure 4.3.

The stability of the nanoparticles can be attributed to the significantly higher zeta potential. The
zeta potential value of the BSA-Nic NPs was found to be -34.2 mV as compared to -17.9 mV of
pristine BSA. This value lies in the stable range, indicating that the nanoparticles formation lead
to the formation of stable system. Moreover, the electrostatic repulsive force among the
negatively charged surface of the nanoparticles affords high stability to the colloidal solution by
preventing them from agglomerating in the colloid state (Sripriyalakshmi et al., 2014). Figure
4.2(d) illustrates the particle size distribution for the prepared BSA-Nic NPs. The size distribution
for the nanoparticles was obtained using dynamic light scattering. The average hydrodynamic
size for BSA-Nic NPs was found to be 199.9 nm. In contrast, the BSA NPs and rhodamine loaded
BSA NPs (Figure 4.4) synthesized for the carrier
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Figure 4.1 (a) Schematic outline of drug encapsulated BSA NPs fabrication by desolvation technique
(b) UV-visible absorption spectra of niclosamide (in ethanol), BSA alone and BSA-Nic NPs (c)
Photographs showing the insolubility of niclosamide and solubility of BSA-Nic NPs in water. (i)
BSA alone (ii) Raw niclosamide powder in water (iii) Curd like precipitation on adding niclosamide
solution (ethanol) in water (iv) BSA-Nic NPs.
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Figure 4.2 FE-SEM images of (a) raw niclosamide powder and (b) BSA-Nic NPs, showing their
typical morphology (c) AFM and (d) DLS images of BSA-Nic NPs showing the distribution and size

of nanoparticles.
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Figure 4.3 FE-SEM image of (a) BSA NPs and (b) rhodamine loaded BSA NPs, showing their
typical morphology. (Scale bar- 200 nm)
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Figure 4.4 DLS images of (a) BSA nanoparticles (b) rhodamine loaded BSA nanoparticles.
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cytotoxicity and cellular uptake studies were found to be 264.4 nm and 273.2 nm respectively in
size. The size of the prepared BSA-Nic NPs was also estimated by AFM as shown in the Figure
4.2(c). The images were processed using NOVA software and the average grain size was found
to be 188.27 nm. The size of the nanocarrier system also plays an important role in the delivery
of anticancer drugs, as the nanoparticles up to 400 nm can easily extravasate through the defective
vasculature system in the tumor tissues and subsequently get accumulate in the tumor
microenvironment through a process known as “enhanced permeability and retention” effect and
forms the basis of “passive targeting” (Peer et al., 2007). The characteristic properties of the
prepared nanoparticles in the present study, hence meet the required criteria to be exploited as a
drug delivery system, as compared with the previously reported drug encapsulated BSA based

nanoparticles as summarized in the Table 2.1.

4.3 X-ray diffraction studies

XRD studies of the prepared nanoparticles were carried out in order to check the physical nature
of the particles. On evaluating the drug encapsulated protein NPs with the control drug and
observed that BSA-Nic NPs was much more amorphous in nature as compared with the
niclosamide drug alone. The amorphous nature of the drug encapsulated aloumin nanoparticles
could be attributed to the crosslinking mechanism between the reactive residual functional groups
of protein and drug molecules as well as the prominent hydrogen bonding interaction between
them (Rejinold et al., 2011a and b). Figure 4.5(a) represents the XRD pattern of niclosamide and
BSA-Nic NPs. Moreover, the sharp characteristic diffraction peaks of drug molecules at 25.6°
and 26.7° of 20 disappeared in the BSA-Nic NPs indicating that the drug were entrapped and no
significant amount of free drug left in the system after interaction with protein (Li et al., 2012,
Tonder et al., 2004).

4.4 FTIR and fluorescence spectroscopic studies

In FTIR spectrum of pristine BSA showed characteristic peaks at 3418.56, 3070, 1651.54, and
1539.04 cm ™! were assigned to the stretching vibration of —OH, amide A (mainly —NH stretching
vibration), amide | (mainly C=0 stretching vibrations), and amide Il (the coupling of bending
vibrate of N—H and stretching vibrate of C—N) bands, respectively. Near NH and OH stretching
region lies amide A band (~ 3070 cm™), which is completely detectable only in lower hydrates.
The major characteristic peaks of drug alone were listed in Table 4.1 (Tonder et al., 2004). On
comparing the IR spectra of BSA alone, niclosamide alone and BSA-Nic NPs as shown in Figure
4.6, a major shifting of peaks were observed from 1192.09 to 1195.12, 1219.19 to 1227.90 and
1522.03 to 1511.15 cm™ indicating the involvement of the C-OH, C=0, NO: groups of drug
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molecules in the formation of protein —drug complex. Moreover, the peaks were appeared as a
wide spectrum due to the potential interaction among the nanoparticles. There was a
characteristic reduction in the stretching frequency in case of BSA-Nic NPs, as shown in Figure
4.5(b). The amide | peak of BSA shifted from 1651.54 to 1656.64 cm™, amide 11 shifted from
1539.04 to 1561.02 cm™* and amide I11 shifted from 1395.92 to 1417.80 cm ™2, respectively which
can be attributed to the cross-linking mechanism between the reactive residual functional groups
of protein and interaction of niclosamide with the residual amide species (Rejinold et al., 2011,
Kong et al., 2007, Huang et al., 2010).

Several interactions including hydrophobic force, hydrogen bonds, electrostatic interactions, and
van der Waals interactions play key role in the binding process of protein with small molecules
like drug. Niclosamide entered the hydrophobic microenvironment of serum proteins including
human serum albumin and interacted with the hydrophobic pockets of the protein. Interaction of
niclosamide with serum proteins mainly involves van der Waals interaction, hydrophobic
interaction and hydrogen bonding. Like many other drug molecules, niclosamide interact with
the tryptophan residues (Trp- 212) located inside the hydrophobic pocket of the BSA (Hossain
et al., 2011, Maltas, 2014). To understand the effect of niclosamide on the tryptophan
environment of BSA, the intrinsic fluorescence of BSA in the presence of increasing
concentrations of niclosamide was studied as shown in Figure 4.7. Intrinsic fluorescence of BSA
is due to two tryptophan residues: (1) Trp 134, located on the surface in the hydrophilic region
of protein and characterized by a longer wavelength emission maximum (2) Trp 212, located
within a hydrophobic binding pocket that is characterized by a shorter wavelength emission
maximum around 340 nm. Thus, the fluorescence emission of BSA with maximum around 340
nm corresponding to the Trp residue at 212 was monitored. The fluorescence intensity of BSA
decreases regularly with increasing niclosamide concentrations. This decrease in the intensity
could be due to fluorescence quenching attributed to the changes in the microenvironment of the
tryptophan residues suggesting interaction of niclosamide and BSA. Hence the results obtained
from FTIR and fluorescence spectroscopy were in accordance with previous observation and
clearly indicate the involvement of aryl groups of drug and aromatic residues of protein in the

drug carrier interactions.

4.5 Thermal stability of the nanoparticles
The thermo gravimetric analysis of niclosamide, BSA-Nic NPs and BSA alone (control) were

conducted, which depicted slower degradation rate of protein-drug nanoformulation
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Functional | C=C C=0 N-H C-N NO2 C=0 C-OH
groups
Wave no 1613.22 | 1653.48 1571.54 | 1286.34 | 1522.03 | 121919 1192.09
vibration | C=C C=0 N-H C-N NO2 Cc=0 C-OH

stretch | stretch bend stretch stretch stretch stretch

Table 4.1 Characteristic major absorption bands in the IR spectra of the raw niclosamide powder.
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Figure 4.7 Fluorescence spectra of BSA in (a) aqueous (b) PBS with different concentration of
niclosamide (0-100 uM). (T= 298 K, Aex = 280 nm, Aem= 295-500 nm).

a

Protein
Concentration (mg)

Drug
concentration (mg)

25

25

25

25

25

Entrapment 20 -
efficiency (%) E‘E

o 704

7

P
75.96+2.206 2 6

o

T 504
89.66+1.868 E

8 a0

S

c
92.36+1.552 S 30

2

=
84.72:2.218 2 201

S

o 104
76.85%2.272

0

20 40 60 80 100

Time (h)

Figure 4.8 (a) Entrapment efficiency of BSA NPs with varying niclosamide concentrations (b)

Niclosamide release profile from BSA NPs in PBS.



CHAPTER 4 59

indicating their improved stability as compare to pristine BSA and niclosamide particles. From
Figure 4.5(c), it was clearly visible that the degradation of particles started from 200 °C and after
250 °C, a sudden decrease in weight was observed which may be due to the loss of small molecule
such as carbon dioxide, ammonia etc. At 400-500 °C there was considerable difference in weight
loss was observed, as 21% was remaining for control BSA, 41% was remaining for BSA-Nic
NPs, whereas only 13% was remaining for niclosamide drug alone which confirm the slower
degradation rate for BSA-Nic NPs as compared to niclosamide drug alone. Beyond 500 °C, a
faster rate of degradation of BSA-Nic NPs was observed as compared to BSA (control), which
may be due to the crystalline nature of entrapped niclosamide drug molecules in BSA-Nic NPs.
Whereas, no significant change was observed in BSA (control) due to the char formation in
nitrogen atmosphere. Recently, Gebregeorgis et al., 2013 demonstrated that no char formation
take place in air atmosphere as compared to nitrogen atmosphere, an additional step was required

related to the combustion of the char product in air atmosphere.

The differential thermal analysis of the bare niclosamide drug showed an endothermic peak at
225 °C which was not there in case of BSA-Nic NPs depicting the high amorphous nature of the
nano formulation and thereby better stability. The exothermic peak also shifted toward higher
temperature range which again substantiates the high amorphous nature of protein-drug
nanoformulation as evident from Figure 4.5(d). The higher amorphous nature of the therapeutic

system, the more would be its delivery efficiency (Abdelwahed et al., 2006).

4.6 Encapsulation efficiency of nanoparticles

Various concentrations of the drug with the albumin nanoparticles were taken and synthesis was
done by desolvation method. The encapsulation efficiency of the BSA NPs was analyzed by
using different concentrations of niclosamide, while the carrier concentration was kept constant.
The drug:BSA combination with the preeminent encapsulation efficiency was taken for further
studies. As shown in Figure 4.8(a), 12:25 ratio of drug: BSA gave the paramount encapsulation
efficiency of 92.36%.

4.7 In vitro drug release study

The in vitro drug release profiles of the BSA-Nic NPs over 96 h was studied at pre defined time
intervals in PBS at pH 7.4 as shown in Figure 4.8(b). The in vitro drug release is a coalesced
effect of diffusion of drug molecule out of the protein nanoparticles into the external environment
and concurrent degradation of carrier itself. A biphasic drug release pattern was seen with an
initial burst of 37.15% in the first 10 h followed by a controlled release of the drug. The initial



CHAPTER 4 60

burst release was due to the drug attached to the surface of the BSA NPs, and the sustained release
was from the entrapped drug. In the following 24 h, cumulative release reached 47.81%, in a
sustained manner, making the protein based nanoparticles an effective drug carrier to fight
continually against cancer cells for an effective cancer therapy. Cumulative release reached

almost 73% after 4 days.

Generally, the sustained and controlled release profile of niclosamide facilitates the application
of nanoparticles for the delivery of anticancer drugs. The cross linking of the BSA nano carriers
using glutaraldehyde is the major reason for the enhanced stability of the particles in PBS. The
results revealed that slow controlled release of the drug in the media makes it an ideal delivery
system for cancer treatment. Moreover, as compared to the extremely slow release profile of raw
niclosamide powder as reported earlier (Bai et al., 2013), the continuous release of niclosamide
from the BSA- Nic NPs solution can be attributed to the solubilizing ability of the BSA carrier.
The erosion and degradation of BSA NPs and the insolubility of niclosamide in aqueous medium

were involved in the drug-release process.

4.8 In Vitro stability of BSA-Nic NPs

In order to evaluate the physiological stability of BSA-Nic NPs in aqueous and 0.9% saline
solution, the change of particle size were monitored by DLS in vitro for more than 96 h. As
shown in Figure 4.9, when BSA-Nic NPs were placed in aqueous and 0.9% saline solution, there
was no obvious size change even after 96 h at 25°C. This phenomenon demonstrated the high
stability of the BSA-Nic NPs. Since, stability always remains a crucial factor for the clinical use
of drug formulation as the drug might slowly escape from the nanoparticles or may degrade with

time.

