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Abstract

Strategies that inhibit the expression of aberrant genes have potential in the treatment of triple-
negative breast cancer (TNBC), a highly heterogeneous subtype of breast cancer that lacks
targeted treatments. Small interfering RNA (siRNA)-mediated knockdown of the inflammatory
cytokine tumour necrosis factor-alpha (TNF-a) and the oncogene c-MYC has emerged as a
potential novel TNBC therapy. siRNA, however, requires a vector to ensure safe and successful
delivery into the target cells. Gold nanoclusters (AuNC) are novel ultrasmall nanoparticles
(NPs) that have been widely investigated as imaging agents due to their unique optical
properties, and have recently gained attention as vectors for gene delivery. This study aimed to
synthesize and functionalize AuNC and investigate their potential as vectors for the delivery

of siRNA 1n selected breast cancer cell lines.

AuNC were synthesized through glutathione reduction of chloroauric acid and functionalized
with chitosan and polyethylene glycol in weight ratios of 1% and 2%. The synthesized AuNC
and its functionalized counterpart (FAuNC) were characterized using UV-visible and Fourier
transform infrared (FTIR) spectroscopy, nanoparticle tracking analysis (NTA), and
transmission electron microscopy (TEM). Interactions between the FAUNC and siRNA were
investigated using the gel retardation, ethidium bromide intercalation, and nuclease protection
assays. In vitro studies were conducted in three cell lines, the hormone receptor positive MCF-
7, TNBC MDA-MB-231, and non-cancer HEK293. Cytotoxicity and cellular uptake of the
FAuUNC were evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) cytotoxicity assay and fluorescence microscopy, respectively. The in vitro
effects of anti-TNF-a siRNA delivery were investigated using flow cytometry to determine the
effects on the apoptosis and oxidative stress levels, and cell cycle distribution in treated cells.
Knockdown efficiency was evaluated in vitro using anti-c-MYC siRNA, targeting the
upregulated MYC oncogene, in MCF-7 cells. Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) and the enzyme-linked immunosorbent assay (ELISA) were

conducted to assess gene knockdown at the mRNA and protein levels, respectively.

UV spectroscopy and TEM confirmed the synthesis of nanoclusters less than 2 nm in diameter.
NTA analysis showed all FAUNC to display appropriate hydrodynamic diameters for cellular
uptake and good colloidal stability. All FAuNC were capable of effectively binding and
condensing siRNA, and providing protection from complete degradation by RNase A. The
MTT cytotoxicity assay showed all FAUNC to be well-tolerated in all cell lines. Cellular uptake
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studies indicated successful interactions between FAuUNC and cells, suggesting successful
uptake. Flow cytometry assays showed delivery of anti-TNF-a siRNA to have little effect on
the growth of HEK293 and MCF-7 cells; however, delivery in MDA-MB-231 cells was
observed to lead to slight increases in apoptosis and oxidative stress levels, and slight shifts in
cell cycle distribution. Based on these results, the AuCS-2% PEG were chosen as vectors for
gene silencing studies. From qPCR and ELISA, the AuCS-2% PEG did not induce significant
knockdown of the ¢-MYC gene. Overall, the FAUNC synthesized in this study showed
favourable physicochemical characteristics and low cytotoxicity in vitro, but the results
obtained warrant further optimization of the PEGylated FAuNC should they be considered for
delivery of siRNA.
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CHAPTER 1
INTRODUCTION

1.1. Background of study

The earliest known description of breast cancer (BC) occurs in the Edwin Smith papyrus, a
medical treatise dating to 1600 BC, although thought to be a copy of an older manuscript dating
to 3000 — 2500 BC (Ades et al., 2017). Today, it is the most common form of cancer diagnosed
in women globally and in South Africa, and the second-most common cause of cancer deaths
among South African women (Bray ef al., 2018; Made et al., 2017; National Cancer Registry,
2020). BCs are clinically characterized by the presence of hormone receptors for oestrogen and
progesterone, and the human epidermal growth factor receptor 2 (HER2). Approximately 15-
21% of cases in South Africa are diagnosed as triple negative breast cancer (TNBC), a subtype
characterised by the absence of these receptors (Cubasch et al., 2013, 2018; Langenhoven et
al., 2016; McCormack et al., 2013; Nel et al., 2022). TNBC displays poorer clinical outcomes
compared to other BC subtypes. This is partly due to their inherently aggressive nature, forming
large tumours with increased proliferation, and a high likelihood of short-term recurrence and
metastasis (Gupta et al., 2020; Malorni ef al., 2012; Srivastava et al., 2022). Moreover, TNBC
patients do not benefit from the targeted therapies that have significantly improved the survival
rates of hormone and HER2 receptor-positive BCs, such as tamoxifen and trastuzumab (Chang
et al., 2019; Patel et al., 2020; Quirke, 2017). Chemotherapy remains the only choice of
systemic treatment, but is associated with side effects and often ineffective at preventing
relapse and metastasis (Gupta et al., 2020). There is thus a need to develop treatments that

target specific molecular targets in TNBC.

The involvement of inflammation in carcinogenesis was first suggested by Rudolf Virchow in
1863, when he identified leukocytes within tumour tissues (Balkwill & Mantovani, 2001). The
relationship between inflammation and cancer development and progression has been the
subject of much research. The tumour necrosis factor alpha (TNF-a) is a pleiotropic cytokine
with a central role in the inflammation process (Li et al., 2023). While originally defined
according to its role as an anticancer agent, it has since been shown to display both anti- and
pro-tumour effects depending on the context and physiological concentration (Carswell et al.,
1975; Montfort et al., 2019). Low TNF-a levels present in the inflammatory tumour
microenvironment have been implicated in promoting the development, growth, and spread of

several cancers, including TNBC (Cruceriu et al., 2020; Montfort et al., 2019). TNF-a has been
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shown to contribute to the aggressiveness of TNBC, by activating growth-promoting pathways
that induce invasion and metastasis, and the generation of cancer stem cells that promote

relapse (Mercogliano ef al., 2020). The cytokine thus presents a novel target for the treatment

of TNBC.

In addition to factors in the tumour microenvironment, transformation is driven by the
activation of growth-promoting genes called oncogenes. The c-MYC oncogene is perhaps the
most widely studied oncogene. c-MYC encodes a transcription factor that is suggested to act
on 10 — 15% of all genes in the human genome (Dang et al., 2006). It plays a central role in
driving cell growth in response to mitogenic signals by upregulating pathways involved in cell
cycle progression, metabolism, protein synthesis, and angiogenesis; and down-regulating genes
involved in cell adhesion (Dang et al., 2006; Miller et al., 2012). As such, its dysregulation is
closely related with carcinogenesis, and it is estimated that over 70% of cancers show
dysregulated c-MYC expression (Madden et al., 2021). c-MYC overexpression in BC, driven
by dysregulated signalling or mutations, is associated with increased cancer growth, risk of
recurrence, and the development of drug resistance (Xu et al., 2010). Aberrant c-MYC
expression is also more prevalent in TNBC than luminal and HER2+ BCs (Horiuchi et al.,
2012); where it contributes to genome instability, drug resistance, and enrichment of cancer

stem cells, leading to a poorer prognosis (Lee ef al., 2017; Yang et al., 2017a).

The adverse effects of TNF-a expression may be inhibited at the protein level, using anti-TNF-
o antibodies, or at the mRNA level, using gene silencing processes. Similarly, c-MYC
expression can also be silenced. One such gene silencing process is RNA interference (RNA1),
a sequence-specific post-transcriptional process that naturally functions to regulate gene
expression and defend against viral infection (Cooper et al., 2019). RNAI1 is activated by small,
non-coding double-stranded RNA molecules, especially small interfering RNA (siRNA),
which induce cleavage of complementary mRNA via assembly with a protein complex called
the RNA-induced silencing complex (Dana et al., 2017). siRNAs are highly effective at
mediating gene knockdown; however, the delivery of naked siRNA faces several drawbacks.
Naked siRNA is highly susceptible to nuclease degradation and removal from circulation, and
the large size and anionic charge of the molecule inhibits cellular uptake (Babu et al., 2016).
Much research has focussed on the development of suitable vectors that can protect siRNA and

deliver it to the cytoplasm of target cells, where it can mediate gene silencing.

Nanoparticles (NPs) present a promising solution to the problems associated with siRNA

delivery. These non-viral systems generally have simple and tunable synthesis methods, and a
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large surface area for functionalization with polymers to improve efficacy and biocompatibility
(Mirza & Karim, 2021). Organic NPs composed of lipids have thus far shown the most promise
for siRNA delivery, with the first approved siRNA drug being a liposomal formulation (Urits
et al., 2020; Zhang et al., 2021b). Inorganic metallic NPs, particularly those synthesised from
gold have also been widely studied as delivery vehicles. These NP display tunable physical
characteristics and unique properties not present in organic NP, such as magnetism,
fluorescence, and photothermal properties, that enhance their therapeutic potential (Anselmo
and Mitragotri, 2015; Huang et al., 2020). Gold nanoclusters (AuNC) are small nanomaterials,
typically displaying sizes smaller than 2 nm in diameter (Cheng et al., 2022). Their unique
physicochemical and optical qualities have facilitated their use in theranostics as bioimaging
agents, photothermal therapy agents, and gene and drug delivery vehicles (van de Looij et al.,
2022). This study thus focussed on the development of coated AuNC carriers for siRNA

delivery to breast cancer cell lines.

1.2. Aims and objectives
The aim of this study was to develop and characterise AuNC vectors functionalised with
chitosan and polyethylene glycol and evaluate their potential as siRNA delivery vectors in

breast cancer models.
The objectives of the study were:

e To synthesise small AuNC and functionalise them with the cationic polymer chitosan
and the steric stabiliser PEG2000 in two weight ratios of 1% and 2%.

e To characterise the plain and functionalised AuNC (FAuNC) using UV-Vis
spectroscopy, TEM, NTA, and FTIR to determine their physical and chemical
characteristics.

e To investigate the siRNA-binding capabilities of the FAUNC using the band shift,
ethidium bromide, and RNase protection assays.

e To evaluate the cytotoxicity of the FAuNC vectors in vitro using the MTT assay.

e To determine the in vitro effects of delivery of FAuNC complexed with anti-7TNF-a
siRNA on apoptosis levels, oxidative stress levels, and cell cycle distribution using flow
cytometry assays.

e To evaluate the ability of the FAUNC vectors to induce knockdown at the mRNA and
protein levels using RT-qPCR and ELISA, respectively.



1.3. Novelty of study

Several studies have shown peptide- and PEI-capped AuNC to be capable of effectively
delivering plasmid DNA and siRNA in vitro (Lei et al., 2017; Sun et al., 2018; Tao et al.,
2013). Chitosan-coated AuNC, in contrast, have been investigated as agents for cell imaging,
biosensing, chemodynamic and antimicrobial therapy (Girija et al., 2019; Mi et al., 2022; Xie
et al., 2019; Zhu et al., 2022), but have not yet been exploited as gene delivery vectors. This
study further investigates the effects of PEGylation at two weight ratios on the FAuNC
characteristics and efficiency. The addition of PEG to the polymer-coated AuNC for gene

delivery is a novel formulation and yet to be fully explored.

1.4. Overview of thesis

The thesis comprises the following chapters:

Chapter one introduces the challenges faced in TNBC and siRNA therapy that the study aims

to address. The aims and objectives and novelty of the study are also outlined.

Chapter two provides a review of the literature relevant to the study. Firstly, TNBC and the
challenges faced in treating it are described. The role of TNF-a and ¢-MYC in carcinogenesis,
and the potential of siRNA in silencing these genes for cancer therapy is discussed. Vectors for
siRNA delivery are highlighted, with specific focus given to AuNC, their synthesis methods,
and potential as delivery vectors. Lastly, barriers faced in transfection and methods of

overcoming them are discussed.

Chapter three details the methodologies used in the study. The synthesis, functionalisation,
and characterisation techniques are described. siRNA binding assays and in vitro cytotoxicity,
uptake, and transfection methods are outlined. Lastly, the protocols for the gene expression

assays conducted in the MCF-7 cell line are provided.

Chapter four provides the results obtained, and includes an interpretation of the results and

discussion of their significance.

Chapter five concludes the study. The success of the study in achieving the aims and
objectives set out in the introduction is assessed and recommendations for future studies are

made.



CHAPTER 2
LITERATURE REVIEW

Part of this chapter has been published in:

Padayachee J. and Singh, M. (2020). Therapeutic applications of CRISPR/Cas9 in breast
cancer and delivery potential of gold nanomaterials. Nanobiomedicine. 7, 1-15.
doi:10.1177/1849543520983196.

2.1. Breast cancer

Breast cancers (BC) are a group of cancers arising from cells of the mammary gland (Makki,
2015). They can be broadly classified as sarcomas or carcinomas, depending on the type of
cells they develop from. Breast sarcomas, arising from the mesenchymal tissue, are a rare group
of cancers estimated to account for less than 1% of all breast cancers (Li et al., 2016). Most
BC are carcinomas that occur in cells of the terminal duct-lobular unit responsible for milk
production (Feng et al., 2018; Figueroa et al., 2014). BC are themselves highly heterogenous
and can be divided into several subtypes based on their histological and molecular

characteristics, with varying treatment options and clinical outcomes.

2.1.1. Subtypes of breast carcinoma

Histological classification of BC is based on analysis of cytological characteristics, such as cell
shape; nuclear shape, organisation, and density; cell growth patterns; and presence of certain
IHC markers (Araujo et al., 2017; Dieci et al., 2014; Weigelt et al., 2010a). The World Health
Organisation officially recognises 21 histological subtypes of BC (Kaur ef al., 2019). The
majority of BCs are invasive ductal carcinomas of no special type (IDC-NST), meaning they
show no defining characteristics that facilitate their classification as ‘special types’ of BC
(Badowska-Kozakiewicz et al., 2017; Natal et al., 2019). These subtypes differ in their
prognoses, clinical behaviour, and epidemiology (Ntekim et al., 2019); however, the prognostic
value of histological classification is currently limited by the classification of most BCs as

IDC-NST (Rakha et al., 2010).

The molecular characteristics of BC can be evaluated using immunohistochemistry (IHC),
which involves detection of cell surface or intracellular proteins, or through microarray analysis
of the gene expression patterns (GEP) of different tumours (Fragomeni et al., 2018). IHC
commonly analyses the progesterone (PR), oestrogen (ER), and HER2 receptors; and Ki-67
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proteins. Ki-67 is a nuclear protein expressed in all stages of the cell cycle except the quiescent
stage GO, and is used as a measure of cell proliferation and tumour aggressiveness (Zhu et al.,
2020). Based on the expression of these markers, BCs can be classified into four groups:
luminal A and B, HER2+, and triple negative (TNBC) (Figure 2.1). These subtypes were
investigated in more detail by Perou et a/., (2000) and Serlie et al., (2001), who used microarray
analysis to classify BC into five intrinsic molecular subtypes based on expression of genes such
as oestrogen receptor 1 (ESR/) and HER2. These subtypes are identified by PAMS50, a clinical
test that analyses the expression of 50 genes using quantitative PCR (qPCR) to subtype biopsies
(Malhotra et al., 2010). The characteristics of the intrinsic subtypes, and the IHC subtypes they

correspond to, are shown in Figure 2.1.

Figure 2.1: Characteristics of the five intrinsic molecular subtypes of BC and their
corresponding IHC subtypes (information adapted from Dai et al., 2015 and Perou et al., 2000).

While GEP analysis may provide more information on therapeutic targets or recurrence risk,
its price limits its use in the clinical setting, and IHC is thus often used to approximate the
intrinsic subtype. The intrinsic subtypes also require refinement. Normal-like GEPs have been
suggested to result from sample contamination with normal breast tissue (Weigelt et al.,

2010b); and do not take into account the diverse molecular heterogeneity of TNBC.

2.1.2. Triple Negative Breast Cancer

TNBC is estimated to account for 15-20% of BC cases globally, and disproportionately affects
certain ethnicities, such as Hispanic, and black American and British women (Bowen et al.,
2008; Clarke et al., 2012; Lara-Medina et al., 2011). Studies in various South African
populations have observed incidence rates of 15.2 - 21.7% (Cubasch et al., 2013, 2018;
Langenhoven et al., 2016; McCormack et al., 2013). TNBC refers to a broad category of BCs
lacking hormone and HER?2 receptor overexpression. It generally displays an aggressive nature

and a high rate of cellular proliferation, indicated by high Ki-67 levels and nuclear grade
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(Nishimura & Arima, 2008). Compared to other BCs, TNBC is associated with younger ages
at presentation (Bauer ef al., 2007); and with an increased risk of relapse and a shorter time to
local and distant recurrence (Asano et al., 2017; Dent et al., 2007). The risk of metastasis is
similarly high, with TNBC often spreading to the brain and lungs (Gerratana ef al., 2015;
Molnér ef al., 2017). Despite advances in cancer therapy, TNBC remains difficult to treat due

to the lack of targeted therapies, as well as its poorly characterised molecular heterogeneity.

2.1.3. Subtypes of TNBC

The majority of TNBCs belong to the basal subtype; however, studies have identified all
mtrinsic subtypes within TNBC, necessitating the identification of TNBC-specific GEPs
(Burstein et al., 2015; Lehmann et al., 2011, 2016). Several classifications have been proposed,
commonly based on immune activity within the tumour and the presence of markers such as
androgen receptors (AR) (Table 2.1). These subtypes have varying treatment options, for
example, AR+ TNBCs may be treated using antiandrogens, while immunotherapy may be an

option for treating immune active subtypes.

Table 2.1: Proposed subtypes for classification of TNBC tumours.

Study Basis of subtyping Proposed subtypes
Barton ef al., (2015) Presence of AR for AR+
therapy Quadruple negative breast cancers
Burstein ef al., (2015) GEP, particularly of Luminal androgen receptor
immunoregulatory genes Mesenchymal
Basal-like immune suppressed
Basal-like immune active
Lehmann ef al., (2016) GEP Luminal androgen receptor
Mesenchymal
Basal-like 1
Basal-like 2
Jézéquel et al., (2019) GEP and histological Molecular apocrine
analysis, particularly of Basal-like pro-tumorigenic immune
immunoregulatory genes response
and cells Basal-like adaptive immune response
Prado-Viazquez ef al., GEDP of cellular and Luminal androgen receptor
(2019) immune genes Basal
Claudin-high
Claudin-low




2.1.4. Current treatment of TNBC

Conventional therapies for TNBC include surgery, radiotherapy, and chemotherapy. Despite
its poor prognosis, TNBC generally responds well to chemotherapy and displays higher rates
of pathological complete responses (pCR) compared to other BC subtypes (Carey et al., 2007,
Rouzier et al., 2005). Patients who achieve pCR have significantly improved survival
compared to those with residual disease (Biswas et al., 2017). This phenomenon of
chemosensitivity coupled with poor outcomes, known as the triple negative paradox, occurs
due to the high relapse rate in patients who do not achieve a pCR (Carey et al., 2007,
Chernikova et al., 2019; Hu et al., 2017). Radiotherapy and chemotherapy are also associated
with potentially serious side effects, such as cardiac toxicity and the risk of secondary cancers

(Stewart et al., 2019).

Several novel treatments have been recently approved for metastatic and BRCA-deficient
TNBCs. These include the antibody-drug conjugate sacituzumab govitecan, which targets the
Trop-2 protein overexpressed in TNBC (Bardia et al., 2019; Zong & Pegram, 2021);
polyadenosine diphosphate-ribose polymerase (PARP) inhibitors, which repress the activity of
the PARP 1 and 2 enzymes involved in DNA repair and replication and are thus synthetically
lethal with BRCA mutations (Helleday, 2011; McCann & Hurvitz, 2018); and antibodies
targeting the immune checkpoint protein programmed death ligand-1(PD-L1) on cancer cells,
which binds the programmed death protein-1 (PD-1) on T-cells to prevent immune attack
(Thomas et al., 2021). Among the novel factors being explored as targets for BC therapy are

the pro-inflammatory cytokines, particularly the tumour necrosis factor alpha (TNF-a).

2.2. Tumour necrosis factor alpha

2.2.1. Inflammation and cancer

Inflammation plays a significant role in tumour development, growth, and spread. Acute
inflammation is a defence mechanism initiated in response to infection or injury, and involves
the recruitment of leukocytes to the wounded tissue. These leukocytes combat infection and
release growth factors and cytokines to stimulate proliferation and repair of the damaged tissue
(Freire & Van Dyke, 2013; Todoric et al., 2016). The process is highly regulated, with
leukocytes leaving the tissue or undergoing apoptosis when homeostasis is restored and
inflammation resolves (Burman ef al., 2005). The persistence of this process leads to chronic

inflammation, which is associated with the development of diseases, such as cardiovascular
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diseases, allergies, and cancer. Chronic inflammation is linked to cancer through two pathways:

the extrinsic and intrinsic pathways (Figure 2.2).

Figure 2.2: Chronic inflammation promotes cancer development and spread through the intrinsic or
extrinsic pathway. Both pathways lead to the accumulation of inflammatory mediators and immune
cells within the tissue, which may promote transformation.

The extrinsic pathway involves chronic inflammation resulting from infections, autoimmune
disorders, or lifestyle factors such as smoking, which lead to the persistence of inflammatory
cells within the tissue. Chronic inflammation is thus a predisposing factor to multiple cancers,
including BC (Todoric ef al., 2016). However, inflammatory cells are present in most solid
tumours, including those not preceded by chronic inflammation (Wang & Karin, 2015). Their
recruitment occurs in response to cancer-intrinsic factors, such as hypoxia and necrosis within
the tumour, and production of pro-inflammatory cytokines by tumour cells (Grivennikov et al.,
2010; Gun et al., 2019). While the anti-tumour activity of cytotoxic natural killer (NK) and T
cells recruited by this tumour-induced inflammation may initially inhibit growth, it also selects
for cancer cells that can avoid immune detection (Gonzalez et al., 2018). Macrophages are

differentiated into pro-tumourogenic subtypes, termed tumour-associated macrophages



(TAM), that aid in promoting cancer growth and spread (Noy & Pollard, 2014). The tumour
thus establishes an inflammatory microenvironment that promotes malignancy while providing

protection from immune attack (Hanahan & Coussens, 2012).

The induction and termination of the inflammation process is mediated by cytokines. These
proteins, secreted by immune cells, astrocytes, and glial cells, form complex networks that
regulate tissue development, immune responses, and cell signalling (Kim et al., 2016; Stenken
& Poschenrieder, 2015). Their role in inflammation may be categorised as either pro- or anti-
inflammatory, although many cytokines are pleiotropic (Prieto & Cotman, 2017). The TNF
superfamily (TNFSF) of cytokines comprises 29 receptors and 19 ligands with diverse roles in
controlling apoptosis, proliferation, and cellular differentiation (Dostert et al., 2019). Notably,
most members of this superfamily are synthesised as transmembrane proteins, which can be
cleaved to form active soluble counterparts (Croft & Siegel, 2017). TNF-a, the founding
member of the superfamily, remains widely studied due to its involvement in the development

and progression of multiple autoimmune disorders and diseases such as cancer.

2.2.2. Tumour necrosis factor alpha (TNF-a)

The identification of TNF-a followed more than a century of research into reports of cancer
remission in patients suffering from concurrent bacterial infections. This phenomenon was
investigated in large-scale experiments by surgeon William Coley, who injected cancer patients
with a mixture of heat-killed Streptococcus pyogenes and Serratia marcescens, called Coley’s
mixed toxins (Felgner et al., 2016). He reported remissions in multiple patients with inoperable
sarcomas; however, the toxins fell out of use in favour of chemotherapy and radiotherapy
(Coley, 1898; Kienle, 2012). The mechanism by which Coley’s toxins worked nevertheless
became the subject of much research, ultimately leading to the identification of “tumour
necrosis factor”, a serum component released in response to endotoxins and thought to be
responsible for tumour death (Carswell et al., 1975). This factor was renamed TNF-a, to reflect
its sequence homology to lymphotoxin, later renamed TNF-3 (Aggarwal ef al., 2012; Pennica
et al., 1984). Studies later revealed the pleiotropic effects of TNF-a. It was shown to be the
same protein as cachectin, responsible for cachexia, or wasting (Beutler et al., 1985a), while
its role in inflammation was shown by Dinarello et al., (1986) and Beutler et al., (1985b), who

reported TNF-a to be pyrogenic and responsible for septic shock, respectively.
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2.2.3. TNF-a structure

The TNF-o gene is located within the major histocompatibility complex III region on
chromosome 6, and is predominantly transcribed in activated macrophages, NK cells, and T-
cells of the immune system (El-Tahan et al., 2016; Tian et al., 2014). It is synthesised as a type
II transmembrane protein (tmTNF-a) that mediates cell-to-cell communication through direct
contact, and controls the local inflammation process (Mitoma et al., 2018). The tmTNF-a. is 26
kDa, with 233 amino acid (AA) monomers, each comprising a 30 AA intracellular N-terminal
domain (NTD), a transmembrane region of 26 AA, and an 177 AA extracellular C-terminal
domain (CTD) (Figure 2.3) (Horiuchi et al., 2010; Tang et al., 1996). The CTD contains the
“TNF homology domain” (THD) characteristic of TNFSF ligands, which mediates homotrimer
formation and receptor binding (Lang et al., 2016).

Figure 2.3: The structure of the 233 AA tmTNF-o monomer. TACE cleaves within the
extracellular domain to release the 157 AA sTNF-a (adapted from Horiuchi et al., 2010).

The NTD contains a nuclear localisation signal (NLS) and is implicated in mediating reverse
signalling. It has been observed to influence the expression of cytokines interleukins 12 and 1
beta (Domonkos et al., 2001; Friedmann ef al., 2006). The generation of soluble TNF-a (sTNF-
a) initially identified by Carswell et al., (1975) is mediated by metalloproteases that cleave
within the extracellular domain to release sTNF-o from the cell membrane. sTNF-a is
composed of ~17 kDa 157 AA monomers carrying the THD (Figure 2.3) (Bahia & Silakari,
2010). Cleavage is most commonly carried out by the TNF converting enzyme (TACE), also
called a disintegrin and metalloproteinase 17 (ADAM17) (Briot et al., 2008; Hikita et al.,
2009). The remaining tmTNF-a protein is further processed to remove the transmembrane
domain (Friedmann et al., 2006). The NTD may then translocate to the nucleus to mediate gene

expression.
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2.2.4. TNF-a’s functions in inflammation

TNF-a is the first cytokine produced during inflammation and mediates several aspects of the
process (Table 2.2). It displays pro- and anti-inflammatory functions, stimulating the
destructive initial stages of inflammation and subsequent processes that heal the injured tissue
and restore homeostasis. It has been implicated in degradation of the extracellular matrix
(ECM), and the promotion of epithelial-to-mesenchymal transition (EMT), which are

important in wound healing (Marconi ef al., 2021).

