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Abstract

Nanotechnology, a rapidly growing field of science, encompasses manipulating
materials at the nanoscale with varied applicability to everyday situations. The advent
of nanotechnology has facilitated the formulation of novel delivery systems for
bioactive molecules. Gold nanoclusters have lured researchers in the field of
nanomedicine due to their attractive qualities, which include ultra-small size,
photostability, biocompatibility, and efficiency in drug delivery to tumour sites. Breast
cancer is among the most common cancers affecting women globally and is a leading
cause of death. Chemotherapeutic agents have been traditionally used to treat breast
cancer. The anticancer drugs’ low solubility is due to their hydrophobic nature, and
their non-targeted delivery results in toxicity and high levels of drug resistance. Hence,
the need for a smart and efficient drug delivery system is necessary to reduce toxicities
and improve therapeutic efficiency. Gold nanoclusters (AuNCs) were synthesised
successfully using glutathione, followed by encapsulation using the polymer, chitosan
(CS), which was conjugated to the anticancer drug doxorubicin (DOX). High
encapsulation was observed, with 83 % for the Au-CS-DOX-loaded nanocomplex
(AuCTD) compared to 68 % for the CS-DOX-loaded nanocomplex (CTD). Physico-
chemical characterisation included UV-visible spectroscopy, transmission electron
microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, and nanoparticle
tracking analysis (NTA). All nanoparticles (NPs) and nanocomplexes were spherical,
displayed hydrodynamic sizes of less than 150 nm, had good stability and were mostly
monodisperse. Pharmacokinetic studies conducted at physiological and acidic pH
levels revealed that the AuCTD nanocomplex displayed a more controlled drug
release over time than the CTD nanocomplex. Cytotoxicity studies were conducted
using the 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) assay
on the human embryonic kidney (HEK293) and breast adenocarcinoma (MCF-7) cells.
The AuCTD nanocomplex showed greater anticancer activity (11.12 % cell survival)
compared to the CTD nanocomplex (54.63 % cell survival) and free DOX (32.83 %
cell survival) in the MCF-7 cells at the highest concentration of 40 pg/ml. The AuCTD
complex showed little cytotoxicity in the HEK293 cells. The high apoptotic indices of
the nanocomplex in the MCF-7 cells suggested that apoptosis was a possible
mechanism of cell death. Both nanocomplexes displayed no significant differences in
the cell cycle analysis, as treatment with both nanocomplexes induced the cells to
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remain in the GO/G1 cell cycle phase. Overall, the positive qualities of the AUCTD
nanocomplex as a delivery system in vitro have been highlighted. These results
warrant further studies to determine the mechanisms of action of the nanocomplex
and to test these nanocomplexes in vivo using a breast cancer animal model.

Keywords: Doxorubicin; gold nanoclusters; chitosan, breast cancer; drug delivery;
drug release; anticancer; apoptosis.
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CHAPTER ONE

1. Introduction
1.1 Background to study

Cancer is a worldwide health issue, with around 19.3 million people diagnosed with
this disease in 2020, with an estimated ten million mortalities (Debela et al., 2021).
Cancer is characterized by aberrant cell growth caused by changes in gene
expression due to mutations, resulting in dysregulated cell proliferation and
apoptosis. Breast cancer is the most common type of cancer in women and the
second highest cause of death in the USA. In 2023, there were a projected 609820
cancer mortalities and 1958310 new cancer cases, highlighting the seriousness of
this issue (Siegel et al., 2023). In South Africa, from 2000 to 2020, the number of
new breast cancer cases has more than doubled (Dlamini et al., 2024), emphasizing

the need for research into innovative treatment interventions for cancer therapy.

Cancer treatment can be separated into conventional and novel or advanced therapy
(Debela et al., 2021). The three primary modalities of conventional treatment are
surgery, radiotherapy (radiation treatment), and chemotherapy, with surgery being
one of the oldest forms of cancer treatment (Tannock, 1998). However, these
treatment methods have been challenged due to severe side effects experienced by
patients (Moses et al., 2003). Chemotherapeutic agents have limitations due to their
aqueous solubility, systemic cytotoxicity, drug clearance, and multidrug resistance
(Akinyelu et al., 2022). Multidrug resistance is primarily due to the efflux pumps in
the cell that cause anticancer drugs to exit the cells. Most chemotherapeutic agents
also exhibit a lack of selectivity towards cancer cells, resulting in normal cells also
being affected (Chidambaram et al., 2011). These are some of the challenges facing

conventional cancer therapy.

Doxorubicin (DOX) is a highly potent antineoplastic drug, usually administered alone
or in combination with other treatments. The side effects related to DOX are
cardiotoxicity, neurological disruption, gastrointestinal disruption, increased microbial

infection, balding, nausea, and vomiting (Carvalho et al., 2009). Hence, developing
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novel drug delivery systems that can reduce these effects may be beneficial to

advance cancer treatment.

Nanotechnology has gained significant attention in cancer research, diagnosis, and
therapeutic management. Nanotechnology is the manipulation of materials at a
nanometer scale (usually between 1 and 100 nm) for the advancement of biological
and chemical needs. There are usually two standard methods of nano-level
manufacturing: the top-down approach and the bottom-up approach (Emerich and
Thanos, 2003; Bhushan, 2016). Due to the nanosize of these particles, they provide
great value in nanomedicine. The applications of nanomedicine include use in
biosensors, bioimaging, regenerative healing, wound care and healing, and drug and

gene therapy delivery systems (Haleem et al., 2023).

Gold nanoclusters (AuNCs) have attracted researchers in the field of
nanotechnology and nanomedicine due to their qualities, such as ultra-small size,
photostability, and biocompatibility that can be used in biosensing and bioimaging
(Pavelka et al., 2023). AuNCs have displayed high efficiency in delivering drugs to
tumour tissue with increased circulation times, low cytotoxicity, and high renal
clearance (Yahia-Ammar et al., 2016). This makes them suitable candidates for in

vitro and in vivo drug delivery studies.

This investigation primarily focused on breast cancer and the treatment via chitosan-
functionalized gold nanoclusters for doxorubicin delivery. Chitosan was included to
enhance drug encapsulation and delivery to cancer cells and for better
biocompatibility and stability of the AUNCs.

1.2 Novelty of study

This investigation describes the use of AUNCs as an anticancer drug (DOX) delivery
system for minimizing the drug's side effects and enhancing anticancer activity in
breast cancer cells. Although spherical AUNPs and, to some extent, Au nanorods
have been investigated for drug delivery, the use of AuNCs to deliver DOX to a

breast cancer model has not yet been fully explored.
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1.3 Aims and Objectives

This investigation aimed at synthesizing chitosan functionalized AuNCs that can
efficiently bind and deliver the anticancer drug DOX to breast cancer cells with little

or no effect on normal cells.

The objectives of the study were:

% To synthesize ultra-small AUNCs and functionalize them with chitosan
ensuring colloidal stability biocompatibility and responsiveness.

*
e

To encapsulate the anticancer drug, doxorubicin, with high efficiency and high
loading of doxorubicin onto chitosan-functionalised AuNCs.

** Characterization of the physicochemical properties AUNCs and their drug
nanocomposites using nanoparticle tracking analysis (NTA) for size distribution
and concentration, transmission electron microscopy to identify morphology
(TEM), Fourier transform infrared to investigate surface chemistry and bonding
(FTIR) and UV-visible spectroscopy to observe optical properties. This was
conducted to ensure a full characterization profile.

% To determine the drug release kinetics by monitoring the DOX release at
different pHs from the nanocomplexes over 72 hours representing
physiological and tumour microenvironments, and to model the release
mechanism.

% To determine the cytotoxicity of DOX versus the drug nanocomplexes on
the breast cancer (MCF-7) and embryonic kidney (HEK293) cells using the
MTT assay, with confirmation from the apoptosis and cell cycle
assays. To elucidate mechanisms and selectivity.

1.4 Qutline of dissertation

The dissertation comprises 5 main chapters.

Chapter 1 provides a background to the study, its novelty, and the aims and
objectives of the research.
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Chapter 2 is a detailed literature review discussing breast cancer, gold nanoclusters,
the need to functionalize using polymers, doxorubicin, and cellular uptake
mechanisms.

Chapter 3 provides the experimental protocols used in the study.

Chapter 4 presents all data obtained from the study, including figures, tables, and
statistical analyses. The results are further critically discussed against the literature.

Chapter 5 summarises the key points of the thesis together with a conclusion and

recommendations for future studies.

Page | 5



Chapter 2

Literature Review
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CHAPTER TWO

2. Literature Review

2.1 Breast Cancer

Cancer can be traced to ancient times, with initial evidence of tumours located in
fossilised bones. Early archaeological findings indicated that cancer was present for
a long time. Although the word "cancer" was not used, phrases for the word "tumour"
were found on wall illustrations in ancient Egypt, ancient China, and Mesopotamia
(Paduch, 2015; Jassim et al., 2023). Surgical intervention was one of the oldest

forms of treatment for breast cancer.

Today, breast cancer is the most common cancer and the leading cause of mortality
in women globally (Azamjah et al., 2019). Breast cancer can be hereditary or due to
hormonal changes, lifestyle, and diet (McGuinn et al., 2012; Kripke et al., 2020).
Genetic mutations to the breast cancer susceptibility 1 and 2 (BRCA1/2) genes
validate risk assessment screening (Watkins, 2019). Malignant neoplasms tend to
infiltrate adjacent tissues and subsequently metastasize to remote locations, leading
to additional tumours (McGuinn et al., 2012; Kripke et al., 2020). Mutations to proto-
oncogenes and tumour suppressor genes contribute to the disease (Venkitaraman,
2019). Hence, cancer is noted for uncontrollable cellular division with dysfunctional

cell signalling pathways.

The stages of breast cancer range from stage 0 to stage 4 (Table 2.1) (Sharma et al.,
2010). In situ breast cancers refer to the localised cancer which has not yet spread
to nearby tissues (Obeagu and Obeagu, 2024). The lower the stage (stage 1 to 4) of
cancer, the less the cancer has metastasised (Trayes and Cokenakes, 2021).
Factors that affect the staging of cancer are the size of the tumour, the spread of the
cancer to the lymph nodes, metastasis to distant sites, and the grade of the tumour
(Moo et al., 2018).
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Table 2.1: The different stages of cancer (Sharma et al., 2010).

Stage
In situ carcinoma

0

Description

The tumour is confined to the milk-producing glands as well as the
milk duct, and has not spread to other parts of the breast tissue.

Localised and regional invasive cancer

A

1B

A

B

nc

Metastatic cancer
\Y

The size of the tumour would be than % inch in diameter, and has
not gone beyond the breast.

The size of the tumour is less than 3% inch in diameter, and it would
have invaded one to three lymph nodes located in the armpit.
Microscopic quantities would have invaded the lymph node in close
proximity to the breastbone in accordance with the side of the
tumour or both. The tumour could also be larger than % inch but
less than 2 inches, yet would not have spread past the breast.

The size of the tumour would be greater than % inch but less than
2 inches in diameter, and has spread to one to three lymph nodes in
the armpit. Microscopic quantities would have invaded the lymph
node in close proximity to the breastbone in accordance with the
side of the tumour or both. The tumour could also be larger than
2 inches, and would not have spread past the breast.

The size of the tumour is 2 inches or less in diameter and has spread
to four to nine lymph nodes in the armpit, or one lymph node near
the breastbone would be enlarged on the same side of the tumour.
The tumour could have also been greater than 2 inches and would
have spread to four to nine lymph nodes near the breastbone or in the
armpit.

The tumour has spread to the chest wall or skin and had
caused inflammatory breast cancer.

The tumour can be of any size and found as one of the following;
The tumour has spread to 10 or more lymph nodes in the armpit.
The tumour has spread to the lymph nodes above or below
the collarbone.

The tumour has spread to lymph nodes in the armpit, and at least
one lymph node is enlarged, located near the breast bone on the
same side as the tumour.

The tumour has spread to four or more lymph nodes in the armpit
and microscopic quantities to lymph nodes located near the breast
bone on the same side of the tumour.

Regardless of the tumour size, it has invaded other tissues or organs
such as the lungs or bones, or lymph nodes that are distant to
the breast.
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The breast has two primary tissues: the glandular tissue, which contains the ducts
and lobules, and the stromal tissue. The ducts serve as milk passages, while the
lobules serve as housing units. The stromal tissue is made of fibroid connective
tissue and fatty tissue. The lymphatic tissue is also a component of the breast and is
responsible for the drainage of waste products and cellular fluids (Sharma et al.,
2010).

Breast cancer is classified into three major subtypes based on the presence or
absence of molecular indicators for estrogen or progesterone receptors. These
include the human epidermal growth factor 2 (ERBB2), triple-negative (15% of
patients, tumours without any molecular indicators), ERBB2 negative (70% of
patients), and ERBB2 positive (15%-20% of patients) (Waks and Winer, 2019). The
two broad categories of breast cancer are non-invasive and invasive breast cancer.
Non-invasive breast cancer is when the cancer cells are confined to the area of
origin (ducts or lobules) and have not metastasized to fatty or fibrous tissue.
Standard forms are ductal carcinoma in situ (DCIS), which makes up about 90% of
non-invasive cancers, lobular carcinoma in situ (LCIS), which is less common and is
more likely used as a marker in cases of higher risk (Watkins, 2019). In invasive
breast cancers, the cancer cells burst through ducts and lobular walls, invading
surrounding tissues (connective and fatty tissue) (Sharma et al., 2010; lacopetta et
al., 2023). These cover a broad spectrum of breast cancers that require diagnostics

and treatment.