4.9 Cell viability assay

The effect of BSA-Nic NPs on the viability of A549 and MCF-7 cells was assessed quantitatively
by MTT assay as shown in the Figure 4.10. The results show the inhibition of cell viability by
BSA-Nic NPs in a concentration-dependent manner. This might be due to the sustained release
of drug molecule from the nanocarrier. The 1Csg concentration of BSA-Nic NPs was found to be
5 uM and 2.6 pM for A549 and MCF-7 cells, respectively. On the other hand, bare niclosamide
(in water) showed a nontoxic effect on both the cell lines, probably it could be due to the practical
insoluble nature of the bare niclosamide drug in agueous medium, due to which most of the drug
molecules were not taken up by the cells. However, as the nanoformulation increase the

niclosamide solubility in aqueous medium, it can be easily taken
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Figure 4.9 Stability studies, size of BSA-Nic NPs in
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up by the cells and resulted in concentration dependent cell inhibition. Thus BSA-Nic NPs turned
out to be very effective drug carrier and enhanced antiproliferative activity was observed in
contrast to the free drug. However, it should be taken into account as previously reported that
free niclosamide (dissolved in DMSO) also exhibited cytotoxicity against A549 and MCF-7 cell
lines as shown in Figure 4.11(b). However, implication of organic solvent DMSO as a
solubilizing agent lead to severe complication as it itself produce cytotoxic effect, thereby not
suitable for future clinical applications. We ensured that at each concentration the drug loaded
nanoparticles were taken such that the niclosamide concentration in the free drug was similar to

that present in BSA-Nic NPs, making a direct comparison possible.

The bare BSA NPs were also analyzed for their cell toxicity, which showed that they were non-
toxic to both the cells line as shown in the Figure 4.11(a), more than 90% cell viability was found
after 24 h confirming the biocompatibility of bare nanoparticles. These results clearly indicating
that the antiproliferative activity was not because of the carrier BSA NPs but due to drug
encapsulated BSA NPs.

4. 10 Acridine Orange/Ethidium Bromide staining

A combination of dyes, ethidium bromide and acridine orange were used to stain the treated cells
in order to investigate the mode of cell death (viz. apoptosis or necrosis) in A549 and MCF-7
cells caused by the BSA-Nic NPs treatment and observed under the fluorescence microscope. EB
stain was excluded by the healthy live cell’s nucleus and it appears green due to the presence of
AO alone (Figure 4.12(a)). The cells treated with half the 1Cso concentration of BSA-Nic NPs
showed no significant changes in the morphology of the cell and it appears similar to untreated
cells with uniformly green and normal morphology (Figure 4.12(b)). However, characteristic
morphological changes associated with apoptosis (programmed cell death) including membrane
blebbing, nuclear fragmentation and cytoplasmic constriction (Rello et al., 2005, Uday Kumar et
al., 2014) were observed in treated cells at 1Cso and 2x ICso concentrations. Figure 4.12(c) and
4.12(d) clearly depict 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 A549 and MCF-7 cells by BSA-Nic NPs.



CHAPTER 4 63

Figure 4.12 Representative images of AO/EB dual staining of (a, €) untreated (b, f) half ICso (c,
g) I1Cs0 and (d, h) 2x 1Cso BSA-Nic NPs treated A549 and MCF-7 cells after 24h of treatment.

Figure 4.13 Representative FE-SEM images of (a and c) untreated and (b and d) treated A549
and MCF-7 cells.
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4.11 FE-SEM analysis

In addition, to the AO/EB staining, BSA-Nic NPs treated A549 and MCF-7 cells were further
examined under the FE-SEM in the pursuit of the characteristic morphological changes observed
during apoptosis. Figure 4.13(a and c¢) shows the typical morphology of untreated A549 and
MCEF-7 cells that were well-attached to the surface. However, the cells treated with BSA-Nic
NPs showed round-shaped and loosely attached cells (Figure 4.13(b and d)) as compared to
untreated cells. In both the cells, the event of cytoplasmic constriction, membrane blebbing and

formation of apoptotic bodies clearly indicate the apoptotic cell death.

4.12 Semi-quantitative RT-PCR analysis

The potency of niclosamide encapsulated BSA NPs to induce apoptosis in human breast and lung
cancer was assessed in vitro via semi-quantitative RT-PCR analysis, which showed the
involvement of various apoptotic signaling genes in BSA-Nic NPs mediated cell death as shown
in Figure 4.14 (c). The NPs treated cells were analyzed for their apoptotic signaling genes
expression profile such as BAD, BAX, MYC, TP53 and caspase-3 (CASP3) that indicated their
up-regulation, while the expression of anti-apoptotic gene such as bcl-xI (BCL2L1) found to be
down-regulated. Moreover, the expression of housekeeping gene B-actin (ACTB), which acts as
an internal control remained unaltered during the process. (Figure 4.14 a and b)

It is known that anticancer drug niclosamide induces mitochondrial fragmentation and promote
apoptotic cell death (Park et al., 2011). The destabilization of mitochondrial integrity precedes
the release of pro-apoptotic molecules such as cytochrome- ¢ into the cytoplasm that activate the
caspases leading to apoptosis. Such phenomenon is closely regulated by a group of proteins
belonging to the Bcl-2 family, namely the pro-apoptotic proteins (e.g. bcl-2-associated X protein
(BAX) and bcl-2-associated death promoter (BAD)) and the anti-apoptotic protein (e.g.
BCL2L1) (Wong, 2011). The anti-apoptotic proteins regulate apoptosis by blocking the
mitochondrial release of cytochrome-c and also enable resistance to chemotherapeutic drugs,
while the pro-apoptotic proteins act by promoting such release and play key roles in the inhibition
of anti-apoptotic function of BCL2L1 (Yang et al., 1995, Boise et al., 1993). The members of the
Bcl-2 family are located on the outer mitochondrial membrane and regulate the release of
cytochrome c into the cytosol by controlling the membrane permeability either in the form of an
ion channel or through the creation of pores (Minn et al., 1997). In the present study, a substantial
increase in expression of BAD and BAX was observed, suggesting their role in the down-

regulation of anti-apoptotic gene BCL2L1.
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respectively (b) Quantitative expression analysis of apoptotic signaling genes in MCF-7 and A549
cells representing the fold increment in the expression of apoptotic signaling genes in treated cancer
cells as compared to the control untreated cells. (¢) Schematic representation of BSA-Nic NPs

induced apoptosis (error bars denoted SD; n=3).

p53 (TP53) gene, a key factor which play an important role in apoptosis was up regulated in the
BSA-Nic NPs treated cells. It has been reported that TP53 protein up-regulates the pro-apoptotic
gene BAX (Wolter et al., 1997). As, we observed an increment in the level of BAX expression
suggesting the role of TP53 in their up-regulation. Similarly, c-myc (MYC) is also viewed as a
promising target for anti-cancer drugs. The up-regulation of MY C, a known inducer of apoptosis,
contributes further amplification of the apoptotic signals and down-regulation of anti-apoptotic
genes BCL2L1.
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Figure 4.15 Cell uptake studies of BSA-Nic NPs on (a-f) A549 and (g-1) MCF-7 cells at different
magnification. Bright field (a and g) and fluorescent images (b and h) of untreated cells did not show

any fluorescence. Bright field (c, i, e and k) and fluorescent images (d, j, fand ) of rhodamine loaded
BSA NPs treated cells. (c, d, I and j) at scale bar- 400 um and (e, f, k and 1) at scale bar- 200 pum.

Caspases (cysteine-aspartic acid proteases) are activated during apoptosis in many cells and are
known to play a vital role in both initiation and execution of apoptosis. It was reported that
caspase- 3 is accountable for the actual cleavage of cellular components during apoptosis (Fink
et al., 2005). We found that in BSA-Nic NPs treated cells gene expression level of CASP3 was
up-regulated, which suggested its role in BSA-Nic NPs mediated apoptosis. The gene expression
profiles as mentioned above suggested that BSA-Nic NPs treatment of both the A549 and MCF-

7 cells leads to programmed cell death, i.e. apoptosis and consequent cell blebbing.

4.13 Cellular uptake study

Systematic study for cellular uptake of BSA-Nic NPs by A549 and MCF-7 cells were performed
by visualizing the fluorescence of rhodamine using fluorescence microscopy. As reported earlier,
rhodamine loaded protein nanoparticles were used in the cell uptake studies of drug loaded
protein nanoparticles (Rejinold et al., 2011). Rhodamine B is a red fluorescent dye, so the cells
which uptake rhodamine loaded nanoparticles would typically appear bright red. Fluorescence

microscopic images taken after 8-12 h of incubation revealed that, there was significant
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internalization and retention of nanoparticles inside the cells (Figure 4.15). Images of control
cells without any particles did not show any fluorescence, which further validates the study.

In summary, a novel anticancer drug loaded delivery system based on biodegradable BSA NPs
was designed in the present study. This study is the first report of the enhanced solubilization and
stability of niclosamide in aqueous environment by preparing a protein-drug nanoformulation via
desolvation technique. It also allows us to eliminate the use of toxic organic compounds such as
cremphor and DMSO. The prepared BSA-Nic NPs were characterized by DLS, FE-SEM, and
AFM. Which corroborated that even after the drug incorporation, the particle size can be tuned
within the optimal range for drug delivery applications. BSA-NPs showed improved sustained
release of niclosamide in agqueous environment. Moreover, the MTT result revealed the non toxic
nature of the nanocarrier and enhanced anti-proliferative ability of drug against breast and lung
cancer cells in vitro than that of the free drug in aqueous medium. Morphological analysis of
cells (via FE-SEM and AO/EB staining) and expression of apoptotic signaling genes (via semi-
quantitative RT-PCR), further confirm the successful induction of apoptosis in BSA-Nic NPs
treated cancer cells. The cellular uptake studies of BSA-Nic NPs using A549 and MCF-7 cells
demonstrated significant internalization and retention of nanoparticles inside the cells, suggesting
that these nanoparticles system can be used for delivering drug directly into the cells. Hence our
studies suggest that the chemotherapeutic properties of niclosamide can be better exploited by

encapsulating it in a protein based carrier for future clinical applications.



INDUCTION OF APOPTOSIS BY FOLATE TARGETED ALBUMIN
STABILIZED SILVER NANOPARTICLES

In this Chapter, a folate decorated albumin stabilized Ag NPs was synthesized to
overcome various cytotoxicity and genotoxicity associated with Ag NPs. The therapeutic
efficacy of FA-BSA-Ag NPs has been validated against A549 (FR (-ve)) and MCF-7 (FR
(+ve)) cells. Further, the efficient induction of apoptosis by these nanoparticles was
corroborated by ROS determination, cell cycle, morphological and nuclear analysis

followed by gene expression analysis.

Apoptosis
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INDUCTION OF APOPTOSIS BY FOLATE
TARGETED ALBUMIN STABILIZED SILVER
NANOPARTICLES

Overview

In current scenario, silver nanoparticles have been widely used in clinical and household products
due to their broad spectrum antibacterial activity. But the cytotoxicity and genotoxicity
associated with Ag NPs at higher concentration hindered its applications in the field of cancer
therapy. The current study exploits the folate mediated delivery of bovine serum albumin
stabilized Ag NPs and thereby overcoming various drawbacks associated with non specific
targeting. The albumin coating enhanced the stability of Ag NPs and also provide surface for
folate conjugation via carbodiimide reaction. Physicochemical characterization confirms the
formation of folate decorated albumin stabilized Ag NPs. The prepared nanoparticles depict
remarkable binding, especially in case of MCF-7 (FR-positive cells) having abundant folate
receptor on its surface that leads to their enhanced cellular internalization as compared to A549
cells (FR negative cells). The cell viability assay corroborates a better therapeutic efficacy of
prepared NPs against MCF-7 cells as compared to A549 cells. The flow cytometer analysis
reveals reactive oxygen species increment that leads to oxidative stress induced apoptosis in both
the cells. Further, cell cycle, morphological and nuclear analysis suggests characteristic apoptosis
indications, which was further confirmed by gene expression analysis. Altogether, these studies
implied that the tumor targeted FA-BSA Ag NPs induce apoptosis in MCF-7 cells at much lower
Ag NPs concentration. In future, these targeted albumin stabilized Ag NPs could provide a more

safe and effective alternative approach in the field of cancer therapy.