Table 2.2: The processes during inflammation that TNF-o has been implicated in.

Mechanism References
Facilitates leukocyte Promotes vasodilation (Chappell et al., 2009:
entry into the injured Induces ECM and glycocalyx degradation = Hofmann ef al., 2002; Mark
tissue Downregulates adherence junctional etal.,2001)
proteins
Facilitates leukocyte- Upregulates leukocyte adhesion molecules (Chandrasekharan et al.,
endothelial cell 2007; Rios-Navarro et al.,
interactions 2015)
Prevents the spread Induces fever (Blaser et al., 2016;
of infection Induces blood coagulation Kirchhofer ef al., 1994; Page
Stimulates ROS and NO production by et al., 2018; Steinman, 2010)
macrophages
Stimulates the Recruits leukocytes (Parameswaran & Patial,
immune response Activates dendritic cell and macrophages ~ 2010; Trevejo ef al., 2001;
Promotes cytotoxic Tes differentiation and Ye et al., 2018)
proliferation
Suppresses the Inactivates or kills Tes (Ou et al., 2012; Salomon et
immune response Stimulates Tregs and myeloid-derived al.,2018; Yee et al., 2017)
suppressor cells
Regulates PD-L1 expression
Stimulates wound Promotes angiogenesis (Broekman ef al., 2016;
healing Promotes EMT Fajardo et al., 1992: Heo et
Activates mesenchymal stem cells al.,2011; Yan et al., 2010)

TNF-a regulates the immune response at the site of inflammation by activating various immune
cells and directing effector T-cell (Tes) differentiation into both cytotoxic CD4+ Tegs and
immunosuppressive regulatory T-cells (Tregs). It has also been implicated in the regulation of
PD-L1, an immune checkpoint protein that binds to its cognate receptor PD-1 on immune cells
to facilitate self-tolerance. This prevents autoimmune attack; and promotes cytotoxic Tes
apoptosis and exhaustion, and Tr.z development (Francisco ef al., 2009; Qi ef al., 2019). These
diverse functions are mediated through binding of tmTNF-a and sTNF-a to their cognate TNF
receptors (TNFRs), the type I transmembrane TNFR1 and TNFR2.
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2.2.5. TNF receptors

TNFRs can be broadly divided into three groups based on their intracellular signalling domains:
death receptors contain death domains (DD) that can signal both apoptotic and non-apoptotic
pathways; costimulatory receptors; and decoy receptors without signalling domains that act as
competitors for ligand binding (Antunes et al., 2012; Lang et al., 2016). TNFR1 and TNFR2
bear only 25.53% sequence identity to each other, most of which occurs in the extracellular
domain (Uversky et al., 2017). The intracellular signalling domains differ significantly,
contributing to the pleiotropic, and sometimes opposing, functions displayed by TNF-a. Both
receptors may also exist in a soluble form, either through cleavage by TACE or exocytosis of
the membrane-bound receptor (Puimege ef al., 2014). These function as decoy receptors that
bind circulating TNF-a to inactivate it, thus regulating immune responses, or stabilising its

homotrimeric structure to promote activity (Aderka et al., 1992; Xanthoulea et al., 2004).

TNFRI1 is a 60 kDa protein belonging to the death receptor class of TNFRs (Tian et al., 2014).
However, it is a pleiotropic receptor that may activate apoptotic/necrotic or inflammatory
pathways following binding to either sSTNF-a or mTNF-a, with the latter pathways being most
common (Lewis et al., 2012). TNFRI is constitutively expressed at a low level on most
nucleated cells (Hijdra et al., 2012). The intracellular region contains a TNFR1 internalisation
domain (TRID) that mediates receptor endocytosis and the DD, which facilitates interactions

with other DD-containing proteins (Jiang ef al., 2017; Schneider-Brachert ef al., 2004).

The 80 kDa TNFR2, in contrast, lacks a DD (Hong et al., 2019). It is thus generally associated
with the promotion of cell growth; however, TNFR2 may induce apoptosis independently or
through crosstalk with TNFR1 (Depuydt ef al., 2005; Ruder et al., 2019). TNFR2 displays
inducible expression limited to certain neuronal and endothelial cells, and immune cells
(Medler & Wajant, 2019; Torrey et al., 2019). Unlike TNFR1, sTNF-o/TNFR2 complexes are
highly unstable, and signalling is only activated by mTNF-a (Grell et al., 1995; Krippner-
Heidenreich et al., 2002). TNFR2 has instead been suggested to increase local sTNF-a
concentrations through rapid binding and release of the ligand, ultimately promoting sTNF-a

binding by TNFR1 (Tartaglia ef al., 1993).
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2.2.6. TNF- a signalling pathways

The major pro-survival pathways signalled by TNFR1 and TNFR2 are the nuclear factor kB
(NF-«xB) and mitogen-activated kinase (MAPK) pathways. The NF-«kB family includes the p50,
p52, RelA, RelB, and c-Rel proteins, which form hetero- or homodimers for transcription.
These dimers are located in the cytoplasm, bound by inhibitor of kB (IxB) proteins that inhibit
their activity by preventing translocation to the nucleus (Hayden & Ghosh, 2008). They may
be activated by the canonical or non-canonical pathway. The canonical pathway involves
degradation of the IkBa, which frees the NF-kB proteins for activity (Atretkhany et al., 2020).
The non-canonical pathway, in contrast, involves processing of the p100/RelB dimer into
active p52/RelB for transcription (Sun, 2011). The MAPK pathway includes activation of p38
kinases, c-Jun N-terminal kinases (JNKs), or extracellular signal-regulated kinases (ERKSs)
(Soares-Silva et al., 2016). These pathways drive the expression of genes associated with cell
survival, migration, differentiation, and inflammation, such as anti-apoptotic genes, cytokines
such as TNF-a and ILs, and adhesion molecules (Figure 2.4) (Kang ef al., 2019; Soares-Silva
et al., 2016). However, the JNK pathway may also inactivate anti-apoptotic proteins and
mediate pro-apoptotic signals. Cell death may be signalled through apoptosis, a controlled
process mediated by caspases leading to phagocytosis by macrophages; or necroptosis, which
leads to cell rupture and potentially promotes inflammation due to the release of intracellular
components (Kalliolias & Ivashkiv, 2016). The pathways activated and their outcomes vary for

different cell types (Gustin et al., 2004; Sedger & McDermott, 2014).
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Figure 2.4: The diverse roles of NF-kB signalling in immune cells and its gene targets that
regulate the inflammation process (Liu et al., 2017).
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2.2.6.1. TNFRI1 signalling

The opposing functions of TNFR1 are mediated through the formation of different signalling
complexes following TNF-a binding: complex I activates transcription, while complexes Ila,
IIb, and Ilc signal cell death (Figure 2.5). Complex I is formed at the cell membrane
immediately following ligand binding. TNFR1-associated death domain (TRADD) binds
TNFR1 at the DD and promotes interactions with receptor interacting protein kinase-1 (RIP1),
although RIP1 may bind TNFR1 in the absence of TRADD (Hsu et al., 1996; Pobezinskaya
et al., 2008). The complex activates the p38 and JNK MAPK pathways through
phosphorylation of MAPK kinases; and the canonical NF-kB pathway through phosphorylation
of IkBa, triggering its ubiquination and degradation (Fechtner et al., 2017; Fischer et al., 2020).
The NF-«kB dimers may then translocate to the nucleus and drive transcription. Complex II is
formed transiently, and, within 30 minutes of ligand binding, TNFRI undergoes endocytosis
(Schiitze et al., 1999). Modifications to TNFR1, such as depalmitoylation and ubiquitination,
and the TRID promote its internalisation (Fritsch ef al., 2014; Zingler et al., 2019). Complexes
ITa and b induce apoptosis through the death-induced signalling complex (DISC) triggering the
caspase cascade, while complex Ilc induces necroptosis. Necroptosis generally promotes local
inflammation; however, TNF-a-induced necroptosis may instead terminate the inflammation

process by repressing TNF-a signalling (Kearney et al., 2015).
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Figure 2.5: The signalling pathways activated by TNF-a through TNFRI1. Complex I, which
promotes the expression of genes associated with the inflammation process, is initially formed
following binding. The cell death-signalling complexes Ila, IIb, and Ilc form subsequently and
are regulated by the gene products of complex I (Kalliolias & Ivashkiv, 2016).
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2.2.6.2. TNFR2 signalling

The signalling pathways of TNFR2 are less well characterised due to its limited expression (Ji
et al., 2012). tmTNF-a binding activates the transduction of several growth-promoting
pathways (Figure 2.6). TNFR2 is most often associated with the non-canonical NF-kB
pathway, although it may induce canonical NF-kB shortly after ligand binding (Borghi et al.,
2018; Fotin-Mleczek et al., 2002; Rauert ef al., 2010). TNFR2 may also induce long term NF-
kB activation via the PI3K/Akt pathway, in contrast to TNFR1 which transiently activates NF-
kB (Fischer et al., 2011; Marchetti ef al., 2004).
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Figure 2.6: TNFR2 is generally associated with the transduction of proliferation, differentiation,
and survival signals through NF-xB, AKT, and MAPK pathways (Kalliolias & Ivashkiv, 2016).

Crosstalk between TNFR1 and TNFR2 plays an important role in determining the fate of cells
that co-express the receptors. Multiple studies have observed enhanced TNFR1 signalling in
the presence of TNFR2 (Cabal-Hierro et al., 2014; Fotin-Mleczek et al., 2002; Rodriguez et
al.,2011; Ruspi et al., 2014). TNFR2 has also been observed to induce apoptosis independently
of TNFRI1. The mechanisms by which it does so are unknown, but may involve JNK signalling
(Inoue et al., 2015; Ji et al., 2012; Otano et al., 2020; Ramesh & Reeves, 2003).

2.2.7. TNF-a in anti-cancer studies

Studies have investigated TNF-a’s potential as an anticancer therapeutic. Its cytotoxic action
was reported to be cancer-specific (Carswell et al., 1975; Dealtry et al., 1987; Motoo et al.,

1986), with in vivo studies reporting tumour regression after treatment with TNF-o alone and
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in conjunction with interferons and other chemotherapeutic agents (Asher et al., 1987; Balkwill
et al., 1986; Brouckaert et al., 1986; Haranaka et al., 1984). Despite the promise shown in
animal studies, clinical trials reported very low response rates and adverse side effects, such as
fevers, hepatotoxicity, and low blood pressure, in response to systemic TNF-a administration
(Roberts et al., 2011). Isolated limp perfusion delivery of TNF-a and the drug melphalan is
currently used for local control of advanced sarcomas (Smith et al., 2018). However, systemic

delivery continues to be hindered by severe toxicity.

TNF-a treatment is thought to kill cancer cells indirectly, by damaging the tumour vasculature
or by inciting an immune response, rather than directly through apoptosis induction (Shen et
al., 2018). High doses of TNF-a have been observed to selectively disrupt adhesion proteins in
melanoma models and endothelial cell lines, inducing apoptosis and vascular leakage (Menon
et al., 2006; Riiegg et al., 1998). This effect of increasing vascular permeability contributes to
TNF-a’s synergy with other therapeutic agents. TNF-a has also been shown to enhance the
cytotoxic activity of NK cells, and may promote recruitment and differentiation of immune
cells with anti-cancer activity (Josephs et al., 2018; Mocellin et al., 2003). Drugs that inhibit
transcription may also synergise with TNF-o, as they promote TNF-a-induced apoptosis

(Demidenko & Blagosklonny, 2004).

2.2.8. TNF-0 in promoting cancer

While it was being investigated as an anti-cancer agent, studies showed an apparently
paradoxical ability of TNF-a to promote tumour growth. Early studies in mice models reported
that TNF-a promotes angiogenesis (Leibovich et al., 1987), tumour cell adhesion (Malik et al.,
1989), and metastasis (Malik et al., 1990; Orosz et al., 1993). Evidence for a direct link between
TNF-o and tumourigenesis was provided by Moore ef al., (1999), who showed that TNF-a-
deficient mice developed fewer skin tumours than normal mice following carcinogen exposure.
Increased TNF-a levels have been observed in various cancer tissues and cell lines, either due
to secretion by infiltrating immune cells, or cancer cells themselves (Egberts et al., 2008;
Scheffet al.,2017; Shang et al., 2017; Szlosarek et al., 2006; Zins et al., 2007). This expression
by malignant cells may result from secreted TNF-a forming an autocrine loop stimulating its
own release, TNF-a-induced stabilisation of TNF-oo mRNA, or mutations that promote 7NF-o
expression (Li et al., 2015a; Nabors et al., 2003; Szlosarek et al., 2006; Zins et al., 2007). Many
processes induced by TNF-a through NF-xB during inflammation can also promote

transformation and metastasis (Table 2.3), although it may also promote cancer through
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inflammation-independent mechanisms (L1 ef al., 2009). Thus, the chronic production of low
levels of TNF-a observed in cancers may promote tumour growth and spread, in contrast to the

high concentrations required for effective tumour necrosis in therapy (Montfort ef al., 2019).

Table 2.3: The potential pro-tumourogenic effects of chronic, low-level TNF-a production.

Functions of TNF-a in Pro-tumourogenic effects References
inflammation
Stimulates release of cytokines Recruitment of TAM (Azenshtein et al., 2002; Son
and chemokines, including Increased NF-kB signalling etal., 2013)
itself
Upregulates adhesion Promotes metastasis (Jassam et al., 2016; Liang et
molecules al., 2007)
Degrades the ECM Promotes angiogenesis and (Azenshtein et al., 2002;
invasion Quintero-Fabian et al., 2019)
Induces EMT Promotes invasion and (Teda et al., 2019; Liet al.,
metastasis 2012a)
Generates ROS and NO Induces DNA damage (Westbrook et al., 2012; Yan
etal., 2006)
Upregulates pro-angiogenesis  Promotes tumour growth and  (Lai et al., 2016: Leek et al.,
factors spread 1998; Tanaka et al., 2018)
Promotes proliferation of T Suppresses the immune (Chang et al., 2015)
response against the tumour
Upregulates PD-L1 Suppresses the immune (Lietal., 2018a; Lim et al.,
response against the tumour 2016; Wang et al., 2017)

2.2.9. Role of TNF-a in BC

TNF-a 1s mvolved in the regulation of multiple processes within the mammary glands,
mncluding differentiation of the tissue during puberty, pregnancy, and lactation (Ip ef al., 1992;
Lee ef al., 2000; Shea-Eaton ef al., 2001). It has also been implicated in the development and
spread of BC (Figure 2.7). High levels of TNF-a and its receptors have been observed in the
BC tumour microenvironment (TME), with early studies showing secretion by infiltrating
macrophages (Leek ef al., 1998; Miles et al., 1994). Clinically, these elevated levels have been
associated with a higher risk of relapse and metastasis (Cui ef al., 2008; Garcia-Tuiion et al.,
2006; Soria et al., 2011). Studies have also shown TNF-a to induce EMT in normal mammary
cell lines, which may promote tumour invasion (Chua ef al., 2007; Li et al., 2012a). Its role in
the development and progression of the different BC subtypes has been the subject of much

research.

18



QA TNF-a in breast cancer patients b TNF-a: multifunctional cytokine, part of the tumor microenvironment

TNF-alevelsat  TNF-alevelsin

the tumor site  serum/plasma Tumor microenvironment (TME)

Rk Macrophages Lymphocytes Fibroblasts Tumor cells
Correlation [ 4 :
with: |

Benign vs. Malign
Tumor stage  Tumor grade 3
M1 Y0 Cancer
phenotype progression

Lymph node status

C TNF-a in breast cancer progression and evolution

Tumor cells Primary tumor Invasive tumor
Y Tumor growth and development Fvm Epithelial-to-mesenchymal transition
oY ¢ ¥\ B Roe
< PoRE \ T
.J\ Cell proliferation \ /‘ Mesenchymal tumor cells 5+
3 TNF-a ==p Cell survival s TNF-a =) Cancer stem cells
Inflammation Acquired Enhanced migration and

resistance invasiveness

TNF-a

Chemotherapy

Figure 2.7: TNF-a involvement in BC. A) High levels of TNF-a have been observed in the tissue
and sera of BC patients, B) Elevated TNF-a levels have been observed in tumour tissue due to
production by various cells in the TME, C) TNF-a has been implicated in every step of
carcinogenesis, promoting tumour growth and spread, and drug resistance (Cruceriu et al., 2020).

2.2.9.1. Luminal BCs

Luminal BCs are driven by the activity of the two ER, ERa and ERf, and/or PR, which function
as transcription factors (TF) (Gao et al., 2002). TNF-o upregulates enzymes involved in
oestrogen synthesis, and has thus been implicated in the development and progression of ER+
BC (To et al., 2013). NF-xB and ER may display negative crosstalk termed “transrepression”,
where each pathway represses the other; however, TNF-a-induced NF-kB and ER have also
been shown to promote each other’s activity and synergistically upregulate survival genes
(Frasor et al., 2009). ERa may also upregulate TNF-o expression in response to estradiol
stimulation by directly binding its promoter (To ef al., 2014). Increased TNF-a expression has,
in contrast, been associated with decreased PR expression, and has thus been suggested to

downregulate PR and increase the aggression of luminal BC (Kamali-Sarvestani et al., 2005).

Conflicting results have been reported regarding the involvement of TNF-a in luminal cell
lines. Hamaguchi et al., (2011) observed low levels of secreted TNF-a in MCF-7 and ZR-75-
1 cells, while To et al., (2014) reported high sSTNF-a in MCF-7 and ZR-75-1 compared to T47D
and MDA-MD-361 cells. TNF-a treatment has been observed to inhibit growth and induce
apoptosis of MCF-7 and T47D through various mechanisms, such as upregulation of tumour
suppressor genes (TSGs), and growth factor and cell cycle inhibitors; or by activating apoptotic
caspase- and JNK-dependent pathways (Donato & Klostergaard, 2004; Jeoung et al., 1995;
Pirianov & Colston, 2001; Pusztai et al., 1993; Rozen et al., 1998; Sgagias et al., 1991).
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However, TNF-a treatment of MCF-7 has also been observed to promote migration and
metastasis (Weitzenfeld et al., 2013; Wolczyk et al., 2016); and upregulate anti-apoptotic
proteins (Wang et al.,2012). T47D cells have shown resistance to TNF-a-induced cytotoxicity,
and mitogenic and proliferative effects in response to TNF-a treatment (Pirianov & Colston,
2001; Rivas et al., 2008; Rubio et al., 2006). Meng et al., (2001) further showed T47D cells to
secrete TNF-a, inhibiting differentiation of fibroblasts into mature adipocytes. These
fibroblasts form a dense layer around breast tumours that provides structural support for its
growth. These discrepancies may result from differences in gene expression in cell lines from
different laboratories. Burow et al., (1998) demonstrated that the levels of anti-apoptotic genes,
TNFRI1, and ceramide differed in three MCF-7 variants from different laboratories, ultimately

influencing their sensitivity to TNF-a-induced apoptosis.

TNF-a has furthermore been associated with the development of drug resistance in in vitro and
in vivo MCF-7 models, by downregulating ER expression (Gunnarsdottir et al., 2020); or
upregulating efflux proteins (Alamolhodaei ef al., 2020). It has also been shown to promote
EMT in non-invasive MCF-7 cells and BC cell stemness (Dong et al., 2007; Liu et al., 2020a;
Storci et al., 2010). These BC stem cells display self-renewal capabilities and resistance to

chemo- and radiotherapies, and promote tumour relapse and metastasis (Liu et al., 2020a).

2.2.9.2. TNBC

The paradoxical effects of TNF-a have been shown by Qiao ef al., (2016), who reported TNF-
a to both induce apoptosis in BT549 cells and activate c-Jun signalling of anti-apoptotic genes
and genes associated with cell invasion. Weichhaus et al., (2011) observed an increase in the
proportion of MDA-MB-231 cells in the sub-G1 phase following TNF-a treatment, which was
suggested to indicate apoptosis induction, although no impact on proliferation was observed
following treatment. In contrast, several studies have reported resistance to sTNF-a-induced
cytotoxicity, NF-kB activation, and increased proliferation in TNBC cell lines in response to

TNF-a treatment (Cai et al., 2017; Geng et al., 2013; Mueller et al., 1996; Yan et al., 2009).

Increased TNF-a production has been reported in TNBC cell lines and tumour samples (Gong
et al., 2019; Hamaguchi et al., 2011; To et al., 2014; Yu et al., 2013). The cytokine has been
shown to induce EMT in BT549 and Hs578T cells, and upregulate the PI3K/Akt and
MAPK/ERK pathways (Qiao et al., 2015). These growth-promoting pathways have been
observed to be increased in TNBC and basal BCs compared to other BC subtypes (Hoeflich et
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al., 2009; Umemura et al., 2007). Lee et al., (2019a) found that TNF-a upregulates A20, a
ubiquitin-editing enzyme, in TNBC cell lines, leading to increased expression of inflammatory
and anti-apoptotic pathways, ultimately protecting TNBC cells from TNF-o-induced
cytotoxicity and promoting EMT, metastasis, and BC stem cells. TNF-a may also contribute
to treatment failure by promoting drug resistance (Liu et al., 2020c); or angiogenesis in
response to taxane treatment (Harris et al., 2018). Lim et al., (2016) also implicated TNF-a in
stabilising PD-1/PD-L1 interactions by inhibiting degradation of PD-L1, thus suppressing the

immune response against the tumour.

TNF-a has further been implicated in facilitating metastasis. Li et al., (2015) reported
metastasis in TNBC patients to be associated with -308 G>A SNP that increases TNF-a
expression. TNF-a stimulation has been reported to increase expression of pro-metastatic
cytokines, and promote migration and invasion of TNBC-stroma models (Liubomirski et al.,
2019). Geng et al., (2013) found TNF-a to induce aggregation of and upregulate the E-selectin
ligand CD44V4 in MDA-MB-231 cells. These characteristics facilitate interactions between
cancer cells and the surrounding inflamed endothelium, and ultimately promote extravasation
into the bloodstream and metastasis. Cell-secreted TNF-a has also been suggested to induce
expression of transforming growth factor-beta 2 in astrocytes, promoting metastasis of TNBC

cells to the brain (Gong et al., 2019).

Studies have shown the therapeutic potential of TNF-a targeting in TNBC using antibodies.
Hamaguchi et al., (2011) reported treatment with an anti-TNF-a antibody to suppress in vitro
migration and invasion, and in vivo metastasis of MDA-MB-231 cells. MDA-MB-231 have
also been found to display significantly higher levels of tmTNF-a, which has been implicated
in mediating resistance to sTNF-a through reverse signals that activate NF-xB (Yan et al.,
2009; Yu et al., 2013). Antibody targeting of tmTNF-a further induced tumour apoptosis in
MDA-MB-231 xenografts (Yu ef al., 2013). Tumour-targeted nanobodies have also inhibited
MDA-MB-231 migration and metastasis in vitro and in vivo (Ji et al., 2017, 2020). However,
antibody targeting may be inhibited by high levels of sTNF in the serum and tumour
microenvironment, which may bind the antibody and prevent it from reaching the tumour (Yu
et al., 2013). The use of anti-TNF-a antibodies is further inhibited by the risk of side effects,
such as potential infections (Lee et al., 2014). Targeting TNF-o. gene expression may thus
provide more effective inhibition. This may be achieved through the gene silencing process of

RNA interference (RNAI).
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2.3. The c-MYC oncogene

The development of cancer is multi-step process, involving multiple mutations in different
pathways controlling cell growth. Genes that promote transformation after gain-of-function
mutations are broadly classified as oncogenes (Zhu et al., 2015). Perhaps the most well-known
oncogene is c-MYC, identified in the 1970s following research into oncogenic animal
retroviruses. This research began in the early 1900s, with reports that certain chicken cancers
were transmissible via cell-free filtrates (Ellermann & Bang, 1909; Fujinami & Inamoto, 1914;
Rous, 1911; Rous & Murphy, 1914). Despite scepticism, these results were corroborated by
substantial research in the following decades that linked viral infection to mammalian cancers
(Javier & Butel, 2008). In the 1960s and 70s, several avian retroviruses with oncogenic activity
were isolated and found to carry an oncogene termed v-MYC (Conacci-Sorrell et al., 2014).
The cellular homologue ¢-MYC was subsequently identified and characterised (Sheiness &
Bishop, 1979; Vennstrom et al., 1982). The association between dysregulated c-MYC and
human cancers was shortly revealed by studies that reported c-MYC amplification in leukaemia
and colon cancer cell lines (Alitalo et al., 1983; Collins & Groudine, 1982); and gene

translocation in Burkitt’s lymphoma cells (Dalla-Favera ef al., 1982).

The similarity of the c-MYC protein to known TFs and the identification of specific c-MYC
DNA binding sequences within promoter regions led to its classification as a TF (Halazonetis
& Kandil, 1991; Kerkhoff et al., 1991). Several gene pathways, including those involved in
proliferation, cell cycle progression, and apoptosis, have since been identified as targets of c-

MYC regulation (Madden et al., 2021).

2.3.1. c-MYC gene structure

The structure of the untransformed human c-MYC oncogene was first described by Battey et
al., (1983). Located on the long arm of chromosome 8, at locus 8q24.21, it consists of three
exons and two introns (Figure 2.8) (Carabet et al., 2018; Chen et al., 2014). Exon 1 contains
regulatory elements, while exons 2 and 3 encode the protein sequence (Kubickova et al., 2023).
Transcription may begin from one of four promoters, designated PO, P1, P2, and P3; however,
the majority of transcripts (75 — 90%) originate from P2 (Wierstra & Alves, 2008).
Additionally, the locus contains two regulatory elements upstream of P1 and P2: the far
upstream sequence element, and the guanine-rich nuclease hypersensitivity element III 1,
which assume conformations that promote or repress c-MYC transcription (Carabet et al., 2018;

Chen et al., 2014).
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Figure 2.8: The structure of the c-MYC gene on chromosome 8 (Carabet et al., 2018).

2.3.2. ¢-MYC protein structure

Translation of the c-MYC mRNA may produce two full-length protein products depending on
the site of initiation. p67 is produced through translation from the CUG codon at the end of
exon 1, while translation of p64 is initiated at the AUG at the start of exon 2 (Blackwood et al.,
1994). Both proteins thus share the same sequence containing an N-terminal transactivation
domain (TAD), a central region, and a C-terminal DNA-binding domain (DBD), with p67
being slightly longer at the N-terminal (453 vs 439 AA). The p64 protein is, however,
considered to be the predominant c-MYC product responsible for its oncogenic activity (Ji et

al., 2016). Its structure is shown in Figure 2.9.
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Figure 2.9: The structure of the c-MYC protein containing six conserved MBs (Duffy et al.,
2021).