Infiltrating carcinomas such as lobular carcinoma (ILC) originate in the breast's
lobules, metastasise to other areas of the body, and are usually progesterone and
estrogen-receptor-positive (Watkins, 2019). Infiltrating ductal carcinoma (IDC)
originates in the milk ducts and metastasizes to adjacent breast tissue by penetrating
the duct walls. IDC is the most common type of breast cancer, making up 80% of all
cancer cases, with 70% of women being human receptor positive or negative
(Watkins, 2019; Sharma et al., 2010).

Globally, breast cancer is a cause for concern, with over 500 000 deaths and
affecting 1 in 8 to 10 women regardless of ethnicity. It is predicted that almost 12
million females will be diagnosed with human receptor-positive cancer, with an
expected survival of 5 years (Gholami et al., 2024). This highlights the need for the
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formulation of innovative drug delivery systems. Drug delivery systems should be
able to minimise toxicity to healthy cells, prolong circulation time, increase the
bioavailability and uptake of the drug at the tumour site, and prevent premature
degradation of the therapeutic drugs (Bae and Park, 2011; lacopetta et al., 2023).

2.2 Doxorubicin (DOX)

Doxorubicin (DOX) is an antitumoral antibiotic that can be used on a wide spectrum

of cancers (Rivankar, 2014). DOX belongs to the group of anthracyclines, which was
first isolated from the bacterium Streptomyces peucetius (Thorn et al., 2011; Jones
and Dass, 2022). It has been routinely used as treatment for a variety of cancers,
such as breast cancer, lung cancer, ovarian cancer, Hodgkin's lymphoma, some
leukaemias, as well as malignancies associated with the head. Apart from cancer, it
is also used for the inhibition of malaria and AIDS related sarcomas (Rivankar, 2014).
DOX is a highly potent antineoplastic drug (Carvalho et al., 2009; Jones and Dass,
2022) that can be used on both solid tumours and soft (liquid) tumours and can be
used in combination therapy or alone (Rivankar, 2014). DOX is a glucoside
containing a tetracyclic quinoid aglycone, adriamycinone, linked to the amino sugar
daunosamine (Figure 2.1) (Yang et al., 2014; Alghorabi et al., 2019).

Figure 2.1: The chemical structure of doxorubicin (Alghorabi et al., 2019).
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The intravenous administration of DOX is conventionally performed at 21-day
intervals. Incompatibility issues arise when combining this medication with heparin or
5-fluorouracil, as precipitation may occur (Sritharan and Sivalingam, 2021). The
rapid distribution profile exhibited by DOX enables swift tissue penetration, with the
primary mode of biotransformation for DOX (Johnson-Arbour and Dubey, 2017).

The antitumoral action of DOX can be attributed to the establishment of free radicals,
which cause oxidative stress, destroying DNA, cellular membranes, and proteins
(Yang et al., 2014). The intercalation of DOX into the DNA hinders DNA and RNA
synthesis. Intercalation occurs at the connecting points amid the nucleotide bases of
the DNA strands (Norouzi et al., 2020). DOX also suppresses topoisomerase I
(TOP2) activity, an enzyme that regulates DNA topology by impeding replication,
transcription, and DNA repair (Norouzi et al., 2020). These lead to the formation of
free radicals, as mentioned above. However, DOX lacks specificity and targets both
healthy and cancer tissue, leading to adverse effects on the patients that include oral
ulcers, nausea, vomiting, fatigue, hormonal changes, hypertension, alopecia, and
bone marrow depression. The chronic impact of DOX is cardiomyopathy, which
leads to congestive cardiac failure (Rivankar, 2014; Aloss and Hamar, 2023). More
severe side effects include nephrotoxicity, hepatoxicity, and cardiotoxicity due to free
radical-induced damage to the myocardium. (Alghorabi et al., 2019). DOX augments
the matrix production of metalloproteinases 2 and 9, contributing to cardiomyopathy
due to the weakening of the collagenous matrix, which serves as a structural support

for the cardiomyocytes (Sobiborowicz-Sadowska et al., 2023).

Although DOX is an efficient chemotherapeutic, its adverse side effects hinder its
use. Hence, suitable delivery vehicles are needed to limit the induced toxicity and
improve efficacy by targeting the drug specifically to cancer cells and minimising
harm to healthy tissue.

2.3 Chemotherapeutic Drug Delivery Systems

Chemotherapeutic agents have been the conventional form of treatment for cancer.
There are three main types of clinical administration of chemotherapy. Primary

induction therapy is used for advanced cancer types, where no other treatment
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would provide efficacy (Chu and Sartorelli, 2018). Neoadjuvant therapy is usually
used for patients who display localised cancer, for which radiation and surgery would
not be effective. Neoadjuvant treatment is provided to patients with locally advanced

cases of breast cancer and is provided before surgery (Wang and Mao, 2020).

Adjuvant therapy is often combined with radiation, surgery, or both (Chu and
Sartorelli, 2018). The mechanism of interaction of a drug delivery system with
malignant formations and the limiting factors after administration need to be
investigated before the treatment process.

Drug delivery systems (DDS) have been extensively investigated, with few
technologies impacting cancer (Moses et al., 2003). DDS has aided in cancer
prevention and cancer-associated pain. The concept of DDS is based on the
controlled release of the associated chemotherapeutic agent and the duration of the
chemotherapeutic at the targeted site (Zhang et al., 2013; Wakaskar, 2018). A DDS
facilitates the introduction of therapeutic substances into the body while optimizing
efficiency and safety by regulating the rate, location, and volumetric parameters
governing drug release. This process encompasses therapeutic administration,
active ingredient discharge, and transfer across biological membranes to the target

site for optimal impact (Jain, 2020).

Creating new pharmaceutical drugs or altering existing formulations to enhance
efficacy holds little value if the vehicles responsible for their dissemination are
ineffective (Adepu and Ramakrishna, 2021). Most progress in targeted drug delivery
has been made in cancer therapy. However, delivering therapeutic drugs to the brain
via the blood-brain barrier presents with a multitude of obstacles due to short half-life,
poor uptake, lack of solubility (Avramovi¢ et al., 2020), high dose dumping causing
toxicity, high first-pass metabolism and premature excretion from the body (Adepu
and Ramakrishna, 2021). Systemic side effects can also be attributed to non-specific
biodistribution, uncontrolled drug release, and low levels of drug payloads at specific
target sites (Liu et al., 2016; Panda et al., 2020). The formulation of smart and
efficient DDS is necessary to reduce toxicities and improve overall therapeutic

efficiency (Kalaydina et al., 2018)

The targeted delivery of chemotherapeutic agents into solid tumours has been of

interest for disease abrogation and cure (Lu and Qiao, 2018). Limiting factors such
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as the difficulty of cancer therapeutics to target cancer stem cells as well as difficulty
in invading tumour sites due to lack of specificity and the internal pressure
(increased interstitial fluid pressure) of the tumour, make it difficult for drugs to enter
the tumour core where uncontrolled proliferation and angiogenesis occurs
(Chakraborty and Rahman, 2012; Panda et al., 2020). In addition to these limitations,
some chemotherapeutic agents show low solubility levels due to their hydrophobic
nature, and their non-targeted delivery results in toxicity and high levels of drug
resistance (Kachalaki et al., 2016). The levels of drug resistance can be attributed to
the enhanced removal of drugs via efflux pumps in the cell membrane through
proteins such as P-glycoprotein (Baguley, 2010). They aid in the distribution,
excretion, or absorption of many chemical compounds. This can become a challenge
in administration due to decreased bioavailability, therapeutic levels, and reduced

movement across the blood-barrier (Bukowski et al., 2020).

Chemotherapeutic agents have a major role in cancer treatment, used alone or in
combination (Chidambaram et al., 2011). However, the current efficiency of DDS is
limited as damage also occurs to proliferating and normal cells due to a lack of
specificity (Pan et al.,, 2016). Side effects reported include nausea and vomiting
(Schirrmacher, 2019) and increased toxicity to organs (kidneys, digestive passages

and organs, liver, and areas of the bone marrow) (van den Boogaard et al., 2022).

An ideal DDS must protect healthy cells from high toxicity and enhance current
chemotherapeutic agents while reducing side effects. Furthermore, it should have
increased drug bioavailability, control drug release, site-specific interaction, stability
under physiological conditions, improved circulation and bio-dispersion, ease of
administration, and cost-effectiveness (Jain, 2020). Using nanobased DDS may be
advantageous for medical treatment. These systems have demonstrated their
efficacy through diverse formulations targeting a range of ailments. They exhibit
specific  attributes such as reduced size, biodegradability and
hydrophobic/hydrophilic tendencies alongside superior compatibility in biological
environments, resulting in low toxicity and immunogenicity, that contribute to high

effectiveness against different forms of cancer pathology (Forouhari et al, 2022).

The advent of nanotechnology has facilitated the formulation of novel delivery
systems for bioactive molecules (Hu et al., 2018). Nanoparticles (NPs) in the form of
nanoclusters (NCs) offer an array of benefits, stemming from the development and
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utilization of materials engineered at the nanoscale level. These novel materials
possess unique properties (Villela Zumaya et al., 2022), which include the capacity

to encapsulate or bind drugs for efficient and targeted delivery to specific tissues

while improving bioavailability, reducing dosages and toxicity levels, and facilitating
transport across biological barriers. These NCs can contribute to medical issues
related to theranostics, tissue engineering, and drug administration with improved
accuracy that is aided by imaging techniques (Villela Zumaya et al., 2022).

2.4 Nanotechnology

Nanotechnology, a rapidly growing field of science, encompasses manipulating
material at the nano-level with varied applicability to everyday situations
(Nasrollahzadeh et al.,, 2019). It involves formulating and implementing chemical,
physical, and biological systems at various scales - from single atoms or molecules
to submicron dimensions. Additionally, it involves the incorporation of these
nanomaterials into more comprehensive systems (Hornyak et al., 2018).
Nanotechnology can modify, enhance, and optimize the characteristics of materials
and products (Mohammed et al., 2024). The current era may be called the "Nano
Era" based on its positive impacts, especially in water treatment, engineering, and
medicine (Bhushan, 2016; Nasrollahzadeh et al., 2019).

Nanotechnology's most notable influence is observed in biomedical research and
medicine. This manipulation of material at a nanoscale that emphasizes medical
advancement and medical substitutions is termed nanomedicine (Satalkar et al.,
2016). Nanostructures range from 1 nm to 100 nm, providing greater efficacy than
their bulk counterparts (Mansoori, 2017). They have shown potential in cancer
therapeutics as anticancer nanocarriers. This is due to their distinct structural
dimensions and outstanding mechanical, electrical, thermal, optical, and chemical
properties (Haleem et al., 2023). Nanosystems have shown improved antitumour
drug specificity for uptake into tumour sites, lowered toxicity, and achieved steady-

state drug levels (Chatterjee and Kumar, 2022).
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The exploitation of nanotechnology in cancer therapy can circumvent limitations in
the central nervous system (CNS) and blood-brain barriers (Tang et al., 2019). NPs
can engage and accommodate many small molecules and are amenable to
functionalization with ligands, polymers, DNA or RNA strands, peptides, antibodies,
and drugs (Gmeiner and Ghosh, 2014). NPs need functionalization with suitable

polymers to enhance the encapsulation of therapeutic molecules and to
improve stability (Bugwandeen et al., 2023).

2.5 Gold Nanoclusters (AuNCs)

2.5.1 Background

In early civilizations, gold (Au) was often associated with divine figures and rulers. It
held great value and was sought after in tribute to their glory. Throughout history, this
precious metal has long been revered as a symbol of power, beauty, and cultural
elitism. Some of the first uses of Au date back to 2600 BC (Habashi, 2016), when Au
was used as jewellery and in the creation of deities for worship. Au is one of the least
complicated metals due to its inert nature and workability. It is also highly pure,
making it attractive in therapeutics and diagnostics (Harrison, 2010). Over the last
three decades, we have seen remarkable progress in nanoscience and
nanotechnology. Studies of Au nanoclusters (AuNCs) provide precise nanomaterials
and properties such as homogeneity of particles, the same atomic crystalline metal
phases, the phenomenon of periodicity and quantum confinement in nanoclusters,

and the development of hierarchical complexity in nanosystems (Zeng, 2018).

The term "colloidal gold" refers to a suspension of sub-micrometer-sized particles of
Au in either water or an organic solvent (Mingos, 2014). The properties and uses of
these colloidal particles are influenced mainly by their size and shape, making them
invaluable across various industries, including electronics, electron microscopy,
nanotechnology, materials science, and medicine (Lohse and Murphy, 2013; Voliani,
2020). Recent breakthroughs have been achieved by isolating molecular cluster
compounds containing Au that can be stabilized using phosphine or organothiolato-
ligands. Characterization of metal particles comprising 3-100 atoms at the atomic
level has revealed their intriguing chemical, physical, and catalytic attributes (Mingos,

2014; Voliani, 2020). Chitosan is a prominent choice as a drug-delivery carrier
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associated with AuNCs due to its high levels of improving stability, improving
adhesion, and temporarily widening tight junctions of cells, increasing drug delivery
(Rodrigues et al., 2012). Chitosan has high cross-linking abilities when used with
sodium tripolyphosphate, being able to increase levels of bound drug (Gounden and
Singh, 2024). This improves treatment by lowering dose-dependent treatment by
increasing the therapeutic drug index. Drug targeting is site-specific when
incorporated with chitosan making chitosan modified-gold nanoclusters ideal drug
delivery carriers (Faid et al., 2022).