Results and discussion

5.1 Synthesis and characterization of FA-BSA-Ag NPs

The objective of current study is to develop an albumin based targeted therapeutic agent, where
it serves the dual purpose by acting as a stabilizer of Ag NPs and provide free amino groups for

the attachment of targeting moieties such as folic acid as shown in Figure 5.1. The Ag NPs were
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synthesized by NaBHs reduction method in the presence of albumin as reported earlier
(Gebregeorgis et al., 2013, Zhang et al., 2013). The formation of albumin stabilized Ag NPs was
primarily studied by UV-visible spectroscopy showing the appearance of typical plasmonic band
at 420 nm as shown in Figure 5.2. In the next step, folic acid a tumor targeting moiety was
conjugated to the amines group present on the surface of BSA-Ag NPs via EDC/NHS coupling
chemistry. The EDC and NHS activate the carboxylic acid groups of the folic acid which in turn
combined with the amine groups of albumin. Figure 5.3(a) and (b) correspond to the elemental
distribution and EDS pattern of FA-BSA-Ag NPs showing the existence of silver in the complex.
The size and shape of the prepared NPs was determined by using TEM as shown in Figure 5.4(a)
TEM image depicts that particles were spherical in shape having an average size around
8.21+£2.98 nm; the size distribution histogram of FA-BSA-Ag NPs is shown in Figure 5.4(b).
The bright spots in the selected area electron diffraction (SAED) pattern attributed to the
crystalline nature of the Ag NPs with phases (111), (200), (220) and (311).

5.2 XRD and thermal stability studies

Figure 5.5(b) represents the XRD pattern of FA-BSA-Ag NPs. A well defined characteristic
diffraction peak appeared at 38.07 ° that corresponds to (111) crystal plane of elemental silver
(Gebregeorgis et al., 2013) depicting the presence of Ag NPs. In addition, broader peaks appeared
around 20 ° as a result of amorphous nature of the coated albumin layer. Moreover, the thermo
gravimetric analysis of BSA-Ag NPs, FA-BSA-Ag NPs and BSA alone were carried out under
nitrogen atmosphere illustrating the slower rate of degradation for albumin- Ag NPs complexes
i.e. BSA-Ag NPs and FA-BSA-Ag NPs as compared to pristine BSA. From Figure 5.5(a), it was
clearly evident that the degradation of particles start from 200 °C and beyond 250 °C, a sudden
weight loss was observed which account to the loss of small molecules i.e. ammonia, CO; etc.
Around 400-500 °C, a substantial difference in weight loss was examined, as 21% was left for
pristine BSA, 38% was left for FA-BSA-Ag NPs and 40% was remaining for BSA-Ag NPs
indicating the improved stability of BSA-Ag NPs and FA-BSA-Ag NPs as compared to pristine
BSA. Beyond 500 °C, a rapid rate of degradation was noticed in case of BSA-Ag NPs, which
may be as a result of crystalline nature of Ag NPs. However, a slower rate of degradation was
observed for FA-BSA-Ag NPs due to the presence of folic acid. Moreover, beyond 600 °C no
significant change was noticed for BSA and BSA-Ag NPs due to the char formation, while in
case of FA-BSA-Ag NPs a sudden weight loss was found, thus confirming the presence of folic
acid (Gebregeorgis et al., 2013).
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Figure 5.1 A schematic representation of preparation of FA conjugated albumin stabilized silver
nanoparticles. The structure of BSA (PDB ID: 3V03) was imported from RCSB protein data
bank.

Absorbance (a.u.)

) v ) v ) v ) v !
300 400 500 600 700
Wavelength (nm)

Figure 5.2 UV-visible absorption spectrum of BSA-Ag NPs.
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Figure 5.3 (a) Color coded SEM/EDX dot maps depicting the individual elemental distribution
in FA-BSA-Ag NPs from (i-v) red for carbon, green for oxygen, yellow for sulphur, purple for
nitrogen, blue for silver and (iv) overlay image. (b) Energy dispersive spectra of FA-BSA- Ag
NPs.
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Figure 5.4 Characterization of as prepared FA-BSA-Ag NPs (a) TEM image (scale bar: 100 nm)
with corresponding SAED pattern (inset) (b) Particle size distribution histogram of FA-BSA-Ag
NPs.
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5.3 FTIR analysis

The conjugation of BSA-Ag NPs with FA was typified by FTIR analysis. The FTIR spectrum of
FA, BSA-Ag NPs and FA conjugated BSA-Ag NPs are shown in Figure 5.6. The characteristic
peaks of BSA-Ag NPs and FA alone were illustrated in Table 5.1 and 5.2 (Bhushan et al., 2015b,
El-Wahed et al., 2008). On comparing the BSA-Ag NPs with FA-BSA-Ag NPs, a major shift in
the peaks were observed from 3306.5 to 3331.1, 2959.57 to 2931.51, 1537.43 to 1540.39, 1391.6
to 1397.52, 1242.2 to 1247.69 cm™ corresponding to the stretching vibration of —OH groups,
stretching vibration of N-H groups, stretching vibration of C-O groups and N-H bend
respectively, along with other peaks shift confirms the interaction between the FA and BSA-Ag
NPs. In case of FTIR spectrum of the FA-BSA-Ag NPs, a peak was observed at 1021.06 cm-!
as a result of augmented —CH bending of alkenes and a decline in anhydride C-O stretching of
FA involved in the reaction. Moreover, the appearance of new peaks at 1451.39 cm?,
corresponding to the phenyl ring of folic acid along with other bands confirms the successful
conjugation of FA to the BSA-Ag NPs (Chowdhuri et al., 2015, Mewada et al., 2014).

5.4 In vitro cytotoxicity

In vitro cytotoxicity assay of BSA-Ag NPs and FA-BSA-Ag NPs was assessed via MTT assay
on MCF-7 and A549 cells. An upregulation of folate receptor was observed in specific cancer
cells such as human breast cancer cells, MCF-7 (FR-positive cells). Thus the FA-BSA-Ag NPs
specifically target the breast cancer as compared to A549 (FR-negative cells). In Figure 5.7 the
bare BSA was analyzed for their cytotoxicity against both the cells and found to be non toxic.
After 24 h, more than 90 % cell viability was found considering the biocompatibility of BSA.
Thus the results suggest that the therapeutic efficacy of FA-BSA-Ag NPs was due to Ag NPs and

not because of the stabilizing agents.

Moreover, the effect of BSA-Ag NPs and FA-BSA-Ag NPs on the viability of A549 and MCF-
7 cells were evaluated by MTT assay as illustrated in Figure 5.8, the results suggests a
concentration dependent inhibition of cell viability by BSA-Ag NPs and FA-BSA-Ag NPs.
However, the cell inhibition capability of FA-BSA-Ag NPs was enhanced significantly (around
2.59 fold) in MCF-7 as compared to BSA-Ag NPs, while a little increment was observed (around
1.36 fold) for A549 cells. The ICso value of BSA-Ag NPs was found to be 14.21 and 5.97 pg mL
1 and of FA-BSA-Ag NPs was found to be 11 and 2.3 ug mL ** on A549 and MCF-7 cells
respectively, illustrating that the FA-BSA-Ag NPs exhibit excellent cytotoxicity
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Figure 5.5 (a) TG data curve of BSA (control), BSA-Ag NPs and FA conjugated BSA-Ag NPs.
(b) XRD pattern of FA-BSA-Ag NPs.
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Figure 5.6 FTIR spectra of BSA-Ag NPs, FA and FA conjugated BSA-Ag NPs.
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Figure 5.7 Cell viability assay (MTT assay) of BSA after 24h of treatment (error bars denoted

SD; n=3).
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Figure 5.8 Cell viability of (a) MCF-7 cells (b) A549 cells as calculated from MTT assay. The
cells were treated with BSA-Ag NPs and FA conjugated BSA-Ag NPs (having equivalent
concentration of Ag) for 24h (error bars denoted SD; n=3).

Functional | -OH N-H (amide | C=0 N-H C-0 N-H C-H C-H
groups A) (amide 1) | (amide (amide (aromati
1) 1) c)
Wave No. | 3306.5 | 2959.57 1655.84 1537.43 | 1391.6 | 1242.24 1166.4 | 613.28
(cm) 6 2
Vibration -OH N-H stretch | C=0 N-H C-O0 N-H bend | C-H C-H
stretch stretch bend stretch bend bend

Table 5.1 Characteristic major absorption bands in the IR spectra of the BSA-Ag NPs.

Functional | -OH -N-H | -CH: | C=0 -CH, | COO- | C-C C-N C-O0 C-H C-O0

groups

Wave No. | 3414. | 3325. | 3107. | 1694.3 | 1484. | 1335. | 1292. | 1236. | 1006. | 757.8 | 589.8

(cm?) 54 76 41 3 49 35 2 98 75 7 9

Vibration | -OH -N-H | -CH, | C=0 -CH, | COO- | C-C C-N C-O0 C-H C-0
stretc stretch stretc | bend bend

h h

Table 5.2 Characteristic major absorption bands in the IR spectra of the raw folic acid powder.
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against both the cells as compared to BSA-Ag NPs. However, the enhanced therapeutic efficacy
and greater suppression effect was observed on MCF-7 (FR-positive) cells treated with FA-BSA-
Ag NPs. Thus the results suggests that the FA modification of BSA-Ag NPs improve therapeutic
efficacy by facilitating the FR mediated cellular uptake and therefore induce apoptosis at much

lower concentration of Ag NPs.

5.5 AO/EB Dual Staining

The mode of cell death in FA-BSA-Ag NPs treated A549 and MCF-7 cells was determined by
staining the cells with a combination of fluorescent DNA intercalating dual dyes (i.e. AO/EB)
and then examined them under fluorescent microscope. The AO dye was taken up by both viable
and non viable cells and gives green fluorescence after binding with double stranded DNA.
While, EB can permeate only membrane compromised cells and bind to the double stranded
DNA to produce red fluorescence. The difference in the permeation capability of both dyes
makes it possible to differentiate between the viable, apoptotic and necrotic cells (Uday kumar
et al., 2014). The viable healthy cells effectively exclude the EB stain and it appears uniform
green colored fluorescent nucleus due to the presence of AO alone as shown in Figure 5.9 (a and
e). Similarly, the cells treated with half the ICso concentration does not show any significant
change in the cells morphology and also emit green color fluorescence as shown in Figure 5.9 (b
and d). While the cells treated with ICso and 2 x 1Cso concentrations shows typical morphological
changes corresponds to the apoptosis such as cytoplasmic constriction, membrane blebbing and
nuclear fragmentation (Rello et al., 2005, Uday Kumar et al., 2014). Figure 5.9(c-d and g-h),
clearly demonstrate the existence of early apoptosis (EA) characterized by condensed chromatin
in the treated cells along with late apoptosis (LA) characterized by fragmented nuclei and
apoptotic bodies. These morphological changes clearly depict the induction of apoptosis in the
A549 and MCF-7 cells treated with FA-BSA-Ag NPs. Moreover, the FA modification
augmented the apoptosis effect in MCF-7 cells as compared to A549, which may be due to the
different expression levels of FR on the surface of two cells. The MCF-7 cells actively uptake
FA-BSA-Ag NPs via folic acid mediated endocytic pathway. Thus, the above results are in

correlation with the results obtained from MTT assay.

5.6 FE-SEM studies
Further morphological assessment of induction of apoptosis was done in FA-BSA-Ag NPs
treated A549 and MCF-7 cells by using FE-SEM analysis. Fig. 5.10(a and c) clearly depict the

characteristic healthy morphology of untreated cells which adhere well to the surface with no
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substantiation of membrane constriction. While, in case of cells treated with FA-BSA-Ag NPs
shows loosely attached rounded spherical morphology as compared to untreated cells as shown
in Figure 5.10(b and d). Moreover, the events of apoptotic cell death such as membrane blebbing,
formation of apoptotic bodies and cytoplasmic constriction were clearly visible in both the cell
lines (Rello et al., 2005).