The ¢c-MYC protein contains 6 highly conserved regions called Myc boxes (MB), which
mediate protein-protein interactions and protein stability. Three - MB0, MBI, and MBII — are
located in the TAD. The MB0 and MBII boxes are required for transactivation, by mediating
interactions with transcription elongation factors and histone acetyltransferases (Kalkat et al.,
2018; Zhang et al., 2017). MBI contains the phosphodegron — residues that promote
ubiquitination and degradation once phosphorylated - as well as residues that stabilise the

protein upon phosphorylation (Arthur et al., 2023; Llombart & Mansour, 2022). The region
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between MBI and MBII additionally contains motifs that bind the TATA binding protein,

which is required for transcription initiation (Beaulieu et al., 2020; Wei et al., 2019)

The MBIIIA, MBIIIb, and MBIV boxes are located in the central region. MBIIIa and MBIIIb
regulate transcription. MBIIla represses transcription through recruitment of histone
deacetylases to the promoters of target genes (Kurland & Tansey, 2008); and may inhibit
transcription of proapoptotic genes (Herbst et al., 2005). MBIIIb facilitates interactions with
the chromatin cofactor WDRS, allowing binding of c-MYC to the DNA (Thomas et al., 2019).
MBIIIb also contains a 10 AA sequence that mediates c-MYC degradation independently of
ubiquitination (Gregory & Hann, 2000). The final MB, MBIV, modulates DNA binding
activity and interaction with transcription regulators (Cowling et al., 2006; Thomas et al.,
2016). The central region also contains two nuclear localisation signals (NLS) that facilitate

nuclear entry (Dang & Lee, 1988; Llombart & Mansour, 2022).

The CTD is the most widely studied component of c-MYC due to the presence of the DBD.
This domain is composed of a basic helix-loop-helix leucine zipper (bHLHZ) motif that
facilitates heterodimerisation with the MY C-associated factor X (MAX), which also contains
a bHLHZ motif (Blackwood & Eisenman, 1991; Yamashita et al., 2020). Homo- or
heterodimerisation is a prerequisite for DNA binding by bHLH family TFs (Littlewood &
Evan, 2023). The canonical enhancer box (E-box) sequence recognised by the MYC/MAX
dimer is 5'-CACGTG-3'; however, non-canonical sequences may also be bound when c-MYC

is overexpressed (Allevato et al., 2017).

Several small proteins may also be produced from the c-MYC gene. The mrtl and MycHex1
proteins are encoded by sequences upstream of and within exon 1, respectively. These proteins
have possible roles in translational regulation of c-MY C expression and DNA replication (Jang
et al., 2023; Ji et al., 2016). The c-MYC S protein has been implicated in regulating the
transcriptional activity of the p64 and p67, and may be capable of regulating cell proliferation

(Spotts et al., 1997; Xiao et al., 1998).

2.3.3. ¢-MYC as a transcription factor

c-MYC’s mechanism of action is contested: differing models propose it to either regulate the
expression of specific genes, or to non-specifically amplify the expression of all active genes
(Caforio et al., 2018). c-MYC transcription is induced by developmental signals or growth

factor stimulation (Miller et al., 2012). Following translation, the protein binds the

24



constitutively expressed MAX to form the MYC/MAX heterodimer, which binds the canonical
E-box. X-ray studies have shown heterodimerisation specificity to be controlled by two AA in
the bHLHZ domain, with sequence-specific DNA binding being mediated by three AA in the
basic regions of MYC and MAX that interact with four nucleotides within the E-box (Allevato
et al., 2017; Nair & Burley, 2003). Notably, the chromatin must be open in order for
MYC/MAX to bind, as evidenced by the presence of histone modifications associated with
active chromatin (Nie et al., 2012; See et al., 2022).

Following DNA binding, the complex recruits cofactors that facilitate transactivation or
repression. Some cofactors promote transcription initiation; for example, histone
acetyltransferases GCNS5 and TIP6, and ATPases open the chromatin; while the transcription
initiation factor TFIIIb activates RNA pol III (Hann, 2014). Associations with the positive
transcription elongation factor P-TEFb promote transcription elongation, or release paused
RNA pol II (Eberhardy & Farnham, 2002; Rahl & Young, 2014). Interactions with E3 ubiquitin
ligases, kinases, and acetyltransferases may introduce post-translational modifications that
improve c-MYC stability (Faiola ef al., 2005; Hann, 2014; Su et al., 2018). Conversely,
transcription may be repressed through interactions with histone methyltransferases and
deacetylases (Kurland & Tansey, 2008; Tu et al., 2018). Repression of growth arrest is also
mediated through binding and inhibition of the Myc-interacting zinc finger protein 1 Miz-1, a
protein that regulates cell cycle progression in response to antimitogenic signals (Scafuro et
al.,2021; Tu et al., 2018; Wiese et al., 2013). Through these numerous interactions, c-MYC

regulates the expression of hundreds of genes to ultimately promote cell growth (Figure 2.10).
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Figure 2.10: The cellular pathways regulated by c-MYC, including the factors that are
upregulated (up arrow) or downregulated (down arrow) by c-MYC (adapted from Kress et al.,
2015).
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2.3.4. Activation of c-MYC

In normal cells, c-MYC expression is highly regulated by TFs, epigenetic factors, miRNAs, and
post-translational modifications (Ahmadi ef al., 2021). Expression is low in quiescent cells,
increases during mitosis, and returns to basal levels thereafter (Elbadawy et al., 2019). c-MYC
activation is most commonly the result of mutations that lead to dysregulated expression, rather
than the result of coding sequence mutations producing an oncogenic protein (Das et al., 2023).
Activation leads to accumulation of ¢c-MYC in canonical promoter and enhancer regions, and
increased binding to non-canonical E-boxes; inducing continuous activation of growth-
promoting pathways (Allevato et al., 2017; Lin et al., 2012). Dysregulated c-MYC contributes
to all the hallmarks of cancer, directing cell proliferation and spread, metabolic reprogramming,
and genetic instability, while blocking immune detection and cell death mechanisms (Figure

2.11). The alterations which lead to increased c-MYC activity are described below.
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Figure 2.11: Dysregulated c-MYC expression induces transformation by upregulating cell proliferation
and survival pathways (green section), while preventing cell death or protective processes (red area)
(Dhanasekaran et al., 2021).

Several different types of alterations may lead to an increase in c-MYC transcription. c-MYC
amplification, or an increase in the gene copy number, is commonly observed in epithelial
tumours, and may correlate with tumour aggression (Ilic et al., 2011; Reyes-Gonzélez & Vivas-
Mejia, 2021; Schaub et al., 2018). Translocation may remove the c-MYC gene from the control
of its tightly-regulated promoter and place it under the control of highly-expressed promoters

with super-enhancer elements. This was first described in Burkitt’s lymphoma, where
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translocation moves c-MYC near immunoglobin gene super-enhancers on chromosomes 2, 22,
or 14; and is also common in other haematological cancers such as multiple myeloma
(Mikulasova et al., 2020; Schick et al., 2017). Alternatively, the c-MYC promoter or enhancer
regions may themselves be activated by SNPs that promote TF interactions (Pomerantz et al.,
2009; Sur et al., 2012); amplification (Zhang et al., 2016b); or epigenetic modifications such
as hypomethylation (Shi et al., 2013; Urbanek-Olejnik ef al., 2018).

c-MYC transcription may also increase in response to external factors, such as dysregulation of
the signalling pathways that control its expression. Aberrant expression of the Wnt/p-catenin,
PI3K/AKT, or oestrogen signalling pathways may upregulate c-MYC expression (Kalkat et al.,
2017; Rennoll & Yochum, 2015). Retroviral insertion may disrupt endogenous promoters or
lead to the production of viral oncoproteins, as observed in infection by the Human Papilloma
Virus (HPV). The main integration site of HPV is within the c-MYC locus, leading to
dysregulated c-MYC expression and ultimately cervical cancer growth (Pal & Kundu, 2020).

Mutations can also stabilise the normally unstable c-MYC mRNA and protein, leading to high
expression in the absence of increased transcription. The half-life of c-MYC mRNA (30 — 60
min) may be improved through the binding of the coding region determinant binding protein
(CRDBP) to a coding region instability determinant (CRD) in the mRNA, thus preventing
endonucleolytic cleavage (Lemm & Ross, 2002; Yu et al., 2020). CRDBP expression is
normally low or absent in adult tissues; however, overexpression leads to increased c-MYC
mRNA stability and transactivation (Fakhraldeen et al., 2015; Tomita et al., 2019). The
stability of the c-MYC protein, with a half-life of 20 — 30 min, may be increased through
suppression of factors that target it for degradation or upregulation of proteins that inhibit
degradation (Choi et al., 2010; Gu et al., 2017; Li et al., 2014). Although relatively rare, point
mutations impacting c-MYC stability have been described in lymphomas. These inhibit c-
MYC transcription of pro-apoptotic pathways, or proteolysis (Chakraborty et al., 2015;
Hemann et al., 2005). However, it has been suggested that most point mutations improve

cancer patient outcomes, by attenuating oncogenic c-MYC activity (Xu-Monette et al., 2016).

It is worth noting that c-MYC also promotes the transcription of pro-apoptotic genes. This
functions as a protective mechanism against the transformative effects c-MYC overexpression
(McMahon, 2014). Thus, tumourogenesis driven by ¢-MYC dysregulation can only occur in

conjunction with TSG loss and the activation of other oncogenes (Gabay et al., 2014).
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2.3.5. c-MYC dysregulation in BC

c-MYC is estimated to be aberrantly expressed in 30 - 50% of BC cases, where it has been
associated with increased tumour size and aggression, and poorer prognoses (Fallah et al.,

2017; Quet al.,2017). The effects of its overexpression vary among the different BC subtypes.

c-MYC overexpression in luminal BCs may be driven by oestrogen, which binds enhancer
elements upstream of c-MYC to induce its transcription, and stabilises the protein (Rehman et
al.,2022; Rodrik et al., 2006; Wang et al., 2011a). The importance of c-MYC in ER+ BC was
shown by reports that it regulates 50% of the genes activated by oestrogen in MCF-7 cells
(Musgrove et al., 2008). High ¢-MYC in luminal BCs has been associated with increased
activity of proteins involved in translation and protein synthesis (Green et al., 2016). This
activity is suggested to contribute to the development of endocrine resistance, as c-MYC
overexpression allows cancer cells to avoid the growth-inhibitory effects of endocrine therapies
(Saatci et al., 2021). Studies have also identified c-MYC gene signatures predictive of outcomes
in tamoxifen-treated BC patients: Musgrove et al., (2008) identified a gene expression
signature associated with cell growth; and Miller et al., (2011) reported a signature activated
in the low oestrogen conditions induced by endocrine therapy. c-MYC may further promote the
survival of endocrine-resistant cancer cells by altering their metabolism, increasing their uptake
of glutamine and glucose while allowing them to survive glucose deprivation (Shajahan-Haq

etal., 2014).

c-MYC amplification and expression has been observed to be increased in TNBC compared to
other BC subtypes, where it simulates the response to oestrogen in the absence of oestrogen
stimulation (Alles ef al., 2009; Katsuta et al., 2019; Tang et al., 2022). Aberrant c-MYC is
therefore considered to be a major driver of TNBC development and aggression. High c-MYC
has been correlated with increased activity of cell cycle proteins (Green ef al., 2016); improved
immune evasion (Zimmerli et al., 2022); and increased glucose metabolism (Shen et al., 2015).
c-MYC further contributes to TNBC recurrence and metastasis by promoting enrichment of
drug-resistant cancer stem cells, through activation of the MAPK pathway and induction of the
hypoxia inducible factor-1 (Gupta et al., 2017; Lee et al., 2017; Yang et al., 2017a). Yin et al.,
(2017) further showed c-MYC to differentially regulate stem cell and EMT changes in different
TNBC cell lines depending on the tumour biology. Studies have also reported an association
between c-MYC overexpression, BRCAI deficiency, and TNBC (Grushko et al., 2004; Ren et
al., 2013). BRCAI is a TSG that normally regulates c-MYC expression, and is suggested to be
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downregulated in approximately 50% of TNBC (Choi et al., 2023; Wang et al., 1998).
Annunziato et al., (2019) reported c-MYC to drive the growth of BRCA I-deficient TNBCs by

destabilising the genome, causing the loss of TSGs and amplification of oncogenes.

The suitability of ¢-MYC as a therapeutic target is demonstrated by the phenomenon of
oncogene addiction, whereby cancers become dependent on a particular oncogene despite the
accumulation of additional mutations that drive malignancy (Pagliarini et al., 2015). However,
several characteristics of c-MYC make it difficult to target. The protein has an intrinsically
disordered structure lacking motifs that can be targeted by typical small molecule drugs, and
its nuclear location means therapeutics must cross both the cell and nuclear membranes to
affect inhibition (Madden et al., 2021). Several small molecule drugs have nevertheless been
developed that target c-MYC either indirectly by preventing its transcription and reducing
protein stability, and directly by inhibiting MYC/MAX dimerization or transcription (Chen et
al., 2018; Masso-Vallés & Soucek, 2020; Poole et al., 2018). The difficulties faced in
developing ¢c-MYC inhibitors has driven research into inhibitors of ¢-MYC gene activity.

Similar to TNF-q, this may be achieved using RNAI techniques.

2.4. RNA interference

RNAIi is a sequence-specific gene silencing process in eukaryotes that regulates gene
expression at the post-transcriptional level (Kim & Rossi, 2008). Its discovery followed
observations of gene silencing in eukaryotes induced by gene and antisense ssRNA
transfection. Early experiments in plants, insects, and fungi, for example, reported knockdown
following transfection with both sense and antisense genes (Napoli et al., 1990; Pal-Bhadra et
al., 1997, Romano & Macino, 1992; Rothstein et al., 1987). This phenomenon was exploited
to study gene function in the nematode Caenorhabditis elegans by transfecting embryos with
antisense sSRNA, which was thought to bind its complementary mRNA and prevent translation
(Lin et al., 1995; Powell-Coffman et al., 1996; Rao & Sockanathan, 2005). However, studies
also reported the puzzling observation that sense RNA could similarly induce gene silencing
(Guo & Kemphues, 1995; Lin et al., 1995). This phenomenon was termed RNA interference
by Rocheleau et al., (1997), to differentiate it from antisense RNA-induced silencing. These
observations were explained by Fire ef al., (1998), who suggested that the ssSRNA used for
knockdown might contain small amounts of dSRNA due to the infidelity of the bacteriophage
RNA polymerases used to produce the ssSRNA. They further showed that dsSRNA induced

greater silencing of the unc-22 gene in C. elegans than either sense or antisense strand,
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identifying dsRNA as the trigger for RNAI. Later studies identified the RNAi machinery and

elucidated its mechanism (Setten et al., 2019).

RNAI is mediated by several classes of small, non-coding dsRNAs produced from cleavage of
longer dsRNA molecules. These include microRNAs (miRNA), small interfering RNAs
(siRNA), and PIWI-interacting RNAs (piRNA). Of these molecules, siRNA have been widely
investigated for cancer therapy. They are small molecules, ranging from 21-25 nt in length,
with 2 nt overhangs at the 3’-hydroxyl ends and 5’-phosphates (Olina et al., 2018). For
therapeutic use, siRNA are chemically synthesised to lengths between 15 and 30 nt, as dSRNA
molecules smaller than 15 nt do not induce RNAi while those longer than 30 nt trigger an
immune response (Alshaer ef al., 2021; Sajid et al., 2020). Conventional siRNA range from 21
to 23 nt (including the overhangs), with the antisense strand, or guide strand, bearing
complementarity to the target mRNA (Figure 2.12); however, longer siRNA of 25-30 nt have
been observed to show greater efficiency (Kim et al., 2005; Lam et al., 2015).

Figure 2.12: Schematic representation of a typical 21 nt siRNA molecule, consisting of a 19bp
duplex region and 2bp 3’-OH overhangs. The antisense strand (3° > 5’) acts as the guide sequence.

2.4.1. Mechanism of siRNA

RNAi-induced gene silencing is mediated by a multiprotein complex called the RNA-induced
silencing complex (RISC). The core of the RISC consists of the endonuclease Argonaute-2
(Ago-2), which is directed by the guide strand of the siRNA to cleave complementary mRNA.
Ago-2 consists of four domains: the N-terminal (N), PAZ, MID, and PIWI domains. PAZ and
MID mediate binding to the 3’ and 5° ends of the guide strand of the siRNA, respectively; the
N domain mediates siRNA unwinding and target binding; and PIWI domain cleaves RNA
(Kwak & Tomari, 2012; Miiller et al., 2020). Multiple additional proteins and chaperone

proteins have been reported to be involved in RISC assembly; however, the complete makeup
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of the mammalian RISC remains unknown (Naruse et al., 2018; Yi, 2018). The RISC is

assembled and activated in a two-stage process (Figure 2.13).

Figure 2.13: The siRNA-mediated RNAI process, leading to sequence-specific degradation of
complementary mRNA.

In the initiation phase, foreign or endogenous dsRNA molecules are cleaved into smaller
siRNA by the RNase III enzyme dicer (Olina et al., 2018; Smalheiser, 2012). Mammalian
genomes encode one dicer isoform, which processes dsRNA into approximately 20-23 nt
siRNA (Svobodova et al., 2016). Following cleavage, the siRNA are released and subsequently
rebound by the helicase domain of dicer (Noland ef al., 2011). Dicer is aided by the trans-
activation response RNA-binding protein (TRBP), which enhances dsRNA cleavage and
facilitates sensing of the asymmetry of the siRNA molecule (Chakravarthy et al., 2010; Lee et
al.,2013; Noland et al., 2011). This allows dicer to select the most appropriate siRNA to load
into the RISC in phase two. Conventional chemically synthesised siRNA bypass this cleavage
process, but may still be bound by the dicer helicase domain (Noland ef al., 2011; Sakurai et
al., 2011). Longer 25-30 nt siRNA, however, still require processing by dicer into smaller
molecules before entering the second phase (Kim ef al., 2005; Lam et al., 2015).
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The effector phase involves assembly of the RISC and knockdown of gene expression. The
first step in RISC assembly is mediated by TRBP, which recruits Ago-2 to the dicer-siRNA
complex to form the RISC-loading complex (RLC) and mediates transfer of the siRNA from
dicer to Ago-2 (Chendrimada et al., 2005; Wang et al., 2009). The guide strand is then selected
to direct knockdown. This selection process relies on the asymmetry of the siRNA molecule:
the strand with the less thermodynamically stable 5° end is chosen, and the complementary
passenger strand is cleaved by Ago-2 (Matranga et al., 2005). The siRNA duplex is
subsequently unwound by the Ago-2 N-terminal and the passenger strand is discarded (Kwak
& Tomari, 2012). The activated RISC is thus formed and is directed to the complementary
target mMRNA by the guide strand. Ago-2 then cleaves the mRNA between the 10" and 11%

nucleotide from the 5 end, preventing translation and silencing gene expression.

2.4.2. RNAi-mediated knockdown of TNF-a and c-MYC

TNF-o has been targeted for knockout using siRNA, miRNA, and short hairpin RNA (shRNA),
an artificial RNA molecule with a hairpin structure that also mediates RNAi. Knockout has
allowed for both investigations into its role in physiological processes, such as sleep regulation
(Taishi et al., 2007); and investigations of its potential as a therapeutic target in various diseases
and disorders in which inflammation plays a key role. These include rheumatoid arthritis (Lee
et al., 2014); pain (Ogawa et al., 2014; Wang et al., 2015); chronic obstructive pulmonary
disease (Lokras ef al., 2021); and some cancers, such as oral squamous cell carcinoma (Iulia

Irimie et al., 2015) and TNBC.

RNAi-mediated 7NF-o knockdown in TNBC cell lines has been shown to inhibit growth and
promote chemosensitivity. Pileczki et al., (2012) reported siRNA-mediated knockdown in
Hs578T to inhibit cell growth and induce apoptosis. TNF-a knockdown has also been reported
to synergise with knockdown of mutant p53 in Hs578T (Pileczki et al., 2016). shRNA
knockdown of tmTNF-o in MDA-MB-231 has been observed to inhibit cell growth and spread,
and restore chemosensitivity to doxorubicin (Zhang et al., 2018c). Studies have also targeted
dysregulated miRNA that normally function to regulate cytokine production. The miRNA miR-
509 has been suggested to indirectly regulate TNF-a secretion by Hs578T and MDA-MB-231
cells, and has been reported to be downregulated in BC, particularly in TNBC and in brain
metastases (Xing et al., 2015; Zhang et al., 2016a). Overexpression of miR-509 was observed

to suppress TNF-a secretion, thus reducing the incidence of brain metastases in in vivo models.
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The prevalence of c-MYC dysregulation in BC has also made it a popular target for RNAi
therapies targeting both HR+ and TNBC. ¢-MYC knockdown has been shown to inhibit cancer
cell growth and motility, and sensitise cells to cell death processes. Studies have indirectly
targeted c-MYC by inhibiting upstream and downstream factors regulating c-MYC expression
(Liu et al., 2014; Zhang et al., 2021a). Direct knockdown using siRNA and shRNA has also
been reported in vitro in MCF-7 and MDA-MB-231 cell lines and in in vivo BC models
(Daniels & Singh, 2019; Imani et al., 2018; Li et al., 2017b; Tangudu et al., 2015; Yang et al.,
2016). Initial studies by Wang et al., (2005) reported c-MYC knockdown to inhibit the growth
of HR+ MCF-7 cells and BC tumours in vivo. Treated cells further showed reduced
transforming abilities, as evidence by their reduced colony-forming abilities in a soft agar
assay, and increased sensitivity to apoptosis in response to nutrient depletion. Habib et al.,
(2021) observed knockdown to reduce MCF-7 cell viability through apoptosis induction and
inhibit cell motility in a wound healing assay. Dual delivery of anti-c-MYC and anti-STAT3
siRNA has also been shown to reduce the colony-forming abilities of MDA-MB-231 cells
(Bjorge et al., 2017).

2.4.3. Challenges to siRNA therapy

2.4.3.1. Off-target effects

siRNA were initially thought to be highly specific; however, they may induce off-target effects
that reduce silencing efficiency and cause unwanted toxicity. siRNA can tolerate mismatches
(Angart et al., 2013); or bind unintended targets through the miRNA-like effect, where the seed
region mediates binding to the 3’ untranslated region (UTR) of unintended mRNA, similar to
the targeting mechanism utilised by miRNA (Figure 2.14) (Jackson et al., 2006; Kamola et al.,
2015). This effect notably allows siRNA to silence multiple genes, as the seed sequence is not
specific (Queébatte & Dehio, 2017). High concentrations of exogenous siRNA, which saturate
the RNAi1 machinery, may also induce off-target effects by interfering with cellular gene

regulation by endogenous miRNA (Grimm, 2011).

Off-target activity may be reduced through chemical modification of the seed sequence to
destabilise seed-mediated binding; by lowering siRNA concentration; or by pooling multiple

siRNA that target different regions of the same mRNA but individually display different off-
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targets. This dilutes the off-target effects of the individual siRNA without interfering with on-
target activity (Lam et al., 2015; Neumeier & Meister, 2021).
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Figure 2.14: siRNA may induce on- or off-target effects. On-target effects result from complete
binding of the guide strand to the complementary target mRNA. Off-target effects are most often
mediated by the miRNA-like effect, where the seed sequence at the 5’ end of the siRNA binds to
the 3> UTR of unintended mRNA (Québatte and Dehio, 2017).

2.4.3.2. Barriers to siRNA delivery

The therapeutic efficacy of siRNA is dependent on its ability to reach the cytoplasm of the
target cells with minimal biodegradation. However, systemic and local delivery of siRNA faces
several challenges. Naked siRNA is highly susceptible to nuclease degradation and clearance
by the mononuclear phagocytic system (MPS), and its small size predisposes it to removal by
the kidneys (Sajid et al., 2020). siRNA has thus been observed to display a very short half-life
in systemic circulation, ranging from minutes to half an hour (Huang et al., 2016). siRNA may
also induce an immune response by activating toll-like receptors in a sequence-specific manner,
or by stimulating cytoplasmic RNA sensor proteins that normally protect cells from viral RNA
invasion (Meng & Lu, 2017). Cellular uptake is further inhibited by the large molecular weight,
and anionic and hydrophilic nature of the oligonucleotide; and the inability of siRNA to escape

the endosome into the cytoplasm where it mediates gene silencing (Tambe ef al., 2016).

Some of these challenges, such as siRNA’s poor stability in circulation and immune induction,
may be reduced through chemical modification of the siRNA molecule. Chemically-modified
siRNA may still, however, face difficulties remaining in circulation (Sarisozen et al., 2015).
Alternatively, siRNA may be conjugated with delivery vectors, which protection from

degradation, extend circulation time, and enhance cellular uptake.
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2.5. Vectors for siRNA delivery

The ideal vector for siRNA delivery should be able to overcome the barriers to transfection
faced by naked siRNA 1.e., they should be able to evade circulating serum nucleases and MPS
cells; avoid renal clearance; promote cellular uptake by the target cells; and enhance endosomal
escape. They should also be non-toxic, biodegradable to prevent toxic accumulation, and non-
immunogenic (Singh et al., 2018a). Vectors used for siRNA delivery are broadly categorised
as viral and non-viral. Viral vectors show efficient transfection but are limited by their potential
toxicity. Much research has thus focussed on developing non-viral vectors for efficient and

safe siRNA delivery.

2.5.1. Viral vectors

Viral vectors have had their pathogenic genes removed, and retain only the genes required for
cell entry and transgene expression (Lentz ef a/., 2012). Among the most commonly used viral
vectors are those developed using adenoviruses; adeno-associated viruses (AAVs);
retroviruses; and lentiviruses, a subclass of retrovirus. Their properties are shown in Table 2.4

(Herrera-Carrillo ef al., 2017; Marquez ef al., 2018; Ricobaraza et al., 2020).

Table 2.4: Characteristics of commonly used viral vectors for siRNA delivery.

Adenoviruses AAV Retroviruses Lentiviruses
Genome dsRNA ssDNA ssSRNA sSRNA
Packaging Max 37 kbp in 4.7 kbp 8 kbp 8 kbp
capacity “gutless” vectors
with all viral genes
removed
Applicable  Dividing and non- Dividing and non- Dividing cells only Dividing and non-
cell types dividing cells dividing cells dividing cells
Advantages  High transfection = Low pathogenicity Low Modifiable
efficiency: low immunogenicity tropism: low
risk of integration immunogenicity
Drawbacks Highly Difficult Risk of insertional ~ Risk of insertional
immunogenic production; helper mutagenesis mutagenesis

virus required for
replication

2.5.2. Non-viral vectors

2.5.2.1. Lipid nanoparticles

Lipid-based systems facilitate delivery of hydrophobic, hydrophilic, and lipophilic drugs, and

allow for controlled and sustained drug release (Ghasemiyeh & Mohammadi-Samani, 2018).
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The lipid components are biocompatible and biodegradable, and can be easily modified to
display stabilising and targeting compounds (Garcia-Pinel ef al., 2019). These advantageous

characteristics have led to their extensive use as delivery vectors.