2.5.2 Applications of Gold Nanoclusters

Over the last twenty years, AUNCs have presented themselves as versatile tools
in cancer diagnosis and treatment (Zheng et al., 2021). This could be due to
their ultrasmall size (1 nm to 3 nm in diameter), improved photonic characteristics,
and reduced plasmonic responses compared to the more prominent AuNPs (Jin et
al., 2016). AuNCs have native luminescent properties upon formation. Modification
with proteins, peptides, polymers, capping ligands, or other biomolecules as
structural scaffolds is deemed necessary for stabilizing AuNCs. This
enhances the biocompatibility of these AUNCs and preserves their unique optical
characteristics for use in theranostics (Figure 2.2) (van de Looij et al., 2021).
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Figure 2.2: lllustration of the uses of AUNCs (van de Looij et al., 2021).

Due to their uncomplicated yet efficient surface modification, Au-based
nanostructures have received widespread use in detecting analytes, bio-imaging,
delivering pharmaceutical drugs, and treating diseases. AUNCs can assist in drug
delivery technology, encompassing duration and dosage parameters in drug
distribution. This results in enhanced drug utilization efficiency, reduced costs, and

lower toxicity (Cui et al., 2020).

It has been reported that AUNCs can easily penetrate the core of mature cells,
including lymphocytes and granulocytes (Qu et al.,, 2015; Bai et al.,, 2020). The
function of these AuNCs in biological systems was elucidated by a series of tests,
including assessments of pH-dependent stability and resilience under conditions with
excess salinity. AUNCs have the potential to act as fluorescent platforms for imaging
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and sensing applications in biology and deep-tissue imaging in vivo (Kaur et al.,
2018). AuNCs may serve as drug delivery vehicles or as monitors of
pharmaceuticaltherapeutics in drug administration. The advantages of AuNCs
include their use in radiation, electromagnetic therapy, photothermal therapy, and
photodynamic therapy. The luminescent feature of AUNCs can be used to detect drug
release mechanisms. DOX-loaded AuNCs were shown to deliver DOX to cancer cells
due to the cleavage of the disulfide bonds, with tumour reduction noted after

nineteen days (Cui et al.,, 2020).

In vivo studies using a concurrent treatment of photothermal and photodynamic
therapy with AuNCs displayed 41.1% photothermal conversion, and the internal
thermal tumoral conditions increased by 28.1 + 6.8 °C compared to 8.4 = 2.1 °C in
mice treated only with laser therapy. It was also noted that the tumour size and
volume increased in the control mice, while mice receiving the AUNC photothermal

therapy showed a reduction in tumour volume (Liu et al., 2019).

2.5.3 Gold Nanoclusters as Drug Delivery Systems

The use of NPs as drug delivery systems holds promise for treating many diseases
due to their potential to limit toxicity and dosage required for efficient treatment. They
are attractive due to their ability to deliver drug payloads to specific tissue sites
(Wang and Kohane, 2017; Bai et al., 2020). AUNCs have shown increased drug
circulation and biodistribution, in addition to targeting and triggering drugs at specific
sites to reach therapeutic levels. This increases the drug's efficacy while limiting the
dosage to off-target sites (Chakraborty and Pradeep, 2017). Cells mostly take up
NPs due to the enhanced permeability and retention (EPR) effect (Li et al., 2018).

AuNCs combined with graphene oxide and loaded with DOX were used for drug
delivery and imaging in hepatocellular carcinoma. It was observed that the DOX-
loaded AUNC complex had increased distribution and absorption of DOX in the cell
compared to DOX alone. The complex also inhibited greater cellular growth
compared to free DOX. This was attributed to the ease of internalisation of the
complex (Wang et al., 2011; Tan et al., 2024). A study using AUNCs conjugated to a

block copolymer with the anticancer drug camptothecin investigated the cytotoxic
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effects of the free drug and drug-loaded nanocomplexes in the uterine cervix
carcinoma and human lung adenocarcinoma cells. The study noted that the
camptothecin-loaded AuNCs had a higher level of cytotoxicity on both cell lines than
free camptothecin (Chen et al., 2012; Tan et al., 2024).

A study using AuNC drug delivery systems as an "all-in-one" system to aid in the
passive uptake by tumours through the EPR effect and to inhibit tumour growth by
producing reactive oxygen species using near-infrared light. The study noted that
gold nano-species in the 5 nm to 200 nm range showed low levels in the liver due to
the reticuloendothelial system removing the NPs, and high renal clearance (Kong et
al., 2021). Due to the efficacy of AUNCs in bioimaging, diagnostics, and treatment,

the synthesis of these nanocarriers has gained popularity.

2.5.4 Synthesis of Gold Nanoclusters

Their ultrasmall size (1 nm to 5 nm), stability, increased surface area, and high
luminescence are only a few capabilities of AUNCs that make them highly attractive

for research in nanomedicine.

One of the most important phenomena observed in the synthesis of AUNCs is the
aggregation-induced emission (AIE) mechanism, in which non-luminescent gold (I)-
thiolate oligomeric complexes formed highly luminescent AUNCs upon aggregation.
The colour and intensity of the luminescence and quantum yields are attributed to
the level of aggregation. The core shell of the nanocluster has a high level of gold (I)-
thiolate complexes, which gives the AuNC its highly luminescent photo-qualities (Luo

et al., 2012). The three steps of attaining gold nanoclusters are shown in Figure 2.3.
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Figure 2.3: The process to synthesize luminescent gold nanoclusters (X represents any
nonthiolate ligand) (Luo et al., 2012).

The strategy to synthesize the AUNCs was to compact the Au (I)-thiolate complexes
into a dense shell onto the Au(0) core. Glutathione (GSH) is added as a ligand for
steric stabilization, water solubility and as the reducing and protective agent in the
synthesis process. In the three-step synthesis process (Figure 2.3), the initial step is
the GSH reduction of Au(lll) into Au(l) due to the thiol (Au(l)-thiol) group on GSH. If
oxidized GSH were used, this would be attributed to the disulfide bonds. Selective
reduction occurs when the Au(l)-X particles are reduced to Au(0) atoms. The Au(0)
core then forms on the Au(l)-thiolate group, forming intermediates. The last stage is
the controlled aggregation of the Au(0) atoms into the Au core, with the Au(l)-thiolate
complexes forming a shell around the core. The highly stable luminescent AuNCs
would have formed through the AIE mechanism (Luo et al., 2012). Figure 2.4 depicts

a scheme for the formation of the AuNC.
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Figure 2.4: Schematic representation of the mechanism of AIE and the
conventional method using short Au(l)-thiolate motifs (Luo et al., 2012).

2.6 Surface modification and Zeta potential

The characteristics of AUNCs have gained much attention from the scientific
community, with their surface chemistry seen as a critical determinant for selecting
their ideal application. Surface modifications are essential to reduce toxicity, enable
targeted delivery, attachment of therapeutic agents, prevent aggregation by
improving stability, and improve the circulation time to avoid removal by the
reticuloendothelial system (Pissuwan et al., 2011; Cui et al., 2020).

One of the focal aspects of AUNCs is their unique properties that can arise using
distinct thiol ligands. Ligands can determine the properties of the AUNC, such as size,
distribution, dispersity, and solubility (Yan et al., 2016). This study used glutathione
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(GSH) as a capping ligand for the synthesis process. GSH is a low molecular weight
thiol that reduces and prevents oxidative stress and regulates redox homeostasis
needed for cellular growth and function. GSH can directly interact with free radicals
and enzymes such as glutathione transhydrogenase and glutathione peroxidase.
The presence of GSH in tissues and bodily fluids is important in some diseases and
for the type of therapy required (Tian et al., 2012). Higher levels of stability were
reported when GSH was used as a capping ligand, in addition to increased quantum
yield, water dispersibility, and stability against photo irradiation and salts. The
advantages of GSH include improved selectivity, sensitivity, and cost-effectiveness.
GSH-prepared AuNCs exhibited improved fluorescent intensity and were highly
efficient (Wu et al., 2017).

Zeta potential measurements assist with assessing the stability of NPs in colloidal
solutions/suspensions due to the electrostatic forces between particles. The zeta
potential is also known as the electrokinetic potential. It can be defined as the
potential of the shear plane of a colloidal nanocomplex that can move within an
electric field (Bhattacharjee, 2016). The liquid encompassing the particle is termed
the electrical double layer and comprises an inner region (Stern layer) and an outer
region (diffuse layer). There is a hypothetical barrier within the boundaries of the
diffuse layer containing ions that form an impenetrable unit. When the NP is exposed
to an electrical field, the ions on the exterior of the barrier migrate individually,
displacing the fluid and resulting in the zeta potential. The term surface of
hydrodynamic shear explains the particle surface interaction among the particles
(Lowry et al., 2016).

The range of the electrostatic forces can be defined as highly stable, moderately
stable, relatively stable, and highly unstable. The greater the magnitude of the zeta
potential (negative or positive), the greater the extent of the repulsion forces,
preventing the aggregation of particles. However, stability can also be attributed to
van der Waals forces, which are not considered in zeta potential measurements.
Some factors affecting the zeta potential are pH, concentration of the colloidal
solution, and ionic strength (Bhattacharjee, 2016). Zeta potential measurement is
useful in pharmaceutics, medicine, mineral processing, chemical production, and
water and soil purification (Lunardi et al., 2021). Functionalisation with polymeric

material is needed to improve the efficacy and stability of NPs for drug delivery. In
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this study, chitosan was used as the polymer of choice for the added stability of the
AUNCs.

2.7 Chitosan

The use of naturally occurring polysaccharides and their derivatives has gained more
attention in DDS due to their many advantages (Barclay et al., 2019). Natural
polysaccharides have an affinity for covalent crosslinking in polymer-based
nanocarrier preparations (Liu et al., 2008; Zhang et al., 2021). Polysaccharides are
advantageous because of their abundance, cost-effectiveness, biocompatibility, and
biodegradability. In the case of chitosan (CS), upon degradation, amino sugars are
released that can be absorbed by the body and are non-toxic and non-reactive. They
also possess physicochemical qualities that allow easy modification and simple

construction of stable nanocarriers for delivery purposes (Barclay et al., 2019).

CS is a derivative of chitin, produced through its deacetylation (Figure 2.5). Chitin is
found in the shells of crustaceans such as prawns and crabs and the cellular walls of
fungi (Mohammed et al, 2017). CS comprises [3-1,4-linked D-glucosamine units,
similar to cellulose. Functional groups such as hydroxyls, primary amines, and esters
provide the polymer with exceptional properties for functionalizing AuNCs
(Murugadoss and Sakurai, 2011; Zhang et al., 2021).

Chitin

Deacetylation| Conc. NaOH
Heat

OH

Chitosan

NH,

Figure 2.5: Scheme showing the deacetylation of chitin to chitosan (Mohammed et al.,
2017).
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Polymer-based nanocarriers are usually designed in a sub-microscopic manner and
are below 1000 nm in size. Using CS-based nanocarriers in DDS is highly
advantageous due to their small size, allowing transport through most capillaries and
preventing premature clearance (Liu et al., 2008). They have an affinity for cellular
penetration (especially the epithelium) and tissue gaps into site-specific areas
(Mohammed et al.,, 2017). CS-based nanocarriers display controlled release of
therapeutic agents (drug or gene) due to biodegradability, pH, ion, or temperature.
Hence, they can improve the therapeutic index of drugs and significantly relieve
associated side effects (Liu et al., 2008; Turcsanyi et al., 2020). Recently, CS has
been used in applications that benefit hydrogels and films for therapeutics (Turcsanyi
et al., 2020; Gounden and Singh, 2024; Gounden and Singh, 2025).

CS-based nanocarriers can be formulated by crosslinking, self-assembly, ionic
crosslinking, and polyelectrolyte complexation (Liu et al., 2008; Plucinski et al., 2021),
with simple complexation and ionic gelation being the most common methods (Babu
and Ramesh, 2017). The enhancement of CS occurs through the modifications at
active sites, such as the primary amine group (NHz) and hydroxyl group (OH), which

results in improved stability and increased drug encapsulation (Shukla et al., 2013).

The drug release mechanism of CS-based nanocarriers varies and may occur via
polymer swelling, diffusion of the adsorbed drug, diffusion of the drug from the
polymeric matrix, or drug release through polymer degradation or erosion or a
combination of both (Figure 2.6) (Liu et al., 2018; David and Singh, 2025). The initial
release of the therapeutic drugs occurs through a burst system due to either
polymeric swelling, diffusion, or pore creation. CS-based nanocarriers exhibit pH-
dependent drug release due to their acidic solubility (Mohammed et al., 2017; David
and Singh, 2025).

Page | 24



. s © Diffusion

Polymer matrix s
L .
e ® & - = Swelling

Erosion

Figure 2.6: Scheme showing the modes of release from the chitosan matrix (Mohammed et
al., 2017).

CS-based AuNCs with spiropyran displayed good biocompatibility and internalisation
in MCF-7 cells for fluorescent bioimaging purposes (Cong et al., 2021). Furthermore,
CS-based AuNCs carrying methotrexate effectively targeted the lungs, resulting in
improved drug retention, active tumour-targeting, and suppressed tumour growth in
vivo while displaying a reduction in systemic side effects (Guo et al., 2018). The use
of CS-based DOX-nanocomplexes with an antibody ligand showed that this
nanocomplex was more effective in targeting MCF-7 cells than the just CS-based
DOX-nanocomplexes and free DOX (Yousefpour et al., 2022).

