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1. INTRODUCTION

Cancer, a lethal disease, is the result of uncontrolled growth of the cells and it appears from the
extra mass tissue known as tumor.! With 8.8 million deaths reported in 2015, cancer still remains
a leading cause of death worldwide. Globally, cancer accounts for almost 1 death in 6.2
Metastases of cancer are associated with a vast majority of morbidity and mortality in cancer
patients and is associated with about 90% of all cancer-associated deaths.> Among cancers,
breast cancer is the most prevalent malignant disease affecting women worldwide.* Breast cancer
comprised of nearly a quarter (25%) of all cancers with an estimated 1.7 million new cancer
cases diagnosed in 2012 and it was the reason for 15% of all cancer deaths among females.>®
Various treatment approaches for breast cancer include chemotherapy, endocrine therapy,
metronomic chemotherapy, radiotherapy, immunotherapy and surgery.” Despite, remarkable
progress in breast cancer diagnosis and treatment, 20-30% of patients progress on to metastatic
disease after the initial treatment and the median overall survival of metastatic breast cancer
(MBC) patients is still only 2—3 years, although the range is wide.®® One of the most crucial
parameters in breast cancer therapy is early stage diagnosis, before tumor cells
metastasize. Surgery is the first course of action to eliminate the tumor, although
systemic chemotherapy, radiotherapy, or a combination of the two are essential, in the
event of the spread of metastases throughout the body."

Doxorubicin (DOX), belonging to anthracycline family, is an age old antibiotic and anti
neoplastic drug widely used in the treatment of cancer.! Excellent anti-tumor efficiency against
various solid tumors makes DOX one of the most interesting chemotherapeutic drugs in clinical
regimens for breast cancer, especially for metastatic breast cancer.”* Two mechanisms for
anticancer activity of DOX are confirmed. First mechanism involve intercalation into DNA and
the subsequent disruption of topoisomerase-ll-mediated DNA repair for which candidate
pharmacogenes are TOP2A, MLH1, MSH2, TP53, and ERCC2 genes while the second
mechanism involves oxidative stress to cellular membranes, DNA and proteins for which
candidate genes involve NADH dehydrogenases, nitric oxide synthases, xanthine oxidase,
glutathione peroxidase, catalase and superoxide dismutase.®* However, DOX based
chemotherapy suffers from certain drawbacks which include; it affects healthy cells apart from

cancer cells, cancer cells develop DOX resistance and sometimes DOX causes biventricular
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failure leading to cell death. These negative aspects of cardiotoxicity, drug resistance and normal
cell damage associated with DOX are the major hindrances for its efficiency against breast
cancer limiting its clinical use and demands the development of new formulation of drug.**

Nanotechnology appears an excellent approach to overcome drug resistance by means of targeted
delivery and has gained more attention due to their unique accumulation behavior. Hence, to
overcome drug resistance and decrease the side effects of doxorubicin, nanotechnology holds
promising potential by employing targeted drug delivery approach. Past 2—3 decades have seen
rigorous research on nanomedicine for cancer treatment.™* Over the last two decades, a large
number of nanoparticle delivery systems have been developed for cancer therapy, including
organic and inorganic materials. Nanoscale drug delivery vehicles have shown the ability to
encapsulate a variety of therapeutic agents such as small molecules (hydrophilic and/or
hydrophobic), peptides, protein-based drugs, and nucleic acids. Encapsulated molecules can be
released from nanocarriers in a controlled manner over time to maintain the drug concentration
within its therapeutic window or the release can be triggered by some stimulus unique to the
delivery site. Advances in cancer proteomics and bioinformatics have allowed the development
of targeted therapies, which were referred to as a “magic bullet”. Nanocarriers may be surface
functionalized to increase the blood circulation half-life and influence the biodistribution as well
as to facilitate the attachment of biomolecules in order to achieve active tumor targeting. Surface
ligands include antibodies, aptamers, peptides or small molecules which recognize tumor-
specific or tumor-associated antigens in the tumor microenvironment. In general, ligands such as
peptides, sugars, and small molecules are more attractive than antibodies due to higher stability,
higher purity, ease of production through synthetic routes, and non-immunogenicity. The active
targeting mechanism takes advantage of highly specific interactions between the targeting ligand
and certain tissues or cell surface antigens to increase cellular uptake and increase tumor
retention. The net result of these properties is to lower the systemic toxicity of the therapeutic
agent while increasing the concentration of the agent in the area of interest, resulting in a higher
therapeutic index for the therapeutic agent. These nanocarriers include polymeric nanoparticles,
dendrimers, nanoshells, liposomes, inorganic/metallic nanoparticles, hybrid nanoparticles,
micelles, and magnetic and bacterial nanoparticles.™>*® Figure 1.1 shows the desirable general

structure of nanoparticles for targeted drug delivery.
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Figure 1.1: Schematic of structure of nanoparticle platform for targeted drug delivery.