Liposomes are currently the most widely studied lipid NPs. Conventional liposomes are
composed of membrane phospholipids with hydrophobic fatty acid tails bonded to a
hydrophilic phosphate-containing head group; however, their neutral charge inhibits
interactions with charged compounds (Barba et al., 2019). The inclusion of cationic lipids with
amine-containing head groups promotes interactions with negative cell membrane components
and drugs (Zhi et al., 2013). Helper lipids such as cholesterol are also included to improve

stability (Cheng & Lee, 2016).

2.5.2.2. Polymeric nanoparticles

Cationic polymers have seen extensive use as vectors on their own and as coatings on inorganic
nanoparticles to confer a positive charge that promotes nucleic acid binding and cellular uptake.
These polymers bear positive charges due to the presence of primary, secondary, tertiary and/or
quarternary amines in their structure (Eliyahu et al., 2005). Polymeric nanoparticles can be
cheaply synthesised and easily scaled up for industrial production, although some polymers are
limited by a low transfection efficiency and/or high cytotoxicity (Shi et al., 2017). Cationic
polymers used for gene delivery are broadly categorised as natural or synthetic. The most
popular synthetic polymer, polyethyleneimine (PEI), displays a high transfection efficiency
and charge density (Hajifathaliha er al., 2020). Unmodified PEI is, however, limited by its
cytotoxicity, as it is non-biodegradable and the high charge density disrupts cell membranes

(Taranejoo et al., 2016).

Many natural polymers, such as polysaccharides and polypeptides, are biodegradable and
biocompatible. However, they are limited by their potential immunogenicity and variable
synthesis, as it may be difficult to achieve consistent breakdown of compounds to produce
uniform batches (Chocholata et al., 2019; Raveendran et al., 2017). The most widely used
natural polymer, chitosan (CS), is non-toxic, non-immunogenic, and biodegradable by
chitonase enzymes (Mukhopadhyay et al., 2015). It is composed of repeating N-acetyl-D-
glucosamine and D-glucosamine units linked by B-(1-4)-glycosidic bonds, obtained through
deacetylation of chitin. The primary amine groups of the D-glucosamine units are protonated

at weakly acidic and neutral pH, giving CS a positive charge that facilitates complex formation
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(Dadou et al., 2017). While CS is popular, its use is limited by its low transfection efficiency
and low charge density at physiological pH, which reduces stability and promotes aggregation

(Sami El-banna et al., 2019).

2.5.2.3. Gold nanoparticles

Gold nanoparticles (AuNP) display many unique optical and physiochemical properties that
facilitate their use as imaging agents, biosensors, and vectors. Among their attractive properties
are their small size, and facile synthesis and functionalisation. Their highly tunable synthesis
allows for modification of NP size and shape to optimise characteristics for therapy. Moreover,
the ability of gold nanomaterials to convert absorbed light energy into heat following
irradiation with near infrared light, leading to thermal ablation of surrounding tumour tissue,
permits their use as photothermal therapy agents (Moon et al., 2018). AuNP of varying shapes

and sizes have shown potential for cancer therapy.

Spherical gold nanoparticles (AuNP) are among the most popular NP for gene and drug
delivery. Their unique optical properties include their localised surface plasmon resonance
(LSPR), the phenomenon where free electrons on the NP surface collectively oscillate in
response to light exposure. The electrons absorb and scatter light energy, facilitating the use of
AuNP as imaging agents (Singh ef al., 2018b). AuNP are most commonly synthesised using
the citrate reduction method, in which chloroauric acid (HAuCls) is reduced by trisodium
citrate, to produce citrate-capped AuNP of 10—20 nm in diameter and with a net negative charge
(Elahi et al., 2018; Turkevich et al., 1951). This method can be easily modified by varying the
ratios of reagents to produce AuNP of 15 - 150 nm in diameter (Frens, 1973).

2.6. Gold nanoclusters

Nanoparticles are generally defined as having a core diameter of greater than 3 nm, with
particles smaller than 3 nm termed nanoclusters (Yau ef al., 2013). These ultrasmall NP are
composed of only a few to hundreds of atoms. This small size imparts them with characteristics
unique from conventional metal NPs; most notably, NC display unique optical properties, such
as strong photoluminescence, that facilitate their use as imaging agents (Kaur et al., 2018).
Compared to conventional fluorophores such as dyes and quantum dots containing heavy
metals, NC display good photostability, resistance to photobleaching, low toxicity, tunable

emission wavelengths, and a large Stokes shift reducing crosstalk between the emission and

37



excitation wavelengths (Gao et al., 2017; Li et al., 2017a; Yang et al., 2020). A variety of
metals have been used to synthesise NC, including noble and transition metals. Gold

nanoclusters (AuNC) are among the most widely studied.

2.6.1. Optical characteristics of AuNC

AuNC are differentiated from AuNP by their lack of LSPR and strong fluorescence, and have
thus been widely studied as sensors and cellular imaging agents (Liu ef al., 2010; Selvaprakash
& Chen, 2014; Zhang et al., 2015a, 2013). These different optical properties result from
differences in their electronic structures, and have been explained using the free electron model
(Figure 2.15). This model states that the valence electrons in metals are delocalised and can
move freely due to inner electrons shielding their interaction with the nucleus (Zheng et al.,
2007). The LSPR effect is strongly dependent on NP size and free electron density (Nan et al.,
2018). AuNP contain a high density of electrons, leading to the overlap of the valence band,
containing the outermost electrons, with the conduction band, the empty energy band into
which electrons move when they are excited (Figure 2.15A). As a result, the free valence
electrons are able to occupy the conduction band, and collectively oscillate in response to light
energy to produce the LSPR effect (Zhang & Wang, 2014). These optical properties disappear
as NP size decreases to approximately 2 nm — the critical size at which AuNP become AuNC
and begin to display molecular-like properties (Jin, 2010). At this small size and atom number,
AuNC display fewer free electrons and an electronic structure similar to that of atoms, where
electrons are confined to discrete energy levels rather than occupying a continuous band of
energy levels as for NP (Figure 2.15B) (Huang ef al., 2018; Zheng et al., 2004). The free
electrons in AuNC are thus unable to collectively oscillate to produce LSPR (Diez & Ras,
2010). Fluorescence instead results from the movement of single electrons from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) —
called the HOMO-LUMO transition (Huang et al., 2018; Qian et al., 2012).
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Figure 2.15: NCs display a similar electronic structure to atoms. (A) The energy band structure
of AuNP is continuous, as the high density of atoms leads to overlap of the valence and
conduction bands. (B) AuNC display quantum confinement effects, where electrons are confined
to discrete bands — a similar electronic structure to that of atoms (C) (Liu & Corma, 2018).

The optical properties of AuNC are highly dependent on the cluster size and capping ligand.
Alteration of these factors allows for the synthesis of AuNC that emit light at various
wavelengths in the visible and near-infrared regions upon excitation. Size-dependent
fluorescence, shown in Figure 2.16A, has been explained using the spherical jellium model,
which describes the movement of free electrons around atomic clusters. The model predicts
that the transition energy required for an electron to move between energy levels decreases as
cluster size increases; thus, larger NC cluster sizes emit less light energy and longer
wavelengths than smaller NCs (Kawasaki ef al., 2011; Zheng et al., 2004). The importance of
the ligand 1n promoting fluorescence has been shown by Londofo-Larrea et al., (2017), who
observed that addition of various ligands to non-luminescent naked AuNC produced
luminescence. Multiple studies have also reported differing emission wavelengths or intensities
for AuNC synthesised with different capping agents or ratios of capping agent (Lin et a/., 2010,
2018; Liu et al., 2013a, 2016) (Figure 2.16B). Wu and Jin, (2010) found that the presence of
electron rich atoms or groups, such as COOH or NHb, in ligands can enhance fluorescence, as
these groups can donate delocalised electrons to the metal core either directly or via gold-
sulphur bonds - a phenomenon termed ligand-to-metal charge transfer or ligand-to-
metal—metal charge transfer, which includes interactions between Au atoms. Encapsulation of
AuNC by bulky or large compounds may also enhance fluorescence intensity by restricting the

movement of capping ligands and preventing excited electrons from returning to the ground
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state by non-radioactive decay, which releases less energy than radioactive decay (Goswami ef

al., 2016; Pyo et al., 2015).

A) AUQ5 AU13 AU8,AU5

| e -
Figure 2.16: AuNC fluorescence is dependent on the (A) size and (B) ligand. A) Smaller AuNC
clusters emit shorter wavelengths of light, as shown by pepsin-Auss, Aujs, and Aug and Aus
clusters emitting red, green, and blue light, respectively (Kawasaki ef al., 2011): B) Different
emissions by AuNC coated with a) PEI, b) and c¢) mercaptoundecanoic acid, and d) dihydrogen
lipoic acid (Lin ef al., 2010).

2.6.2. Synthesis of AuNC

The dependence of AuNC luminescence on the ligand and core size necessitates highly
controlled synthesis procedures. Synthesis methods can be broadly grouped into top-down
methods, which decompose AuNP into AuNC, and bottom-up methods, which reduce gold
1ons through various mechanisms to produce AuNC (Zheng et a/., 2017). In addition to strongly
influencing luminescence, capping ligands are required to stabilise AuNC and prevent
aggregation into AuNP (Zheng et al., 2017). Compounds containing thiol, amine, or carboxyl
functional groups, or nucleotides are often used due to their ability to bind gold (Bano et al.,

2015; Halawa et al., 2018; Kennedy et al., 2012).

Both large ligands, such as proteins and polymers that act as templates for AuNC formation,
and small molecules, such as peptides that form monolayers coating the AuNC surface, have
been used. Thiol-containing compounds are popular capping ligands due to the strong bond
formed between sulphur and gold, and thiol-AuNC are often denoted Au,SRym, where n and m
represent the number of gold atoms and thiol ligands, respectively (Jin, 2010). The reduced
form of glutathione (GSH), a tripeptide antioxidant naturally present in the cytoplasm, is
commonly used to produce biocompatible and easily-functionalised AuNC (Ding ef al., 2014).
GSH monolayer coatings are thought to control AuNC size during synthesis, as the bulky
nature of the ligand prevents the core size from becoming too large, and protect AuNC from

serum protein adsorption and clearance by the liver (Schaaff ef a/., 1998; Zhou ef al., 2011).
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2.6.2.1. Bottom-up methods

Bottom-up methods involve reduction of Au(III) ions in chloroauric acid (HAuCls) to Au(0) in
the presence of a capping ligands. Reduction of HAuCl4 has been achieved through irradiation
with UV light (Li et al., 2013; Zhang et al., 2012a); treatment with electric currents (Santiago
Gonzélez et al.,2010); and in vivo in cancer cells (Wang et al., 2013). However, methods which
utilise chemical reducing agents are the most common. Chemicals such as sodium borohydride
(NaBHa4) or citrate are often used; however, green methods which do not require additional

reducing agents have been developed.

Early methods for the synthesis of thiol-protected AuNC utilised reducing agents such as
NaBHs and modified the Brust-Schiffrin method originally developed for AuNP synthesis
(Halawa et al., 2018; Jin, 2010). The original two-phase system uses phase-exchange agents to
transfer AuCly from aqueous HAuCls to an organic solvent, where the Au(Ill) ions are initially
reduced by thiols to form Au(I)-thiolate complexes that are subsequently reduced by NaBH4 to
Au(0) (Booth ef al., 2017; Chen et al., 2020). However, these AuNC displayed low quantum
yields (QY) — a measure of how efficiently absorbed light is emitted - due to the presence of
poorly luminescent short Au(I)-thiolate motifs on the AuNC surface (Luo et al., 2012).

To overcome the issue of poor luminescence, Luo et al., (2012) exploited the phenomenon of
Aggregation Induced Emission (AIE), where non-luminescent Au(I)-thiolate complexes
become luminescent upon aggregation. Using GSH as both the reducing and capping agent,
AuNC with a core-shell Au(0)@Au(I)—thiolate structure were synthesised. AuNC synthesis
was proposed to occur in three stages. Initially, Au(Ill) ions are reduced to Au(I) by GSH.
These Au(I) may then react with the thiol group in GSH to form Au(I)-thiolate complexes or
may form non-thiolate complexes through interactions with the carboxyl group of GSH or CI°
ions. In the second stage, heating of the solution to 70 °C selectively reduces Au(I)-non-thiolate
complexes to Au(0), which bind Au(I)-thiolate complexes. The resulting Au(0)-on-Au(l)-
thiolate complexes finally undergo controlled aggregation to form Au(0)@Au(I)—thiolate NC
composed of an Au(0) core capped with shell of highly luminescent Au(I)-thiolate oligomers.
In contrast to earlier methods, the AIE method is eco-friendly, requires no additional reducing
agents, and produces biocompatible AuNCs with a relatively high QY, facilitating their use as
probes (Figure 2.17) (Luo et al., 2012).
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Figure 2.17: Comparison of the structures of conventional AuNC and Au(0)Au(I)-thiolate
AuNC. Conventional AuNC, which display poor QY, are coated with short Au(I)-thiolate
complexes, while highly-luminescent Au(0)Au(I)-thiolate AuNC are coated with longer Au(I)-
thiolate complexes (Luo ef al., 2012).

2.6.2.2. Top-down methods

Top-down methods include chemical etching, which uses excess ligand to reduce the size of
larger AuNP into AuNC by removing gold atoms from the NP core. Various ligands have
shown use as etchants, including thiol-containing compounds (Muhammed ef al., 2008, 2010);
and polymers (Duan & Nie, 2007). Muhammed et al., (2008) proposed two possible
mechanisms for the etching process following etching of mercaptosuccinic acid-capped AuNP
with GSH to produce AuNC. The GSH was suggested to interact with surface gold atoms to
form Au(I)-thiolate complexes, thus reducing the size of the AuNP into AuNC. Alternatively,

the Au(I)-thiolate complexes may interact with each other to form AuNC.

2.6.3. Cytotoxicity and clearance of AuNC

NP vectors should ideally display low toxicity and efficient clearance from the body. Gold is
inert and gold nanomaterials are thus generally considered to be biocompatible. However,

contradictory results have been obtained regarding their safety. As with the luminescence
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abilities, the potential adverse effects of AuNC administration have been observed to be

influenced by their core size and capping ligand.

AuNC coated with bovine serum albumin (BSA), GSH, and various other peptides and
polymers have been widely reported to be non-toxic in both cancerous and normal cell lines
(Duan et al., 2018; Escudero-Francos et al., 2017; Li et al., 2018b; Tay et al., 2014; Zhao et
al., 2014). However, size-dependent cytotoxicity has been reported by Pan et al., (2007) and
Tsoli et al., (2005), who observed cytotoxicity of 1.4 nm AuNC due to their ability to bind the
major groove of DNA. BSA- and GSH-AuNC have been reported to induce adverse immune
responses, and kidney and liver damage in vivo in mice; however, this damage was recoverable
for mice treated with GSH-AuNC (Zhang et al., 2012b). Several studies have also reported that
AuNC can induce ROS generation, although conflicting results have been obtained regarding
the toxicity of the increased ROS. Tay ef al., (2014) suggested that increased ROS in non-
cancerous colon NCM460 cells following treatment with mercaptopropionic acid (MPA)-
capped AuNC promoted proliferation by upregulating growth promoting pathways. In contrast,
AuNC-induced ROS generation has been reported to induce dose- and time-dependent toxicity
in normal and cancer cell lines (Dong ef al., 2015; Yang et al., 2014b; Zhao et al., 2014). These
contradictory results may result from differences in cell types, AuNC characteristics, and study

design and dosage.

NP clearance from circulation is mediated by the kidneys, which removes those smaller than
<5 nm, and the liver and spleen, which clears larger particles (Blanco et al., 2015). However,
this 1s not always observed experimentally. BSA- and TPPMS-AuNC, for example, have been
found to accumulate primarily in the liver; while GSH- and tiopronin-AuNC are primarily
taken up by the kidneys (Escudero-Francos et al., 2017; Huo et al., 2017; Semmler-Behnke et
al., 2008; Zhang et al., 2012b). These differences may result from ligand-specific interactions
with the organs, or differences in plasma stability: GSH has been suggested to resist protein
interactions, and GSH-AuNC may thus be more protected against aggregation induced by
opsonisation (Zhou et al., 2011). However, the long-term toxicity of GSH-AuNC may still be
of concern despite their renal clearance. Zhang et al., (2015b) reported efficient renal clearance
of GSH-AuNC within 30 days in mice; however, AuNC were observed to be stored and slowly
released by muscle tissue, leading to a resurgence of AuNC in the blood that induced slight

toxicity.
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2.6.4. AuNC as nucleic acid delivery agents

The delivery of nucleic acids requires the vector to bear a net positive charge, which facilitates
interactions with anionic phosphate groups on the nucleic acid backbone. This may be achieved
by synthesising AuNC with cationic ligands. For example, AuNC capped with the positive
oligopeptides have been shown capable of assembling with DNA and RNA (Wang et al.,
2019); and of delivering siRNA for the knockdown of nerve growth factors in pancreatic cancer
(Lei et al., 2017). Plasmid delivery has also been achieved using AuNC synthesised using PEI
(Tao et al., 2013); and PEI functionalised with sulthydryl groups (PEI-SH) that allow for
binding to the AuNC (Sun et al., 2018). Alternatively, AuNC may be synthesised with anionic
capping agents, such as GSH, and thereafter coated with cationic polymers to facilitate their

use as vectors.

2.7. Overcoming barriers to transfection

Vectors face several barriers to transfection following systemic administration. These include,
removal from circulation by the MPS, degradation by circulating nucleases, efficient uptake by
the target cells, and escape from the endosome. Viral vectors display high transfection
efficiencies in part because they have evolved mechanisms of overcoming these barriers. Non-
viral vectors are unable to overcome these barriers themselves as viral vectors can, and thus

require functionalisation with various ligands that aid in circumventing them.

2.7.1. Avoiding removal from circulation

To increase their uptake by the target tissue and ensure therapeutically active concentrations,
NC vectors should ideally display a long circulation half-life (Jokerst et al., 2011; Prencipe et
al., 2009). However, while in the bloodstream, NC face removal by the MPS and conditions
that may destabilise them. Circulating nucleases and proteases can degrade the therapeutic
payload, and serum components, including proteins and other biomolecules such as lipids, may
interact with the NC surface to form a coating called the corona (Corbo et al., 2016). A large
portion of the corona is composed of plasma proteins called opsonins, including complement
proteins, immunoglobins, and coagulation factors, that facilitate recognition and phagocytosis
by macrophages (Figure 2.18) (Zanganeh et al., 2016). This process — called opsonisation — is
vital for recognising and removing pathogens from the bloodstream; however, it may also

significantly reduce the circulation times of vectors. NP with cationic or hydrophobic surfaces
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have been observed to interact strongly with opsonins, leading to rapid elimination from

circulation (Furtado et al., 2018; Ogawara et al., 2001).
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Figure 2.18: The process of opsonisation, which leads to phagocytosis of the vector (Hillaireau
& Couvreur, 2009)

In addition to opsonisation, vectors may also aggregate due to protein adsorption or reduced
stability in the bloodstream, leading to their removal from circulation. The stability of charged
NP is dependent on electrostatic repulsion mediated by the EDL, which prevent attractive van
der Waals (vdW) forces from inducing aggregation. However, in high ionic strength solutions
such as blood, the EDL is neutralised, leading to increased vdW interactions and aggregation

(Muraleetharan et al., 2019).

As-synthesised AuNC zwitterionic and GSH-AuNC have been reported to display low
circulation half-lives, ranging from 1.2 to 6.5 min (Le Guével et al., 2018; Zhou et al., 2012).
This may potentially be due to rapid uptake by tissue and efficient renal clearance rather than
opsonisation, as the resistance of some AuNC, particularly GSH-AuNC, to serum protein
adsorption has been reported (Porret et al., 2020; Zhou et al., 2011). Opsonisation and
aggregation may, however, still present an issue to cationic polymer-encapsulated AuNC due
to their larger size and attractive charge. For example, Duan et al., (2018) attributed the
significant liver uptake of CS-AuNC to clearance by the MPS. The addition of poly(ethylene
glycol) (PEG) polymers to the surface of vectors is the most common means of preventing

opsonisation and aggregation, and improving circulation time.
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2.7.1.1. PEGylation

PEG is a neutral, hydrophilic polymer composed of varying numbers of repeating ethylene
glycol units. Several mechanisms have been proposed to explain PEG’s ability to prevent
opsonisation and aggregation. These include a reduction in the surface charge and
hydrophobicity upon PEGylation, thus reducing the attraction between opsonins and the NP
surface (Howard et al., 2008). The long PEG chains may also sterically hinder NP-NP and NP-
protein interactions, or trap water molecules to create a hydration layer that inhibits interactions
(van Vlerken et al., 2007). The most widely-accepted theory states that the PEG chains assume
an open and extended conformation in solution. When serum components attempt to bind the
NP, they compress the PEG chains and force them into a higher energy conformation that repels
the interaction (Jeon et al., 1991). By maintaining the stability of the vector during circulation,
PEG prevents removal by the MPS and increases circulation time. For small AuNC,
PEGylation may also increase circulation time by reducing renal clearance. This ultimately
promotes tumour targeting via the enhanced permeability and retention (EPR) effect — where
vectors accumulate in tumours due to their leaky vasculature. This principle has been shown
by Liu et al., (2013b), who observed a significantly longer circulation half-life for PEG-AuNC
(56.1 min) than GSH-AuNC (5.4 min), leading to a higher tumour-targeting efficiency.

Higher MW PEG chains with longer lengths have been observed to provide greater protection
against opsonisation (Cui et al., 2015; Fang et al., 2006). Lower MW PEG chains with shorter
lengths are effective at very high grafting densities (Yang et al., 2014a). PEG chains assume
different conformations depending on the grafting density (Figure 2.19). At lower grafting
densities, the chains display a “mushroom” conformation, as they have space to coil, while at
higher grafting densities, a “brush” conformation is assumed where the PEG chains are unable
to coil and instead extend outwards from the vector surface. Generally, higher densities with
the brush conformation improve circulation times, as there is less space between the PEG
chains for protein binding (Shalgunov et al., 2017; Yang et al., 2014a). However, the optimal
grafting density may differ for different PEG MW and different serum proteins (Gref ef al.,
2000).
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(a) (b)
Figure 2.19: PEG assumes a (a) mushroom conformation at low grafting densities and (b) a
brush conformation at high grafting densities (Fam et al., 2020).

While PEGylation can significantly improve circulation times, it has also been observed to
reduce the efficiency of delivery (Mishra et al., 2004). This phenomenon is known as the PEG
dilemma, where the features of PEG that prevent opsonisation and aggregation also reduce
cellular uptake by inhibiting interactions with cell membranes and interfering with endosomal
escape (Fang et al., 2017; Hatakeyama et al., 2013). Optimisation of the PEG grafting density
and MW is thus required to ensure protection while also allowing efficient uptake. Moreover,
studies have suggested that exposure to PEGylated NPs may lead to the generation of anti-PEG
antibodies that may reduce the efficacy of PEGylated therapeutics, as they are recognised and
cleared by the MPS (Moreno et al., 2019; Thi et al., 2020). Several strategies to overcome these
issue have been investigated, such as acid-labile PEG polymers that are removed from the
vector in the acidic TME, thus avoiding the PEG dilemma; and alternative natural and synthetic
polymers with lower immunogenicity to avoid adverse immunogenic reactions (Fang et al.,

2017; Thi et al., 2020). Nevertheless, PEG remains widely used as a steric stabiliser.

2.7.2. Cellular uptake

The physical characteristics of the NP, such as size, shape, surface charge, and capping ligand,
influence interactions with the cell membrane and determine the mechanism of cellular uptake.
The cell membrane is a phospholipid bilayer, which contains other lipids such as cholesterol in
addition to phospholipids, and membrane proteins (Cooper, 2000). The external domains of
some lipids and most proteins are modified through the addition of anionic oligosaccharides or

glycans, forming glycolipids and glycoproteins (Cruz-Chu et al., 2014; Mockl, 2020). These
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glycosylated regions, together with free glycans, form a negatively-charged carbohydrate
coating around the bilayer called the glycocalyx (Mockl, 2020). Particles that cannot diffuse
through the lipid bilayer may instead be taken up by various endocytic pathways, in which the
membrane invaginates to form a vesicle called an endosome (Figure 2.20). The choice of

pathway 1s dependent on both the vector’s characteristics and the cell type.
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Figure 2.20: The various endocytic pathways facilitating entry into cells (Chou ez al., 2011).

The net surface charge of non-malignant cells 1s neutral or slightly positive due to the presence
of zwitterionic phospholipids; however, cancer cells display a net negative charge due to
enrichment with anionic phospholipids, increased glycosylation, and secretion of lactate anions
produced by the malignant cells’ abnormal metabolism (Chandra ef al., 2013; Kang et al.,
2018; Le et al., 2019). NP with cationic surface charges thus generally show faster or increased
uptake compared to anionic and neutral NP (Boyles ef al., 2015; Chen ef al., 2011; Ge ef al.,
2009). In addition to their ability to strongly interact with anionic cell membranes, Fleischer
and Payne, (2012) suggested that the uptake of cationic NP may be enhanced by binding of
anionic serum proteins that facilitate uptake by receptor-mediated endocytosis. Anionic NP
may interact with cationic domains within the membrane to facilitate uptake, or they may be
functionalised with cationic polymers. GSH-AuNC encapsulated with the cationic polymers
glycol chitosan and poly(allyl amine hydrochloride), for example, have shown increased uptake
compared to the anionic uncoated GSH-AuNC (Yahia-Ammar ef al., 2016; Zhu et al., 2019).
However, the increased cellular uptake observed for cationic NP in vitro may not be observed

in vivo due to the increased interaction of cationic NP with opsonins - Wang et al., (2016)
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observed increased tumour uptake of anionic AuNC compared to cationic AuNC in vivo, which

was attributed opsonisation of the cationic AuNC.

2.7.3. Endosomal escape

Following uptake by endocytosis, endosomes fuse with the early endosome and undergo a
complex sorting process in which they may either be recycled back to the membrane or
degraded in the endosomal-lysosomal pathway. In this pathway, contents are transported in
endosomal carrier vesicles to the late endosome, which fuses with lysosomes containing
hydrolytic enzymes, leading to degradation of the internalised contents (Naslavsky & Caplan,
2018; Scott et al., 2014; Song et al., 2020). Efficient therapy thus requires the vector be capable
of escaping from the endosome or lysosome following uptake, avoiding degradation and
releasing the therapeutic cargo into the cytoplasm. Most delivery systems attempt to take
advantage of the acidic conditions in the endosome and lysosome, created by membrane-bound
ATP-dependent proton pumps that lower the pH from neutral to slightly acidic in the early
endosome and approximately 4.5 in the lysosome (Huotari & Helenius, 2011). These vectors
may be designed to undergo pH-induced swelling, leading to physical disruption of the
membrane, or exploit the proton sponge effect, which is theorised to lead to osmotic rupture of

the endosome.