The polycationic qualities of CS allow for its favourable interaction with the mucus
membrane, making it a mucoadhesive. Hence, it is suitable for chemotherapeutic
agents. However, CS does have low solubility levels in water but is soluble in acidic
solutions due to the protonation of the amine groups. The amine group has also
been noted to efficiently condense DNA and allow for intracellular trafficking of
nanocarriers through endosomal disruption. The efficacy and stability of CS-based
nanocarriers depend on the degree of deacetylation and molecular weight (Babu and
Ramesh, 2017). The ability of CS to open tight joints linking epithelial cells allows for
enhanced uptake of therapeutics in circulation (Mohammed et al., 2017).
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2.8 Biological Barriers to Drug Delivery

There are several biological hurdles that a nanocarrier will have to overcome before
it can reach the desired treatment site. These include the gastrointestinal tract,
blood-brain barrier, and solid tumours (extracellular or intracellular) (Wang et al.,
2016; Gao et al, 2023). Other issues that arise are clearance by the
reticuloendothelial and phagocytic systems, immune responses, activation of the
complement cascade, which responds to allergy-type reactions, glomerular filtration
resulting in quick renal excretion and the blood vascular structure, where the cells of
the endothelial lining and base membranes cause interference to access to tissues
or organs (Rabanel et al., 2012; Liu et al., 2024).

Nanocarriers smaller than 200 nm have shown improved permeabilization of
biological barriers (Finbloom et al., 2020). In the case of oral therapeutics, barriers
such as the gastrointestinal tract, epithelial lining, and mucus-lined epithelium limit
their bioavailability and distribution into the blood system (Waheed et al., 2022). The
intravenous route has provided DDS with greater efficacy than oral therapeutics.
Upon injection, the nanocarrier is opsonized in a biological medium. The opsonins
are plasma proteins comprising apolipoproteins, fibronectin, immunoglobulin G, and
immunoglobulin M (Rabanel et al., 2012). The reticuloendothelial system can also
clear the therapeutics from circulation. Macrophages within the blood also entrap
DDS by recognizing the adsorbed opsonin proteins and engulfing them by
phagocytosis via the opsonin receptors (Schwartz, 2017; Rabanel et al., 2012).
Polymeric material or targeting moieties as a coating can evade opsonization,

premature clearance, or any immune-related response (Waheed et al., 2022).

Tumour vasculature limits drug delivery and penetration into target sites. Tumours
have an irregular internal vascular structure and lack blood vessel organization. The
increased surface area of the tumour vasculature results in enhanced vascular
leakiness. The process of angiogenesis and the tumour endothelium can introduce
wider endothelial junctions, leading to increased leakiness of pores. Other barriers
include vessel co-option, vasculogenic mimicry, and insufficient vascular density,
where the tumour cells undergo mitosis more rapidly than the endothelial cells,
causing disorganized and hypoxic areas. The increased interstitial pressure from

poor lymphatic drainage, the amplified fluid build-up from the leaky tumoral blood
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vessels, and pressure due to the proliferation of cells in blood vessels impact the
efficiency of chemotherapeutic agents (Kim et al., 2017). Another limiting factor with
current chemotherapeutic agents is the lack of specificity to cancer cells, the tumour
micro-environment, nanocarrier size, morphology and surface charge, and multi-drug

resistance (Blanco et al., 2015: Nag and Delehanty, 2019).

Using biodegradable polymers such as CS, polyamidoamine, and polylactic acid in
formulating novel DDS introduces favourable attributes to the system. The removal
of nanocomplexes has not been thoroughly researched, but it is noted in the
literature that the ultrasmall particles of approximately 10 nm can be rapidly filtered
by the kidneys and liver and excreted in the urine. Polymeric functionalization of
these particles can prevent this rapid excretion (Waheed et al., 2022). Figure 2.7

summarises the various biological barriers encountered in drug delivery.

Figure 2.7: Diagram depicting different biological barriers (Waheed et al., 2022).

2.9 Cellular Uptake
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Cellular uptake of NPs can occur passively or actively (Figure 2.8). Passive uptake is
the diffusion of the NP through the nuclear pore, and active uptake occurs by the
diffusion of the NP through the nuclear membrane pore complex (Augustine et al.,
2020). The principal biological factors that lead to the identification of NPs are their
physiochemical properties, such as size, morphology, charge, polydispersity, surface
chemistry, and surface nature (hydrophobic or hydrophilic). Before the
nanocomplexes can reach the tumour cells, they must encounter the tumour
microenvironment. The dense extracellular and extensive fibrous matrix, pH, and
increased interstitial fluid pressure can affect the NP's interactions with the cellular

membrane and their internalization (Behzadi et al., 2017).
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Figure 2.8: lllustration of the mechanisms of passive and active uptake (Danhier et al.,
2010).
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Passive targeting refers to the transfer of NPs that contain therapeutic agents
through the endothelial lining of leaky blood vessels that have become more
permeable and into the interstitial area of the cells. Passive targeting exploits the
NP's physicochemical properties, the tumor's leaky vascular bed, and the tumour
microenvironment. Particles ranging from 10 nm to 500 nm have been reported to
leave the leaky vascular tissue and accumulate in the interstitial space (Torchilin,
2010; Tewabe et al., 2021). Other studies have noted similar accumulations for NPs
ranging from 1 nm to 1000 nm. The physicochemical attributes of the NPs can be
optimized to control the efficiency of drug delivery to the tumour sites (Rabanel et al.,
2012; Tewabe et al., 2021).

The enhanced permeability and retention (EPR) effect in targeting looks at the
prolonged circulation of drugs without interference through opsonization and
premature excretion via the reticuloendothelial system. The EPR effect allows the
therapeutic to accumulate within the target site, not within healthy cells/tissue. This
selectivity decreases the chance of toxicity. A study using DOX and the polymer
polyethylene glycol (PEG) found that the PEG-based DOX-loaded nanocomplexes
displayed an increased EPR effect at tumour sites with significantly reduced side
effects compared to the free drug (Torchilin, 2010).

Active targeting aims to internalize the drug-loaded NP by the tumour cells due to
interactions between the functional moiety of the nanocarrier and the overexpressed
receptors on the cancer cell surface (Torchilin, 2010; Attia et al., 2019). The targeting
ligands that are attached to the surface of the NP, would bind to over-expressed
receptors on the cancer cell surface. Targeting ligands include monoclonal
antibodies, antibody ligands (peptides or non-peptides), and antibody fragments
(Danhier et al., 2010; He et al., 2020). Using these targeting moieties ensures that

the therapeutic reaches the specific cancer cell.

Overall, understanding the tumour microenvironment is vital for researchers in
producing acceptable therapeutic interventions to aid treatment. Compared to normal
tissue, the cancer cell vascular structure differs in saturated oxygen, pH, perfusion,
vascular anomalies, and metabolic conditions (Figure 2.9). (Danhier et al., 2010:
Dessale et al., 2022).
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Figure 2.9: Diagram showing differences between normal and tumour tissue
(Danhier et al., 2010).

2.10 Internalization and Intracellular Trafficking

The mechanisms of cellular uptake have been widely investigated, but the
clarity of the uptake mechanism is still a grey area. Endocytosis is one of
the main cellular uptake processes, which allows the cell to take up
nutrients, solutes, and other molecules. The term endocytosis can be
described by two sub-categories: phagocytosis, which takes up large
particles, and pinocytosis, which is the uptake of fluids and minerals
(solutes). Pinocytosis can be further divided into sub-categories such as
macropinocytosis, caveolae-mediated endocytosis, clathrin-mediated
endocytosis, and clathrin- and caveolae-independent endocytosis
(Nelemans et al., 2020). Figure 2.10 depicts the main mechanisms of

internalization.

Phagocytosis usually occurs in macrophages. The phagocytosis of NPs
usually occurs after opsonization. When phagocytes engulf the
intended material, phagosomes are formed, which eventually bind to
the lysosomes. The material within the lysosome can be digested due to
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the acidic environment of the lysosomal lumen. Particles ranging between
200 and 2000 nm can be phagocytosed (Behzadi et al., 2017). Pinocytosis
usually assists in the internalization of smaller particles. This process
occurs when the cellular membrane configures an infolding of the
membrane, which internalizes a small amount of extracellular fluid
containing dissolved particles (Ramsden, 2023).

Extracellular space Macropinocytosis
Phagocytosis
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Figure 2.10: Diagram showing cellular uptake and intracellular trafficking of
nanocomplexes (Ausgustine et al., 2020).

Macropinocytosis is the internalization of foreign material, such as viruses,
bacteria, and antigens. This pathway also internalizes necrotic and apoptotic
cells. Caveolae- mediated endocytosis involves the use of infoldings of the
membrane into a flask shape called caveolae, which can be found in
adipocytes, endothelial, epithelial, muscle, and fibroblast cells (Foroozandeh
and Aziz, 2018). The mechanism occurs through cellular signaling pathways
and the control of membrane proteins. Usually, material ranging from 20 nm to
100 nm can be internalized. Caveosomes protect the integrity of the contents from

enzymes (Augustine et al., 2020).
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Clathrin-mediated endocytosis is a mechanism that allows for the internalization
of selected compounds. The mechanism operates on the formation of ligand-
receptor complexes that form on the surface of the cellular membrane. The
complexes then migrate to a cell membrane region with a concentrated number
of clathrin-coated pits. The NP eventually reaches the endo-lysosomal pathway
(Foroozandeh and Aziz, 2018). The size of NPs that the clathrin-mediated
endocytosis pathway can take up ranges from 100 nm to 350 nm (Augustine
et al., 2020). Clathrin- and caveolae- independent endocytosis usually occurs
when clathrin and caveolin are absent. This mode of action occurs through
extracellular  fluids, growth hormones, glycosylphosphatidylinositol-linked
proteins, and interleukin-2 proteins  that internalize the material. It was
noted that polymeric nanocarriers can be internalized by this method
(Foroozandeh and Aziz, 2018).

Studies have shown that NPs less than 200 nm can avoid the reticuloendothelial
system and increase their half-life. Furthermore, increased cellular uptake was noted
for NPs ranging from 100 nm to 200 nm in physiological barriers such as the blood-
brain barrier and the gastrointestinal lining (Kulkarni and Feng, 2013; Navya et al.,
2019). The internalization of NPs ranging from below 50 nm to 200 nm was
investigated in hepatocellular carcinoma cells. NPs below 50 nm were internalized
through energy-independent insertion and diffusion, while those ranging from 50 nm
to 100 nm were internalized and could migrate to the nucleus. The NPs ranging from

100 nm to 200 nm were found to accumulate in the cell's cytoplasm (Li et al., 2017).
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CHAPTER THREE

3. Materials and Methods

3.1 Materials

Gold (Ill) chloride trihydrate (Mw: 393.83 g/mol, HAuCls+.3H20), L-glutathione
reduced (Mw: 307.32 g/mol, Ci0H17N3OsS), chitosan (CS)-medium molecular weight
(2 75% deacetylation, Ci2H24N209), doxorubicin hydrochloride (DOX-HCI) (Mw:
579.98 g/mol, C27H20NO11.HCI), sodium tripolyphosphate (Mw: 367.86 g/mol,
Nas P3010), ethidium bromide solution (Mw: 394.31 g/mol, C21H20BrNs) dialysis tubing
(MWCO 14 000 Da and MWCO 2000 Da) were all purchased from Sigma-Aldrich (St.
Louis, MO, USA). Glycerol anhydrous extrapure AR, 99.5% (Mw: 92.10 g/mol,
CsHsOs3) was sourced from Sisco Research Laboratories Pvt. Ltd, (MH, India).
Dimethyl sulfoxide (DMSO) (Mw: 78.13 g/mol), acridine hydrochloride zinc chloride
double salt (Mw: 438.11 g/mol, Ci7H20ClsNsZn), 3-[(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide] (MTT) (Mw: 414.32 g/mol, CisHisBrNsS), and
phosphate buffered saline (PBS) were obtained from Merck (Darmstadt, Germany).
Luminex (TX, USA) supplied the Muse® cell cycle kit (MCH100106). The human
embryonic kidney cells (HEK293) and breast adenocarcinoma (Michigan Cancer
Foundation-7 cells, MCF-7 cells), were sourced through the American type culture
collection (ATCC, Manassas, VA, USA). Minimum Essential Medium (MEM) with
Earle’s salts with L-glutamine, was acquired from Capricorn Scientific
(Ebsdorfergrund, Germany). The penicillin/ streptomycin and Amphotericin B (100x)
in respective concentrations (10 000 U/ml, 10 000 pg/ml, 25 pg/ml) and trypsin
versene was purchased through Lonza BioWhittaker (Walkersville, MD, USA). Sterile
fetal bovine serum had been obtained from Cytiva, Hyclone (UT, USA). All sterile
tissue culture plasticware were purchased from NEST (Wuxi, Jiangsu, China). 18
MQ ultrapure water, from Millipore Co, Direct Q3 was used throughout the study
(Molsheim, France). All other reagents used were of a research grade quality. All cell

culture and biological assays were conducted under aseptic conditions in a
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Airvolution Class Il biosafety Laminar flow hood (United Scientific, Cape Town South
Africa).