Inorganic nanomaterials have special structures and physicochemical properties. Various metal
based nanoparticles have shown great prospect as antibacterial agents, in medicine, imaging and
drug delivery. In addition to these applications, metal nanoparticles are considered to interfere
with different other biological processes such as autophagy induction and angiogenesis.
Recently, copper oxide nanoparticles have been characterized for their antimicrobial activity.’
Copper oxide nanoparticles easily crosses biological barriers and reach target organ.'® Copper
oxide nanoparticles are of great interest due to their high redox cycling property and ability to
exert cytotoxicity on different cells via oxidative stress.'’

Among inorganic nanomaterials, mesoporous silica nanoparticles are centre of focus because of
their unique properties. Since the first report using MCM-41 type mesoporous silica
nanoparticles (MSNs) as drug delivery system in 2001, the few years have witnessed an
exponential increase in research on biomedical applications of MSNs. It has been one of the
hottest areas in nanobiotechnology and nanomedicine for designing biocompatible MSNs and
multifunctional counterparts in disease diagnosis and therapy.*® Mesoporous silica nanoparticles
(MSNs) have some unique advantages including high surface area and large pore volume,
tunable particle size (10-1000 nm) and pore diameter (2-30 nm), uniform mesoporosity, flexible
morphology, facile surface functionalization and excellent biocompatibility and
biodegradation.?®?? Textural properties of MSNs provide the possibility to load high amount of

drugs within MSNs. On the other hand, there are abundant silanol groups on the surfaces of
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mesoporous channels and the outer surfaces of MSNs, which facilitate their surface
functionalization.”® As nanocarriers, mesoporous silica nanoparticles with unique mesoporous
structure have been explored as effective drug delivery systems for a variety of therapeutic

agents to fight against various kinds of diseases including bone/tendon tissue engineering,?*?

diabetes,?® inflammation,?’ and cancer.?®%

The biggest challenge in application of MSN for cancer treatment is to obtain "zero premature
drug release".®® Variety of biocompatible and biodegradable polymers such as polyethylene
glycol (PEG)*, poly (acrylic acid)®, natural polymers like gelatin® etc can be used for surface
capping of mesoporous silica based nanosystems. These polymer end cappers possessing
significant diffusion barrier properties can act as a gatekeeper to provide the intracellular drug
release from mesoporous silica nanoparticles. Moreover, some of these polymeric materials are
capable of responding to some stimulus due to their intrinsic ability to alter their physical or
chemical properties and by using such polymers, nanoparticulate drug delivery systems can be
engineered in such a way as to selectively change their properties/functions (for example,
facilitate drug release or cellular uptake) in response to specific internal or external
stimuli/triggering mechanisms, i.e. behave as smart stimuli-sensitive preparations.®”*° Such
nano-preparations are designed to behave dynamically in response to various internal cues in the
microenvironment of the pathological area or to certain external stimuli.*** Internal stimuli that
are characteristic for the pathological areas, such as tumors, infarcts, sites of infection, etc.,
include local changes (compared to normal physiological values) in pH,**** temperature (local

hyperthermia that accompanies inflammation),**’

48,49

redox conditions (such as high intracellular
glutathione levels), and the expression of certain molecules, including those with enzymatic
activity.>®! External stimuli or stimuli that could be artificially applied from outside of the body
include heat, magnetic fields, light, and ultrasound, and can be employed to facilitate “on-
demand” changes of certain functions of nanomedicines.***?

Among the different endogenous and exogenous stimuli, redox potential has recently appeared as
the most unique, fascinating, promising and clinically applicable trigger for ‘active’’ intra-
cellular drug and gene release. As compared to various stimuli such as light and magnetic field
that are applied externally and require sophisticated devices, redox is a ubiquitous internal
stimulus existing naturally in tumor tissues as well as in cancer cells.>? The design rationale of

reduction-sensitive nanosystems usually involves incorporation of disulfide linkage(s) in the
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polymer main chain, at the polymer side chain or in the cross-linker. The disulfide bonds while
stable under oxidative conditions are rapidly cleaved, at a time scale from minutes to hours,
under a reductive environment through thiol-disulfide exchange reactions.”*** Furhtermore, pH
sensitive activation is also of particular interest, as delivery can be autonomously activated in
vitro and in vivo. When the nanoparticles are taken up by the cells, they enter the cells by
endocytosis and will encounter endosomal/lysosomal environments where low pH condition is
prevalent. In addition, tumor interior has low pH environment due to hypoxic conditions. This
feature provides an advantage that the drug release is more restricted to cancer.>