The proton sponge effect proposes that cationic polymers with high buffering capacities are
able to sequester the protons pumped into endosome by the ATPases, preventing acidification
(Figure 2.21). The ATPases thus continue to pump protons into the endosome, leading to an
influx of chloride ions (CI°) via ion channels to neutralise the charge. The increased CI” ion
concentration in the endosome creates an osmotic imbalance. Water molecules thus diffuse into
the endosome, causing it to swell and eventually burst (Bus et al., 2018; Vermeulen et al.,
2018). The theory was first proposed to explain the high transfection efficiency of PEI, which
has a high buffering capacity in the endosomal pH range due to the high density of protonable
primary, secondary, and tertiary amines in its backbone (Bus ef al., 2018). The polymer is
thought to be only partially protonated at physiological pH, allowing it to bind protons in the
acidic endo/lysosome and induce the proton sponge effect (Ziebarth & Wang, 2010). CS, in
contrast, contains only primary amines and has often been shown to display a poor buffering
capacity, suggesting that it is a poor proton sponge (Mao et al., 2001; Santos-Carballal et al.,
2018): however, Richard et al., (2013) suggested that the buffering capacity of CS is higher

than PEI when the polymers are compared at equal molar concentration of amines rather than

49



mass concentrations. Thibault et al., (2010) reported that CS polyplexes accumulate in
lysosomes and escape slowly over a period of 48 hours, suggesting that endosomal escape is a
rate-limiting step for CS. However, addition of excess CS improved transfection efficiencies,
possibly due the requirement for a minimum amount of polymer for the proton sponge effect
(Thibault et al., 2011). Lysosomal escape has also been reported for CS-AuNC (Zhu et al.,
2019).
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Figure 2.21: The suggested mechanism of the proton sponge effect whereby polymers with high
buffering capacities are able to rupture the endosome. (1) The polymer enters the cell by
endocytosis, (2) The polymer binds the protons pumped into the endosome, leading to the influx
of Cl", (3) This leads to the inflow of water, swelling the endosome and causing it to burst
(Vermeulen et al., 2018).

Notably, several studies have questioned the validity of the proton sponge effect. Evidence for
the hypothesis has been provided by observations of increased endosomal CI” concentration
and volume, buffering of the endo/lysosomal drop in pH, and reduced transfection efficiencies
in the presence ATPase inhibitors (Akinc ef al., 2005; Sonawane et al., 2003). In contrast,
several studies have reported no increases in endo/lysosomal pH following PEI treatment,
suggesting that ATPases are able to reduce the pH despite buffering by PEI (Benjaminsen et
al., 2013; Forrest & Pack, 2002). Rehman et al., (2013) also reported lipoplex and polyplex
escape to occur in HeLa cells without rupture of the endosome. It is possible that few
endo/lysosomes contain enough polymer to induce the proton sponge effect, and escape instead

results from a combination of polymer buffering swelling the endo/lysosome, particle swelling
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due to electrostatic repulsion between the protonated groups, and membrane destabilisation

(Vermeulen et al., 2018).

51



CHAPTER 3
MATERIALS AND METHODS

3.1. Materials

3.1.1. Synthesis and functionalisation

Gold (III) chloride trihydrate (HAuCls.3H20), L-glutathione reduced (L-GSH), chitosan (CS,
medium MW, 75 — 85% deacetylated), and 14 kDa dialysis tubing were obtained from Sigma
Aldrich (St Louis, USA). Polyethylene glycol 2000 (PEG2000) was purchased from Merck
(Darmstadt, Germany). Anhydrous glycerol was obtained from Sisco Research Laboratories

Pvt. Ltd. (Maharashtra, India). Ultrapure 18 Mohm water was used in all experiments.

3.1.2. siRNA duplexes

The BLOCK-1T™ Fluorescent Oligo was purchased from Invitrogen, Thermo Fisher Scientific
(Waltham, USA). The following siRNA duplexes were purchased from Dharmcon (Lafayette,
USA): the siGENOME Non-Targeting siRNA #1; the ON-TARGET plus Human TNF (7124)
SMARTpool siRNA; and the ON-TARGET plus Human MYC (4609) SMARTpool siRNA.
The sequences of the individual siRNA duplexes are shown in Table 3.1. The 5x siRNA buffer

and nuclease-free water were also obtained from Dharmacon (Lafayette, USA).

Table 3.1: Sequences of non-targeted siRNA and individual siRNA duplexes in the SMARTpool
mixture.

siRNA reagent Sequence (5' - 3")

siGENOME Non-Targeted siRNA UAGCGACUAAACACAUCAA

ON-TARGET plus Human TNF GCCCGACUAUCUCGACUUU

SMARTpool siRNA GCGUGGAGCUGAGAGAUAA
UGACAAGCCUGUGCCCAU
CCAGGGACCUGUGUGUAAU

ON-TARGET plus Human MYC ACGGAACUCUUGUGCGUAA

SMARTpool siRNA GAACACACAACGUCUUGGA
AACGUUAGCUUCACCAACA
CGAUGUUGUUUCUGUGGAA

3.1.3. Binding studies

Tris (hydroxymethyl)-aminomethane (Tris-base), sodium dihydrogen phosphate (NaH>POs),
4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), ethylenediaminetetraacetic
acid (EDTA disodium salt), sodium dodecyl sulphate (SDS), bromophenol blue and ethidium
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bromide (EtBr) were purchased from Merck (Darmstadt, Germany). Ultrapure grade agarose
was obtained from Bio-Rad Laboratories, Inc., (Hercules, USA). Sucrose was purchased from
NT Laboratory Supplies (Johannesburg, South Africa). RNase A was obtained from
Calbiochem (San Diego, USA). All other reagents were of analytical grade.

3.1.4. In vitro cell culture studies

Minimum Essential Medium (MEM) was obtained from Gibco, Thermo Fisher Scientific
(Waltham, USA). Dulbecco’s Phosphate Buffered Saline (PBS) was purchased from Capricorn
Scientific GmbH (Ebsdorfergrund, Germany). Foetal Bovine Serum (FBS) was purchased from
Cytiva (Marlborough, United States.). Trypsin-versene and penicllin-streptomycin were
obtained from Lonza BioWhittaker, (Walkersville, USA). Dimethylsulfoxide (DMSO) was
purchased from Lichro Chemicals and Laboratory Supplies (Durban, South Africa). The 3-
[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide (MTT) reagent was purchased
from Merck (Darmstadt, Germany). Lipofectamine™ 3000 (LF3K) was supplied by
Invitrogen, Thermo Fisher Scientific (Waltham, USA). The Muse® Caspase 3/7, Oxidative
Stress, and Cell Cycle kits were sourced from Luminex Corporation (Austin, USA). All sterile
plasticware was purchased from Nest Biotechnologies (Wuxi, China) and Corning
Incorporated (New York, USA). The HEK293, MCF-7, and MDA-MB-231 cell lines were
originally obtained from the American Type Culture Collection (ATCC, Manassas, USA).

3.1.5. Gene knockdown

TRIzol™ was obtained from Thermo Fisher Scientific (Waltham, USA). The following
chemicals and plasticware were purchased from Bio-Rad (Hercules, USA): iScript™ cDNA
Synthesis kit, 2x SsoAdvanced™ Universal Supermix, PrimePCR™ SYBR® Green Assays,
PrimePCR™ Templates, Hard Shell® PCR 96 well plates, Microseal® 'B' adhesive seals, 10%
Tween 20 and Blotting grade blocker. Bicinchoninic acid (BCA) and
radioimmunoprecipitation assay (RIPA) buffer were obtained from Sigma-Aldrich (St. Louis,
USA). The anti-B-actin primary antibody was obtained from Novus Biologicals (Littleton,
USA); while the mouse monoclonal antibody anti-human c-myc and goat anti-mouse IgG2A
secondary antibody, horseradish peroxidase (HRP) were purchased from Invitrogen, Thermo
Fisher Scientific (Waltham, USA). The 3,3',5,5'-tetramethylbenzidine (TMB) substrate was
obtained from Life Technologies (Frederick, USA).
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3.2. Methods

3.2.1. Synthesis and functionalisation of nanoclusters

3.2.1.1. Synthesis of AuNC

AuNC were synthesised according to Luo et al., (2012). Briefly, 20 x 10> M HAuCls (1 mL)
was mixed with 300 uL of a 100 x 10> M GSH solution and 8.7 mL deionised water under
gentle stirring at room temperature. The solution turned orange upon addition of GSH, before
becoming colourless with stirring. It was then maintained at 70 °C with stirring in a glycerol
bath for 24 hrs. The resulting AuNC were purified by centrifugation at 16 000 xg for 1 min, to
remove large NP, and then dialysed for 48 hrs against deionised water using a 14 kDa dialysis

tube, to remove unreacted gold ions and GSH molecules.

3.2.1.2. Functionalisation of AuNC

AuNC were functionalised with CS, and PEG in two weight ratios of 1% and 2% (w/w).
Functionalisation with CS was carried out according to Goswami et al., (2016). Briefly, 2 mL
of the AuNC was added to a round bottom flask. Thereafter, a stock CS solution (2 mg/mL in
1% acetic acid) was added dropwise to the AuNC with stirring, to a final concentration of 1
mg/mL. The solution was made up to 5 mL with deionised water, adjusted to pH 6.5 through
addition of 1 M NaOH, and stirred at room temperature for 30 min. The resulting AuCS NPs

were dialysed as described in section 3.2.1.1.

Functionalisation with PEG was carried out using PEG conjugated to 1,1-carbonyldiimidazole
(PEG-CDI). The appropriate volume of a 1 mg/mL stock PEG-CDI solution was first added to
I mL CS (2 mg/mL) and stirred overnight to allow for binding of the PEG-CDI to the CS. The
resulting CS-1% PEG and CS-2% PEG solutions were then used to produce AuCS-1% PEG
and AuCS-2% PEG using the same protocol as for AuCS synthesis.

3.2.1.3. Preparation of nanocomplexes

Nanocomplexes were prepared by mixing varying amounts of functionalised AuNC (FAuNC)
with a constant amount of siRNA (0.30 ug). Solutions were made up to 10 pL with HEPES
buffered saline (HBS) (20 mM HEPES, 150 mM NaCl, pH 7.4), and incubated at room
temperature for 1 hr to allow for binding. These nanocomplexes were used further in binding
and in vitro studies. Complexation with Lipofectamine® 3000 (LF3K) was carried out

according to the manufacturer’s protocols. Briefly, LF3K and siRNA were mixed in serum-
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free media according to the values shown in Table 3.2, vortexed briefly, and incubated at room

temperature for 10 min.

Table 3.2: Quantities of LF3K and siRNA used for transfection in various plate formats.

Plate format siRNA LF3K (pL) Total volume (pL)
(pmol) (ng)
48-well 7.5 0.1 0.75 25
24-well 15 0.2 1.5 50
6-well 75 1.0 7.5 250

3.2.2. Characterisation of nanoclusters and nanocomplexes

The absorbance spectra of the AuNC and FAuUNC were analysed by UV-visible (UV-vis)
spectroscopy using a Jasco V-730 Bio Spectrophotometer (Jasco Inc, Japan). Briefly, 2 pL of
samples was loaded onto the spectrophotometer, and the absorbance of light between 200 —
800 nm was measured to produce an absorbance spectrum. The presence or absence of peaks
was noted for further analysis. Transmission electron microscopy (TEM) was used to determine
the size and morphology of AuNC and FAuNC. Viewing was conducted on a Jeol T1010 TEM,
using samples that were air-dried on a 400 mesh copper grid (Ted Pella Inc. Redding, USA).
Image] software was used to measure the size of the NC and determine their average diameter.
Fourier-transform infrared spectroscopy (FTIR) was conducted using a Perkin Elmer Spectrum
100 FT-IR spectrometer fitted with a universal ATR sampling accessory. The peaks in the
spectra and the bonds corresponding to them were identified through comparison with
literature. The hydrodynamic diameters and zeta potentials were determined using a Nanosight
NS500 (Malvern Instruments, Worcestershire, UK), using samples diluted (1:1000) in
deionised water to a final volume of 1 mL. Samples are exposed to a laser beam following
loading into the machine. A camera captures and analyses the light scattered by individual
particles to provide the hydrodynamic diameter. The polydispersity indices (PI) of the

hydrodynamic diameters were calculated using the following formula:

- ( SD )2
Mean

The zeta potentials are determined through analysis of particle movement under an electric

current. Nanocomplexes were prepared for NTA as described in section 3.2.1.3, according to
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their optimum ratios determined in the band shift assay (section 3.2.3.1). The volume of

FAuNC and siRNA was doubled, and nanocomplexes diluted as for the NPs.

3.2.3. Binding studies

3.2.3.1. Band shift assay

The band shift assay was used to assess FAuNC and siRNA interactions. Nanocomplexes were
prepared as described in section 3.2.1.3 using a constant amount of non-targeted siRNA (0.30
pg) and increasing amounts of FAuNC. Following incubation, 2 pL of 6X gel loading dye (40%
sucrose, 0.25% bromophenol blue) was added to the solutions. The nanocomplexes were then
run in 1X TBE buffer on a 2% agarose gel containing 2 pL of ethidium bromide (EtBr) (10
mg/mL) at 50V for 30 min. Gels were then viewed under UV light (A = 300 nm) in a Vacutec
Syngene G: Box Biolmaging system (Syngene, Cambridge, UK) and images were taken using
GeneSnap software, version 7.05.02 (Syngene, Cambridge, UK). The optimum, sub-optimum,
and supra-optimum siRNA:FAuNC ratios were recorded and studied further in the nuclease

protection assay (section 3.2.3.3) and in vitro assays.

3.2.3.2. Ethidium Bromide (EtBr) intercalation assay

Dye displacement studies were conducted using the Glomax®-Multi Detection System
(Promega Biosystems, Sunnyvale, USA). Briefly, 100 uL of HBS was added to a 96-well flat-
bottom black FluorTrac plate. Approximately 2 uL. of EtBr (100 pg/mL) was added to the HBS,
and the fluorescence was measured at excitation and emission wavelengths of 525 and 600 nm,
respectively, to establish a baseline. Thereafter, 0.30 ng siRNA was added to the wells and
mixed to allow for binding. The fluorescence was measured to establish the maximum
fluorescent intensity of the fully-bound siRNA. The FauNC were then added to the solution in
I pL increments, and fluorescence recorded after each addition until a plateau was reached.

The relative fluorescence was then calculated using the following formula:

Fi-Fy
Fr (%)= ( ) x 100

Fmax' 0

Where Fo = baseline fluorescence; F; = fluorescent intensity following addition of FauNC; and
Fmax = maximum fluorescent intensity of intercalated siRNA. The approximate siRNA:FauNC
weight ratio was determined after each addition, and the data was plotted as the relative

fluorescence against the siRNA:FauNC ratio.
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3.2.3.3. Nuclease protection assay

The nuclease protection assay assessed the ability of FAuNC to protect siRNA from
degradation by RNase A. Nanocomplexes were prepared according to the optimum, sub-
optimum, and supra-optimum ratios obtained in the band shift assay and incubated for one
hour. Following incubation, approximately 1 pL of RNase A (1 mg/mL) was added to the
nanocomplexes. Two siRNA-only controls were also set up: a positive control which was not
subject to RNase A treatment, and a negative control treated with RNase A. The reactions were
then incubated at 37 °C for 2 hrs and thereafter terminated by the addition of EDTA (110 mM)
to a final concentration of 10 mM (V/y ). SDS (6%) was then added to a final concentration of
0.5% (V/y), and the reactions were incubated at 55 °C for 20 min to permit release of the
siRNA from the nanocomplexes. Samples were then run a 2% agarose gel and analysed as

described in section 3.2.3.1.

3.2.4. In vitro cell culture maintenance

In vitro studies were conducted in three cell lines: two BC cell lines (HR+ MCF-7 and TNBC
MDA-MB-231) and the non-cancer human embryonic kidney (HEK293) cells. MDA-MB-231
were maintained in DMEM:HAM’s F12 (1:1) supplemented with 2% (V/y) FBS and 1%
(V/y) penicillin/streptomycin antibiotic, while the other cell lines were grown in DMEM
supplemented with 10% (V/y) FBS and 1% (V/y) penicillin/streptomycin. Cells were
propagated in a Steri-cult CO; incubator (Thermo-Electron Corporation, Waltham,
Massachusetts, USA) at 37 °C under 5% CO». All cell work was conducted under sterile

conditions in a class II biohazard hood.

3.2.5. Cell viability studies

3.2.5.1. MTT cytotoxicity assay

The cells were plated in 48-well plates at a density of approximately 2 x 10* cells per well and
incubated overnight to allow for attachment. Nanocomplexes containing the siRNA with
FAuNC and LF3K were prepared as described in section 3.2.1.3, and the cells were thereafter
treated with the nanocomplexes in triplicate. Untreated cells served as the control, which was
assumed to have 100% cell survival. The cells were incubated at 37 °C for 48 hrs, after which

the spent medium was removed and replaced with fresh medium containing 20 pL MTT reagent
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(5 mg/mL in PBS). Cells were incubated at 37 °C for 4 hrs to allow for formation of the
formazan crystals. The medium was then removed and replaced with DMSO. Plates were
shaken to allow for development of a clear, purple solution. The absorbance was then read at
540 nm using a Mindray MR-96A microplate reader (Vacutec, Hamburg, Germany) against
DMSO as a blank. Cell viability was then calculated using the following formula:

o Asyg of treated cells
Cell viability = A of control x 100
540

3.2.5.2. Apoptosis assay

Apoptosis was evaluated using dual ethidium bromide/acridine orange (EtBr/AO) staining. The
cells were plated at a density of approximately 2 x 10* cells per well and incubated overnight.
The medium was then replaced with fresh medium, and cells were treated with nanocomplexes
at the optimum ratios and incubated for a further 24 hrs. Subsequently, the medium was
removed, and the cells were washed with PBS. The cells were stained with 15 pL of EtBr/AO
dye (0.1 mg/mL: 0.1 mg/mL in PBS) for 5 min at room temperature, washed with PBS to
remove unbound dye, and viewed using an inverted fluorescence microscope (CKX41,
Olympus, Japan). Images were taken using Analysis Five Software (Olympus Soft Imaging
Solutions, Olympus, Japan). The apoptotic index was calculated using the following formula,

where the total number of apoptotic cells included cells in both early and late apoptosis:

number of apoptotic cells

Apoptotic index=
pop total number cells counted

3.2.6. Cellular uptake studies

Cells were plated and incubated as in section 3.2.5. Thereafter, cells were treated with FAuNC
complexed with BLOCK-1T™ Fluorescent Oligo and incubated for a further 24 hrs. Following
incubation, the medium was removed, and cells were rinsed with PBS. Cells were viewed under

a fluorescent microscope and images taken as in section 3.2.5.2.

3.2.7. Flow cytometry studies

All flow cytometry experiments were carried out using the Guava® Muse Cell Analyzer
(Luminex Corporation, Austin, TX, USA). Cells were plated in 24-well plates at a density of

approximately 4 x 10* cells per well and incubated overnight. Thereafter, cells were treated
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with TNF-a-targeted siRNA complexed with LF3K and FAuNC at optimum ratios, and
incubated for a further 48 hrs. The medium was then removed from the wells, and cells were
washed with PBS. Cells were removed from the plate through trypsinisation, centrifuged at
300 xg for 5 min, and resuspended and treated according to the manufacturer’s protocols,

briefly described below.

3.2.7.1. Caspase 3/7 analysis

Cells were resuspended in 50 uL 1X Assay Buffer BA and treated with 5 pL of Muse® Caspase-
3/7 Reagent working solution. The samples were briefly vortexed and incubated at 37 °C for
30 min. Samples were then treated with 150 uL of Muse® Caspase 7-AAD working solution,
mixed, and incubated in the dark at room temperature for a further 5 min. Analysis was then

carried out using the Muse® Cell Analyzer.

3.2.7.2. Cell cycle analysis

Trypsinised cells were washed with PBS and fixed in 70% ethanol at -20 °C overnight.
Following cell fixation, the ethanol was removed by centrifugation at 300 xg for 5 min and
cells were washed with PBS. Cells were resuspended in 200 pL of the Muse® Cell Cycle
Reagent and incubated in the dark at room temperature for 30 min. Samples were finally

analysed using the Muse® Cell Analyzer.

3.2.7.3. Oxidative stress analysis

Cells removed from the plate were resuspended in 1X Assay Buffer to a concentration between
1 x 10%and 1 x 107 cells/mL. Approximately 10 pL of the cell suspension was then treated with
190 uL of Muse® Oxidative Stress Reagent working solution, mixed, and incubated at 37 °C

for 30 min. Samples were then analysed on the Muse® Cell Analyzer.

3.2.8. Analysis of gene knockdown

Gene knockdown studies were conducted in the HR+ MCF-7 cell line and targeted the c-MYC
oncogene. Cells were plated in a 6-well plate at a density of approximately 2.5 x 10° cells per
well. Following overnight incubation, the medium was replaced, and cells were treated with
LF3K and FAuNC complexed to non-targeted and anti-c-MYC siRNA. Untreated cells and

cells treated with uncomplexed siRNA were included as controls. Cells were incubated for a
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further 48 hrs prior to RNA and protein extraction for reverse transcription quantitative PCR

(RT-gqPCR) and Enzyme Linked Immunosorbent Assay (ELISA), respectively.

3.2.8.1. Analysing knockdown at the mRNA level
3.2.8.1.1. RNA extraction

Total RNA was extracted using TRIzol™ Reagent according to the manufacturer’s protocols,
with minor modifications. Briefly, the medium was discarded and replaced with 1 mL of
TRIzol™ Reagent. Cells were lysed by pipetting the solution several times and incubated at
RT for 5 min. The cell solutions were then transferred to a sterile eppendorf tubes, followed by
the addition of 200 pL of chloroform to the solution. The tubes were shaken vigorously for 15
sec and incubated at RT for 3 min, prior to centrifugation at 12 000 xg for 15 min at 4 °C. The
upper aqueous phase containing the RNA was transferred to a new tube and treated with 500
uL of 100% isopropanol. The samples were mixed by inverting the tubes and incubated at RT
for 20 min. Total RNA was then pelleted through centrifugation at 16 000 xg for 10 min at 4
°C. The supernatant was discarded, and the pellet was washed 3 times by centrifugation at 7500
xg for 10 min at 4 °C; twice with 75% ethanol and once with 95% ethanol. Following the final
wash step, the supernatant was discarded, and the pellet was allowed to airdry at RT for 10 min
to remove residual ethanol. The RNA was then resuspended in 30 pL of nuclease-free water by
pipetting and incubating the solution at 55 °C for 15 min. The isolated RNA was then analysed
through UV spectroscopy and agarose gel electrophoresis, to determine the concentration and

quality, and integrity of the RNA, respectively.

3.2.8.1.2. c¢DNA synthesis

Prior to RT-qPCR, the isolated RNA was converted to cDNA using the iScript™ gDNA Clear
cDNA Synthesis Kit according to the manufacturer’s protocol. The reactions were carried out
using a Bio-Rad C1000 Touch™ Thermal Cycler. Approximately 500 ng of the isolated RNA
was diluted to 15 pL in nuclease-free water and mixed with 4 pL of the iScript Reaction Mix
and 1 pL of the iScript Reverse Transcriptase (RT). A no-RT control, to which nuclease-free
water was added instead of iScript RT, was included for each sample. The solutions were mixed
and incubated according to the conditions shown in Table 3.3. The resulting cDNA solutions

were quantified using a Nanodrop spectrophotometer and diluted for use in RT-qPCR.
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Table 3.3: Reaction conditions for cDNA synthesis using isolated RNA.

Reaction step Temperature (°C) Time (min)
Priming 25 5
Reverse transcription 46 20
Reverse transcriptase inactivation 95 1
3.2.8.1.3. RT-qPCR

The PrimePCR™ Assay primers used for qPCR targeted the housekeeping gene 4CTB, or B-

actin, (Assay ID: qHsaCEDO0036269); and the target
qHsaCID0012921). Reactions were set up in duplicate as shown in Table 3.4 for both the RT
samples and no-RT controls in Hard Shell® PCR 96 well plates. Positive and negative controls
were included for each gene; these replaced cDNA with PrimePCR™ Templates (1 pL) and
nuclease-free water, respectively. Reactions were carried out using the C1000 Touch™
Thermal Cycler (CFX 96 Touch™ Real-Time PCR Detection System, Bio-Rad Laboratories
(PTY) Ltd.), according to the protocol shown in Table 3.5. Results were presented as the fold

change in MYC gene, determined using the 244Ct

ACt sample = Ct GOI — Ct norms

gene c-MYC (Assay ID:

method shown below.

ACt calibrator = Ct GOL — Ct norm,
AACt = ACt sample — ACt calibrator

Fold change = 2"44¢t

Table 3.4: Components of PrimePCR™ assays and their final concentrations.

Reaction component Volume added (pL) Final concentration/amount
2x SsoAdvanced Universal 10 Ix

SYBR Green Supermix

20x PrimePCR™ Assay 1 1x

c¢DNA sample 5 100 ng

Nuclease-free water 4 -

Table 3.5: PrimePCR™ Assay cycling conditions.

Reaction step Temperature (°C) Time (sec) No. of cycles
Activation 95 120 1
Denaturation 95 5 40
Annealing/extension 60 30

Melt curve 65-95 5 sec/step 1
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3.2.8.2. Analysing knockdown at the protein level

3.2.8.2.1. Protein extraction

Extraction of the cellular protein was carried out using RIPA buffer. Following the 48-hour
incubation, the growth medium was removed, and cells were washed twice with 1 mL of ice-
cold PBS. Cells were then treated with 250 uL of cold RIPA buffer and incubated at 4 °C for
5 min. Wells were thereafter scraped with a pipette tip to lyse the cells, and the samples were
transferred to Eppendorf tubes and spun down at 8000 xg for 10 min at 4 °C. The supernatants

were quantified using the BCA assay, aliquoted, and stored at -80°C until use.

3.2.8.2.2. BCA assay

Protein concentrations were determined using the BCA assay. Briefly, BCA working reagent
(CuSOs4: bicinchoninic acid (BCA) (1:50 V/y ), was mixed with the protein sample in a ratio 1:
20 (sample: working reagent). The solutions were then incubated at 37 °C for 30 min, cooled,
and their absorbances were read at 450 nm using a Mindray MR-96A microplate reader (Vacutec,

Hamburg, Germany).