3.2 Methods

3.2.1 Synthesis of Gold Nanoclusters

Gold nanoclusters (AuNCs) were synthesized as described previously with
modifications (Luo et al., 2012). Aqueous solutions of gold (lll) chloride trihydrate
(HAuUCls. 3H20) (20 mM, 0.5 ml) and L-glutathione (GSH) (100 mM, 0.15 ml) were
mixed with 4.35 ml of 18 MQ water in a 10 ml conical flask at 25 °C, and then gently
stirred at 500 rpm. The reaction mixture was slightly submerged in anhydrous
glycerol, which was then gently heated to 70 °C while the mixture was stirred gently
for 24 hours (Wiggens, Wuppertal, Germany). The AuNC mixture was then purified
through dialysis (14 000 Da MWCO) against 18 MQ water for 24 hours at 25 °C. The
final AUNC sample was stored at 4 °C.

3.2.2 Functionalization of gold nanoclusters with chitosan

A chitosan (CS) solution (0.25 mg/ml in 2% acetic acid) was freshly prepared at
25 °C, and the pH was adjusted to pH 4 (Maney and Singh, 2017). A 3:1 (v/v) ratio of
CS to AuNCs was used for functionalization. Approximately 3 ml of the CS solution
was pipetted into a conical flask with gentle stirring (500 rpm). To this was added 1
ml of the AuNCs solution dropwise at 3-minute intervals. The reaction mixture was
stirred for 24 hours at 25 °C. The functionalized sample (CS-AuNCs) was dialyzed
asin 3.2.1. and stored at 4 °C.

3.2.3 Drug (Doxorubicin) loading of CS functionalized AuNC

The protocol was adapted from that reported previously (Maney and Singh, 2017).
Approximately, 1 ml of a 1 mM doxorubicin (DOX) solution was added to 1 ml of
sodium tripolyphosphate (TPP, pH 2), and mixed gently for 30 minutes. The mixture
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was allowed to settle for 10 minutes and then stirred gently, with 3 ml of CS (0.25
mg/ml, pH 4) added to the DOX-TPP solution in a dropwise manner every minute.
Thereafter 1 ml of the AuNCs was added dropwise every 3 minutes to prevent
aggregation. The solution was stirred for 2 hours for the reaction to reach completion.
The final AUNCs-CS-TPP-DOX (AuCTD) nanocomposite with a ratio of 1:3:1:1 (v/v)

was produced.

A further nanocomposite of CS-TPP-DOX (CTD), was synthesized as a control.
Approximately, 1 ml of 1 mM DOX solution was added to 1 ml of 0.35 mg/ml of TPP
solution (pH 2). The DOX-TPP solution was mixed for 30 minutes and allowed to
settle for 10 minutes. Thereafter, 3 ml of CS (pH 4) was added dropwise to the DOX-
TPP solution at 1-minute intervals with stirring. The CS-TPP-DOX (CTD)
nanocomposite ratio was maintained at 3:1:1 (v/v/v). Both the nanocomposites were
subjected to dialysis (2000 Da MWCO) for 24 hours against deionized water. The

final nanocomposites were stored at 4 °C.

3.2.4 UV-visible (UV-vis) spectroscopy

Approximately 10 ul of each sample was analyzed in a UV-vis spectrophotometer
(JASCO, Tokyo, Japan) at a wavelength range of 200 nm to 800 nm. This was done
to confirm the CS binding to the AuNCs as well as DOX encapsulation by the AuNCs,
with reference to the literature.

3.2.5 Transmission Electron Microscopy-Energy Dispersive X-ray (TEM-EDX)

About 100 ul of the respective sample was sonicated for 15 minutes before use. A
Formvar-coated carbon grid was submerged in the solution and air-dried. Images
were acquired using a JEOL 2100 High-Resolution Transmission Electron
Microscope (HRTEM) (JOEL Ltd, Akishima, Tokyo, Japan). The EDX data was
obtained using the X-Max EDX detector (Oxford Instruments, Abingdon, United
Kingdom).
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3.2.6 Nanoparticle Tracking Analysis (NTA)

Nanoparticle tracking analysis (NTA) (Nanosight NS500, Malvern, Worcestershire,
UK) was used to assess the size, zeta potential, and particle distribution of the
AUNCs, CS-AuNCs, the drug containing nanocomposites CTD and AuCTD. The
instrument was primed and flushed, and the zero-position set. The samples were
diluted 1:50 using 18 MQ water before measurement at 25 °C and 24 V. Videos
captured the movement of the particles, which were analyzed using the NTA 3.2.
software (Malvern Instruments, Worcestershire, UK). The hydrodynamic diameters
were calculated using the Stokes-Einstein equation, and zeta potential using

Smoluchowski approximation.

3.2.7 Fourier transform infra-red (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was utilized to verify the existence of
important functional groups and chemical bonds in the AuNCs by observing their
specific peak characteristics. Approximately, 200 pl of each synthesized sample was
analyzed using a Spectrum Perkin Elmer instrument (Waltham, MA, USA), from
4000-400 cm™. The IR spectra were generated using the associated Spectrum

Analysis Software version 10.

3.2.8 Encapsulation efficiency (EE%)

The encapsulation efficiency (%) was calculated to determine the amount of drug
bound to the nanocomplexes. This was done by the removal of unbound DOX
through dialysis due to the nanocomplexes being in the colloidal state. The
absorbance at 481 nm was used to analyze the samples. The samples were
analyzed before and after dialysis to determine the encapsulation efficiency. The
nanocomposite was placed into dialysis tubing (2000 Da MWCO) for 24 hours in a
1000 ml beaker containing deionized water. Thereafter, the samples were stored at
4°C. The theoretical drug content (TDC), encapsulation efficiency (EE) and actual
drug content (ADC) of the drug-loaded nanocomposites were calculated using the
following formulae (3.1-3.3) (Maney and Singh, 2017; Moodley and Singh, 2020).
Due to the nanocomposites being in a collodial state, their expression was displayed
in a volumetric ratio (Maney and Singh, 2017). This was also applied to drug release
experimental analysis UV-vis spectrometer was calibrated for 30 minutes prior use

and was blanked using deionised water prior to readings.
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(3.1)

EE (%) = x 100 (3.2)

ADC (ug) = TDC x EE (%) (3.3)

3.2.9 Drug Release

The drug release was conducted as reported previously (David et al., 2023). The
prepared nanocomposite solutions, AuCTD and CTD solutions (400 pl) were
dialyzed (2000 Da MWCO) separately against phosphate buffer saline (PBS, 5 ml) at
different pH levels of 4.5, 5.5, 7.4. with gentle shaking (Infors HT Ecotron Shaking
Incubator, Lasec, Cape Town, South Africa) at 80 rpm at 37°C. At 4-hour intervals,
20 pl of the dialysate was removed and replenished with PBS to maintain the sink
volume, over 72 hours. Each dialysate aliquot was analyzed by UV-vis spectroscopy
(JASCO, Tokyo, Japan) at a wavelength 481 nm. The readings were used to
produce a drug release profile for each nanocomplex under the various pH
conditions. Drug release was calculated using formula 3.4.

The models used to determine the pharmacokinetics studies R? values were the
First-Order kinetics, Korsmeyer Peppas, Zero-order kinetics, and the Higuchi and
Hixson Crowell models (Damodharan, 2020; Akinyelu et al., 2022; Akinyelu and
Singh, 2019).

3.2.10 Cell culture

The human embryonic kidney (HEK293) (Figure 3.1A) and the breast
adenocarcinoma cells (MCF-7) (Figure 3.1B) were propagated in 25 cm? tissue
culture flasks containing 5 ml of MEM (supplemented with 10% FBS and 1%
antibiotics), and incubated in a Hepa Class 100 Stericult incubator at 37°C and 5%
CO:2 (Thermo-Electron Corporation, Waltham, Massachusetts, USA). The cells were

routinely monitored using a Nikon TMS inverted microscope (Nikon, Tokyo,
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Japan). Upon confluency, the cells were trypsinized and seeded into multiwell plates
for assays, or cryopreserved. All cell culture protocols were conducted under aseptic
conditions in a Class Il biological safety laminar cabinet.

Figure 3.1: (A) HEK293 cells, and (B) MCF-7 cells at 20x magnification.

3.2.11 Cytotoxicity Assay

Cytotoxicity was determined using the standard (3-(4,5-dimethylthiazol-2-yl)- 2,5-
diphenyltetrazolium bromide (MTT) assay (Mossman, 1983). HEK293 and MCF-7
cells near confluency were trypsinized and seeded at a density of 2.5 x 10 cells per
well into 96-well plates containing 100 pl of complete MEM. Cells were incubated for
24 hours at 37 °C, to allow for the attachment of the cells. Following this, the spent
medium was substituted with 100 pl of fresh medium followed by treatment with the
AuNCs, nanocomplexes (CTD and AuCTD) and DOX at varying concentrations (10
pg/ml, 20 pg/ml, 30 pg/ml, 40 pg/ml). Positive controls consisting solely of cells
wereincluded and documented as a survival rate of 100%. The assay was conducted
in triplicate. Cells were incubated at 37 °C in 5% CO2 for 48 hours. Thereafter,
the medium from each well was replaced with 100 pl fresh medium containing 10 pl
MTT (5 mg/mL in PBS), and the cells were incubated at 37 °C for a further 4 hours.
The MTT-media were then aspirated from each well, and 100 ul of DMSO was added
to solub ilize the resulting formazan crystals. The cells were briefly shaken on a
platform rocker (Stuart Scientific, Nottingham, UK), and absorbance readings at 570
nm were taken using a Mindray MR-96A microplate reader (Vacutec, Hamburg,
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Germany). DMSO was used as the blank. Absorbance values were used to calculate
the cell viability using formula 3.5.

A linear regression curve was created of log transformation concentration values
against cell viability, and the concentration at which 50% cell viability (IC50) was
recorded, and was used for subsequent cell-based assays.

3.2.12 Fluorescent apoptosis assay

The dual dye fluorescent apoptosis assay was used to determine if apoptosis played
a role in the cell death (Maiyo et al., 2016). The assay utilises a dual staining method
of acridine orange (AO) and ethidium bromide (EB) in a 1:1 ratio. Each dye was
prepared in PBS at a concentration of 100 pg/ml. The HEK293 and MCF-7 cells
were seeded at a density of 5.0 x 10* cells per well in 48-well plates containing 250
pl growth medium, and incubated for 24 hours at 37 °C. After the 24-hour incubation,
the spent media was removed and replaced with 250 pl of fresh media followed by
the addition of the AuNC’s, CS-AuNC’s, CTD, AuCTD and DOX at their IC50
concentrations. Untreated cells were considered as positive controls. The assay was
done in triplicate. After the 24-hour incubation the spent medium was removed and
the cells were washed twice with 250 pl of PBS, followed by the addition of 10 pl of
AO/EB (1:1 v/v) solution to each well. Cells were gently shaken for 5 minutes at 30
rpm in the dark. The excess dye was removed by rinsing with PBS (250 pl). The cells
were then viewed and images captured using an Olympus inverted fluorescence
microscope (Olympus Co., Tokyo, Japan), which was equipped with a CC12
fluorescence camera (Olympus Co., Tokyo, Japan). Formula 3.6 was used to

calculate the apoptotic indices from the images.

(3.6)
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3.2.13 Cell cycle analysis

The Muse™ cell cycle kit allowed for a quantitative measurement of the percentage
of cells within the different phases of the cell cycle. HEK293 and MCF-7 cells were
seeded into 24-well plates containing 500 pl MEM, at a density of 1.0 x 10° cells per
well, and incubated for 24 hours at 37 °C. Thereafter, the spent media was removed
and replaced with 500 pl of fresh medium, followed by the addition of the AuNC'’s,
CS-AuNC’s, CTD, AuCTD and DOX at their IC50 concentrations. Untreated cells
were used as controls. Cells were then incubated for 48-hours as previously. After
the incubation period the assay was conducted as per manufacturer’s instructions.
Briefly, the cells were centrifuged for 5 minutes at 300 x g, washed with PBS, and
finally resuspended in 200 ul of 70% (v/v) cold ethanol. The cells were then
incubated overnight at -20°C. Thereafter, the cells were centrifuged and washed with
PBS as previously. After the Muse® cell cycle reagent (200 pl; propidium iodide,
RNase A), was added, the cells were incubated at room temperature for 30 minutes,

and then analyzed in a Muse™ Cell Analyzer (Luminex, TX, USA).

3.2.14 Statistical analysis

All data were subjected to statistical analyses using ANOVA (one-way analysis of
variance) (GraphPad Prism version 9, GraphPad Software Inc., CA, USA). All
assays were done in triplicate and represented as mean + SD (n= 3). The Tukeys
multiple comparison test were done as post hoc tests. The p values that were less
than 0.05 were considered to be significant. Microsoft Excel 2018 ™ was used to

evaluate the dissolution parameters of drug release kinetic studies.
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CHAPTER FOUR

4. Results and Discussion
4.1 Ultraviolet-visible (UV-vis) spectroscopy

UV-vis spectroscopy is a popular and trusted method to analyze and characterize
compounds within a UV range of 200 nm to 800 nm. It is based on the absorption of
UV or visible light by specific compounds, producing a unique spectrum that confirms
the composition of a sample (Mandru, 2023). Figure 4.1 displays the UV-vis spectra
of the AuNCs, CS-AuNCs and the drug- encapsulated nanocomplex (AuCTD). At
approximately 400 nm, there is a shoulder peak, and the onset occurs at approximately
500 nm. This confirmed the successful synthesis of the AuNCs and sizing through
the aggregation-induced emission adopted in literature (Luo et al., 2012). A colour
changed to orange upon the addition of GSH, before becoming colourless with further
stirring, providing visual confirmation of synthesis.