5.7 Hoechst-Rho B staining

In addition to AO/EB and FE-SEM analysis, further time dependent assessment of induction of
apoptosis was done by using Hoechst-Rho B staining to monitor the cytoskeleton compaction
and nuclear fragmentation. Hoechst 33342, a membrane permeable dye that stain nucleus and
emit blue fluorescence on combining with the dsDNA. It is used to differentiate the untreated
cells having normal nucleus with apoptotic cells having nucleus with condensed chromatin
(pycnotic nucleus) (Allen et al., 2001). On the other hand Rho B stains the cytoplasm and
mitochondria of the cells (Uday Kumar et al., 2014). Figure 5.11 clearly depict the time
dependent chromatin condensation in the nucleus appearing in the form of dark spots (indicated
by white arrows) accompanied with simultaneous cytoplasm constriction (as indicated by yellow
arrows). Moreover, after 24 h of incubation a significant number of pycnotic nuclei were
observed suggesting apoptotic mode of cell death. Altogether, all these morphological analysis
suggest the role of FA-BSA-Ag NPs in inducing apoptotic cell death in A549 and MCF-7 cells.

5.8 Cellular uptake study

As reported earlier, the FA conjugates bind to the FR on the cancer cells with same affinity as
that of FA alone and get internalized through plasma membrane via FA mediated specialized
endocytosis and vesicular trafficking (Wang et al., 1998). In order to quantify the uptake of silver
nanoparticles by MCF-7 and A549 cells ICP-MS analysis were conducted. Both the cells were
treated with different concentration of FA-BSA-Ag NPs for 3h. As shown in Figure 5.12, a
concentration dependent increase in the Ag NPs uptake was observed for both cells. However,
amount of Ag NPs uptake was found to be significantly higher in case of MCF-7 as compared to
A549 cells suggesting the successful FA mediated targeted delivery of Ag NPs in MCF-7 cells.
This held accountable for the higher cytotoxicity in MCF-7 as compared to A549 as observed in
MTT assay.
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Figure 5.9 Representative images of AO/EB dual staining of (a and e) untreated (b and f) 0.5x
ICso (c and g) ICsp and (d and h) 2x ICso FA- BSA—Ag NPs treated (a-d) A549 and (e-h) MCF-7
cells after 24 h of treatment.
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Figure 5.10 Representative FE-SEM images of (a and c) untreated and (b and d) treated A549
and MCF-7 cells.
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Figure 5.11 Time-dependent overlay images of untreated and FA-BSA-Ag NPs (ICso) treated
MCF-7 and A549 cells stained with Hoechst 33342 (blue) and co-stained with rhodamine B (red).
White arrows indicate chromatin condensation (dark spots) and yellow arrows point towards

cytoskeleton compaction. Scale bar: 100 pm.
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Figure 5.12 Cellular uptake of Ag in A549 and MCF-7 cells treated with different concentrations
of FA-BSA-Ag NPs after 3 h. The statistically significant values are denoted by *p < 0.05, **p
< 0.005 and ***p < 0.001 (error bars denoted SD; n=3).
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5.9 Intracellular ROS determination

Reactive oxygen species induced oxidative stress is one of the crucial factors responsible for the
cytotoxicity of Ag NPs as reported earlier (Lee et al., 2014, Chairuangkitti et al., 2013). Intrinsic
antioxidant defence system protects the body against ROS by keeping a balance between the
oxidant/antioxidant levels in the cells. However, excessive ROS generation caused due to the
impaired antioxidant defence system of the body lead to the induction of oxidative stress, which
finally results in the DNA damage, mitochondrial dysfunction and apoptotic cell death (Bhushan
et al.,, 2015a, Sharma et al., 2014). The ROS levels on FA-BSA-Ag NPs treatment was
investigated by using DCFH-DA assay using flow cytometer in order to assess their potential
role in oxidative stress mediated cell death. Figure 5.13 depicts the level of ROS generation in
FA-BSA-Ag NPs treated MCF-7 and A549 cells. The percentage of ROS producing cells were
2 % and 2.4 % in untreated MCF-7 and A549 cells respectively, which increased to 8.4% and 5
% on treating the MCF-7 and A549 cells respectively with 0.5x 1Csg concentration. Moreover,
in case of cells treated with ICsoand 2 x ICsg concentrations a significant increase in the ROS
level was found. In MCF-7 the elevated ROS level at ICso and 2x ICso concentrations was found
to be 24.1 and 41.2 % as compared to 18.1 and 26.3 % of ROS producing cell population in A549
cells respectively. These results suggest that the FA-BSA-Ag NPs induced more oxidative stress
in MCF-7 as compared to A549 cells due to the FA mediated targeted delivery of Ag NPs that
evokes more ROS generation in MCF-7 cells. The results are in correlation with the MTT and

uptake studies.

5.10 Cell Cycle Analysis

Ag NPs is well known to induce oxidative DNA damage and chromosomal aberrations that
results in the cell cycle arrest (Asharani et al., 2009, Sharma et al., 2014). The induction of
apoptotic mode of cell death on FA-BSA-Ag NPs exposure was measured by Pl staining,
followed by flow cytometric analysis. Figure 5.14 demonstrate the effect of FA-BSA-Ag NPs
on the cell cycle distribution pattern of A549 and MCF-7 cells incubated with desired
concentrations FA-BSA-Ag NPs for 24 h. The results depicted that low concentration of FA-
BSA-Ag NPs (i.e. 0.5x 1Cs0) did not produce any notable change in the cell cycle as compared
to the untreated cells; most of the cells were found to be primarily in GO/G1 phase. However, at
higher concentration (i.e. 1Cso and 2x 1Csp), a noticeable increase in the sub GO/G1 population
accompanied by decrease in GO/G1 phase was observed with respect to untreated cells.
Moreover, a marked decrease in the S phase was also monitored upon FA-BSA-Ag NPs

exposure. Thus, an increase in the sub GO/G1 phase and decrease in the S phase population at
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Figure 5.13 Flow cytometric analyses of ROS production in (a and e) untreated (b and f) 0.5x
ICso (c and g) ICsp and (d and h) 2x I1Cso FA- BSA—Ag NPs treated (a-d) MCF-7 and (e-h) A549
cells.

a B G2/M b R G2iM
s s

R G0IG1

B Sub GOIG1

BB G0/G1
Il Sub G0/G1

100+ 100+

80+

80+

60

60

% cells

40

40

20 204

Figure 5.14 Effect of FA-BSA-Ag NPs on cell cycle in (a) A549 and (b) MCF-7 cells evaluated
by calculating the percentage of cells in each phase from flow cytometric data (error bars denoted

SD; n=3).
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ICs0 and 2x 1Csg corresponds to the apoptotic mode of cell death (Riccardi et al., 2006,
Darzynkiewicz et al., 1992).

5.11 Gene expression analysis

The potential of FA-BSA-Ag NPs to provoke apoptosis in human lung and breast cancer cells
was investigated in vitro by means of semi-quantitative RT-PCR analysis, results suggested that
the involvement of various pro-apoptotic signalling genes includes caspase 3 (CASP3), BAX,
BAD, c myc (MYC), p53 (TP53) and anti-apoptotic signalling genes including bcl-xI (BCL2L1)
as shown in Figure 5.15. While, B-actin (ACTB, housekeeping gene) was taken as internal
control, whose expression remains unaltered during the process. As depicted in Figure 5.15(a)
an upregulation was observed in the expression of pro-apoptotic genes (indicated by upward
arrow), while the expression of anti-apoptotic genes was found to be down-regulated (indicated
by downward arrow). Moreover, the fold change in the expression of genes was shown in Figure
5.15(b).

The apoptotic pathway involved in the FA-BSA-Ag NPs treated cells was shown in Figure
5.15(c). The FA-BSA-Ag NPs treatment leads to membrane destabilization and intracellular ROS
generation, which in turn activates the intracellular signalling pathway that finally results in the
activation of TP53 (Gopinath et al., 2010, Dubey et al., 2015 b). The anti-apoptotic BCL2L1
(basal cell lymphoma-extra large), a member of bcl-2 family located on the outer mitochondrial
membrane prevent the cells from entering into apoptotic pathway by blocking the mitochondrial
release of cytochrome-c by controlling the membrane permeability either via formation of pores
or by creating an ion channel (Minn et al., 1997). While pro-apoptotic BAX and BAD promote
such release and thereby endorses apoptosis by inhibiting the anti-apoptotic function of BCL2L1
(Yang et al., 1995, Boise et al., 1993). A down-regulation in the expression of BCL2L1 along
with subsequent up-regulation of BAD and BAX suggests a successful initiation of apoptosis.
Moreover, as reported earlier TP53 is found to be involved in the up-regulation of BAX (Wolter
et al., 1997). An increase in the expression of BAX suggests the involvement of TP53 in the
apoptotic cell death in FA-BSA-Ag NPs treated cells. Further, outer membrane permeabilization
(MOMP) results in the translocation of BAX from cytosol to mitochondria, which leads to the
release of cytochrome c, a pro-apoptotic molecule into the cytoplasm via pores formation (Wolter
etal., 1997). Finally, the cytochrome c activate the CASP3, a key factor both in the initiation and
execution of apoptosis and also accountable for the cellular DNA fragmentation during apoptosis
(Liu et al., 1996, Fink et al., 2005, Hengartner, 2000).
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Figure 5.15 (a) Semi-quantitative RT-PCR analysis of apoptotic signaling genes (i and iii)
untreated control MCF-7 and A549 cells, respectively; (ii and iv) FA- BSA-Ag NPs treated
MCF-7 and A549 cells, respectively (b) quantitative expression analysis of apoptotic signaling
genes in MCF-7 and A549 cells representing the fold increment in the expression of apoptotic
signaling genes in treated cancer cells as compared to the control untreated cells. (c) Schematic

representation of FA-BSA-Ag NPs induced apoptosis (error bars denoted SD; n=3).
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An up-regulation in the expression of CASP3 suggests their role in the apoptosis in FA-BSA-Ag
NPs treated cells. In addition to that an increased expression of MYC, a well known inducer of
apoptosis was also observed, which further validate the TP53 mediated apoptotic cell death. Our
results were found in correlation with the previous studies (Gopinath et al., 2010, Hsin et al.,
2008). Thus the above mentioned gene expression profiles clearly demonstrated the p53 mediated
apoptotic cell death along with consequent cell blebbing in the FA-BSA-Ag NPs treated A549
and MCF-7cells.

In summary, folate decorated albumin stabilized Ag NPs were synthesized. The albumin coating
not only provides stability but also provide charged amino groups required for the folic acid
conjugation. The physicochemical characterization demonstrates the successful folate
modification of NPs necessary for their targeted delivery. The MTT assays revealed the higher
therapeutic efficacy of folate modified NPs as compared to unmodified NPs against FR positive
human breast cancer cells. The cellular uptake study reveals enhanced uptake in MCF-7 as
compared to A549 cells due to the cancer specific targeting of Ag NPs. Moreover, the
morphological and nuclear analysis suggests successful initiation of apoptosis in both the cancer
cells. Further, flow cytometer and gene expression analysis corroborates the efficient induction
of apoptosis by two separate mechanistic ways including: ROS production and induction of
apoptotic signalling pathway in both the cancer cells. Thus, the current studies proposed that the
folate modified albumin stabilized Ag NPs elicit anti-proliferative response and induce apoptosis
in FR positive cells at much lower concentration and thereby reduce the complications that
hinders their role in the future nanomedicine and cancer therapeutic applications.
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In this Chapter, an albumin nanoparticles based potential delivery system for nanoceria
is reported that remains stable inside the cells and provide desired steady state level of
therapeutic dose that helps in defending the cells against actively generating ROS over a

period of time.
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CHAPTER 6

NANOCERIA ENCAPSULATED ALBUMIN
NANOPARTICLES AS A POTENTIAL ROS
SCAVENGER

Overview

Several diseases and disorders including cancer are endorsed by the excessive oxidative stress
caused due to incomplete removal of ROS by the antioxidant defense system of the body.
Therefore present interest among the scientific community lies in the development of highly
stable, biocompatible artificial enzymatic system that possesses a high ROS scavenging activity
over a period of time. In recent years catalytic nanoparticles emerged as a potential candidate in
the field of nanomedicine. Due to their inherent catalytic properties they are exploited as an
artificial enzyme (nanozyme), to reinstate or correct aberrant enzymatic activities in patients.
Among them cerium oxide nanoparticles/nanoceria emerged as a potent artificial redox
enzyme, mimicking the activity of SOD and catalase and endure a tremendous ROS scavenging
potential as depicted in a surfeit of human cell lines and animal models. In the present article, a
facile synthesis of biocompatible nanoceria encapsulated albumin nanoparticles via desolvation
technique that lead to the abatement of intracellular ROS is reported. Physico-chemical
characterizations of as-prepared BCNPs corroborate the formation of highly monodispersed,
spherical and aqueous stable delivery system. Interestingly, such entrapment does not affect the
enzyme mimetic activity of CNPs as demonstrated by SOD assay. The biocompatibility and
ROS scavenging potential of BCNPs were further assessed in vitro against human lung
epithelial cells by cell viability assay and flow cytometric analysis, respectively. The
quantitative and qualitative assessments of cellular uptake of BCNPs were done by ICP-MS,
TEM and FE-SEM analysis. Furthermore, the BCNPs preserve the cell’s antioxidant defense
system and protect them from oxidant-mediated apoptosis as confirmed by semi-quantitative
RT-PCR analysis. Thus, the as-prepared BCNPs could provide an opportunity to be utilized as

a potential candidate against ROS induced diseases and disorders.
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Results and discussion