3.2.8.2.3. Enzyme-linked Immunosorbent Assay (ELISA)

Protein isolates were diluted to 100 pg/mL in 50 mM carbonate-bicarbonate coating buffer,
and 100 pL was dispensed into a 96-well plate. Samples were plated in duplicate for detection
of the housekeeping protein B-actin and the protein of interest c-MYC. Plates were incubated
overnight at 4°C to allow for protein attachment to the wells. Following incubation, the coating
buffer was removed, and plates were washed twice with 200 pL of TBS-T (20 mM Tris-base,
150 mM NaCl, 0.1% Tween 20). Wells were then treated with 100 pL of 5% blocking buffer
(non-fat dry milk in TBS-T) for 1 hr at room temperature with constant shaking. The blocking
buffer was thereafter removed, and wells were washed twice with 200 pL TSB-T. Samples
were then treated with the primary antibodies: MYC (diluted in1:2000 in 1% blocking buffer),
and B-actin (diluted 1:10 000 in 1% blocking buffer). The plates were incubated at room
temperature for 1 hr with shaking to allow for attachment. The antibodies were thereafter
removed, and the plates were washed with 4 times with 200 pL. TBS-T for 5 min with shaking
each. Wells were then treated with the secondary antibody, goat anti mouse IgG2a-HRP
(diluted 1:2000 in 1% blocking buffer) and incubated at room temperature for 1 hr with

shaking. The solutions were then removed, and plates were washed 4 times as previously

62



described. Approximately 100 pL of TMB solution was then added to the samples and
incubated protected from light for 30 min at room temperature to allow for colour change from
colourless to blue. Stop solution (2M H2SO4) was thereafter added to the wells, changing the
colour of the solutions from blue to yellow, and the absorbance was read at 450 nm using the

Mindray MR-96A microplate reader (Vacutec, Hamburg, Germany).

3.2.9. Statistical analysis

All assays were performed in triplicate, except for the gene expression assays, which were
performed in duplicate. Data are presented as means = SD. Statistical analysis was conducted
using GraphPad Prism version 6.01 (GraphPad Software Inc., USA). Groups were compared
using two-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test.

P-values < 0.05* and p-values < 0.01** were considered statistically significant.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1. Synthesis and functionalisation of AuNPs

The FAuNC used in this study consisted of AuNC functionalised with CS and PEG2000 in two
weight ratios. AuNC were synthesised according to Luo ef al., (2012), through AIE of non-
luminescent Au(I)-thiolate complexes into luminescent AuNC (Figure 4.1). The solution
mitially turned colourless upon combination of the two reagents as the Au(I)-thiolate and
Au(I)-non-thiolate complexes formed, before gradually turning light yellow over a 24 hr period
as the Au(0)-on-Au(I)-thiolate complexes aggregated into the core-shell structured AuNC.
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Figure 4.1: Scheme showing synthesis of AuNC through GSH-induced reduction of HAuCl,.

The GSH-AuNC were functionalised with the cationic CS to facilitate interactions with the
anionic siRNA. CS functionalisation is dependent on electrostatic interactions between the CS
polymer and GSH molecules capping the AuNC. The carboxyl groups of GSH bear low pKa
values (2.06 for Glu-COOH and 3.50 for Gly-COOH), and are thus deprotonated at the weakly
acidic pH of 6.5 used during AuCS synthesis (Neupane & Pecoraro, 2011). This gives the
AuNC an overall negative charge. In contrast, the amine groups of the CS are protonated at pH
6.5, giving the polymer a positive charge. Mixing of the two reagents thus allows for the
formation of cationic nanogels through electrostatic interactions (Figure 4.2). A high polymeric
charge density is required to efficiently bind siRNA (Wang ef a/., 2021a). For CS, the charge
density was influenced by the degree of deacetylation and molecular weight (MW) of the
polymer. The deacetylation degree provides the fraction of N-acetyl groups that have
deacetylated into the protonable glucosamine groups that give CS its positive charge (Layek &
Singh, 2017). CS with a low deacetylation may thus be unable to form stable nanocomplexes

with siRNA (Liu et al., 2007). Studies have also reported a minimum MW of 10 kDa to be
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required for the formation of stable nanocomplexes that lead to efficient gene knockdown
(Alameh et al., 2018; Liu et al., 2007). The CS used in this study was of a medium MW (190-
310 kDa) and a deacetylation degree of 75 — 85%, and thus met these criteria.

4l HO N2 o Moo | Ho NHz __ oH
pH 6.5
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- ‘/ OH NH, OH
- b n
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Figure 4.2: Scheme showing synthesis of AuCS nanoconjugates.

Steric stabilisation was achieved through the addition of PEG. PEGylation was carried out
using PEG-CIL, which has been modified to carry a carbonyl-imidazole group. When reacted
with CS, a covalent bond is formed between the carbonyl group of the PEG-CI and the amine
group of the CS (Figure 4.3). To ensure successful protection and transfection, the MW and
grafting density of the PEG chains must be optimised. PEG with an average chain MW of 2000
kDa (PEG2000) was used in this study. Higher MW PEG generally provides more protection
against opsonisation due to its increased flexibility; however, this increased flexibility may also
mhibit cellular uptake by preventing interactions with the cell membrane (Rheiner & Bae,
2016; Suk ef al., 2016). The grafting density must similarly be balanced, as high grafting
densities may inhibit cellular uptake. Studies have reported improved knockdown with lower
grafting densities of PEG2o00 and PEGso00 compared to higher grafting densities. Gutfoaia ef al.,
(2016), for example, reported efficient knockdown with CS-PEG with grafting densities of 1.5
— 4%, while polyplexes with higher densities of 6 and 8% were unable to significantly
knockdown GFP expression. Santel ez al., (2006) similarly reported improved knockdown with
lipoplexes functionalised with PEG molar ratios of 1, 2, and 3%, compared to 4 and 5 mol%
PEG-lipoplexes. In this study, grafting densities of 1% (W/y) and 2% (W/yy) were tested.
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CS-PEG Imidazole

Figure 4.3: Scheme showing synthesis of PEGylated chitosan functionalised AuNC.

4.2. Physicochemical characterisation of AuNC

4.2.1. Optical characterisation

UV-vis spectrophotometry plays an important role in the characterisation of NPs, as it provides
information regarding the optical properties, size, aggregation, and concentration of the NP

solution (Mourdikoudis et al., 2018). The UV-vis spectra for the AuNC and FAuNC are shown
in Figure 4.4.
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Figure 4.4: UV-vis spectra of AuNC and FAuNC. Inset shows the shoulder peak present at ~390
nm in the spectrum of the AuNC.
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The spectrum for the unfunctionalised AuNC shows an increase in absorbance from
approximately 450 nm, but displays no prominent peaks, except for a small shoulder peak at
approximately 390 nm, shown in the inset. The absence of an LSPR peak at ~520 nm indicates
that ultrasmall AuNC were successfully synthesised, and that no large AuNP were present in
the AuNC solution following purification. The onset of absorbance from approximately 450
nm further indicates that AuNC which absorb strongly in the UV range of the light spectrum
were synthesised (Chen et al., 2009). The shoulder peak is similar to that observed by Luo et
al., (2012). Shoulder peaks at ~400 nm are commonly reported in the UV-vis spectra of
thiolate-capped AuNC (Ju et al., 2019; Li et al., 2018b; Xia et al., 2019; Zhang et al., 2012b).
Le Guével et al., (2012) reported a broad shoulder peak around 530 nm for BSA-AuNC, which
was attributed to the LSPR of some AuNP slightly larger than 2 nm, or charge transfer between
the gold core and cysteine groups of the ligand. The shoulder peak observed in this study is
unlikely to result from LSPR due to its position, and may thus instead result from electron
transfer between the ligand and metal or within the ligand, or due to electron excitation. Liang
et al., (2015), for example, reported a shoulder peak in the UV spectrum of graphene oxide,
which was attributed to transition of the lone electron pair of an oxygen to carbon. Shoulder
peaks observed in the spectra of carboranealkynyl-protected AuNC have also been attributed

to electron HOMO-LUMO transitions (Wang et al., 2021b).

UV-vis spectra may also indicate the success of functionalisation by showing changes in the
optical characteristics of solutions following functionalisation. Both the CS- and PEG-
functionalised AuNC lack a peak at 520 nm, indicating that functionalisation did not induce
aggregation of the AuNC, and they maintained their ultrasmall structure. The shoulder peak at
~390 nm also appears to be absent from the spectra for the FAuNC, as shown in the inset. A
similar observation can be made in the CS-coated AuNC UV spectra of Zhu et al., (2019). This
may indicate the success of CS functionalisation onto the AuNC, and may result from
differences in charge transfer in the CS-coated AuNC. Musnier et al., (2019) and Yuan et al.,
(2016) reported a shoulder peak at 440 nm in the spectrum of anionic mercaptohexanoic acid-
coated AuNC, which disappeared for AuNC capped with both mercaptohexanoic acid and
neutral or cationic ligands. This was attributed to a change in the anisotropy of the surface
charge of the dual-capped AuNC. It is possible that a change in the surface charge of the AuNC
following functionalisation with CS may have similarly influenced the UV spectra of the

FAuNC.
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The visual characteristics of the AuNC and FAuNC are shown in Figure 4.5. Under visible
light, the solutions appeared yellow in colour, with the FAuNC appearing a lighter colour then
the plain AuNC. Upon urradiation with UV light with a wavelength of 366 nm, the solutions
emitted bright orange fluorescence. The AuCS (Figure 4.5C) can be observed to fluoresce
brighter than the AuNC (Figure 4.5B), which may be attributed to the phenomenon of AIE.
The fluorescence intensity of the PEGylated AuNC appears to be similar to that of the
unfunctionalised AuNC, and weaker than the AuCS. This may suggest that functionalisation
with the CS-PEG disrupted the circular structures of the AuCS that promoted AIE; however,

fluorescence spectroscopy would be required to accurately quantify the fluorescent intensities.

Figure 4.5: Comparison of the AuNC and FAuNC solutions under (top) visible light and
(bottom) UV light (A =366 nm). (A) ddH»0 (B) AuNC (C) AuCS (D) AuCS-1% PEG (E) AuCS-
2% PEG.
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4.2.2. FTIR analysis

FTIR provides information on the types of bonds present in NP depending on their absorption

of infrared radiation (Mourdikoudis et a/., 2018). This allows for confirmation of ligand

binding. The spectra for the plain AuNC and FAuNC is shown in Figure 4.6. Peaks were

assigned according to literature.
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Figure 4.6: FTIR spectra of AuNC and FAuUNC with major peaks labelled. A) AuNC, B) AuCS,

C) AuCS-1% PEG, and D) AuCS-2% PEG.

The successful synthesis of the GSH-AuNC can be inferred from the spectrum in two ways.

Firstly, the presence of amide bonds in the GSH-AuNC may be inferred by the peaks at 1633.06

and 1402.66 cm™, which correspond to C = O and C — N stretching, respectively (Zhao et al.,
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2021). Secondly, the FTIR spectrum of GSH displays a peak in the 2600 — 2550 cm™! region
corresponding to S-H stretching in the thiol group (Farrag & Mohamed, 2016; Negishi et al.,
2005; Zhao et al., 2021). This peak cannot be observed in the spectrum of the AuNC, indicating
that the sulphur successfully bound the gold to form GSH-capped AuNC.

The success of CS functionalisation is suggested by the change in the shape of the peak at
3277.56 cm™! and the appearance of a small peak at 2878.75 cm™! in the spectrum of the AuCS.
These peaks correspond to free amine and hydroxyl groups, and C-H stretching, respectively
(Parveen & Sahoo, 2011; Queiroz et al., 2014). The peaks seen at 1633.98 cm™!, 1556.04 cm™,
and 1312.11 cm! are characteristic of CS, and indicate the C=O stretching of amide I, N-H
bending in amide II, and C-N stretching in amide III, respectively (Liu ef al., 2012; Queiroz et
al., 2014). PEG has commonly been reported to display characteristic peaks at approximately
3430, 2870, and 1110 cm™. These correspond to intra-molecular hydrogen bonds, C-H
stretching, and C-O-C stretching within the PEG backbone, respectively (Parveen & Sahoo,
2011; Yang et al., 2017b; Zhang et al., 2015a). However, these cannot be distinguished on the
spectra for AuCS-1% PEG or AuCS-2% PEG, possibly due to masking by the CS. The
spectrum of AuCS-2% PEG shows a change in the shape of the peak at 3258.71 cm™!, and the
absence of the peaks at 2878.75 and 1556.04 cm™.. This is possibly due to masking of peaks by
the PEG or masking by residual water.

4.2.3. Sizing and zeta potential

4.2.3.1. TEM

TEM analysis allows for a visual assessment of shape, size, and aggregation (Kaliva &
Vamvakaki, 2020). The TEM images for the plain AuNC and FAuNC are shown in Figure 4.7,
and the sizes obtained from the TEM images are given in Table 4.1. From Figure 4.7A, it can
be seen that AuNC are relatively circular in shape and monodisperse, displaying an average
size of 1.86 nm. This size is close to the critical size at which energy levels become discrete,
and is thus characteristic of AuNC (Jin, 2010). Luo et al., (2012) reported similar sizes below
2 nm for the as-synthesised Au(0)@Au(I)-thiolate NCs. The size of the AuNC did not change
significantly following functionalisation with CS (1.86 nm vs 1.82 nm); or PEG (1.86 vs 1.89
nm for AuCS-1% PEG and 1.99 nm for AuCS-2% PEG). This is in accordance with the UV-
vis spectra, which showed the absence of an LSPR peak for the AuNC and all FAuNC (Figure
4.4).
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i"‘igure 4.7: TEM images of AuNC and FAUNC. A) AuNC, B) AuCS, inse shows organisation of AuNC
in circular AuCS nanogels, C) AuCS-1% PEG, and D) AuCS-2% PEG. Scale bars represent 20 nm on
all figures except B), where the scale bar represents 100 nm.

Table 4.1: Average sizes of the plain and functionalised AuNC obtained using TEM.

NC Size (nm + SD)
AuNC 1.86+0.45
AuCS (single) 1.82+0.37
AuCS (nanogel) 21.23+3.83
AuCS-1% PEG 1.89+0.29
AuCS-2% PEG 1.99+0.38
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Biological compounds such as CS and PEG cannot be observed by TEM without staining, as
they lack the density to deflect the electron beam to produce an image (Hall et al., 2007).
However, the success of CS functionalisation can be inferred from the difference in NC
organisation. Due to electrostatic interactions between the anionic carboxyl groups of GSH and
the cationic CS amine groups, the AuCS self-assembled into larger, spherical nanogels of
approximately 21 m in diameter, consisting of multiple AuNC encapsulated within the CS
polymer (Figure 4.7B). Several studies have thus reported the self-assembly of GSH-capped
nanoclusters into nanogels with cationic polymers, with TEM sizes ranging from
approximately 20 nm in diameter for CS-encapsulated AgNC to 100 nm for poly(allylamine
hydrochloride)-coated AuNC (Goswami et al., 2016; Liu et al., 2021; Yahia-Ammar ef al.,
2016; Zhu et al., 2019). PEGylation appeared to disrupt the formation of the circular nanogels,
as shown in Figures 4.7C and D. These results may correlate with the apparent absence of AIE

as observed for the PEGylated FAuNC in Figure 4.5.

While TEM may provide important structural information about the NC, it has two major
shortcomings. Since staining of the FAuNC solutions was not conducted, the images only
provide the sizes of the metallic AuNC excluding the ligands. Moreover, since solutions are
air-dried before analysis, TEM provides the NP size in the dry state; however, the “wet” size
of the NP in solution may differ from the “dry” size. This is especially important for polymeric
nanogels, which may swell in solution. Thus, the AuNC and FAuNC size was also assessed
using nanoparticle tracking analysis (NTA), which further provides the zeta potentials of the
NC.

4.2.3.2. NTA sizing and zeta potential

A more biologically relevant estimate of AuNC and FAuNC properties in solution may be
obtained using NTA, which provides an indication of the NP size and charge in solution. The
hydrodynamic diameter given by NTA, which takes into account any ligands present on the
NP surface as well as the electronic double layer (EDL) of ions that forms around NP in
solution, is a more accurate estimation of the size of functionalised NP than given by TEM
(Maguire et al., 2018). The polydispersity index (PI) is an indication of the uniformity of the
solution, with values ranging from 0, indicating uniformity, to 1, indicating polydispersity. PI
values below 0.2 are generally accepted as being indicative of monodisperse solutions (Danaei
et al., 2018). NTA further provides the zeta potential, which is the potential at the slipping

plane between the EDL and the surrounding solution. Measurement of the zeta potential in
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deionised water can be used as an indication of the magnitude of the surface charge of the NP,
or the Nermnst potential (Radomska-Soukharev, 2007). The zeta potentials, PI, and
hydrodynamic diameters of AuNC and FAuNC are shown in Table 4.2.

Table 4.2: Sizes and zeta potentials of AuNC and FAuNC as determined using NTA.

NC Nanocomplex

Size (nm = PI Zeta Size(mm=+ PI Zeta

SD) potential SD) potential

(mV = SD) (mV = SD)

AuNC 73.6 £4.7 0.13 -19.547.5 - - -
AuCS 267.8+344 0.10 319+0.1 97.7+8.0 0.28 -8.01+0.2
AuCS- 1945+247 0.16 13.9+03 108.5+162 0.23 -0.8+0.9
1% PEG
AuCS- 97.549.2 0.20 17.1+£22 151.5+03 023 -1.6 £ 0.0
2% PEG

The hydrodynamic diameter of the uncoated AuNC was observed to be 73.6 nm, much larger
than the size of 1.86 nm determined using TEM. This large discrepancy is likely due to the
hydrodynamic diameter including the bulky GSH molecules capping the AuNC. Rogers ef al.,
(2018) suggested that larger NTA and DLS than TEM sizes for AgNP may result from
inclusion of the capping agent or from aggregation. Since NTA measures the light scattered by
NP, it is also possible that the hydrodynamic size result was biased towards larger NC or
aggregates that may have appeared brighter than individual AuNC, which may have scattered
only small amounts of light due to their ultrasmall size. The zeta potential of uncoated AuNC
was determined to be strongly negative (-19.5 mV) due to the presence of anionic GSH peptides

capping the NC.

Functionalisation with CS led to an increase in the hydrodynamic diameter and zeta potential
to 267.8 nm and +31.9 mV, respectively. The positive surface charge indicates that the anionic
AuNC had successfully become encapsulated within the CS polymer to form cationic nanogels.
The large size may indicate aggregation. However, the hydrodynamic diameter of nanogels is
often reported to be significantly larger than the TEM size (Goswami ef al., 2016; Guaresti ef
al., 2020; Kumar et al., 2016; Radnia ef al., 2021). This difference can be attributed to the

swelling behaviour displayed by nanogels in aqueous solutions, which is affected by the
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different sample preparation procedures before NTA and TEM analysis. In aqueous solutions,
CS hydro- and nanogels become hydrated and swell as water molecules move into the nanogel
and interact with free hydrophilic amine groups (Ahmadi ef al., 2015). NTA thus provides the
size of this swollen nanogel. TEM, in contrast, reports the size of the dehydrated, collapsed
nanogel, as samples are air-dried before viewing. The high swelling capacity of the AuCS

highlights its high loading capacity and potential as a delivery vector.

FAuNC displayed smaller hydrodynamic diameters and lower zeta potentials than AuCS
following PEGylation, confirming the addition of PEG chains to the amine groups of CS. The
hydrodynamic diameters decreased in a grafting density-dependent manner, to 194.5 nm for
AuCS-1% PEG and 97.5 nm for AuCS-2% PEG. The swelling behaviour of nanogels is
dependent on their physicochemical properties, and is influenced by factors such as
crosslinking and charge density (Neamtu et al., 2017). Abolmaali ef al., (2016), for example,
observed crosslinked PEGylated L-histidine-substituted PEI nanogels to display a smaller size
than uncrosslinked nanogels. Increasing crosslinking ratios further reduced nanogel size.
Reduced swelling capacity has also been observed for increasing grafting densities of PEG

(Tamura et al., 2011).

Decreased surface charges of cationic NP are also expected following PEGylation, as the PEG
molecules interact with, and thus reduce the number of, free protonable amine groups; and
shield the positive surface charge. Buschmann et al., (2013) also noted that bulky ligands such
as PEG may significantly reduce the zeta potential by moving the slip plane further away from
the NP surface. PEGylation thus brings the zeta potential closer to neutral. It is, however,
unexpected for lower PEG grafting density of 1% to have reduced the zeta potential to a greater
degree than the 2%. Higher PEG grafting densities have generally been observed to lower zeta
potentials (Gu et al., 2020; Kumar ef al., 2014; Tamura ef al., 2011). The AuCS-1% PEG may
have assumed a different conformation that shielded the surface charge to a greater degree than

the AuCS-2% PEG.

The zeta potentials of all nanocomplexes dropped to negative or close to neutral, indicating
successful complexation with siRNA. As with the uncomplexed FAuUNC, PEGylation shielded
the surface charge, resulting in increased, near neutral zeta potentials compared to the
AuCS/siRNA. Rudzinski et al., (2016) similarly noted a near neutral zeta potential on
PEGylated CS nanocomplexes, which was attributed to the shielding effect of PEG and the low
N:P ratio. The AuCS and AuCS-1% PEG formed highly condensed nanocomplexes, as
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suggested by the decrease in hydrodynamic diameter following complexation: the AuCS
decreased from 267.8 nm to 97.7 nm, and the AuCS-1% PEG decreased from 194.5 nm to
108.5 nm. Smaller sizes following complexation have been observed for CS nano- and
hydrogels, and have been attributed to the strong interaction between the cationic nanogel and
anionic nucleic acid, which promotes the formation of smaller, more condensed
nanocomplexes (Abdul Ghafoor Raja et al., 2015; Radnia et al., 2021). In contrast, the AuCS-
2% PEG increased in size following complexation. This may be due to its smaller size (97.5
nm) and limited swelling capacity in solution compared to the other FAuNC, which may have

limited its condensation ability.

Zeta potential is often used as an indication of NP stability. According to the classical DLVO
theory, colloidal stability is dependent on the net force of attractive van der Waals forces and
repulsive electrostatic forces (Hill & Sarkar, 2017). NP with sufficiently high potentials will
be able to repel each other, thus preventing aggregation, while those with low potentials will
be unable to overcome the attractive forces and agglomerate. Generally, zeta potentials of >+30
mV, £20-30 mV, £10-20 mV, and +£0-10 mV are considered to be highly stable, moderately
stable, relatively stable, and highly unstable, respectively (Bhattacharjee, 2016). According to
these criteria, both the uncoated AuNC and AuCS can be classified as highly stable, while the
PEGylated NC are only relatively stable. However, it is important to note that the DLVO theory
does not take into account additional forces acting between colloids, such as the presence of
steric stabilisers. Thus, while PEGylation reduces the magnitude of the zeta potential and the
electrostatic repulsion between NP, it confers stability by physically preventing interactions

between the NP.

4.3. Binding studies
The ideal vector for gene delivery should be able to strongly bind nucleic acids and protect
them from degradation by circulating serum nucleases. To assess these qualities in the FAUNC,

the band shift, EtBr intercalation, and nuclease protection assays were conducted.

4.3.1. Band shift assay

The ability of the FAuNC to bind siRNA was assessed using the band shift, or gel retardation,
assay. This assay is dependent on the formation of an electroneutral complex when a set amount

of anionic siRNA (0.30 pg) has been completely bound and neutralised by the cationic FAuUNC.
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The migration of these complexes is thus hindered during gel electrophoresis. The optimum
ratio at which all siRNA is bound, as well as the ratios above (supra-optimum) and below (sub-
optimum) the optimum, were used in further assays (Table 4.3). The agarose gel images of the
endpoints are shown in Figure 4.8. Binding can be observed as a decrease in the fluorescence

of the free siRNA, with endpoints being indicated by the absence of a free siRNA band.

Table 4.3: The sub-optimal, optimal, and supra-optimal siRNA:FAuUNC (W/y) ratios determined
using the band shift assay.

Sub-optimal Optimal Supra-optimal
AuCS 1:2 1:2.5 1:3
AuCS-1% PEG 1:10 1:10.5 1:11
AuCS-2% PEG 1:8 1:8.5 1:9

Figure 4.8: Band shift assay results for A) AuCS, B) AuCS-1% PEG, and C) AuCS-2% PEG run
on a 2% agarose gel. Lane 1 contains uncomplexed siRNA, lanes 2-8 contain increasing
siRNA:FAuNC weight ratios. Endpoints are indicated by arrows.

The gel images show that FAUNC were able to bind the siRNA. The AuCS were capable of
completely binding the siRNA at a relatively low binding ratio of 1:2.5 (Figure 4.8A). This
efficient binding is due to their high charge density and zeta potential, which promoted
interactions with the siRNA. The high swelling capacity suggested by NTA measurements may

have further allowed siRNA to move and bind within the nanogels.
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The addition of PEG to the AuCS increased the binding ratios to 1:10.5 and 1:8.5 for AuCS-
1% PEG and AuCS-2% PEG, respectively (Figure 4.8B and C). These results correspond with
the significantly reduced zeta potentials observed for the PEGylated FAuUNC compared to
AuCS, which suggested that these FAuNC may exhibit weaker interactions with siRNA. Both
PEGylated FAuNC were nevertheless able to completely complex the siRNA, despite their
reduced zeta potentials. The mechanisms by which PEGylation reduces the zeta potential — by
reducing the number of free positive groups and shielding the surface of the vector — also inhibit
interactions with nucleic acids, and the addition of PEG to cationic polymers has thus often
been reported to reduce their nucleic acid binding abilities. Le Bohec et al., (2019) suggested
the weakened DNA binding displayed by PEGylated aminoethyl-based polyacrylates was due
to the PEG preventing access to the positive groups. PEGylation has similarly been reported to
increase the siRNA binding ratios of PLL (Guo et al., 2012) and interfere with siRNA
encapsulation by CS NP (Rudzinski et al., 2016). It is also possible that PEGylation may have
reduced siRNA binding by inhibiting the swelling capacity of the AuCS nanogel structure,

which may have exposed both internal and external surfaces of the nanogel for siRNA binding.