2.0-
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— CS-AUNCs
187 — AUCTD

Absorbance
T
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o

0.0 T T 1
200 400 600 800

Wavelength (nm)

Figure 4.1: UV-visible spectroscopy of the gold nanoclusters (AuNCs), chitosan-
functionalized gold nanoclusters (CS-AuNCs), and doxorubicin (DOX) loaded-chitosan-gold
nanoclusters (AuCTD).
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Conventional synthesis methods produce AuNCs with peaks greater than 500 nm,
attributed to AuNCs comprising more than 15 atoms (Wu et al.,, 2020; Luo et al.,
2012). No peaks were observed above 500 nm, which could indicate that the
synthesized AuNCs were less than and/or equal to 15 atoms. The lack of peaks at
324 nm indicated the potential of a complete reduction of the Au (Ill) to Au (0) ions
(Moreaud et al., 2022). This is in contrast to Au nanoparticles (AuNPs) that produce a
peak in the range of 520 nm to 570 nm (Pal and Kryschi, 2015; David and Singh,
2025). The lack of a peak could indicate the successful synthesis of AUNCs smaller
than 3 nm (Moreaud et al., 2022). The absence of this shoulder peak in the spectra of

may be due to differences in charge transfer in the CS-coated AuNC.

Using chitosan (CS) to functionalise the AUNCs and encapsulate DOX resulted in a
Stokes shift in the surface plasmon absorbance peak. This suggests the successful
synthesis of CS-AuNCs with the onset at wavelengths greater than 400 nm,
confirming their small size. It has been reported that DOX has absorptive peaks
ranging from 480 nm to 490 nm, and at 232 nm in solution (Maney and Singh, 2017).
The slight red shift of AUCTD in comparison to the CS-AuNCs can be indicative of
the successful encapsulation of DOX, however, due to the small size of AUNCs, the
onset of the AUCTD absorptive spectra rather than a peak at 232 nm could indicate
the small size of the AuCTD complex. The anionic carboxylic group from GSH
present in the AuNCs binds to the cationic amine group of the CS, resulting in the
spectral shift (Goswami et al., 2016; Mao et al., 2021), and confirming the successful
functionalization of the AuNCs.

4.2 Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray
(EDX)

The dry-weight size of the various AuNCs and their nanocomplexes from TEM is
represented in Table 4.1.
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Table 4.1: The TEM size of the AUNCs and their nanocomplexes.

Nanoparticle TEM Size (nm)
AuNCs 2.51+0.05
CS-AuNCs 2.38+0.13
CTD 2.15+0.10
AuCTD 2.45 % 0.07

All AuNCs and their drug nanocomplexes were below 3 nm in size. The CS-AuNCs
were approximately 2.38 nm and were marginally smaller than the AuNCs (2.51 nm),
which can be attributed to the electrostatic forces between the CS and AuNCs due to
ionic gelation. The stronger electrostatic forces generated can create compact NPs
during synthesis and functionalization. The CS-drug nanocomplex (CTD) was the
smallest (2.15 nm) due to the absence of the AuNC, while the CS-AuNC-drug
nanocomplex (AuCTD) was slightly larger (2.45 nm) than the CS-AuNCs. This can
be attributed to the successful encapsulation of the DOX. The AuCTD nanocomplex
was slightly smaller than the AuNCs nanocomplex owing to the ionic interactions
within the AuCTD nanocomplex, resulting in a tighter and more compact
nanocomplex. The TEM size changes also served to confirm the synthesis of AUNCs.
Furthermore, there was a correlation with the absorption spectra from UV-vis
spectroscopy, alluding to smaller NPs being produced. The AuNCs and their

nanocomplexes appeared as dark spots in the TEM images (Figure 4.2 A-D).
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Figure 4.2: Selected TEM images of (A) AUNCs, (B) CS-AuNCs, (C) CTD and (D) AuCTD.
Scale bar = 10 nm.

The AuNCs were spherical with little or no variation in size and shape being noted,
similar to that reported in literature (Tian et al., 2012; Xie et al., 2020). TEM imaging
is based on electron diffraction, which was able to provide information about a
particle’s morphology through its symmetry and nano-crystalline structure (Zhao et
al., 2023). According to the literature, CS-DOX loaded nanocomplexes have a
spherical and smooth morphology and sometimes resemble a core-shell structure
(Yousefpour et al., 2022). A similar spherical and smooth morphology was observed
for the AuUNCs and the drug-nanocomplexes. The AuNCs and the nanocomplexes
were mostly monodisperse, with minimal agglomeration. The morphology of CS
often resembles a film but can take on the morphology of the NP during modification
(Bugwandeen et al., 2023). A faint layer of CS can be seen surrounding the CS-
AuUNCs and the nanocomplexes. (Figure 4.2 B-D).

EDX is based on two physical foundational events, which are elastic and inelastic
scattering. EDX can be used to assess the elemental composition of the constituents
of a colloidal solution and to prompt the X-ray characteristic of atoms through the
incident beam electrons (Scimeca et al.,, 2018). The results obtained from EDX
(Table 4.2 - 4.5) correlated with those seen in the literature, with the element Au
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present in the assessed samples (Kuo et al., 2021). The amount Au
present varied per sample, with the AUNCs having the highest weight

percentage (Table 4.2).

Table 4.2: TEM-EDX displaying elemental composition of AUNCs.

Elemen Peak
t

Area
CK 37155
N K 2072
O K 3570
Au L 28891

Totals

Area
Sigma
603
490
274
399

Factor

1.431
1.794
1.069
1.569

Abs
Corrn.
1.000
1.000
1.000
1.000
100.00

Weight
%
50.14
3.51
3.60
42.76

Table 4.3: TEM-EDX displaying elemental composition of CS-AuNCs.

Elemen Peak
t

Area
C K 36008
N K -44
OK 6453
Na K 13541
SK 7647
Au L 4409

Totals

Area
Sigma
674
597
381
314
277
197

Factor

1431
1.794
1.069
0.681
0.548
1.569

Abs
Corrn.
1.000
1.000
1.000
1.000
1.000
1.000
100.00

Weight
%
65.49
-0.10
8.77
11.72
5.33
8.79

Weight
%
Sigma
0.67
0.80
0.27

0.61

Weight
%
Sigma
1.10
1.36
0.50
0.33
0.21

0.40

Atomic
%
85.77
5.14
4.62
4.46

Atomic
%
81.21
0.11
8.16
7.59
2.47
0.66
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Table 4.4: TEM-EDX displaying elemental composition of CTD.

Elemen
t

CK
OK

Na K

P K

Cl K

Fe K
Au L

Totals

Peak
Area

41108
47598
18514
47868
9856

21402
3024

Area
Sigma
778
509
341
513
227
262
202

Factor

1.431
1.069
0.681
0.579
0.562
0.681
1.569

Abs
Corrn.

1.000
1.000
1.000
1.000
1.000
1.000
1.000
100.00

Weight

33.64
29.10
7.21
15.85
3.17
8.33
2.72

Table 4.5: TEM-EDX displaying elemental composition of AUCTD.

Elemen
t

CK
N K

Au L

Totals

Peak
Area
76152
7496
8665

Area
Sigma

669
376
236

Factor

1431
1.794
1.569

Abs
Corrn.

1.000

1.000

1.000
100.00

Weight
%

80.12
9.89
10.00

Weight
Sigma
0.45
0.30
0.13
0.19
0.07
0.11
0.18

Weight
Sigma
0.47
0.45
0.26

Other elements such as carbon, potassium, oxygen, nitrogen, sodium,

iron, and chlorine were also seen and could be due to the chemicals used in

the synthesis, CS, DOX, and the reagents and grids used in preparing the

sample for analysis.

Atomic
%
49.16
31.93
5.50
8.98
1.57
2.62
0.24

Atomic
%

89.81
9.50
0.68
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4.3 Nanoparticle Tracking Analysis (NTA)

Nanoparticle tracking analysis (NTA) is a popular method that is used to
measure the size and stability of NPs in colloidal solutions using their
Brownian motion (Fukuda et al., 2023). Zeta potential can be defined as
the electrostatic potential of the shear plane of a colloidal NP suspension
and provides an indication of the colloidal stability of a system (Carvalho
et al., 2018). Zeta potential measurements that range between + 20 mV and
30 mV are moderately stable, and measurements greater than +30 mV or
less than -30 mV are regarded as being exceptionally stable (Bhattacharjee,
2016). The zeta potential and sizes from NTA are shown in Table 4.6 and
Appendix A.

Table 4.6: Hydrodynamic sizes (nm) and zeta potentials (mV) obtained from NTA.

Sample Hydrodynamic Zeta Potential Polydispersi
Size tv Ind
(mV) Yy Index

(nm) (PDI)
AuNCs 933+ 110 -41.3+0.1 0.014
CS-AuNCs 1416 £ 25.5 227+14 0.032
CTD 134.3 £ 40.0 22.0+29 0.089
AuCTD 144.9 + 36.6 189 + 3.6 0.064

The zeta potential of the AuNCs was -41.3 £ 0.1 mV, which is considered highly
stable. The CS-AuNCs, CTD, and AuCTD nanocomplexes had zeta potentials of
227 £ 1.4 mV, 220 + 29 mV, and 18.9 £ 3.6 mV, respectively, suggesting that
these nanocomplexes are moderately stable. CS has also been reported to have a
high positive zeta potential, making it a very stable polymer (Bugwandeen et al.,
2023). The high overall negative charge of the AuNCs enables electrostatic bond
formation between the negative charges of the carboxyl group (-COOH) of the
AuNCs core and the positive charges of the amine (-NHs*) groups of CS during ionic
gelation (Luo et al., 2012; Saeedi et al., 2022).

Nanocarriers smaller than 200 nm show better permeabilization of biological barriers
(Finbloom et al., 2020). The hydrodynamic sizing of the AuNCs and the
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nanocomplexes was less than 200 nm, indicating that they may be suitable
therapeutic carriers in vivo. The size increase of the AUNCs from 93.3 nm to 141.6
nm for the CS-AuNCs indicated successful coating of CS onto the AuNCs. The
further increase in the size of the CS-AuNCs from 141.6 nm to 144.9 nm for the
AuUCTD indicated the successful loading and encapsulation of DOX. CS is reported
to display a swelling mechanism in solution, allowing for functionalization of the
AUNCs (Akakuru and Isiuku, 2017), which also results in a size increase. Overall, the
size of TEM and NTA differs, with that of NTA being much larger. This is due to the
preparation of the samples with TEM using dry samples and NTA using samples in
an aqueous medium. The latter provides and hydrodynamic size which is more in
keeping with what one can expect in an in vivo system (David and Singh, 2025;
Akinyelu and Singh, 2019).

In accordance with the literature, the dispersity of a nanocomplex solution is
determined by PDI values; lower values display greater monodispersity, while higher
values display polydispersity. Samples in a range of 0-0.05 are considered
monodisperse, range of 0.05-0.08 are nearly monodisperse systems, and samples in
the 0.08-0.7 range are regarded as mid-range polydisperse samples. Samples with
PDI values greater than 0.7 are considered highly polydisperse (Muhesen and Rajab,
2023). From Table 4.6, the low PDIs for the AuNCs and CS-AuNCs suggest that
they are monodisperse. Synthesised nanocomplexes, CTD and AuCTD, can be
considered monodispersed systems, and they have low PDI values.

4.4 Fourier transform infrared (FTIR) Spectroscopy

FTIR spectroscopy is utilized to assess the chemical constituents through the
recognition of the specific functional groups, based on their vibrational energy
changes that coincide with the transitional energy (Mohamed et al., 2017). The FTIR
spectra for the AuNCs are illustrated in Figure 4.3.
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Figure 4.3: FTIR spectra of DOX, CTD, AuNCs and CS-AuNCs.

The absorptive spectra of DOX displayed peaks at 1756 cm™1, which is the stretching
band of the carbonyl group (C=0), as reported in the literature (Bansal et al., 2021).
The peaks at 1638 cm™ and 3313 cm™ indicated the N-H stretching and the
presence of -OH bands. Upon successful encapsulation of DOX into CS, there were
slight chemical shifts of functional groups, as reported previously. Upon DOX
encapsulation into CS, the carbonyl group shifted slightly from 1756 cm™ to 1794
cm™1, the peaks at 1645 cm™ (from 1638 cm™) and 3328 cm (from 3313 cm™?) indicated
the N-H stretching and the presence of OH bands, respectively (Abo Mansour et al.,
2020).

The spectra of the AUNCs displayed peaks at 3256 cm™ and 3032 cm™, confirming
the presence of the N-H stretching bands. The peaks at 1633 cm™ and 1721 cm™
confirmed the C=0 stretching bands, and the peak at 1517 cm~ indicated that there
was deformation of the amide bonds upon successful AUNC synthesis (Kuo et al.,
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2021). Most of the differences for the CS-AuNCs occurred in the 1800-1300 cm™
region of the spectra. The -NH vibrational bending at 1556 cm™ was at a lower
frequency shift reported in the literature, indicating the interaction of CS with the
AuUNCs. The vibration bending and the shift to 1377 cm™ and 1312 cm™ indicated
the interaction between the -OH group of CS and the AuNCs (Murugadoss and

Sakurai, 2011). All peaks were assigned according to that reported in the literature.