6.1 Encapsulation of CNPs in albumin nanoparticles

CNPs were prepared by the hydrothermal method as described earlier (Liu et al., 2012). The
prepared CNPs were evaluated by UV-visible spectrophotometer showing a characteristic
broad absorption peak around 330 nm as shown in Figure 6.1. Figure 6.2 (a) indicates the TEM
micrograph of the as-prepared CNPs. The TEM image implies that the average size of the
uniformly distributed prepared CNPs was 4.35 = 1.07 nm as shown in Figure 6.2(b) and Fig. S2
(c) depict the corresponding EDX pattern. The prepared CNPs were encapsulated inside the
albumin nanoparticles via desolvation technique (Bhushan et al., 2015b), using ethanol as
desolvating agent and glutaraldenyde as cross linking agent as shown in Figure 6.3. The
bifunctional reagent glutaraldehyde endorses to the creation of Schiff bases among the two
carbonyl groups of glutaraldehyde and the positively charged amino groups of protein resulted

in the formation of least aggregated spherical BCNPs with uniform distribution.

6.2 Characterizations: Surface morphology and particle size

The surface morphology of the prepared BCNPs was determined by FE-SEM as shown in
Figure 6.4(a). The FE-SEM micrograph of BCNPs depicts a spherical morphology with
uniform distribution. Moreover, the TEM image of BCNPs as shown in Figure 6.4(c), clearly
illustrated the distribution of CNPs inside the albumin nanoparticles, which confirmed the

formation of CNPs encapsulated albumin nanoparticles.

The particle size distribution of prepared BCNPs was obtained by using DLS as shown in
Figure 6.4(d). The average hydrodynamic size of the prepared BCNPs was found to be 278.4
nm. Further, the size of the BCNPs was also analyzed by AFM as shown in Figure 6.4(b). The
average grain size of BCNPs was found to be 231.05 nm after processing the image through
NOVA software. The size of the prepared nanoparticles lies within the optimal range
comparable to the already prepared albumin based nanoparticles.

6.3 XRD analysis
Physical nature of the prepared BCNPs was assessed by XRD analysis. Figure 6.5(a) showed
the XRD pattern of CNPs and BCNPs. The prepared CNPs have a cubic, fluorite type structure
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Figure 6.1 UV-visible absorption spectrum of prepared CNPs.
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Figure 6.2 (a) TEM image of prepared CNPs. (scale bar: 50 nm) (b) Particle size distribution
histogram of prepared CNPs. (c) Energy dispersive spectra of CNPs.
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Figure 6.4 (a) FE-SEM and (b) AFM images of BCNPs showing their typical morphology (c)
TEM image of BCNPs showing the encapsulated CNPs (indicated by yellow arrows) and (d)
DLS image of BCNPs showing the distribution and size of nanoparticles.
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showing a characteristic diffraction peaks at 28.5, 33.1, 47.4 and 56.3 corresponding to 111,
200, 220, 311 crystal planes that resembled with CeO, (JCPDS 78-0694). However, no such
peaks were observed in case of BCNPs depicting the encapsulation of CNPs and no significant
amount of CNPs were left in the system after interaction with protein. On comparing the
prepared BCNPs with free CNPs, BCNPs were found to be more amorphous in nature, which
might be due to the cross linking mechanism happening between the reactive functional groups
of protein and CNPs along with the prominent electrostatic interaction between them may
perhaps ascribe to the amorphous nature of the BCNPs (Rejinold et al., 2011).

6.4 FTIR analysis

Surface chemistry of the nanoparticles play crucial role in their interaction with protein. Several
factors including hydrophobic interactions, electrostatic interaction and chemical interaction are
among the leading factor responsible for protein-nanoparticle complex formation. As reported
earlier electrostatic interaction was the major factor responsible for the CNPs interaction with
BSA. Moreover, higher the positive zeta potential more will be the interaction. As in our case
CNPs also have high value of zeta potential around 36.3 mV, while BSA have net negative
charge in water (pH=7), suggesting that electrostatic interaction were mainly responsible for
CNPs interaction with BSA (Patil et al., 2007, Yuan et al., 2011).

In Figure 6.5(b) major peaks were observed around 1652, 1540, 3070 and 3420 cm™! for
pristine BSA corresponding to the amide | (C=0 stretching vibration), amide 1l (N-H bending
vibration and C-N stretching vibration), amide A (-NH stretching vibration) and —OH
stretching vibration respectively, as discussed previously (Bhushan et al., 2015b). While the
FTIR spectrum of CNPs showing major characteristic peaks are listed in Table 6.1. Peaks
around 3431.12, 1630.32 cm ™ corresponded to the physically adsorbed water on the surface of
the CNPs, while the major peak around 439.51 cm™ corresponding to the Ce-O stretching band
confirms the formation of CNPs (Jiao et al., 2012, Kumar et al., 2013). The absorption peak
around 2925.38 cm ™ could be assigned to a stretching vibration of the C-H group. Moreover, a
strong peaks were observed at 1538.41 and 1455.76 cm™ corresponds to the symmetric and
asymmetric stretching vibration of carboxylic group of acetic acid. The spectra suggests that
carboxyl group of acetic acid get chemically bound to the surface of synthesized CNPs
imparting them high colloidal stability and zeta potential (Kumar et al., 2013, Pahari et al.,
2011, Masui et al., 2002, Goharshadi et al., 2011, Girija et al., 2011). The chemical species on
surfaces of CNPs were further indentified by TG analysis of CNPs depicting a slight weight
loss in the temperature range between 25 and 900 °C. In Figure 6.6, upto 200 °C slight weight
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loss was observed which corresponds to the desorption of the adsorbed water but beyond 200
°C a sudden loss in weight was observed as a result of carboxyl groups on the surface of CNPs

confirming the FTIR outcomes (Jiao et al., 2012).

On comparing the IR spectra of CNPs, BSA alone and BCNPs as shown in Figure 6.5(b), a
major shift in the peaks were observed from 3431.12 to 3298.27, 1455.76 to 1448.92
suggesting the involvement of —OH and C=0 groups of CNPs in their interaction with protein.
Moreover, in case of BCNPs, a characteristic suppression in the stretching frequency was
observed and the peaks were appeared as a wide spectrum on account of possible interaction
between the nanoparticles. A slight shift in the amide I, amide Il and amide Il peaks were
observed, which may be attributed to the cross-linking mechanism amongst the protein amino
groups and the possible interaction of protein with CNPs (Rejinold et al., 2011, Kong et al.,
2007, Huang et al., 2010).

6.5 Thermal stability of the nanoparticles

The TG analysis was conducted for BCNPs and pristine BSA (control), results demonstrated
the slower rate of degradation for BCNPs as compared to pristine BSA suggesting the enhanced
stability of BCNPs. Figure 6.5(c) clearly depicts that degradation of pristine BSA start from
200 °C but no such change was observed for BCNPs. However, beyond 250 °C, a sudden
weight loss was observed for both particles which could be due to the loss of small molecules
such as ammonia, CO: etc. At 400-450 °C a substantial distinction in weight loss was observed,
as 24 % was left for control BSA whereas 42 % was remained for BCNPs which validate the
slower degradation rate for BCNPs as compared to BSA alone. Beyond 450 °C, degradation
rate of BCNPs became faster as compared to pristine BSA, which could be attributed to the
crystalline nature of encapsulated CNPs in BCNPs. While, no noteworthy change was detected
in BSA (control) owing to the char formation in nitrogen atmosphere as recently reported
(Gebregeorgis et al., 2013).

6.6 In Vitro Stability of BCNPs

Stability of the carrier molecule always play a crucial role for their future clinical applications,
as the cargo molecules slowly escape from the carrier and form secondary aggregates that
might leads to severe complications. Further, the higher stability is also correlated with the long
circulation time in vivo and sustained release of cargo molecules. To evaluate the physiological
stability of BCNPs in aqueous and PBS (pH= 7.4) solutions, the variation in particle size

distribution of BCNPs were examined by DLS in vitro for more than 96 h.
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CHAPTER 6 96

Functional -OH -OH C-H C=0 C=0 N-O Ce-O Ce-O

groups

Wave No. | 3431.1 | 1630.3 | 2925.38 | 1455.7 | 1538.4 | 1338.9 | 873.88 | 439.51
(cm™) 2 2 6 1 3

Vibration -OH -OH C-H C=0 C=0 N-O Ce-O Ce-O
stretch | bend stretch stretch | stretch | stretch | stretch | stretch

Table 6.1 Characteristic major absorption bands in the IR spectra of the CNPs.

As shown in Figure 6.5(d), in aqueous and PBS solution mean particle size of the BCNPs
remain constant for 96 h at 25 °C. Thus, confirmed the higher stability of BCNPs under in vitro

physiological conditions supporting their future clinical applications.

6.7 Encapsulation efficiency of nanoparticles

A range of concentrations of the CNPs with albumin nanoparticles were taken and the BCNPs
were prepared via desolvation technique. The encapsulation efficiency of the albumin
nanoparticles was examined by using various concentrations of CNPs, whilst the carrier
concentration was remains same. The protein-CNPs complex with the paramount encapsulation
efficiency was opted for remaining studies. As shown in Figure 6.7(a), 5:25 ratio of CNPs:

BSA provides the maximum encapsulation efficiency of 82.34 %.

6.8 In vitro release study

The in vitro release kinetic pattern of CNPs from BCNPs was studied for over 96 h at pre
defined time intervals in PBS at pH 7.4 as shown in Figure 6.7(b). The in vitro release is a
combined outcome of diffusion of nanoparticles out of the nanocarrier into the exterior
environment and simultaneous degradation of carrier molecules. A biphasic release kinetic
pattern was found having an initial burst release of 31.79 % in the first 10 h followed by a
controlled release of the CNPs. The initial burst release was attributed to the simultaneous
release of the surface bound CNPs and encapsulated CNPs from the BCNPs, while the later
sustained release was corresponded to the encapsulated CNPs. In the following 24 h, the
cumulative release reached 40.88 % in a sustained manner, making albumin nanoparticles as a
potential nanoplatform for the sustained release of CNPs in order to protect the cells from ROS

over a period of time. It is noteworthy that as expected the overall release of CNPs from
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BCNPs were found to be slower unlike the release profile of other encapsulated drugs in the
albumin nanoparticles, which might be due to the limited solubility of oxide nanoparticles.
Moreover, the improved stability of BCNPs and their sustained release profile in the
physiological buffer was attributed to the glutaraldehyde mediated cross linking mechanism of
protein nanoparticles. The results suggested that the sustained release of CNPs from BCNPs in
the media not only protect the cells from sudden exposure to higher concentration of CNPs but
also help in fighting against the intracellular ROS for a considerable period of time making
albumin nanoparticles a better delivery system for future applications in the field of

nanomedicine.