Studies have also observed increasing PEG grafting densities to further increase binding ratios.
Huo et al., (2015), for example, reported increasing siRNA binding ratios (W/yy) of PEGylated
polyasparthydrazide derivatives of 1:50, 1:75, 1:150 for grafting densities of 1%, 3% and 5%,
respectively. Similar observations have also been made for 2% and 5% PEG-grafted AuNP
(Daniels & Singh, 2019) and liposomes (Daniels et al., 2011); and 1% and 5% PEG-grafted 6-
amino-6-deoxy-curdlan (Altangerel ef al., 2016). It was thus unexpected that the AuCS-1%
PEG bound the siRNA at a higher ratio than the AuCS-2% PEG. The lower grafting density
and higher swelling capacity of the AuCS-1% PEG might have been expected to lead to a lower
binding ratio. However, this result does correlate with the lower zeta potential displayed by the
AuCS-1% PEG compared to the AuCS-2% PEG. It is possible that the lower surface charge
displayed by the AuCS-1% PEG reduced interactions between the external surface of the
AuCS-1% PEG and the siRNA, and more vector was thus required to completely bind the
siRNA.
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4.3.2. Ethidium bromide (EtBr) intercalation assay

Efficient nucleic acid condensation facilitates the formation of small nanocomplexes in which
the payload is protected from degradation; however, efficient siRNA condensation is hampered
by the short, rigid structure and low charge density of the oligonucleotide (Hong ef al., 2018).
Moreover, siRNA that is condensed too tightly by the vector may be prevented from releasing
mto the cytoplasm following cellular uptake, thus reducing transfection efficiency (Zhang et
al., 2018b). The EtBr intercalation assay was thus conducted to assess the abilities of the
FAuNC to condense siRNA. EtBr is a fluorescent dye that emits strong fluorescence when
intercalated between the bp of double-stranded nucleic acids. The assay is dependent on the
decrease in fluorescence intensity that occurs when siRNA-bound EtBr is displaced upon
complexation by cationic polymer-coated vectors. The addition of increasing amounts of NP
leads to a plateau or point of inflection, at which the siRNA is completely condensed by the
vector. The graphs obtained from the assay are shown in Figure 4.9. Table 4.4 shows the

maximum dye displacement and siRNA:FAuNC weight ratios at the points of inflection.
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Figure 4.9: EtBr intercalation assays for A) AuCS, B) AuCS-1% PEG, and C) AuCS-2% PEG.
Points of inflection are indicated by arrows.
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Table 4.4: The siRNA:FAuNC (W/w) ratios and decays in fluorescence observed at the point of

inflection for all nanocomplexes in the EtBr intercalation assay.

Nanocomplex siRNA:FAuNC (W /w) at Maximum dye displacement
endpoint (%)

AuCS 1:33 95.6+2.1

AuCS-1% PEG 1:45.6 844+1.38

AuCS-2% PEG 1:55.1 80.6+2.9

All FAuNC were able to condense the siRNA to a significant degree, with fluorescence decays
of 80% and above. The AuCS displayed the strongest condensation ability of all FAuNC,
condensing the siRNA at the lowest siRNA:FAuNC ratio (1:33) and to the greatest degree
(95.6% dye displaced). This correlates with the strong binding ability displayed by the AuCS
in the band shift assay and is in accordance with the NTA results for the AuCS, which displayed
a highly positive charge promoting siRNA condensation and formed the most compact

nanocomplexes out of all FAUNC tested.

Some studies have reported improved or similar nucleic acid condensation by PEGylated NP
compared to their unPEGylated counterparts (Sutton ef al., 2006; Urbiola et al., 2018).
However, PEGylation may also interfere with condensation by reducing the number of positive
groups available to interact with the siRNA, or by sterically interfering with siRNA
condensation. Bhang et al., (2018) reported reduced fluorescence decay for PEGylated
poly(disulfide spermine) polyplexes compared to unPEGylated polyplexes at equivalent N/P
ratios, which was attributed to the reduced cationic density in PEGylated polymers. PEG-PEI
has also been reported to fully condense pDNA and siRNA at higher N/P ratios than
unmodified PEI (Merkel ef al., 2009a, 2009b). In this study, PEGylation inhibited the ability
of the FAuNC to condense siRNA 1in a grafting density-dependent manner, with PEGylated
FAuNC plateauing later and at lower fluorescence decays than AuCS nanocomplexes (Table
4.4). This correlates with the reduced zeta potentials and larger nanocomplex sizes observed
for the PEGylated FAUNC compared to AuCS. It is also possible that different structure of the
PEGylated FAUNC compared to the AuCS, as suggested by TEM, may have contributed to
their reduced condensation abilities. The circular structure of the AuCS may have allowed
condensation into compact nanocomplexes; however, the addition of PEG disrupted the
formation of the circular nanogels and may have thus disrupted condensation into small

nanocomplexes.
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The higher condensation ability of AuCS-1% PEG deviates slightly from the band shift assay
results, where it showed inferior binding compared to the AuCS-2% PEG. It should be noted
that, despite its lowered surface potential, the AuCS-1% PEG still contain more available amine
groups than the AuCS-2% PEG due to the lower number of PEG molecules binding the CS.
This higher charge density may have allowed it to condense the siRNA to a greater degree than
the AuCS-2% PEG.

The siRNA:FAuNC (W/,,) ratios at the points of inflection are notably higher than those
obtained in the band shift assay. This discrepancy occurs due to the band shift assay measuring
charge neutralisation rather than EtBr exclusion from the siRNA. However, this result suggests
that the siRNA is relatively poorly condensed at the optimum weight ratios obtained in the
band shift assay. This could be beneficial, as less tightly condensed siRNA will dissociate more
rapidly from the vector following uptake. This principle has been demonstrated in early studies
by Forrest ef al., (2004) and Gabrielson and Pack, (2006), who reported acetylation of PEI to
improve transfection efficiency by lowering the charge density, thus weakening the interactions
between PEI and DNA and promoting unpackaging. Since RNAi occurs in the cytoplasm, rapid
siRNA dissociation from the vector is vital for efficient gene silencing (Shim et al., 2010). On
the other hand, siRNA that is loosely bound by the vector may be accessible to degradation by
circulating nucleases. To verify the protective capabilities of the FAuNC at the optimum ratios,

a nuclease protection assay was conducted.
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4.3.3. Nuclease protection assay

The nuclease protection assay assessed the ability of the FAuNC to protect their siRNA payload
from degradation by RNase A. Nanocomplexes were incubated with RNase A for 2 hours at
physiological temperature and thereafter treated with SDS to release siRNA from the FAuNC.
The integrity of the released siIRNA was then analysed on an agarose gel. The results are shown

in Figure 4.10.

Controls AuCS AuCS-1% PEG AuCS-2% PEG

Figure 4.10: RNase protection assay for FAUNC nanocomplexes. +) Positive control of untreated
siRNA; -) negative control of RNase-treated siRNA; lanes 1, 2, and 3 contain the sub-optimal,
optimal, and supra-optimal ratios, respectively, of the indicated FAuNC.

From lane 2 Figure 4.10, it can be seen that naked siRNA was fully degraded following a 2 hr
incubation with RNase A. In contrast, the FAUNC were capable of protecting the siRNA from
complete degradation, as indicated by the presence of bands in lanes 1-3 for the FAuNC
samples. This agrees with the strong condensation abilities of the FAuUNC as observed in
mtercalation studies, which would have inhibited RNase access to the siRNA. The bands are
significantly fainter and show reduced mobility compared to the free siRNA in the positive
control. The faintness may result from partial degradation, or improper release of the siRNA
from the FAuNC by the SDS treatment. SDS 1s an anionic surfactant used to destabilise the
nanocomplex and release the nucleic acids and was added to a final concentration of 0.5%.
However, this concentration may not have been sufficient to fully release the siRNA from the
FAuNC. Ishii ef al., (2001), for example, only observed complete release of plasmids from CS

nanocomplexes at SDS concentrations of 1% and above. Incomplete siRNA release may also
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account for the reduced mobility of the band, which may indicate to the presence of a complex
between the cationic FAUNC and polyanionic SDS. A similar observation was made by Zhang
et al., (2006) for siRNA released from liposomes through SDS treatment. They attributed the
reduced siRNA mobility to the formation of complexes between the siRNA, SDS, cationic lipid
molecules, and serum components, which would have had a higher MW and more cationic
charge than free siRNA and thus migrated slower than free siRNA. It may be noted that no
smears can be seen on the lower end of the gel, which may suggest that the siRNA was not

degraded.

The AuCS were able to provide protection from complete degradation without the need for
stabilisers. This may have been due to incorporation of the siRNA into the nanogel, where it
may have been less exposed to RNases. The bound siRNA may also have assumed a
conformation that prevented RNase binding: Liu et al., (2015) attributed protection by red
fluorescent protein/CS NP to stiffening of the siRNA, which prevented it from binding the
active site of RNase. Protection by the PEGylated FAuUNC may thus be due a combination of
compaction by CS and stabilisation by PEG, as suggested by Guzman-Villanueva et al., (2014).
Some studies have reported improved protection by PEGylated polymers compared to
unPEGylated polymers (Mao ef al., 2006; Miteva et al., 2015). This does not appear to have
been the case for the PEGylated FAuNC - as shown in Figure 4.10, the bands for the PEGylated
FAuNC appear to be of the same intensity as the bands for the AuCS. This suggests that both
unPEGylated and PEGylated FAuNC provided a similar degree of protection against RNase
degradation. However, it is possible that the effects of PEGylation may be more apparent when
tested in an in vivo setting, where the PEG chains may provide greater protection against

degradation by preventing nanocomplex destabilisation in the plasma.

Overall, the FAuNC synthesised in this study were shown to be capable of binding, condensing,
and protecting siRNA. While PEGylation reduced zeta potentials and significantly inhibited
interactions with siRNA compared to the unPEGylated AuCS, it did not significantly affect
siRNA condensation and protection. Thus, the FAUNC were investigated further in in vitro

studies.
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4.4. In vitro cell culture assays

4.4.1. MTT cytotoxicity assay

The MTT assay is dependent on the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide dye (MTT) by mitochondrial and cell plasma enzymes of viable
cells to purple formazan crystals (Prébst et al., 2017). Solubilisation of the crystals by DMSO
produces a purple solution, which may be measured spectrophotometrically at 550 nm. The
intensity of the solution is an indication of the degree of MTT reduction, and, by extension, the
number of viable cells present. MTT assays were conducted using FAuNC complexed with
non-targeted siRNA (NT siRNA), allowing for assessment of the toxicity of the FAuNC vector.

The results are shown in Figure 4.11.

Nanocarriers for siRNA delivery should ideally be non-toxic. Thus, any adverse effects
observed after transfection can be attributed to the siRNA mediated silencing. According to the
International Standards Organisation, medical devices that reduce cell viability by 30% or more
can be considered cytotoxic (ISO, 2009). From Figure 4.11, it can be seen that viabilities
remained above this threshold, indicating that all nanocomplexes were non-toxic in the cell
lines tested. The lowest viability was observed in MCF-7 cells following treatment with the
sub-optimal ratio of AuCS-1% PEG, which inhibited growth by approximately 22.5% (Figure
4.11B). In MDA-MB-231 cells, treatment with AuCS-1% PEG was observed to lead to slightly
reduced viabilities (83-86%) as compared to treatment with AuCS and AuCS-2% PEG, where
viabilities remained above 90%. Minimal toxicity was observed in the non-cancer HEK293
cells, with viabilities close to or exceeding the control for all FAuNC (Figure 4.11A). The
LF3K complexes were similarly well tolerated, with the lowest viability following LF3K

treatment being 80.1% in MCF-7 cells (p<0.01).
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Figure 4.11: MTT assay results in the A) HEK293, B) MCF-7, and C) MDA-MB-231 cell lines.
*p<0.05 was considered statistically significant between nanocomplex ratios; #p<0.05, ##p<0.01
were considered statistically significant vs. the control.
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Several studies have reported LF3K to induce toxicity. This toxicity may be dependent on the
cell line transfected and the presence/nature of the nucleic acid cargo. GFP-plasmid delivery
by LF3K, for example, has been reported to show significant toxicity in the human oesophageal
squamous cell carcinoma cell line KYSE-30 and the mouse myoblast cell line C2CI12
(Cocchiararo et al., 2022; Mahmoudian et al., 2020); while miRNA-expressing plasmids were
non-toxic in the monkey kidney cell line Vero (Zhu et al., 2023). Wang et al., (2018)
demonstrated toxicity of LF3K-single strand oligonucleotide (SSO) complexes to vary among
10 mammalian cell lines. Toxicity was found to be exacerbated by the P3000 reagent required
for plasmid transfection, and complexation with SSO. Differing results have also been reported
for LF3K-siRNA delivery. Cytotoxicity has been reported in bladder cancer T24 cells and
mesenchymal stromal cells following 72 hr and 7 day incubations, respectively (Galitsyna et
al.,2021; Liu et al., 2019); while non-toxicity has been reported following a 72 hr treatment in
zebrafish ZF4 cells (Hu et al., 2021). In this study, LF3K toxicity was found to be minimal in
HEK293 and MDA-MB-231 cells after 48 hrs, with viabilities similar to the control (106% for
HEK?293 and 97.8% for MDA-MB-231); while MCF-7 cells showed a decrease in viability but
remained above 70%. This is similar to the results of Habib et al., (2021), who reported LF3K-
siRNA complexes to be non-toxic in MCF-7 and HT-29 cells after a 48 hr incubation.

The toxicity of AuNC is dependent on their surface coating. Some studies have reported CS-
induced toxicity due to its high charge densities, which may disrupt cell membranes or interfere
with intracellular enzymes. Casettari et al., (2010), for example, reported 50-150 kDa CS to
induce dose-dependent toxicity in lung cancer Calu-3 cells. In contrast, Duan et al., (2018)
reported viabilities of over 90% following treatment with CS-coated AuNC in MCF-7, cervical
cancer HelLa, and mouse embryonic fibroblast 3T3 cells. AuNCs@CS-TPP have also been
reported to be non-toxic to HeLa and liver cancer HepG2 cells (Zhuang et al., 2014). These
results are similar to the results obtained in this study, where viabilities of 102% in HEK293,
86% in MCF-7, and 93% in MDA-MB-231 cells were observed following treatment with the
optimum ratios of AuCS complexes. The AuCS’s non-toxicity may be attributed to the low
final concentrations of the polymer used to treat cells. The charge density and morphology of
the CS would moreover have been modified by AuNC binding and complexation with nucleic
acids. The AuCS nanocomplexes produced showed anionic zeta potentials and would thus not
be expected to exert toxic effects as highly cationic particles might. Toxicity following FAuUNC
dissociation would also have been avoided due to the biodegradability of CS and non-toxicity

of GSH-capped AuNC.
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Several studies have reported PEGylation to improve the cytotoxicity profiles of lipophilic and
polymeric vectors in vitro; a characteristic often attributed to PEG reducing the cationic charge
of the polymer (Casettari et al., 2010; Lechanteur et al., 2016; Tamura et al., 2011). This was
not observed in this study due to the non-toxicity of the AuCS, although PEGylated FAuNC
showed slightly higher viabilities than AuCS in HEK293 cells. The non-toxic nature of the
PEGylated nanocomplexes is especially important given that a much higher amount was
required to fully bind the siRNA. No significant differences were seen when comparing
between the two different ratios of PEG; however, some cell line specific interactions can be
observed. In the HEK293 cells, PEGylation appeared to induce a density-dependent increase
in cell growth. In contrast, in MDA-MB-231 cells, the AuCS-1% PEG showed lower viabilities
than both the AuCS and AuCS-2% PEG. This reduced viability was significant at the sub- and
optimal ratios against the control, and at the sub-optimal ratio against the AuCS (p<0.05). This
may have been due to the higher amount of AuCS-1% PEG required to fully bind the siRNA,
which may have slightly exacerbated any toxic effect displayed by the CS or PEG polymers.
The 2% PEG coating seemed to attenuate any toxicity induced by the AuCS-1% PEG, possibly

by greater shielding of FAuNC surface and inhibiting cellular interactions to a greater extent.

In addition to potential cytotoxicity of the carriers, siRNA delivery must also avoid adverse
side effects induced by the siRNA itself. High concentrations of siRNA may induce RISC
oversaturation or adverse off-target silencing, although RISC oversaturation is less likely with
siRNA due the difficulties in achieving high intracellular concentrations (Varley &
Desaulniers, 2021). The high cell viabilities obtained suggest that, while the FAuNC facilitated
uptake of siRNA (see section 4.4.3), they were able to avoid deleterious effects that may be
induced by the vector and siRNA. Overall, the low toxicity of the FAuNC indicates their

suitability as delivery vectors and live cell imaging agents.

4.4.2. Ethidium bromide/acridine orange apoptosis assay

Dual ethidium bromide/acridine orange staining was performed to determine whether any
reductions in cell viability observed in the MTT cytotoxicity assay were due to the induction
of apoptosis in response to FAUNC treatment, or necrosis. Apoptosis is a form of programmed
cell death that eliminates damaged or abnormal cells (Liu ef al., 2015a); while necrosis is a
non-specific form of cell death, and is generally undesirable as it may promote inflammation
(Lekshmi et al., 2017). The assay is based on differential uptake of the EtBr and acridine orange

dyes depending on the cell state. Acridine orange is a membrane-permeable nucleic acid dye,
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which enters live cells and fluoresces green when bound to dsDNA. EtBr, in contrast, cannot
permeate cell membranes and thus can only enter apoptotic or dead cells with damaged
membranes, where it fluoresces orange upon DNA intercalation (Ude ef al., 2022). The assay
was conducted using the optimum ratios in the MDA-MB-231 cell line, as it is the TNF-o-
producing TNBC cell line. This allowed for confirmation of the non-toxicity of the FAuUNC
before investigation of the effects of anti-7NF-a siRNA delivery. Cells were stained and
photographed 24 hrs after treatment with FAUNC complexed with NT siRNA and the apoptotic
indices calculated. The results are shown in Figure 4.12, and the apoptotic indices are presented

in Table 4.5.
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Figure 4.12: Dual EtBr/AO assay in MDA-MB-231 treated with B) free siRNA, C) LF3K, D)
AuCS. E) AuCS-1% PEG, and F) AuCS-2% PEG complexes. A) represents the untreated control.
The scale bar represents 200 pm for all images. L = live cells, EA = early apoptosis, LA = late
apoptosis.
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Table 4.5: Apoptotic indices in the MDA-MB-231 cell line following treatment with FAuNC
complexes.

Treatment Apoptotic index
Control 0.03
Free siRNA 0.02
LF3K 0.04
AuCS 0.03
AuCS-1% PEG 0.02
AuCS-2% PEG 0.04

Cells in early apoptosis show damaged or yellow-green nuclei, while cells in late apoptosis
display orange/red nuclear staining. Necrotic cells appear orange/red or enlarged (Liu ef al.,
2015a). The results show that the FAuNC were non-toxic at the ratio tested. Treatment with
LF3K and FAuNC complexes led to small increases in apoptosis levels; however, levels
remained below 5% and were similar to the untreated control cells. Cells treated with AuCS-
2% PEG showed the highest level of apoptosis of the FAuUNC but were still non-toxic and
comparable to the LF3K. This correlates with the results observed in the MTT cytotoxicity

assay.

4.4.3. Cellular uptake

Cellular uptake was assessed qualitatively by observing uptake of FAUNC complexed with
siRNA labelled with a fluorescent tag. Cells were transfected with nanocomplexes prepared at
the optimum ratios, and 1mages were taken 24 hr later using a fluorescent microscope. The
images are for HEK293, MCF-7, and MDA-MB-231 cells are shown in Figure 4.13, Figure
4.14, and Figure 4.15, respectively. The presence of fluorescence indicates all FAuNC were
able to effectively interact with cells. In contrast, untreated cells and cells treated with naked

siRNA show no fluorescence.
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Figure 4.13: Cellular uptake of FAuNC and LF3K complexed with BLOCK-iT™ fluorescent siRNA
in HEK293 cells. Images were taken on a fluorescence microscope. The scale bar represents 200 pm
for all images.
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Figure 4.14: Cellular uptake of FAuNC and LF3K complexed with BLOCK-iT™ fluorescent
siRNA in MCF-7 cells. Images were taken on a fluorescence microscope. The scale bar represents
200 pum for all images.
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Figure 4.15: Cellular uptake of FAUNC and LF3K complexed with BLOCK-iT™ fluorescent
siRNA in MDA-MB-231 cells. Images were taken on a fluorescence microscope. The scale bar
represents 200 pm for all images except AuCS: scale bar represents 100 pum for AuCS.
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The uptake of the nanocomplexes is notable given their weakly negative and neutral zeta
potentials, which may have impaired interactions with the cell membrane. However, it is
possible that the zeta potentials reported in section 4.2.3.2, which were obtained in ddH>0 at
pH 7, are not an accurate reflection of the zeta potentials of the nanocomplexes in DMEM or
in in vivo environments. Studies have reported differences in zeta potentials for gold and metal
oxide NP dispersed in water and in both serum-free and supplemented medium (Limbach et
al., 2005; Lojk et al., 2017; Sabuncu et al., 2012; Shannahan et al., 2013). This may be
attributed to the formation of an EDL as ions interact with the NP surface, and the adsorption
of serum proteins onto the NP surface, thus modifying the surface charge (Lojk et al., 2017).
This potential difference in zeta potential may be more relevant for the non-stabilised AuCS
nanocomplexes, which lack the PEG chains to shield the FAuNC surface and inhibit protein
interactions. In vivo, the CS may also take on a more positive charge due to protonation of its

amine groups in the acidic TME, thus promoting cellular interactions (Amoozgar et al., 2012).

Studies have reported both decreased transfection in the presence of serum, due to the
formation of a protein corona (Krishnamoorthy et al., 2017); and increased transfection, due to
binding of proteins that promote uptake (Chithrani et al., 2006). Proteins may interact with
vectors via electrostatic, hydrophobic, van der Waals, or hydrogen bonding interactions. The
charges of the FAuNC may be expected to reduce electrostatic interactions with serum proteins,
as most are anionic at physiological pH and thus interact more strongly with cationic
nanocomplexes (Tekie et al., 2020). However, as mentioned, the zeta potentials may differ in
cell culture media. While CS with a high DD is regarded as hydrophilic, it may mediate
hydrophobic interactions with serum proteins through hydrophobic functional groups (Bekale
et al., 2015; Santander-Ortega et al., 2011). These groups may also mediate hydrogen or van
der Waals bonding to serum proteins (Li ef al., 2012b; Lii et al., 2018). PEGylation is expected
to reduce these interactions due to its electroneutral and hydrophilic nature inhibiting
electrostatic and hydrophobic interactions (Alberg et al., 2020). The uptake studies were
conducted using DMEM supplemented with FCS. Despite potential interactions with serum
proteins, the FAuNC were able to transfect the cells, indicating that they can maintain their
stability in the presence of serum. This may signify their potential suitability for use in in vivo
applications, although in vivo uptake studies would be required to accurately determine the
effects of protein adsorption on uptake as the in vivo protein corona has been reported to differ

from the corona formed in ex vivo experiments (Hadjidemetriou et al., 2019).
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The nanocomplexes may utilise multiple endocytic pathways to enter cells. The choice of
pathway is influenced by the nanocomplexes’ characteristics, such as their size, composition,
and rigidity. However, conflicting results have been reported regarding the influence of these
factors on uptake, possibly due to differences in NP composition or between cell lines, or due
to non-specific action of endocytosis inhibitors. For example, Wright et al., (2021) reported
clathrin- and caveolae-independent uptake mechanisms for CS, mesoporous silica, and
poly(lactic-co-glycolic) acid NP following siRNA knockdown of proteins involved in these
pathways. This was suggested to be due to the NP sizes reaching or exceeding the maximum
vesicle sizes (~100 nm and ~150 nm for caveolae- and clathrin-coated vesicles, respectively).
In contrast, studies using endocytosis inhibitors have reported clathrin-dependent uptake of NP
>200 nm, with larger NP (200 nm - 1 pm) being primarily internalised by caveolae-mediated
endocytosis and micropinocytosis (Li et al., 2015b; Rejman et al., 2004). Clathrin-mediated
endocytosis was suggested to be rapid process with an upper limit of 200 nm, while caveolae-
mediated pathways were suggested to recruit additional internalisation machinery to facilitate

uptake of large particles (Rejman et al., 2004).

Differing results have also been obtained regarding the uptake of CS and CS-coated NP.
Several studies using inhibitors have reported their uptake via endocytic pathways
(Apirakaramwong et al., 2012; Liu et al., 2018; Tahara et al., 2009; Zhao et al., 2015).
However, siRNA knockdown of proteins involved in uptake led Pereira et al., (2015) to suggest
that folate-targeted glycol CS nanogels primarily exploited clathrin- and caveolae-independent
pathways. Macropinocytosis, an actin-dependent endocytic pathway, may also be exploited to

enter cells (Pereira et al., 2015).

The results from these studies suggest that the FAuNC nanocomplexes may exploit several
uptake pathways. All nanocomplexes displayed hydrodynamic diameters below 200 nm, with
sizes of 97.7 nm, 108.5 nm, and 151.5 for AuCS, AuCS-1% PEG, and AuCS-2% PEG,
respectively. This suggests that they may exploit clathrin-mediated endocytosis to enter cells;
however, according to the results of Wright et al., (2021), the AuCS-2% PEG may have to
enter via clathrin- and caveolae-independent uptake pathways. The nanocomplexes may also

exploit all mentioned uptake pathways to varying degrees to enter cells.

It is also important to note that different cell types may utilise different uptake pathways.
Pefialoza et al., (2017), for example, reported the uptake mechanisms for poly (3-
hydroxybutyric acid-co-hydroxyvaleric acid) NPs to differ between HeLa cells, which utilised
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endocytic and macropinocytic pathways, and ovarian cancer SKOV-3 cells, which primarily
utilised endocytic-independent uptake pathways. Different cell lines may also express different

amounts of endocytic proteins (Kumari et al., 2010).

4.4.4. Flow cytometry studies

The in vitro effects of TNF-a knockdown were investigated using flow cytometry assays. Flow
cytometry is a technique that allows for analysis of the characteristics of single cells in a
population based on their fluorescence profiles (McKinnon, 2018). FAUNC were complexed
with anti-7NF-a siRNA according to the optimum ratios obtained in the band shift assay, and
used to treat HEK293, MCF-7, and MDA-MB-231 cells. Following incubation, the effects of
knockdown on Caspase 3/7 activation, ROS levels, and cell cycle distribution were investigated

using the Guava® Muse® Cell Analyser.

4.4.4.1. Caspase 3/7 Activity

Caspases proteins are cysteine proteases which function in regulating multiple cellular
processes, most notably cell death such as apoptosis (Julien & Wells, 2017). The effector
caspases 3 and 7 are particularly well-known due to their involvement in the caspase cascade
that initiates apoptosis. Their activation in response to 7NF-a knockdown was evaluated using
the Muse® Caspase-3/7 Kit. The kit distinguishes between live, apoptotic, and necrotic cells
using a Caspase 3/7 reagent and the cell death marker 7-aminoactinomycin D (7-AAD) (Table
4.6). The Caspase 3/7 reagent is composed of a DNA-binding dye linked to a peptide containing
a Caspase 3 recognition sequence. In apoptotic cells, the peptide is cleaved by active Caspase
3/7, freeing the dye and allowing it to migrate to the nucleus and bind the DNA (Cen ef al.,
2008). 7-AAD is an intercalating dye that 1s impermeable to the cell membrane. It thus only
stains late apoptotic or necrotic cells, which exhibit weakened membrane integrity

(Zimmermann & Meyer, 2011). The results for the cell lines are shown in Figure 4.16.