Chitosan (CH) is a non-toxic biodegradable polycation with a high number of primary amino
groups. These amine functional groups render cationic character to the polymer and are
responsible for a range of significant features including in situ gelation, mucoadhesion, efflux
pump inhibition, high cellular permeability for oral administration of drugs which make CH an
outstanding candidate in drug delivery systems. CH can swell in cancerous tissues due to their
acidic media and this property endows the polymer with the ability of discrimination between
normal and cancerous cells for controlled drug release.*®

Current drug delivery systems, however, do not have the ability to guide themselves to a target.
They reach the target area as a result of blood circulation and extravasation followed by
intratumoral retention and distribution. So the active targeting is required to guide the drug/drug
carriers to a target site.” Number of targeting moieties such as Folic acid®®, Lectins®® etc have
been used for effectively targeting the tumor cells, out of which folic acid is an inexpensive,
water soluble and stable vitamin without adverse effects on normal cells and low immunogenic
response has attracted a great deal of attention for active targeting. The over expression of the
FA receptor in epithelial malignancies, such as colorectal, ovarian, and breast cancer cells in
comparison with most normal cells make FA conjugates as facile and infallible strategy to
promote the receptor-mediated endocytosis of nanoparticles. The vesicular trafficking of FA
conjugates makes them able to move through many organelles and release their cargo efficiently

into the cell cytoplasm.®®
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1.1. Aims and Objectives:

This work was aimed to develop mesoporous silica nanoparticles as a novel platform for
controlled as well as targeted delivery of anticancer agent "Doxorubicin™ for improved breast
cancer therapy. The research work was designed to achieve efficient breast cancer therapy by
synthesizing dual stimuli responsive MSNs which can actively target the breast cancer cells and
release the loaded drug within tumor environment and thereby reduce the toxicity associated
with conventional anticancer therapy. The incorporation of copper oxide provides synergistic
cytotoxicity against cancer cells and improves the therapeutic efficacy of the formulation.
The research work was carried out to achieve following objectives:
» Synthesis of MSN with required characteristics such as surface area, pore size and pore
volume.
» Synthesis of CuO loaded MSN with desired characteristics like surface area, pore size
and pore volume.
» Functionalization over MSN surface for improved drug loading and easy polymer
conjugation.
» Loading of Dox into functionalised MSN.
» Synthesis of polymer and targeting ligand conjugate.
» Attachment of polymer-targeting ligand conjugate over MSN surface to achieve active
targeting to tumor tissue with dual (pH and redox) responsive intracellular drug release

and minimum premature drug release.

1.2. Rationale:

Cancer is still one of the most lethal diseases and one of the leading causes of death worldwide.
Although there have been significant advances in medical technology, improvements in cancer
treatment have lagged behind. Current cancer treatments including chemotherapeutic drugs often
kill healthy cells also and cause toxicity to the patient. The biggest challenge in current cancer
treatment is the design and synthesis of the controlled biocompatible cap system to obtain "zero
premature drug release™ and targeted delivery of anticancer drugs in a controlled fashion for
smart cancer therapy. Among variety of nanocarriers, mesoporous silica nanoparticles (MSN) are
interesting candidates because of their unique characteristics and their safe history, good

biocompatibility and biodegradability, and easily “tunable” surface functionality. So the
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encapsulation of anticancer drugs within MSN, containing polymeric network as a gatekeeper on
surface, capable of selectively targeting diseased cells promises to increase the effectiveness of
therapy and reduce the side effects. Additionally, inclusion of copper oxide within pores of
MSNs will provide synergistic cytotoxic effect.

1.3. Plan of work:

" UTERATURE SURVEY 3 MONTHS )
SELECTION AND
PROCUREMENT OF DRUG 4 MONTHS
AND POLYMERS
SYNTHESIS AND
2AONTHS
CHARACTERISATION OF MSN .L/
N 6 MIONTHS
FUNCTIONALISATION OF MSN | st
DRUG LOADING AND
DETERMINATION OF DRUG 0.5 MONTHS
LOADING EFFICIENCY
POLYMER CAPPING OF MSN : 45 MONTHS
ATTACHMENT OF LIGAND TO R
CAPPED MSN AN o/
EVALUATION OEMSN 11 MONTHS
v ) 1 l
REDUCTION TRIGGERED i IN VITRO CELL TOXICITY/ OTHER CELL LINE STUDIES AND
DRUG RELEASE STUDY | CELL VIABILITY STUDY IN VIVO STUDIES
L
v v
COMPILATION OF DATA l 7 MONTHS
PAPER PUBLICATION AND :
THESISWRITING
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1.4. Hypothesis:

The formulated mesoporous silica nanoparticles will be able to target folate receptors (over

expressed in breast cancer cells) with minimum premature drug release. This will improve the

therapeutic efficacy of doxorubicin to great extent with minimum side effects. The incorporation

of copper oxide will help to provide synergistic anticancer activity.
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