6.9 SOD activity of CNPs

The SOD mimetic activity of released CNPs from BCNPs was examined as shown in Figure
6.8. A time dependent increase in the SOD mimetic activity of the CNPs was observed which
correlates with the increase in the concentration of CNPs in the surrounding medium as a result
of its release from the BCNPs. During the first 10 h, due to the initial burst release of CNPs
from BCNPs a significant increment in the SOD activity was observed as a result of higher
concentration of CNPs in the surrounding medium. While a steady increment in the SOD
activity was observed from 24 to 96 h due to the sustained release of CNPs from the BCNPs.
Thus the retention of antioxidant potential of released CNPs ensures that the BCNPs can be
used for further therapeutic applications.

6.10 Cell viability assay

The cytotoxicity of CNPs, BCNPs and nanocarrier i.e. BSA NPs was evaluated quantitatively
on the L-132 cells by MTT dye reduction method as shown in the Figure 6.8(b) and Figure 6.9.
The results demonstrated that alike BSA NPs alone CNPs and BCNPs were found to be non-
toxic to L-132 cells up to a concentration of 300 pg mL™. More than 80 % cell viability was
observed after 24 h confirming the biocompatibility of CNPs, BCNPs and non-toxic nature of
bare BSA nanoparticles.

6.11 Cellular uptake studies

Cellular uptake play a crucial role in the development of successful nanocarrier platform as it
contributes to the uptake of the cargo molecule by the cells and their sustained release from the
nanocarrier. In the present study, the uptake of CNPs encapsulated albumin nanoparticles was
investigated in vitro by incubating the L-132 cells with BCNPs and then followed by their
qualitative analysis by FE-SEM, TEM and quantitative analysis by ICP-MS.
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Figure 6.10 (a) TEM image of L-132 cells with internalized BCNPs indicated by yellow arrow
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(b) Quantification of BCNPs internalized by L-132 cells with increase in preincubation time.(c)
Representative FE-SEM image of L-132 cells with BCNPs, arrows indicates the BCNPs
attached on the surface of cell. (d) Magnified FE-SEM image of L-132 cell with internalized
BCNPs and (e-f) color coded SEM/EDX dot maps depicting the individual elemental
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Figure 6.11 (a) Magnified FE-SEM image of internalizing BCNPs and corresponding (b)

Energy dispersive spectra of selected proportion of cell.
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Figure 6.13 Flow cytometric analyses of ROS production in L-132 cells treated with BCNPs
for different time intervals. (a) Control (b) 12 h (c) 24 h (d) 48 h (e) 72 h (f) 96 h.
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The FE-SEM images of L-132 cells treated with BCNPs (Figure 6.10(c)) clearly demonstrated
that the treatment of cells with BCNPs did not affect the cells as showed by the healthy
morphology of the cells. Moreover, the encapsulation of CNPs in albumin enhanced the
biological acceptability of the nanoparticles. The BCNPs get easily attached on the surface of
the cells as indicated by the arrows in Figure 6.10(c) and gets internalized by the cells as
highlighted in the box. The elemental mapping of the highlighted area as shown in Figure
6.10(d) clearly depicts the defined distribution profiles of elements Ce (red colour corresponds
to CNPs), N (nitrogen) and C (carbon) (N and C denoted by yellow and green color,
respectively). Moreover, the EDX analysis of highlighted area further confirms the study as
shown in Figure 6.11. Thus, the results clearly signify the uptake of BCNPs by the cells. The
TEM image of treated L-132 cells showed healthy morphology, while the arrow indicates the
successful delivery of CNPs inside the cells by the albumin nanocarriers as showed in Figure
6.10(a). The EDX analysis as showed in Figure 6.12 further confirmed the presence of CNPs
within the cells. Moreover, ICP-MS analysis conducted to quantify the cellular uptake of CNPs
in L-132 cells treated with BCNPs for different time interval. The results demonstrated that the
cellular uptake of CNPs was found to be increased in a time dependent manner as showed in
Figure 6.10(b), which further confirmed the potential uptake of the CNPs encapsulated albumin

nanoparticles and the sustained release of CNPs from it.

6.12 ROS scavenging potential of BCNPs

The ROS scavenging potential of BCNPs was assessed in L-132 cells exposed to H20»
mediated oxidative stress and ROS generation. As depicted in Figure 6.13, no considerable
changes in the level of ROS production took place on incubating the cells with BCNPs for
different time interval as compared to untreated control. The results suggested that the BCNPs
did not endorse ROS generation. In spite of that a major decrease in the DCF fluorescence
intensity corresponding to the ROS content was observed when L-132 cells were exposed to
H20,, after preincubating the cells with BCNPs for different time intervals. As shown in Figure
6.14, a time dependent decrease in the level of ROS generation was observed as a result of
sustained release of the CNPs from the BCNPs in combination with the increased intracellular
level of CNPs. Initially, a significant intracellular ROS generation was detected as a result of
low intracellular concentration of CNPs but with the increase in the duration of incubation
significant amount of CNPs gets internalized in the cells that lead to the reduction in the
intracellular ROS level, when L-132 cells were challenged to H2O>. In case of L-132 cells
preincubated with BCNPs for 96 h, a fivefold decrease in the intracellular ROS production was

observed as compared to BCNPs untreated cells.
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Figure 6.14 (a) Scavenging of ROS by BCNPs in L-132 cells. (b) Representative fluorescence
images of H2O,-treated L-132 cells after staining with DCFH-DA. (i) Untreated cells (ii) H20>
treated cells without BCNPs preincubation and (iii-vii) H>O> treated cells with increase in
BCNPs (100 pg/mL) preincubation time. All the scale bars represent 50 um (error bars denoted
SD; n=3).
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Figure 6.15 (a) Scavenging of ROS in L-132 cells preincubated with different concentration of

CNPs (error bars denoted SD; n=3).
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Similarly, on pre-incubating the cells with different concentration of free nanoceria depicts a
concentration dependent ROS scavenging property of CNPs as shown in Figure 6.15. Initial
low concentration of CNPs was found to be ineffective and high concentrations of free CNPs
were required for effective intracellular ROS abatement. The inadequate intracellular ROS
scavenging potential of free nanoceria might be correlates with the high positive zeta potential
value of CNPs. As reported in previous literature (Patil et al., 2007), higher the positive zeta
potential of the CNPs lower will be the cellular uptake. The encapsulation of CNPs inside the
albumin nanoparticles enhanced the cellular uptake of CNPs and thereby augmented the

therapeutic efficacy of CNPs.

Such abatement of intracellular ROS was also confirmed by corresponding fluorescent images
of L-132 cells preincubated with BCNPs for different time period as shown in Figure 6.14(b).
In H2O; treated cells strong fluorescence was observed due to high level of ROS production as
compared to BCNPs and H>O> untreated cells. Moreover, the fluorescent signal of BCNPs
pretreated L-132 cells decrease with increase in BCNPs pre incubation time suggesting an
efficient removal of ROS. Thus the present study clearly revealed that the uptaken BCNPs are
effective antioxidant agent and BCNPs pretreatment significantly attenuates ROS production
over a period of time comparable to the H20. untreated cells. Moreover, long term ROS
scavenging action of CNPs, suggests their unprecedented role for future conventional
antioxidant drugs.

6.13 Gene expression studies

The antioxidant potential of CNPs encapsulated BSA NPs was assessed in vitro in L-132 cells
via semi-quantitative RT-PCR analysis. The gene expression studies implied that BCNPs
effectively defend the cells against oxidative stress and prevent the cells from entering into
oxidative stress induced apoptosis as shown in Figure 6.16. In all such experiments the
expression of housekeeping gene GAPDH was taken as internal control, which remains
unchanged during the process. Oxidative stress arises as results of overproduction of ROS or
incomplete removal of ROS because of decrease in the antioxidant levels. Antioxidant
enzymes protect the cells from oxidative stress by comprising the primary defense system.
Among them catalase, glutathione peroxidase and SOD are major enzymes, which are present
in all the cells and plays a decisive role to fight against the H.O> and the superoxide radical
induced oxidative stress, respectively, and thereby maintain the integrity of the cell membrane
(Ando et al., 2008, Halliwell et al., 2001). It was observed that the activity of antioxidant

enzymes including catalase, glutathione peroxidase and SOD was found to be down-regulated
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Figure 6.16 (a) Semi-quantitative RT-PCR analysis of antioxidant and apoptotic genes. (b)
Fold difference in gene expression in treated L-132 cells compared to untreated L-132 cells
(error bars denoted SD; n=3).

when L-132 cells were exposed to H.O> as compared to the control. Such perturbation makes
the cells more vulnerable to oxidative damage. However, no changes were found in the level of
gene expression in case of BCNPs treated cells. But when the cells pre-incubated with BCNPs
got exposed to H20», the level of antioxidant enzymes was found to be higher as compared to
H20, treated cells. The increase in the level of gene expression in case of BCNPs preincubated
cells may be correlated with the ROS scavenging activity of the BCNPs. Thus the present
results confirm the antioxidant potential of the BCNPs and are supported by previous studies
(Niu et al., 2011, Pandareesh et al., 2014, Zhou et al., 2014).

Moreover, BCNPs also protect the cells from entering the oxidative stress induced apoptosis.
The exposure of cells with H2O, leads to the induction of apoptotic gene expression. An
increase in the expression of caspase-3 (CASP3), a major factor that is responsible for initiation
and execution of apoptosis (Fink et al., 2005) was observed in H>O treated cells. In case of
BCNPs treatment the level of caspase-3 was down-regulated which suggest that the antioxidant
property of BCNPs helps in protecting the cells by removing the free radicals. Similarly, the
level of anti-apoptotic gene (e.g. BCL2L1) (Wong et al., 2011) was found to be down regulated
in H2O> treated cells, while an increase in the level of expression was observed on BCNPs
pretreatment before the addition of hydrogen peroxide.
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In summary, a novel artificial antioxidant encapsulated delivery system based on biodegradable
albumin nanoparticles was developed. Alike any other drugs CNPs were encapsulated inside
BSA NPs using desolvation method. The delivery and sustained release of CNPs via
biocompatible protein nanocarriers had not been addressed so far with this perspective. The
physicochemical characterization of as-prepared BCNPs were done by AFM, FE-SEM and
DLS depicting that even after CNPs entrapment the size of BCNPs lies within optimal range
required for drug delivery applications. The MTT results revealed the biocompatibility of BNPs
and BCNPs. Further, SOD and flow cytometric analysis revealed that the encapsulation of
CNPs did not alter its antioxidant activity essential for their therapeutic applications. The
cellular uptake studies of BCNPs conducted via TEM, FE-SEM and ICP-MS in L-132 cells
depicted considerable internalization of CNPs inside the cells, implying the usefulness of these
NPs for therapeutic applications. Gene expression analysis demonstrated the successful defense
of cells against free radical and oxidative insults. Thus our studies propose that the therapeutic
potential of CNPs could be better utilized by encapsulating it in biocompatible protein based

nanocarrier for various biomedical applications.



A FACILE SYNTHESIS AND EVALUATION OF ANTIOXIDANT
POTENTIAL OF ALBUMIN COATED NANOCERIA

In this Chapter, a biocompatible albumin coated nanoceria particles with antioxidant
activity has been synthesized in order to facilitate its uptake by the cells to restore the
aberrant antioxidant system. The biocompatibility and ROS scavenging potential of ANC

was assessed in vitro and in vivo against human lung epithelial cells and zebrafish,

respectively.
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A FACILE SYNTHESIS AND EVALUATION OF
ANTIOXIDANT POTENTIAL OF ALBUMIN
CoATED NANOCERIA

Overview

Reactive oxygen species induced oxidative stress is one of the major factors responsible for
initiation of several intracellular toxic events that leads to cell death. Antioxidant enzymes
defence system of the body is responsible for maintaining the oxidative balance and cellular
homeostasis. Several diseases are promoted by the excessive oxidative stress caused by the
impaired antioxidant defence system that leads to oxidant/antioxidant imbalance in the body. In
order to restore or precise the aberrant antioxidant system, a large number of catalytic
nanoparticles has been screened so far. Exceptional antioxidative activity of nanoceria made it
as a potential antioxidative nano-agent for the effective scavenging of toxic ROS. In this work
albumin coated nanoceria was synthesized by alkaline based precipitation method and further
characterized by TEM, UV-visible spectroscopy, XRD, TG and FTIR analysis. The antioxidant
and SOD assay confirm that the albumin coating do not alter the antioxidant potential of ANC.
The biocompatibility and protective efficacy of ANC against oxidative stress was investigated
both in vitro and in vivo in L-132 cells and zebrafish embryos, respectively. The ICP-MS, TEM
and FE-SEM analysis corroborates the uptake of ANC by the cells. Furthermore, the semi-
quantitative gene expression studies confirmed that the ANC successfully defend the cells against
oxidative stress by preserving the antioxidant system of the cells. Thus, the current work open

up a new avenue for the development of improved antioxidant nano-drug therapies.