4.5 Encapsulation efficiency (EE%)

The UV-vis spectroscopy was used to determine the encapsulation efficiency (EE) of
the CTD and AuCTD nanocomplexes at a fixed wavelength of 481 nm (Islam et al.,
2017). Studies were also conducted where the AuNCs were used as detection
vectors of DOX rather than nanocarriers of the drug (Meng et al., 2019). It was
reported that high molecular weight CS with DOX-loaded AuNPs displayed an
encapsulation efficiency of 20% (Fathy et al., 2018). In this study, the CS used was
of a medium-molecular weight, which could be attributed to a less dense CS matrix,
allowing for an increased drug-loading efficiency. The CTD displayed an EE of
68.64 %, while the AuCTD had a greater EE of 83.10 % (Table 4.7).

Table 4.7: Theoretical drug content, encapsulation efficiency, and actual drug content.

Nanocomplex Theoretical Encapsulati Actual
Drug on Drug
Content (ug) Efficiency Content
(%) (ug)
CTD 600.00 68.64 411.84
AuCTD 600.00 83.10 498.60

Smaller AUNCs are reported to be better organised compared to the larger AUNPs
(Yougbare et al., 2019), with a greater number of clusters per unit of surface area (Li
and Jin, 2013). This can be attributed to the physical properties of the AUNCs with an
increased surface area to volume ratio, resulting in a higher encapsulation efficiency.
The use of CS and TPP in the process of ionic gelation was successful for the
encapsulation of DOX. This was facilitated by the positively charged amine groups of
CS and the polyanionic crosslinking properties of TPP. It was previously reported
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that a 4:1(w/w) CS:TPP ratio created 200 nm particles (Pedroso-Santana and
Fleitas-Salazar, 2020), which is in keeping with this study, although our
nanocomplexes were smaller and between 130 and 145 nm with a 3:1 (v/v) CS:TPP
ratio. DOX-loaded CS-TPP particles have been reported to usually range from 10 to
500 nm (Pedroso-Santana and Fleitas-Salazar, 2020).

4.6 Drug Release

The in vitro drug release studies were conducted at three pH levels, which were pH
4.5, 5.5 and 7.4. This was done to investigate the amount of doxorubicin (DOX)
released from the CTD and AuCTD nanocomplexes under the simulated micro-
environment of acidic tumours and physiological conditions in vivo (Akinyelu and
Singh, 2019). The drug release was also conducted at 37 °C. Figure 4.4 displays the
pH-dependent release of DOX from CTD. At pH 4.5, 5.5 and 7.4, approximately 79%,
80% and 58% of DOX was released, respectively. Figure 4.5 displays the pH-
dependent release of DOX from AuCTD, with approximately 93%, 91% and 35%
released at pH 4.5, 5.5 and 7.4, respectively, after 72 hours. Both the CTD and
AuCTD nanocomplexes displayed increased drug release under acidic conditions
compared to neutral/physiological conditions. This could be due to the potentially
increased protonation of CS’s amine groups. It was reported that a solidification
process of CS at a physiological pH can lead to sustained drug release, while at
acidic pH, CS can become more soluble, leading to a burst release of the drug
(Kumar et al., 2015). The observations of DOX release correlate with previous
studies, which also observed that polymer-coated DOX-loaded nanocomplexes
display high levels of release under acidic conditions (Akinyelu et al., 2022). Overall,
Figures 4.4 and 4.5 clearly display a sustained drug release over 72 hours with

minor fluctuations after 44 hours.
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Figure 4.4: In vitro drug release profile of CTD nanocomplex at pH 4.5, 5.5 and 7.4. Data
are represented as means +SD (n=3).
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Figure 4.5: In vitro drug release profile of AuUCTD nanocomplex at pH 4.5, 5.5 and 7.4. Data
are represented as means =SD (n=3).
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The drug release pharmacokinetics were resolved by correlating and fitting the
release data (Tables 4.8 and 4.9) into selected kinetic mathematical models (zero
order, first order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas). From Table 4.8 it
can be seen that the CTD nanocomplex release kinetics model of pH 4.5, 5.5 and
7.4 fitted best into the Hixson-Crowell model. This occurs when there are changes to
the diameter and surface area of the nanocomplex in the DDS. The model is based
on drug-loaded NPs. The dissolution rate was taken as the rate of drug release is
restricted and not through diffusion, which is very similar to the pharmaceutical

dosing using tablets and capsules. (Damodharan, 2020).

From Table 4.9, it can be observed that the release kinetics for the AuCTD
nanocomplex fitted into the Korsmeyer-Peppas model. The model is based on
the Fickian release, which adheres to the Fickian laws that are based on polymeric
swelling or non-swelling, due to the n-values ranging from 0.665 to 1.107. The
Fickian diffusion law also complies with the Zero-order kinetics model, which is based
on the dissolution of a drug at different dosages that does not segregate but displays

a controlled manner of drug release (Damodharan, 2020; Akinyelu et al., 2022).

The n-values acquired through the Korsmeyer-Peppas model ranged from 0.710
to 1.003 for the CTD nanocomplexes and from 0.665 to 1.107 for the AuCTD
nanocomplexes (Tables 4.8 and 4.9). The n-values display non-Fickian release and
do not follow the Fickian laws but indicate zero-order kinetics and super case-ll
transport, suggesting that there could be more than one drug-release kinetic model
involved (Akinyelu and Singh, 2019; Damodharan, 2020; Akinyelu et al., 2022).
Zero—order release may assist in forecasting the bioavailability status of drugs,

resulting in improved treatment cycles (Akinyelu and Singh, 2019).
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Table 4.8: Correlation coefficients (R?) obtained from CTD through release kinetic models at
pH 4.5,5.5 and 7.4.

Zero- First- Higuchi  Hixson- Korsmeyer- n-
Order order Crowell Peppas value
pH
Correlation value (R?) —= CTD
4.5 0.9567 0.9814 0.9632 0.9803 0.9525 0.710
5.5 0.9825 0.9817 0.9222 0.9838 0.943 0.877
7.4 0.9939 0.9897 0.908 0.9919 0.9976 1.003

*n: Korsmeyer-Peppas diffusion exponent.

Table 4.9: Correlation coefficients (R?) obtained from AuCTD through release kinetic models
at pH 4.5, 5.5 and 7.4.

Zero- First- Higuchi Hixson- Korsmeyer n-
Order order Crowell - Peppas value
pH
Correlation value (R?) - AuCTD
4.5 0.9922 0.9836 0.911 0.9876 0.9814 0,970
5.5 0.9199 0.8842 0.8194 0.8974 0.9671 1.107
7.4 0.959 0.9678 0.9695 0.9649 0.9664 0.665

*n: Korsmeyer-Peppas diffusion exponent.

4.7 Cytotoxicity Assay

The 3-[(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (MTT) assay is a
colorimetric assay that has become a standard for assessing the metabolic activity of
living cells, and was used to assess the cytotoxic effect of nanoclusters and drugs on
the mitochondrial activity in vitro. MTT is a positively charged salt, which upon
incubation with cells in culture can lead to the formation of insoluble formazan
crystals, which need to be solubilized by a reagent such as dimethyl sulfoxide
(DMSO) (Ghasemi et al.,, 2021). Once dissolved, the optical density can be

measured at a wavelength of 570 nm. The intracellular reduction of MTT occurs
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through enzymes such as oxidoreductases and dehydrogenases, as well as the
electron-donating effect of NAD(P)H (Ghazali et al., 2020).

The HEK293 cell line is a healthy non-cancer cell line that was used as a control in
the investigation to assess the cytotoxicity profile of the various NPs and
nanocomplexes (AuNCs, CS-AuNCs, CTD, AuCTD and DOX). In the HEK293 cells
(Figure 4.6), it was observed that the free DOX displayed the highest level of cell
death and cell survival ranged between 17.85 % and 31.44 % across the various (10
pg/ml to 40 pg/ml). This can be attributed to the induction of oxidative stress,
destroying cellular DNA and organelles, the intercalation of genetic material affecting
DNA and RNA synthesis, or the suppression of topoisomerase Il (TOP2) activity
(Norouzi et al., 2020). The AuNCs also displayed levels of cytotoxicity with cell
viabilities of 37.02 %, 43.29 %, 32.39 % and 27.84 % at concentrations of 10 ug/ml,
20 pg/ml, 30 pg/ml and 40 pg/ml, respectively. AUNCs have been reported to show
high cytotoxicity (Wang et al., 2011). The GSH-capped AuNCs have been shown to
hinder the progress of healthy human cells due to the changes in epigenetic
modifications (van de Looij et al., 2021). Once the AuNCs were functionalised with
CS, their biocompatibility improved (Essawy and EIl-Nggar, 2019). The CS-AuNCs
and the CTD complex displayed increased cell viabilities (over 100%), which can be
attributed to the biocompatible properties of CS (Charoenwongpaiboon et al., 2019).
However, at 40 pg/ml of CTD, cell viability was low (14.47 %). CS is a highly
biodegradable polymeric material which is converted to aminos and sugars
(Wronska et al., 2023). Cells require additional aminos and sugars for mitosis, and
upon degradation of CS, there is leaching of DOX. The AuCTD nanocomplex
displayed a maximum cell viability of 114.44 % at 40 pg/ml and the lowest cell
viability of 67 % at 30 pug/ml. This was much higher than the cell survival of the
AuNCs and DOX treatments. This can be due to the increased biocompatibility of the
nanocomplex through the electrostatic interactions with CS (Essawy and EI-Nggar,
2019).
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Figure 4.6: The effect of different treatments on the growth of HEK293 cells after 48-hour
exposure. Data are represented as means +SD (n=3). ‘p< 0.05; "p< 0.01; ™p< 0.001; ""p<
0.0001 vs. the control. *p<0.05 considered statistically significant.

In the MCF-7 cells (Figure 4.7), the AuNCs displayed a cell viability of 68.11 %. This
can be due to oxidative stress induced by the charged AuNCs. It was reported that
AUNPs can cause cytotoxicity in triple negative breast cancer cells through oxidative
stress and disruption of signally pathways (Surapaneni et al., 2018). Furthermore,
the zeta potential of the MCF-7 cells had been proposed to be around -20.32 mV
and after incubation with the NPs, the cells’ measurements tend to become more
negative (Zhang et al., 2008). It was shown earlier (Table 4.6) that AuCTD was
positive; this can increase the affinity of the nanocomplex to the surface of the
negatively charged MCF-7 cells through electrostatic interactions. Cancer cells use
greater amounts of glucose than healthy cells, which increases the acidic
microenvironment of the tumours and cancer cells (Bogdanov et al., 2022). From
Figure 4.7, it could be seen that the CTD displayed a declining or dose-dependent
trend in the MCF-7 cells, with cell viabilities dropping from 76.51% to 54.63% as the
concentrations of the nanocomplex increased from 10 pg/ml to 40 pg/ml. From
Figure 4.7, it can be seen that the AuCTD displayed a decreasing or dose-
dependent trend in the MCF-7 cells with cell viabilities of 61.19 %, 45.69 %, 23.33 %

and 11.12 % at the respective concentrations of 10 pg/ml, 20 pg/ml, 30 pg/ml and 40
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pg/ml. This anticancer activity was greater than that of DOX, which displayed cell
viabilities of 64.78 %, 61.10 %, 46.58 % and 32.83 % in the MCF-7 cells at the same
to concentrations. The AuCTD nanocomplex displayed more selective targeting than
DOX with CS, causing the nanocomplex to have a greater affinity for cellular uptake

(Mohammed et al, 2017).
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Figure 4.7: The effect of different treatments on the growth of MCF-7 cells after 48-hour
exposure. Data are represented as means +SD (n=3). ‘p< 0.05; "p< 0.01; ™p< 0.001; ""p<
0.0001 vs. the control. *p<0.05 considered statistically significant.

As seen earlier, the AuCTD displayed low drug release in the HEK293 cells,

suggesting that the nanocomplex is pH-sensitive. This was further highlighted by the
low levels of cytotoxicity in the HEK293 cells and higher levels of cytotoxicity in the
MCF-7 cells. Furthermore, CS is less soluble at a physiological pH than at acidic pH,
which confirms the sustained drug release and with increased solubility at lower pH,
leading to an eventual burst release of the drug (Kumar et al., 2015). The CTD
nanocomplex showed a dose-dependent profile in the MCF-7 cells (Figure 4.7). The
AuCTD nanocomplex, however, was more effective than the CTD nanocomplex,
possibly due to the presence of the AUNCs, which have been shown to increase the
surface area to volume ratio (Yougbare et al., 2019), leading to the enhanced

treatment of the MCF-7 cells.
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Table 4.10 exhibits the IC50 values calculated from the MTT data for the MCF-7
cells. IC50 is commonly referred to as half-maximal inhibitory concentration, which is
used to assess the effectiveness of pharmaceutical-based drugs (Aykul and
Martinez-Hackert, 2016). The half-maximal inhibitory concentration stipulates the
amount of drug that is required to impede a biological assay by half, this leads to
producing a measurement of the strength of the drug needed for research (Aykul and
Martinez-Hackert, 2016). The AuCTD with the lowest IC50 (14.8 pg/ml) confirmed
that it was the most suitable and efficient of the carriers tested and was even better
than the free drug, DOX, in the breast cancer cells. Hence this suggests that the these

nanocomplexes have a a cell-specific dependency, in this case for breast cancer cells.

Table 4.10: The concentrations of 50 % cell survival of the different treatments in the MCF-7
cells.