Results and discussion

7.1 Synthesis and characterization of albumin coated nanoceria

The ANC was synthesized by using alkaline based precipitation of nanoceria in a solution
containing albumin and cerium salt. Briefly, an aqueous solution of albumin and cerium nitrate
was added continuously to an ammonia solution under vigorous stirring leading to the formation
of albumin coated nanoceria (Figure 7.1). The as-prepared ANC showed good resuspension in

water and PBS. The UV-visible absorption spectrum of ANC depicted a characteristic peak at
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318 nm as shown in Figure 7.2. The albumin coating restricts the further growth of nanoceria
which result in the formation of small size ANC particles (Perez et al., 2008). In Figure 7.3(a),
TEM image clearly depicts the formation of nanoceria coated with amorphous albumin layer
(indicated by arrows), having a single average particle size around 2.113+0.728 nm as depicted
in Figure 7.3(c). Moreover, Figure 7.3(d) and Figure 7.4 illustrate the corresponding EDS pattern
and elemental distribution in ANC, respectively. In addition, the DLS studies showed that the
average hydrodynamic size of the protein coated nanoceria was around 45.82 nm (Figure 7.5).

The lattice planes obtained from selected area electron diffraction pattern as shown in Figure
7.3(b) reveals the fluorite typed structure of as-prepared nanoparticles, which were in good
agreement with those obtained from an XRD pattern (Figure 7.6(a)) (Sathyamurthy et al., 2005).
Broader peaks were obtained as a result of smaller particle size of the as prepared nanoparticles
and amorphous nature of the coated albumin layer (Korsvik et al., 2007, Bhushan et al., 2015c).
Moreover, the ANC showed a considerably higher zeta potential value around 41.8 mV as
compared to pristine BSA as shown in Figure 7.6(b), which confirms the stability of nanoparticles
in aqueous system. Further, the FTIR analysis was done to illustrate the presence of albumin
layer as shown in Figure 7.6(c). The characteristic protein peaks were found in the FTIR spectra
of ANC along with corresponding nanoceria peaks confirming the association of albumin with

the nanoparticles as shown in Table 7.1 (Perez et al., 2008, Bhushan et al., 2015c).

On comparing the peaks of ANC and albumin a slight shifting in the peaks were observed
corroborating the interaction of albumin with nanoceria as reported earlier (Bhushan et al., 2015c,
Patil et al., 2007, Yuan et al., 2011). The albumin coating on the surface of CNPs was further
confirmed by TG analysis of ANC showing a minor weight loss in the temperature range between
30 to 900 °C as shown in Figure 7.6(d). Initially, up to 200 °C a minute weight loss was found
which account to the desorption of adsorbed water but beyond 200 °C a sudden weight loss was
observed as a result of albumin layer on the surface of CNPs confirming the FTIR outcomes. The
sudden weight loss depicts the degradation of albumin coating due to the loss of small molecules

such as carbon dioxide, ammonia etc.
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Figure 7.1 A schematic representation of preparation of aloumin coated nanoceria. The structure
of BSA (PDB ID: 3V03) was imported from RCSB protein data bank.
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Figure 7.2 UV-visible absorption spectrum of prepared ANC.
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Figure 7.3 Characterization of as-prepared ANC (a) TEM image (scale bar: 20 nm) with
corresponding (b) SAED pattern (c) Particle size distribution histogram and (c) Energy

dispersive spectra of ANC.
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Figure 7.4 Color coded SEM/EDX dot maps depicting the individual elemental distribution in

ANC from (a-e) red for carbon, green for oxygen, yellow for sulphur, blue for nitrogen, purple

for cerium) and (f) overlay image.
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Figure 7.5 DLS images of ANC agglomerates.
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Figure 7.6 (a) XRD pattern of as prepared ANC (b) Zeta potential of aqueous solution of BSA
(control), and ANC at pH=7 (c) FTIR spectra of BSA (in black) and ANC (in red) (d) TG
spectrum of ANC
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Functional | -OH -OH C-H C=0 C=0 N-O Ce-O | Ce-O

groups

Wave No. | 3431.1 | 1630.3 | 2925.38 | 1455.7 | 1538.4 | 1338.9 | 873.88 | 439.5

(cm™) 2 2 6 1 3 1

Vibration -OH -OH C-H C=0 C=0 N-O Ce-O | Ce-O
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Table 7.1 Characteristic major absorption bands in the IR spectra of the ANC.

7.2 Antioxidative and SOD mimetic activity of ANC

The antioxidative activity of the as-prepared ANC was studied by a facile UV-visible
spectroscopic method using a reaction with hydroxyl radicals (‘OH) as described earlier (Xue et
al., 2011). The methyl violet was used as chromogenic reagent having a maximum absorbance
at 582 nm (curve A of Figure 7.7(a)). Addition of Fenton reagents resulted in the generation of
considerable amount of -OH, which in turn convert the MV into a colorless product. The color
of MV was faded in a slower fashion and consequently leads to decrease in the maximum
absorbance value (curve F of Figure 7.7(a)). On the other hand an increase in the maximum
absorbance has been found in the presence of ANC (curve D of Figure 7.7(a)), which depicts the
antioxidant potential of as-prepared nanoparticles by protecting the MV from degradation by
effectively removing the ‘OH. Thus, the aloumin coating not only provides a better stability to
the nanoparticles but also retain its antioxidative property. Moreover, a number of control
experiments were also carried out simultaneously depicting that the presence of H.O2, albumin,
Fe* and ANC do not alter the maximum absorbance of MV (curves B, C, E of Figure 7.7(a)).

Similarly, the SOD mimetic activity of ANC was analyzed with the help of SOD assay kit. A
concentration dependent increase in the SOD mimetic activity of ANC was observed as shown
in Figure 7.7(b). The superoxide produced by the xanthine oxidase reduces the WST-1 into a
water soluble formazan, which have a maximum absorbance at 450 nm. Moreover, in the
presence of ANC superoxide was removed which resulted in decrease in the absorbance value.
Around 150 pg/mL concentrations, the SOD activity reaches half of its maximum value, while
at 400 pg/mL the SOD activity reached up to 90%. Thus, the
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Figure 7.7 (a) UV-Vis absorption spectrum of (A) MV, (B) MV/FeSO4/ANC, (C) MV/ANC/
H202, (D) MV/FeSO4/ANC/H20., (E) MV/FeSO4/BSA/H202 and (F) MV/FeSO4/H20:
solutions. (b) SOD activity (% inhibition) of the ANC showing the increase in SOD activity as a

function of concentration.
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Figure 7.8 Biocompatibility and cell viability assay (MTT assay) of ANC on L-132 cells after
24 h of treatment (error bars denoted SD; n=3).
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current results depicted the antioxidant potential of ANC, which could be further exploited for

their therapeutic role.

7.3 Biocompatibility of ANC

The biocompatility of the as-prepared ANC was assessed quantitatively on the human lung
epithelial cells by using standard MTT assay as shown in the Figure 7.8. The results revealed that
as-prepared albumin coated nanoceria particles were found to be non- toxic to L-132 cells. More
than 80% cell viability was found up to a concentration of 300 ug mL™* after 24 h, which confirm

the biocompatibility of ANC particles.

7.4 Cellular uptake studies

An efficient cellular internalization of the ANC particles is required in order to exploit the
antioxidant potential of these nanoparticles inside the cells. The qualitative and quantitative
assessments of uptake of ANC by the L-132 cells were done by using ICP-MS, TEM and FE-
SEM. The L-132 cells treated with different concentration of ANC for 24 h depicted, that the
uptake of ANC was increased in a concentration dependent manner as shown in Figure 7.9(a).
Moreover, the qualitative assessment of uptake of ANC was confirmed by FE-SEM analysis
(Figure 7.10). The FE-SEM image of ANC treated cells corroborate healthy morphology, which
was in correlation with the biocompatibility results confirming the biocompatibility of ANC
toward L-132 cells. Moreover, the elemental mapping of the cells clearly demonstrated the
distribution profiles of various elements inside the cells. The blue color corresponds to the
distribution of element cerium present on the surface and inside the cell, red color corresponds
to the element carbon present inside the cell and the green color corresponds to the element
oxygen present inside the cell.

In addition to that TEM analysis was also done for the qualitative assessment of ANC uptake by
human lung epithelial cells. The TEM image of the ANC treated L-132 cells (Figure 7.9(b))
clearly demonstrated the internalization of ANC by the cells. Further, a magnified view of the
ANC inside the cells (marked by arrows) depicts the successful internalization of nanoparticles,
which was further confirmed by EDS analysis (Figure 7.10 (f)). Such studies confirm the
successful internalization of ANC by the L-132 cells.
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Figure 7.9 (a) Quantification of ANC internalized by L-132 cells with increase in concentration.
(b) Representative TEM image of L-132 cells with ANC shown in inset (scale bar- 500 nm), and
the magnified TEM image of L-132 cells with internalized ANC indicated by yellow arrows

(scale bar- 100 nm).
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Figure 7.10 (a-d) FE-SEM image of L-132 cells with ANC and colour-coded SEM/EDX dot
maps. (a) Overlay FE-SEM image showing elemental distributions in cells. (b—d) Individual
elemental distribution maps (red for carbon, cyan for cerium and green for oxygen) with
corresponding (e) Energy dispersive spectra of cell (f) EDS analysis of internalized ANC on the
TEM.
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7.5 In vitro antioxidant experiment

The antioxidant potential of ANC was assessed in vitro in L-132 cells by exposing the cells to
H>0, mediated oxidative stress. As illustrated in Figure 7.11(a), on exposing the L-132 cells to
H202, preincubated with different concentration of ANC for 24 h, a major reduction in the DCF
fluorescence intensity was observed that corresponded to the ROS content. Such concentration
dependent decrease in the level of ROS content was correlated with the concentration dependent
increase in the level of intracellular ANC, which converts the ROS into non-toxic products.
Initially, on exposing the cells to H20., considerable amount of ROS generation was observed
corresponding to the lower level of intracellular ANC, but with the increase in the concentration
of ANC pretreatment, a significant amount of nanoceria particles get internalized which in turn
results into an intracellular ROS abatement. In case of cells pre-treated with 300 pg/mL of ANC,
the level of intracellular ROS generation was reduced to the level comparable to that of H20>
untreated cells. Such intracellular ROS abatement was also corroborated by the fluorescent
microscopic images of the L-132 cells pre-treated with different concentration of ANC as
illustrated in Figure 7.11(b). In H202 and ANC untreated cells no ROS generation was observed,
while in cells exposed to H2>O. without ANC pre-treatment a significant amount of ROS
generation was found, corresponds to the relative high level of DCF fluorescence. However, in
case of L-132 cells pretreated with different concentration of ANC, the fluorescent intensity
decreased in a concentration dependent manner, suggesting the effective removal of ROS. Thus,
the current study clearly signified that the ANC was effectively up taken by the L-132 cells,
which in turn effectively attenuate the ROS production inside the cells on H.O2 exposure. Thus,
the results implying the antioxidant potential of ANC, which could be utilized for future

conventional antioxidant therapy.

7.6 Semi-quantitative RT-PCR analysis

The antioxidant potential of as-prepared ANC was further assessed via semi-quantitative RT-
PCR analysis in L-132 cells. The results suggested that the ANC effectively protect the cells
against oxidative stress and resist the cells from entering into the oxidative stress induced
apoptosis as depicted in Figure 7.12. The expression of GAPDH, a housekeeping gene remains

unaltered and was taken as internal control in all the experiments.