NP/Nanocomplex IC50 Values (ug/ml)

AuNCs 239.8
CS-AuNCs 249.4
CTD 69.9
AuCTD 14.8
DOX 23.5

4.8 Fluorescent apoptosis assay

Apoptosis is a physiological process that is commonly referred to as programmed
cell death. Cell death can occur through various processes, either in response to
external or internal stimuli. When treating cancer, it is essential to induce as much
cancer cell death, without affecting the normal healthy cells, tissues or organs. This
has led to the formulation of several anticancer treatments that take advantage of the
natural cell death process, such as apoptosis, which removes damaged or harmful
cells in a regulated manner (Baig et al., 2016). To analyse whether the synthesised
nanocomplexes may or may not cause cell death via the process of programmed cell
death or apoptosis, a dual staining using acridine orange/ethidium bromide (AO/EtBr)

dye was conducted.
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The use of the AO/EtBr dye methodology is based on foundational processes in
which the AO dye enters into the cells that have intact plasma membranes to bind to
DNA, producing a green fluorescence. On the other hand, the EtBr dye enters cells
that have a compromised plasma membrane and, upon interacting with DNA, an
orange-red fluorescence is produced (Singh et al., 2022). The observations made on
the nuclear morphology enabled the differentiation between the late apoptotic and
the early apoptotic cells (Figures 4.8 and 4.9).

Figure 4.8: Acridine orange/ethidium bromide staining of the HEK293 cells (control) and
HEK?293 treated with AuNC’s (A), CS-AuNC’s (B), CTD (C), AuCTD (D) and DOX (E). EA=
Early apoptosis, LA= Late apoptosis. (x 200).
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Control

Figure 4.9: representing fluorescent apoptosis assay of the MCF-7 control cells and
HEK?293 treated with AUNC’s (A), CS-AuNC’s (B), CTD (C), AuCTD (D) and DOX (E). EA=
Early apoptosis, LA= Late apoptosis. (x 200).

Early apoptotic cells with unaltered plasma membranes had shortened, condensed-
like, or fragmented nuclei and emitted a green fluorescence. Late apoptotic cells
displayed damaged plasma membranes with evidence of fragmentation and
condensation and had a dull green-orange fluorescence. No necrotic cells were
observed. Necrotic cells generally display a bright orange fluorescence with no

alterations to the plasma membrane (Ribble et al., 2005).

From Figures 4.8 and 4.9, it was observed that the cells treated by DOX (E) were not
as integral as those treated by the nanocomplexes. This could be attributed to the
mode of action of DOX, which caused the establishment of free radicals, resulting in
oxidative stress and the destruction of DNA, cellular membranes and proteins (Yang
et al., 2014). This compromised the staining of the highly damaged -cellular
membranes. Similar studies have shown that functionalized DOX-loaded AuNPs with
CS are highly effective at inducing apoptosis in breast cancer cells (Akinyelu et al.,
2022; Manivasagan et al., 2016; Ignatova et al., 2011). This could be linked to
mitochondrial membrane depolarisation and caspase activation (Akinyelu et al., 2022)

due to DOX. Necrosis is a form of cell death that lacks specificity and is usually
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triggered via an inflammatory reaction (Fulda, 2015). There were no necrotic cells
observed, suggesting that the CS-Au-drug loaded nanocomplexes were highly
effective against the MCF-7 cells. Tables 4.11 and 4.12 show the calculated
apoptotic indices, which were all high, suggesting that apoptosis may have played a
role in cell death.

Table 4.11: Apoptotic indices in HEK293 cells treated with various nanocomplexes and DOX.

Nanocomplex Apoptotic Index £ SD (n=3)
AuNC’s 0.60 + 0.01
CS-AuNC'’s 0.55+ 0.09
CTD 0.64 £ 0.04
AuCTD 0.59 + 0.00
DOX 0.81+0.04

Table 4.12: Apoptotic indices in MCF-7 cells treated with various nanocomplexes and DOX.

Nanocomplex Apoptotic Index £ SD (n=3)
AuNC’s 0.72 + 0.06
CS-AuNC'’s 0.60+ 0.04
CTD 0.73+0.07
AuCTD 0.90 + 0.03
DOX 0.92+0.03

4.9 Cell Cycle Analysis

Flow cytometry allows for cellular analysis of morphological traits such as DNA/RNA
content, cell counting, expression of molecular targeting, cellular sizing, granulation
and many other features. The cytometer functions on the principle that cells flow
through a capillary with a concentrated light source. Photodetectors are utilised to

capture data to assess the cells' morphological characteristics. Cell cycle analysis is
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commonly done using flow cytometry due to the ability to identify the different phases
of the cell cycle, such as the GO/G1, S, and G2/M. It also enables the identification of
apoptotic cells below the GO/G1 phase (Bajgelman, 2019).

Cell cycle control is primarily focused on two aspects, which are genomic DNA
replication followed by the segregation of daughter cells. It has been commonly
understood that cancer is the uncontrollable progression through the different cell
cycle phases. However, the cell cycle checkpoints at various phases need to be
defective to produce cancer cells (Matthews et al., 2022). A typical cell cycle is
comprised of four stages, GO/G1, S and G2, considered as the interphase and M
phase or mitosis phase. Cells in the G1 stage can either progress to the replication
stages or exit the cell cycle and enter the GO phase, also known as the quiescent
state (Molina and Pituello, 2017). If the cell enters the progression of the cell cycle, it
will enter the S phase, in which DNA replication occurs. Thereafter, the cell enters
the G2 phase, in which the cell undergoes preparation for mitosis. The final M phase
occurs when two daughter cells are produced (Cecchini et al., 2012). The cell cycle
has highly intricate processes that oversee checkpoints and restrictions to maintain
the integrity of DNA for the replication process (Molina and Pituello, 2017).

From Figures 4.10 and 4.11, the control HEK293 cells were mainly in the G0/G1
phase (99.6%), and 0.4 % were in the S phase. It was observed that the various
nanocomplex treatments on the HEK293 cells displayed no major changes in the cell
cycle GO/G1 phase with more that 81% of the cells in this phase [(AuNCs= 99%
(GO/G1), 0.9% (S phase) and 0.1% (G2/M), CS-AuNCs= 81.1% (G0/G1), 15.6% (S
phase) and 3.3% (G2/M), CTD= 87.9% (G0/G1), 9.4% (S phase) and 2.7% (G2/M),
AuCTD= 99.2% (G0/G1), 0.7% (S phase) and 0.1 (G2/M)] compared to the controls
(99.6%). For DOX-treated cells, 85.7% of the HEK293 cells were in the GO/G1 phase,
with 11.9% progressing into the S phase. From Figures 4.12 and 4.13 the control
MCF-7 cells were mainly in the GO/G1 phase (88.3%) and 7.9 % was in the S phase
and 3.8% in the G2/M phase. The various nanocomplex treatments on the MCF-7
cells displayed no major significant changes in the cells' GO/G1 phase [(AUNCs =
87% (GO0/G1), 10.1% (S phase), and 2.9% (G2/M), CS-AuNCs = 84.5% (GO0/G1),
13.4% (S phase) and 2.1% (G2/M), CTD = 96.1% (GO0/Gl), 2.5% (S phase) and
1.3% (G2/M), AuCTD = 89.9% (G0/G1), 7.1% (S phase) and 3.0% (G2/M)], relevant
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to the controls (88.3%). DOX treatment showed that 100% of cells stayed in the
GO0/G1 phase.

The progression of cell cycle phases occurs in a systematic manner and is controlled
by serine/threonine kinases. Cyclin-dependent kinases attach to the subunit of cyclin,
leading to activation through the phosphorylation of the threonine residues that
activate cyclin-dependent kinases at the various phases of the cell cycle (Molina and
Pituello, 2017). It had been observed from literature that the GO/G1 cell cycle arrest
is initiated through p®%3-dependent pathways, which then leads to effects in p21 and
the inhibition of D and E cyclins (Matthews et al., 2022; Oladimeji et al., 2021).
GO/G1 cell cycle arrest was observed in both HEK293 and MCF-7 cells that were
treated with the gold nanocomplexes. GO/G1 cell cycle arrest had been observed to
cause high levels of DNA damage, replication stress, unattached kinetochores or
partial to incomplete spindle formation, leading to induced apoptosis. Incomplete
spindle formation can be due to the overexpression of MAD1 or MAD2, which
weakens or causes hyperactivation of the spindle assembly checkpoint complex,
respectively (Matthews et al., 2022).



Figure 4.10: Cytographs of cell cycle analysis of HEK293 cells after treatment at the half-
maximal inhibitory concentrations obtained from the cytotoxicity assay. (A) cell population
profile. (B) DNA content profile. A= AuNCs, B= CS-AuNCs, C= CTD, D= AuCTD, E=
DOX.
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Figure 4.11: Graphical representation of the cell cycle analysis of HEK293 cells after
treatment at the half-maximal inhibitory concentrations obtained from the cytotoxicity assay.
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Figure 4.12: Cytographs of cell cycle analysis of the MCF-7 cells after treatment at the
half-maximal inhibitory concentrations obtained from the cytotoxicity assay. (A) Cell
population profile. (B) DNA content profile. A= AuNCs, B= CS-AuNCs, C= CTD, D=

AuCTD, E= DOX.
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Figure 4.13: Graphical representation of the cell cycle analysis of the MCF-7 cells after
treatment at the half-maximal inhibitory concentrations obtained from the cytotoxicity assay.
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CHAPTER FIVE

5. Conclusion and Future Studies

5.1 Conclusion

Over the years, researchers have formulated or refined methods to improve the
conventional treatments of cytotoxic drugs using nanotechnology. Nanomedicine has
opened up new avenues not only for the treatment of diseases, but also for the
diagnosis and imaging of various diseases, including cancer. Gold nanoclusters
(AuNCs) embody unique properties that have made them attractive for use in

nanomedicine as drug delivery vehicles.

This investigation was focused on breast cancer and the delivery of the anticancer
drug DOX to breast cancer cells in vitro using chitosan-functionalized gold
nanoclusters (AuCTD). The characterisation confirmed the successful synthesis and
formulation of all the nanoparticles and nanocomplexes, which possessed a small
size and good dispersity. The inclusion of chitosan in the AUNCs served to enhance
biocompatibility, stability, drug encapsulation and drug delivery in vitro.

The chitosan inclusion in the nanocomplexes increased the drug encapsulation and
efficiency, and its cationic nature improved the cellular uptake, which led to
increased anticancer activity in the breast cancer cells, while preserving the integrity
of healthy cells. Pharmacokinetic studies suggested a sustained drug release over a
period of time, which can improve treatment regimens. Cell-based assays displayed
high levels of anticancer specificity for the breast cancer cells, with the mechanism of
cell death most likely being that of apoptosis. The advantages of AuCTD as a nano-
delivery system are due to its small size (won’t be prematurely removed from the
reticuloendothelial system, low toxcity to healthy cells, biocompatibility, increased drug
therapeutic index, site specificity and high levels of stability pertinent to the
experimental analysis. The disadvantages associated with AuCTD treatment due to
chitosan could be below mechanical resistance, low physiological pH solubility, and

difficulty controlling pore size at various pH levels.
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The evidence obtained from this study showed that the formulated drug delivery
system (AuCTD) can be used as an anticancer drug delivery system and hence
requires further studies and optimisations, including in vivo studies.

5.2 Future Studies

The in vitro aspect of this study can be extended to include more cancer cell lines to
identify specificity for a cancer cell type. Other breast cancer cell lines that represent
different subtypes of breast cancer could be included to observe the effect on
metastatic and hormone-responsive cancers. Future studies may also look at the
addition of targeting moieties such as cell-specific ligands, antibodies or peptides.
Since chitosan is rich in amino and hydroxyl groups, the addition of the targeting
moieties using simple coupling reactions can be achieved. The folate ligand or the
epidermal growth factor could be included in the delivery system to target specific
breast cancer cells. This would ensure cancer cell specificity and targeted cellular
uptake. The use of a co-polymer such as polyethylene glycol with chitosan can be
included to improve stability and improve circulation time in an in vivo system. This
delivery system can be further tested using a combination of anticancer drugs, which
are commonly used in chemotherapy. This should be taken further by mechanistic
studies that will investigate of the nanomaterial’s mode of action and the pathways
involved in cell death or apoptosis. Further  optimizations with  regard to
concentrations used in the study during synthesis and for drug delivery can be
undertaken before testing this system in an in vivo animal model, before pre-clinical
trials. However, this preliminary study provides a stepping stone for further studies on
these innovatiove systems.
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Appendix A

Supplementary NTA data

1. Zeta potential (mV) vs concentration (particles/ ml)
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Figure 1. Graphs representation of Zeta Potential vs Concentration (particles/ ml) of
synthesized nanocomplexes. A= AUNCs, B= CS-AuNCs, C= CTD, D= AuCTD.
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2. Size (nm) vs concentration (particles/ ml)

0F =

Concentration (particles / mi)

Concentration (particles / mi)

1
15 4 ‘
1"
Ay 22528 . ‘ £S5 ANC- 10041
ANy - Q2T l CSANC- MY
! ! ! G0y s <2 ] T T T |
Lo 1o P 0 00 00 o 0 ) 1008 1500 x00 »0 000 g a0
Size (nm) Size (nm)
LB
c _|
50 o
|
'~ —
g 10+ E
~ - 184
E g
LT
3" 3
g | ; a8 -
i ,‘ f
Q %0 8 |
- -
< c
2w Qa4
H i
= S
c [
: &
0
G S
OTD- 1072 . ST U
CRD-r00800 MWOID-1180. %
A A
e '«‘m 150 X0 *0 00 %ol 0 [ w0 1009 o X0 X0 0 oo $o.
Size (nm) Size (nm)

Figure 2: Graphical representation of Size (nm) vs Concentration (particles/ ml) of
synthesized nanocomplexes. A= AUNCs, B= CS-AuNCs, C= CTD, D= AuCTD.
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