Incomplete removal of ROS due to the ineffective intracellular defence system of the cell results
into an oxidative stress that leads to various diseases (Niu et al., 2011). Major factors responsible
for such deterioration of antioxidant defence system of the lungs include cigarette smoking,

aging, air pollution etc. The main antioxidant enzymes constituting the primary
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Figure 7.11 (a) Scavenging of ROS by ANC in L-132 cells. (b) Representative fluorescence images
of H,O»-treated L-132 cells after staining with DCFH-DA. (i) Untreated cells (ii) H.O treated cells
without ANC pre-incubation and (iii-viii) H2O> treated cells with increase in ANC concentrations
(10, 25, 50, 100, 200, 300 pug/mL), respectively. All the scale bars represent 50 pm (error bars
denoted SD; n=3).
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Figure 7.12 Semi-quantitative RT-PCR analysis of antioxidant and apoptotic genes illustrating
the fold difference in gene expression in treated L-132 cells compared to untreated L-132 cells
(error bars denoted SD; n=3).
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defence system of the body against ROS includes glutathione peroxidise, catalase and superoxide
dismutase (Ando et al., 2008, Halliwell et al., 2001). Hydrogen peroxide, is one of the major
ROS inducer. Therefore H>O, was taken as a source of ROS inducer to test the antioxidant
potential of the ANC in vitro in L-132 cells. As reported earlier, on exposing the cells to H202, a
down-regulation in the activity of antioxidant enzymes including glutathione peroxidase, SOD
and catalase was found as compared to untreated cells as shown in Figure 7.12 (Niu et al., 2011,
Pandareesh et al., 2014). Moreover, the level of antioxidant enzymes remains unaltered on ANC
treatment. In contrast, when the ANC pretreated cells challenged to H2O», an increase in the
expression level of antioxidant enzymes was observed as compared to the untreated cells. This
result clearly signifies the antioxidant potential of ANC in protecting the cells against ROS (Niu
etal., 2011, Pandareesh etal., 2014, Zhou et al., 2014). As reported earlier, ROS and the resulting
oxidative stress play crucial role in apoptosis (Kannan et al., 2000). An over expression of
antioxidants blocks or delay apoptosis. However, perturbation of the antioxidant defence system
evokes the cells to enter into apoptotic pathway. The ANC defend the cells from entering into the
oxidative stress induced apoptosis by effectively scavenging the ROS. The H20, exposure to the cells
resulted in the up-regulation of the apoptotic gene expression e.g. caspase-3, a key factor accountable
for the initiation and execution of apoptosis was observed (Fink et al., 2005). While, the level of anti
apoptotic gene e.g. bcl-xI (BCL2L1) (Wong et al., 2011) was found to be down-regulated. When
ANC pretreated cells were exposed to H>O>, a down-regulation in the level of caspase-3 (CASP3)
and up-regulation in the level of bcl-xI was observed suggesting that the ANC successfully defend
the cells against oxidative stress by effectively neutralizing the ROS.

7.7 Protective effect of ANC against H.O> induced embryotoxicity in zebrafish

The protective effect of ANC against the H>Oz induced toxicity in zebrafish embryos was determined
by monitoring the embryo mortality, heart-beating disturbances and morphological malformations.
Initially, the zebrafish embryos were exposed to various H>O- concentrations as illustrated in Figure
7.13. Survival rate of embryos were decrease in a concentration dependent manner on H2O. exposure.
The survival rate of zebrafish embryos treated with H.O> and co-treated with ANC is showed in
Figure 7.14(b). A significant decrease in the survival rate of zebrafish embryos was found in case of
only H20- treatment, in contrast co-treatment of zebrafish embryos with ANC shows a concentration
dependent increase in the survival rate of embryos. Thus the results depict the protective effect of

ANC against the H20. induced embryo toxicity.
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Figure 7.13 Hydrogen peroxide induced embryotoxicity in zebrafish.
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Figure 7.14 (a) Effect of ANC on the survival rate of zebrafish embryos (b) Protective effect of
ANC against H20; induced embryotoxicity in zebrafish (error bars denoted SD; n=3).
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Figure 7.15 Photographs illustrating the protective effect of ANC against H2O. induced
morphological deformities and embryo mortality.
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Figure 7.16 Effect of ANC on heart beat rate of zebrafish embryos. The statistically significant

values are denoted by *p < 0.05 (error bars denoted SD; n=3).
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The zebrafish embryos treated with ANC alone do not show any significant effect on the survival
rate of embryos as shown in Figure 7.14(a), thus supporting their biocompatible nature.
Moreover, on evaluating the morphological malformations, ANC did not evidence conspicuous
adverse effects. While, several typical morphological defects were observed after H.O» exposure
such as contorted tail, trunk abnormalities, short body length, spinal column curving,
incompletely differentiated tail ends etc. which finally resulted in the embryos mortality.
However, pretreatment of the embryos with ANC successfully protect them from H.O> mediated
morphological deformities as shown in Figure 7.15. Apart from it, the heart-beating rate of the
embryos was also examined as shown in Figure 7.16. The H202 exposure of embryos results in
their enhanced heart beat rate, while in case of ANC pretreated embryos, a concentration
dependent decrease in the heart beat rate was observed demonstrating the successful
neutralization of free radical molecules by ANC.

7.8 Inhibitory effect of ANC on H20:2 induced ROS generation in zebrafish

The ROS scavenging potential of ANC was evaluated in vivo in zebrafish model. A concentration
dependent reduction in the DCF fluorescence intensity was observed on exposing the ANC
preincubated embryo to H>O, mediated oxidative stress as shown in Figure 7.17(a). Such
decrease in the level of ROS was corresponds to the increase in the level of intracellular ANC,
which in turn results into an intracellular ROS abatement. Moreover, intracellular ROS
abatement was also confirmed by corresponding fluorescent images of zebrafish embryos
preincubated with different concentrations of ANC prior to H,O2 exposure as shown in Figure
7.17(b). In H20. treated embryo strong green fluorescence was observed as a result of high level
of ROS generation as compared to ANC alone and untreated embryos. Furthermore, a significant
reduction in the fluorescence was observed in ANC pretreated embryos prior to H>O2 exposure
suggesting the effective ROS inhibition. Hence, these results demonstrate that ANC could be
utilized as an efficient antioxidant agent, while zebrafish will be utilized as alternative in vivo

model system for antioxidant material testing.

7.9 Protective effects of ANC against H202 induced cell death in live zebrafish

The protective effect of ANC against H20: induced cell death was determined by measuring the
AO fluorescence intensity in the body of zebrafish (Kim et al, 2014a, Ko et al, 2014, Kang et al.,
2013a, 2013b and 2014). A strong AO fluorescence intensity was observed in case of H20-
treated embryos as compared to ANC and untreated embryos depicting the H>O> induced cell
death as shown in Figure 7.18(b). However, the cell death was reduced by the addition of ANC
to the zebrafish exposed to the H.O». Thus, the ANC showed protective effects against
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Figure 7.17 (a) ROS scavenging potential of ANC in zebrafish embryos. (b) Representative

fluorescence images of H20- treated and ANC co-treated zebrafish embryos after staining with
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Figure 7.18 (a) Representative fluorescence images of H.O. treated and ANC co-treated
zebrafish embryos (b) Protective effect of ANC against H2O> induced cell death in zebrafish

embryos (error bars denoted SD; n=3).
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H202. The results were further confirmed by the fluorescence images of zebrafish embryos
stained with AO as shown in Figure 7.18(a). The untreated and ANC treated embryos not shown
any significant fluorescence as compared to H>O. treated embryos, which have strong
fluorescence corresponding to the oxidative stress induced cell death. However, in case of
zebrafish treated with ANC prior to H202 exposure, a significant reduction in the fluorescence
intensity was observed suggesting the protective effect of ANC against oxidative stress induced
cell death.

In summary, protein coated nanoceria particles were synthesized through alkaline based
precipitation method. Albumin coating not only provide the aqueous stability to the system but
also retain its antioxidant properties as successfully demonstrated by the antioxidant and SOD
mimetic assays. The physicochemical characterization corroborates the successful coating of
protein on the surface of nanoceria particles. The MTT assay further revealed the
biocompatibility of the as-prepared nanoparticles towards human lung epithelial cells. Moreover,
the TEM, FE-SEM and ICP-MS analysis depict the efficient uptake of ANC by the cells. Further,
the flow cytometric and gene expression analysis revealed the in vitro antioxidant potential of
as-prepared nanoparticles in defending the cells against the ROS mediated oxidative stress.
Moreover, for the first time we investigated the protective effects of nanoceria against H2O»-
induced oxidative stress and cell death in zebrafish model. Our results revealed that H>O> induces
toxicity in the zebrafish embryos; while ANC can protect zebrafish embryos against H>O»
induced oxidative stress by intracellular ROS abatement. Further, ANC demonstrated evidence
in reduced morphological deformities and enhanced survival rate of embryos. Thus, the current
study proposed that the albumin coated nanoceria particles could emerged as a promising
antioxidant agent, while zebrafish embryos could be utilized as a valuable laboratory alternative

in vivo model for future antioxidant experiments.
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CHAPTER 8

CONCLUDING REMARKS

8.1 Conclusions

A major challenge in the field of nanomedicine is to transform laboratory innovations into
commercial successful clinical products. In this campaign, a variety of nanocarrier based
approaches has been designed and investigated for their role in biomedical applications. The
advantages associated with the unique structure of albumin imparts it with the ability to interact
with variety of molecules, while the functional groups present on their surface provide base for
large number of modifications making it as an ideal nanocarrier system. This thesis illustrates
the design and characterization of albumin based nanoparticles and revealed their tremendous

potential to be utilized for both cancer and antioxidant therapy.

A highly feasible and reproducible method has been described to form hydrophobic anticancer
drug niclosamide encapsulated albumin nanoparticles with enhanced water solubility and
improved therapeutic efficacy. Such nanoformulations were further characterized and
investigated in vitro for their role in inducing programmed cell death in human breast and lung
cancer cells. Further, FR targeted folate conjugated bovine serum albumin stabilized silver
nanoparticles were successfully synthesized with enhanced therapeutic efficacy, improved
bioavailability, and efficient aqueous solubility by carbodiimide covalent reaction. Such system
was further characterized and in vitro evaluated for their role in successful induction of
apoptosis in human breast and lung cancer cells. The results corroborates that the FA-BSA-Ag
NPs successfully induced apoptosis even at lower Ag NPs concentration as a result of improved

bioavailability.

In addition, albumin nanocarrier was utilized to develop an artificial antioxidant mimetic
enzyme loaded delivery system. Such artificial enzyme remain stable inside the cells and
provide desired steady state level of therapeutic dose as a result of controlled release of CNPs
that helps in defending the cells against actively generating ROS over a period of time. The
results demonstrate the development of CNPs encapsulated albumin nanoparticles without
altering their antioxidant activity. Such delivery system was further typified and examined in

vitro for their role in protection against ROS in human lung epithelial cell line. Moreover, the
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as-prepared BCNPs were also assessed for their biocompatibility and cellular uptake by L-132

cells. Finally, albumin coated nanoceria was synthesized and the antioxidant potential of such

system was further investigated in vitro on L-132 cells and in vivo on zebrafish. The results

demonstrated that the albumin coating provide biocompatibility to as-prepared ANC, while the

antioxidant potential of such system was found to be comparable with that of CNPs. Thus,

these albumin based nanostructures provides safe and effective alternative approach for

biomedical applications.

8.2 Scope for Future Work

Future work could be focussed on elucidating the fundamental questions associated with

their therapeutic efficacy and mechanism of action in vivo and to explore the hidden

potential of these nanoparticles for various biomedical applications. In my view, the

following are the main areas to focus on:

K/
L X4

*0

The albumin based nanocarriers could be further investigated on animal models for their
in vivo therapeutic efficacy.

The niclosamide encapsulated albumin nanoparticles could be conjugated with tumor
specific markers and imaging probe in order to develop tumor targeted theranostic
system.

The anticancer drug niclosamide shall be used in combination therapy with other
therapeutic agents.

ROS scavenging potential of albumin based nanoceria particles could be investigated
for their role in other ROS induced diseases and disorders both in vitro and in vivo.

The apoptotic and antioxidant gene expression studies could be further investigated by
real time PCR and western blotting analysis.

Nanofiber scaffold could be made from albumin based Ag NPs for wound dressing
applications.

Albumin based nanoceria particles could be further examined for their role in bio-
sensing applications.

Moreover, BSA could be substituted by HSA in future experiments in order to avoid a

possible immunologic response in vivo.
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