Table 4.6: The fluorescent profiles of live, apoptotic, and necrotic cells determined by the Muse®
Caspase-3/7 kit.

Caspase 3/7 7-AAD

Live cells - -
Early apoptotic cells + -
Late apoptotic/necrotic cells + F
Necrotic cells - +
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Figure 4.16: Graphical representation of the apoptotic profiles following 7NF-a knockdown in
A) HEK293, B) MCF-7, and C) MDA-MB-231 cells. Control = cell-only control; siRNA only =
anti-TNF-a siRNA only: LF3K = Lipofectamine 3000.
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The viabilities of the cell-only controls for all cells were approximately 95%, indicating that
the cells were healthy. Delivery of the naked siRNA had little effect on apoptosis levels.
FAuNC-mediated delivery of the anti-TNF-a siRNA was found to be non-toxic to the HEK293
cells. As shown in Figure 4.16A, over 94% of the cell population remained viable after
treatment. Caspase 3/7 activation was similarly low in MCF-7 cells, with the proportion of live
cells in all samples similar to or exceeding that of the control. In contrast, anti-7NF-a siRNA
delivery in the MDA-MB-231 cells was observed to lead to slightly increased levels of caspase
3/7 activation compared to the control. AuCS and LF3K-mediated delivery produced similar
increases in caspase 3/7 activation, leading to increases in percentage of apoptotic cells from
4.4% in the control to 12.4% and 11.3%, respectively. The PEGylated FAuNC produced
slightly higher apoptosis levels of 14.1% and 16.7% for AuCS-1% PEG and AuCS-2% PEG,
respectively. This result would suggest that the FAuNC were successful in delivering the anti-
TNF-o siRNA to the MDA-MB-231 cells, where it may have induced apoptosis of the TNF-a-
producing TNBC cells.

TNF-a inhibition has been reported to lead to increased apoptosis in cancer cells.
Shirmohammadi ef al., (2020) showed that treatment with the TNF-a inhibitor etanercept led
to increased apoptosis in MDA-MB-231 cells, similar to the results presented in Figure 4.16C.
Antibody targeting of tmTNF-a in mice with MDA-MB-231 tumours was reported by Yu ef
al., (2013) to induce caspase 8 cleavage, and thus apoptosis, in tumour cells. Delivery of anti-
TNF-o siRNA using the lipid-based siPORT™ NeoFX™ Transfection Agent has also been
reported to induce apoptosis in TNBC Hs578T cells, leading to a decrease in cell viability from
98.5% to 68.8% (Pileczki et al., 2012). Analyses of gene expression following knockdown
showed downregulation of TRADD, indicating inhibition of TNF-a signalling; and
upregulation of p53 and several genes involved in apoptosis, including TNF superfamily
member 10, or TNF-related apoptosis-inducing ligand (TRAIL). TRAIL selectively induces
apoptosis in cancer cells through the receptors TRAIL-R1 and TRAIL-R2 (Dai ef al., 2015).
T'NF-o. knockdown thus led to reduced activation of the cell growth and inflammatory pathways
transcribed by NF-kB, which, together with the increased expression of TRAIL, led to

activation of apoptotic pathways.

Very little necrosis was observed in the cell populations. The highest levels of necrosis were
2.2 -2.9%, observed following treatment with LF3K and AuCS-1% PEG in the HEK293 cells
(Figure 4.16A). It is thus ideal that no necrosis was observed in the MDA-MB-231 cells, which

showed increased cell death in response to the treatments.
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4.4.4.2. Oxidative stress

Reactive oxygen species (ROS) include hydrogen peroxide (H20z), superoxide anions (O?),
and hydroxyl ions (OH"). They are produced through aerobic respiration, and play important
roles in mediating signalling processes, including TNF-a signalling, and phagocytosis.
However, they may also cause damage to cellular macromolecules, such as proteins, lipids and
DNA, and induce transformation (Schieber & Chandel, 2014). The ROS levels following
transfection were analysed using the Muse® Oxidative Stress kit, which utilises the
dihydroethidium (DHE) dye that detects intracellular O* anions. Upon entry into the cell, DHE
is oxidised by O* ions to 2-hydroxyethidium, which intercalates within DNA and fluoresces
red (Chen et al., 2013). Figure 4.17 depicts the results as the percentage of the cell populations
that are ROS(-) and ROS(+).

Figure 4.17A shows that the majority of the HEK293 cells had reduced oxidative stress. The
percentage of the cell population with elevated ROS remained below 10% for all samples
except for the PEGylated FAuNC-treated samples, which showed slightly increased ROS(+)
populations of 12.1 — 13.1% compared to the control of 7.6%. Very little change in the
distribution of the ROS(+) and ROS(-) populations was observed in the luminal MCF-7 cells
(Figure 4.17B). Treatment in the MDA-MB-231 cells, however, was observed to produce a
shift. Anti-TNF-o siRNA delivery by the FAuNC led to an increase in the proportion of the
cell population with elevated ROS levels, from 60.8% in the control to 60.7%, 67.5% and
73.4% for AuCS, AuCS-1% PEG, and AuCS-2% PEG samples, respectively. The shifts
produced by treatment with the PEGylated FAuUNC were similar to that produced by LF3K,
where 70.2% of cells were ROS(+). Both cancer cell lines showed a larger base ROS(+)
population compared to the HEK293.
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Figure 4.17: Graphical representation of the ROS levels following TNF-a knockdown in A)
HEK293, B) MCF-7, and C) MDA-MB-231 cells. Control = cell-only control; siRNA only = anti-
TNF-a siRNA only: LF3K = Lipofectamine 3000.
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It is generally accepted that cancer cells produce more ROS than non-cancerous cells. Normal
cells utilise ROS-scavenging systems composed of several antioxidant proteins to prevent their
toxic build-up (Perillo et al., 2020). Several factors contribute to the increase ROS production
in malignant cells. These include, increased mitochondrial activity, loss of TSGs that may have
antioxidant functions, and the hypoxic and inflammatory tumour microenvironment, which
contains ROS-producing macrophages (Brown & Bicknell, 2001; Reczek & Chandel, 2017).
This increased oxidative stress is reflected in Figure 4.17. Less than 10% of the control
HEK?293 cells showed increased ROS, in contrast to the cancer cell lines where over 55% of

the control population displayed elevated ROS levels.

TNF-a induces both intracellular ROS generation and antioxidant expression through NF-xB
(Morgan & Liu, 2010). TNF-a-induced ROS generation is implicated in the pathology of
inflammatory and cardiovascular disorders, and studies in in vifro and in vivo models have
shown TNF-a inhibition to reduce oxidative stress (Carvalho-Galvao et al., 2019; Mattos et
al., 2020; Zhang et al., 2018a). Kastl et al., (2014) reported TNF-a stimulation to increase
mitochondrial ROS generation in liver cancer cells. ROS play a significant role in mediating
NF-«B activation, and this increased oxidative stress was thus observed to lead to increased
cell migration. It was thus unexpected to observe an apparent increase in the ROS(+) population
in MDA-MB-231 cells in response to anti-7NF-a siRNA delivery. This would appear to
indicate that delivery of the anti-TNF-a siRNA might lead to increased TNBC cell
proliferation, and potentially increased TNF-a release. However, it is possible that the
increased ROS in MDA-MB-231 cells correlates with the results of the other flow cytometry

assays, which indicated a decrease in cell proliferation.

Cancer cells must still maintain ROS homeostasis to prevent the excessive levels inducing cell
death; this is achieved by upregulating antioxidant pathways to scavenge excess ROS (Reczek
& Chandel, 2018). Tumours are thus still be sensitive to exogenous treatments that induce
ROS; their already elevated ROS levels are thought to make them more sensitive to these
treatments than normal cells (Trachootham et al., 2009). Studies have linked treatment-induced
ROS generation in MDA-MB-231 cells to apoptosis. Zhang et al., (2015) reported polyphenol
extracts from the Annurca apple fruit to selectively induce oxidative stress in MDA-MB-231,
but not non-cancer MCF10A, cells. The increased ROS levels led to sustained JNK activation,
and thus apoptosis. The apparently selective pro-oxidant activity of these polyphenols may
result from the higher concentration of metal ions in cancerous cells, which react with plant-

derived polyphenols to produce ROS (Farhan & Rizvi, 2022). Similar results were reported by
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Martino et al., (2019) using the isoliensinine alkaloid isolated from lotus seed embryos.
Elevated ROS levels may also trigger apoptosis by damaging cellular macromolecules, or
disrupting the mitochondrial membrane (Alsaedi ef al., 2019). Thus, the elevated ROS may
correlate with the increased levels of apoptosis observed in the Caspase 3/7 assay, and the

decreased proliferation observed in the cell cycle assay.

It is important to note the double-edged nature of ROS therapy. Treatments that induce only
moderate increases in ROS levels may promote malignancy rather than apoptosis. It is thus
notable that the HEK293 cells showed no increase or very small increases in ROS levels
following treatment. This would suggest that the FAuNC are non-toxic and may not
significantly impact expression pathways in non-cancer cells. The effects of the increased ROS
on gene expression could be more accurately determined using gene expression assays, to
verify that the expression of proliferation genes was unaffected by the slight increase in ROS

levels.

4.4.4.3. Cell cycle

The cell cycle is composed of four stages: a quiescent GO/G1 phase, the S phase in which DNA
replication occurs, the G2 phase in which the cell prepares for mitosis, and the M phase in
which the cell splits. The Muse® Cell Cycle Assay utilises the intercalating agent propidium
iodide to distinguish between the different phases according to the DNA content in the cells.
Cells in the GO/G1 phase will exhibit the lowest intercalation, and thus fluorescence.
Fluorescence intensity will increase during the S phase as DNA replicates, until it is double
that of cells in the GO/G1. This doubled intensity is indicative of cells in the G2/M phase where
DNA has replicated. RNase A is included in the assay to improve the specificity of DNA
binding by the propidium iodide. The results are shown in Figure 4.18, and give the proportion
of the cell populations in the GO/G1, S, and G2/M phases.
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Figure 4.18: Graphical representation of the cell cycle distribution following 7NF-a knockdown
in A) HEK293, B) MCF-7, and C) MDA-MB-231 cells. Control = cell-only control; siRNA only
= anti-TNF-a siRNA only; LF3K = Lipofectamine 3000.
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In this study, the HEK293 and MCF-7 cells were minimally affected by treatment with the
TNF-o-targeting FAuNC nanocomplexes. HEK293 cells displayed a slight increase in the
proportion of cells in the S- and G2 phases as compared to the control, suggesting that the cells
are actively proliferating and were not adversely affected by FAuNC delivery. In contrast,
delivery of anti-TNF-o siRNA in MDA-MB-231 cells was observed to lead to slight increases
in the proportion of cells in the GO/G1 phase, together with a slight decrease in cells in the S
and G2/M phases (Figure 4.18C). This shift was minimal for the AuCS-treated cells, which
showed an increase from 59.2% cells in the GO/G1 phase for the control to 61.3%. The shift
was, however, slightly more prominent for cells treated with the PEGylated FAuNC, which
produced shifts equivalent to that observed for LF3K-mediated knockdown. The observed
proportion of cells in the GO/G1 phase following treatment was 67.1% for LF3K, 66.1% for
AuCS-1% PEG, 65.5% for AuCS-2% PEG.

A shift in the distribution of the cell population in the different cell cycle phases may occur in
response to DNA damage, which may prevent DNA replication from occurring or prevent entry
into mitosis. Damaged cells thus undergo cycle arrest to allow for DNA repair to take place. If
the damage cannot be repaired, cells may undergo permanent arrest or apoptosis (Chao ef al.,
2017). Shifts may also occur if the treatment alters the expression of genes involved in cell
cycle progression. NF-kB has been implicated in the regulation of several proteins involved in
cell cycle progression, including the cyclin D proteins and c-MYC oncogene (Ledoux &
Perkins, 2014; Mussbacher et al., 2019). TNF-a may thus promote cell cycle progression
through NF-kB activation. TNF-a treatment in MDA-MB-231 and MCF-7 cells has, for
example, been reported to shift cells from the GO to the S phase, sensitising them to
chemotherapy (Wu et al., 2017). Several studies have also reported cell cycle arrest following
TNF-o knockdown. Shen ef al., (2019) observed TNF-a-knockout leukaemia cells to display a
shift to the GO phase as compared to wild type cells. This was accompanied by a decrease in
the expression of CDC6 and CDC23 proteins, which mediate cell cycle progression. Knockout
was thus suggested to lead to cell cycle arrest. A similar shift was reported in MDA-MB-231
cells, where shRNA-mediated knockdown of tmTNF-a led to an increase of cells in the
quiescent GO phase and a decrease of cells in the S phase (Zhang et al., 2018c). These results
are similar to those shown in Figure 4.15C and suggest that PEGylated FAuNC-mediated
delivery of the anti-TNF-a siRNA selectively induced cell cycle arrest in the TNBC MDA-
MB-231 cells.
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Overall, FAuUNC were consistently well-tolerated in the non-cancer HEK293 cells, indicating
their safety. The effects of anti-TNF-a delivery appeared to be selective in the TNBC MDA -
MB-231 cells. Studies have reported low or absent TNF-a production in the HEK293 and
MCEF-7 cells (Hamaguchi et al., 2011). Subramoniam ef al., (2012) has also reported no TNF-
o expression in unstimulated, control HEK293 cells. This may suggest the success of the vector
in delivering anti-TNF-o siRNA and initiating gene silencing. However, the results were
minimal, and thus the extent of gene knockdown must be analysed through RT-qPCR and
ELISA.

Based on the results obtained thus far, the AuCS-2% PEG were chosen for further
investigation. These FAuNC displayed a nanocomplex size within the ideal range for uptake
(<200 nm in diameter) and a slightly less neutral zeta potential than the AuCS-1% PEG. They
showed favourable interactions with siRNA, and optimal toxicity profiles in all cell lines. The
results obtained in the Muse® assays further suggest that AuCS-2% PEG-mediated anti-7NF-
a siRNA delivery more effectively than other FAUNC while showing non-toxicity in the
HEK293 cells.

4.4.5. Gene knockdown studies

Effective gene silencing requires the vector to deliver the siRNA to the cytoplasm of the target
cells, where it can mediate formation of the RISC and degradation of complementary mRNA.
The transfection efficiency of the AuCS-2% PEG vectors was evaluated by evaluating
knockdown of the c-MYC oncogene, as the assays assessing TNF-o expression were
unsuccessful and could not be optimised to provide reliable results. Knockdown was
investigated in MCF-7 cells following procedures previously described (Daniels & Singh,
2019; Habib et al., 2021). The c-MYC gene is induced by oestrogen stimulation, leading to its
overexpression in HR+ MCF-7 cells (Dubik & Shiu, 1988; Wang et al., 2011b).

The techniques of RT-qPCR and ELISA allow for sensitive and accurate determination of the
expression levels of specific genes and proteins, respectively. RT-qPCR combines the
techniques of RT-PCR, which utilises DNA produced through reverse transcription of mRNA
as a PCR template, and qPCR, which allows for quantification of the PCR product in real time
(Adams, 2020). A commonly used method for analysing the data is through relative
quantification of the gene expression levels. This method, also called the 244 method,

compares the expression of the target gene in the treated samples to its expression in the
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untreated control sample. Thus, any changes in gene expression in response to treatment can
be quantified (Adams, 2020; Livak & Schmittgen, 2001). The indirect ELISA technique was
used in this study to evaluate changes in protein expression. This two-step process utilises both
a primary antibody that binds the target protein, and a tagged secondary antibody that binds the
primary antibody. The horseradish peroxidase (HRP) enzyme used as a tag produces a
colourimetric reaction that can be measured using a spectrophotometer (Wang & Kobayashi,
2013). Relative quantification of protein expression can be determined by comparing the
absorbance of treated samples to the untreated control. For both techniques, the level of c-MYC
expression was normalised to the expression of S-actin, a housekeeping gene whose expression
1s uninfluenced by treatments. The results for the RT-qPCR and ELISA are shown in Figure
4.19A and B, respectively.
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Figure 4.19: Gene knockdown studies in MCF-7 cells, showing the relative (A) gene and (B)
protein expression of ¢-MYC following treatment with naked siRNA and LF3K and AuCS-2%

PEG complexes. Data are presented as means + SD (n=2).
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The results show that naked siRNA had no significant effect on the level of c-MYC gene and
protein expression. Cells treated with free non-targeting (NT) siRNA showed gene and protein
expression levels close to or exceeding the untreated control cells, while those treated with
anti-c-MYC siRNA showed gene and protein expression levels of 81.6% and 101.7%,
respectively. This inability to induce knockdown was expected as free siRNA is highly
susceptible to degradation and impervious to cellular uptake mechanisms. Both LF3K- and
AuCS-2% PEG-mediated transfection with the NT siRNA did not significantly affect c-MYC
levels. In contrast, LF3K delivery of anti-c-MYC siRNA led to a large decrease in gene and
protein expression. However, anti-c-MYC delivery with the AuCS-2% PEG did not lead to the
expected decrease in c-MYC expression levels. The gene and protein expression levels were
found to be 103.6% and 95.3%, respectively. This result suggests that transfection with the
AuCS-2% PEG did not efficiently induce c-MYC knockdown as the LF3K did.

LF3K is a commercially available transfection agent that is often considered to be a gold
standard in transfection (Mikheev et al., 2020). It was thus used as a positive control for
comparison with the FAuNC. Lipofectamine is a liposomal vector, composed of the lipids 2,3-
dioleoyloxy-N- [2(sperminecarboxamido) ethyl]- N,N-dimethyl-1-propaniminium
trifluoroacetate (DOSPA) and 1,2-dioleoyl-sn-glycerophosphoethanolamine (DOPE) in a 3:1
(w/w) ratio, although the exact composition of LF3K is proprietary (Ma et al., 2016; Yang &
Huang, 1998; Zhang et al., 2021c). DOSPA is a cationic lipid that promotes interactions with
negative nucleic acids and cell membrane components, while the neutral lipid DOPE improves
transfection efficiency (Beg et al., 2021). Lipofectamine-based reagents are able to enter cells
through diffusion, which may avoid lysosomal degradation (Cardarelli et al., 2016). With
optimisation, LF3K can efficiently transfect multiple types of cell lines, and facilitate uptake
of a variety of gene therapy agents, from SSOs to genome editing systems (de Carvalho et al.,
2018; Liu et al., 2020b; Wang et al., 2018). The results of this study support the widespread
use of LF3K as a transfection agent, as it showed minimal toxicity in the cell lines tested and

sufficient uptake to induce gene silencing.

There are several possible reasons why the AuCS-2% PEG failed to induce knockdown.
Further experiments would be required to determine the exact step(s) at which transfection and

knockdown failed.

It is firstly possible that the siRNA payload was subject to degradation by nucleases. siRNA

must avoid both extra- and intracellular nucleases before integration into the RISC (Nair et al.,
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2017). As mentioned in the results of the RNase protection assay (section 4.3.3), the siRNA
may potentially have been subject to partial degradation by the nuclease. If a significant portion
of the siRNA cargo was degraded, this may result in the intracellular concentration being too
low to induce effective knockdown. To confirm the cause of the lowered intensity, different
release agents may be investigated to ensure the complete release of bound siRNA. Ma et al.,
(2017), for example, showed heparin sulphate to effectively dissociate CS-DNA complexes,
and it may thus dissociate the FAuUNC complexes more effectively than SDS. Different
concentrations of SDS may also be investigated. Mannose-modified trimethyl chitosan-
cysteine (MTC) NP, for example, have been observed to require different concentrations of
heparin to completely dissociate siRNA depending on their level of crosslinking with different

polymers (He et al., 2020).

It is also possible that PEGylation interfered with transfection, due to the “PEG dilemma”. PEG
shields cationic sites on the CS. This may reduce uptake by inhibiting interactions between CS
and the cell membrane, and by lowering the zeta potential of nanocomplexes. Both PEGylated
FAuNC complexes showed close to neutral zeta potentials, although whether the zeta potential
in medium containing serum is neutral needs to be verified. Some studies have reported neutral
PEGylated nanocomplexes to show reduced transfection compared to cationic nanocomplexes.
Niu et al., (2018) reported neutral r8-insulin nanocomplexes encapsulated with PGA-PEG to
efficiently transfect colon cancer Caco-2 cells, although transfection was markedly lower than
cationic unencapsulated nanocomplexes. It was, however, noted that this would not be the case
in vivo due to the inherent instability of the unencapsulated nanocomplexes. Rudzinski et al.,
(2016) reported neutral PEGylated CS-PEG complexes to induce slightly reduced f-catenin
knockdown (expression reduced by 27.8%) compared to CS (30.4%) and Lipofectamine 2000
(33.4%) after 48 hrs. It is possible that the neutral zeta potential of the AuCS-2% PEG together
with the steric hindrance may have reduced interactions with cell membrane components, thus

reducing uptake.

If sufficient uptake did occur, it is possible that the AuCS-2% PEG were not able to efficiently
escape the endosome or lysosome. Zhu et al., (2019) reported CS-encapsulated AuNC to be
capable of escaping from the lysosome. This efficient escape was attributed to the acidic pH of
the lysosome increasing the surface charge of the AuCS, thus inducing lysosomal membrane
disruption through the proton sponge effect. This would notably rely on sufficient free
protonable sites on the CS. However, this may not have been the case for the near-neutral

AuCS-2% PEG nanocomplexes, in which the number of positive amine groups of the CS was
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reduced through binding with PEG and siRNA. It has also been suggested that polyplexes may
require interactions with the endosomal membrane to induce escape, as lipoplexes do (Degors

et al., 2019). PEG may again inhibit this interaction through steric hindrance.

If PEGylation did interfere with transfection, this would be in contrast to the results of Daniels
and Singh, (2019), who reported CS-encapsulated AuNP functionalised with PEG in weight
ratios of 2% and 5% to effectively induce c-MYC silencing. In a study on the effect of
PEGylation on transfection efficiency of PEI-siRNA complexes, Rheiner ef al., (2016)
observed increased PEGylation with PEG2000 and PEGsooo to inhibit knockdown. It was noted
that, since both PEG and PEI are hydrophilic, this may have led to entanglement of the two
polymers and efficient blocking of cationic sites on the PEIL. This may have occurred with the
AuCS-2% PEG, as CS is also a hydrophilic polymer. It is possible that such entanglement
would occur less on CS-AuNP where the CS was stabilised on a solid AuNP core, in contrast
to the nanogel structure of the AuCS. This conflicting result may thus possibly result from the

difference in structure of the functionalised AuNP and FAuNC.

Other characteristics of the nanocomplexes may also affect their ability to transfect cells. In a
study evaluating the uptake of novel polymeric poly(propargyl glycolide) NP modified to
contain disulfide linkages or cholesterol groups, Portis et al., (2010) reported successful uptake
of complexes with anti-GFP siRNA in GFP expressing H1299 cells using confocal laser
scanning microscopy. However, this did not produce significant knockdown of GFP
expression, in contrast to treatment with Lipofectamine 2000 and LPEI complexes. This was
attributed to a low intracellular concentration of siRNA being achieved by the novel polymeric
NP. The authors further suggested that the transfection efficacy of nanocomplexes is dependent
not only on the physical structure of the nanocomplexes formed through binding with siRNA,
but also the formation of higher-order structures through interactions between complexes.
These structures may be predicted and assessed using modelling software to determine whether

they would promote or interfere with uptake.

Further studies may be done to accurately assess the cellular uptake and endosomal escape of
all FAuNC. Although the fluorescence images (section 4.4.3) do not appear to show reduced
transfection by PEGylated FAuUNC compared to AuCS and LF3K, more comprehensive
analyses would be required to accurately measure cellular uptake. These may include
inductively-coupled plasma (ICP) techniques that measure that amount of gold present in cell

lysates, or flow cytometry to measure the level fluorescence in a cell population (Shin et al.,
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2020). Fluorescence studies may be performed to determine uptake and release of FAuUNC from
endosomes or lysosomes. This may be achieved using dyes or markers that bind or accumulate
within endosomes or lysosomes, such as LysoTracker dyes that accumulate in acidic late
endosomes and lysosomes (Zhitomirsky et al., 2018). A fluorescent microscope may then be
used to visualise any overlap between the FAuNC and labelled vesicles. Endosomal escape
may also be monitored using confocal microscopy, which allows for detection of changes in
the fluorescence of FAUNC in response to changes in the pH in the lysosome and cytoplasm

(Zhu et al., 2019).

Following entry into the cell, the vector would also be required to “unpack” and release the
free siRNA, which is then incorporated into the RISC. Vector unpacking may occur during
endosomal escape. Alternatively, the bound nanocomplex must dissociate in the cytoplasm
after escaping the endo-/lysosome (Gary ef al., 2007). It has been suggested that vector
unpacking is a smaller obstacle to siRNA delivery than DNA delivery, as the small size of
siRNA results in weaker interactions with vectors, thus promoting dissociation (Gary et al.,
2007). Nevertheless, ineffective or slow release of the siRNA may lead to inefficient gene
silencing. In their study on MTC NP with different kinds and amounts of crosslinkers, He et
al., (2020) reported formulations that showed slow siRNA release to be ineffective at silencing
TNF-o expression in the macrophage cell line Raw 264.7. However, it may be noted that the
binding studies showed PEGylation to weaken the binding and compaction abilities of the
FAuNC. This would suggest that vector dissociation may have been more likely to occur for
the AuCS-2% PEG. There are several techniques that may verify the release kinetics of the
FAuNC. A procedure similar to drug release assays may be used, in which siRNA released
from nanocomplexes into a PBS solution is quantified at different time intervals using UV
spectroscopy, or fluorescence intensity in the case of tagged siRNA (Abdul Ghafoor Raja et
al., 2015; Shi et al., 2014). In vitro release may be investigated using confocal microscopy,
which would allow for detection of signals from the fluorescent FAUNC and tagged siRNA.
Divergence of the signals would suggest that the siRNA has dissociated from the FAUNC (Lee
etal., 2010).

Overall, both gene expression assays showed that the AuCS-2% PEG did not affect knockdown
of the ¢-MYC oncogene in MCF-7 cells. This may have resulted from a combination of the
above-mentioned factors that led to insufficient uptake and a low intracellular concentration of

siRNA.
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CHAPTER 5
CONCLUSION AND FUTURE STUDIES

5.1. Conclusion

siRNA have emerged as potentially powerful tools in the treatment of aggressive cancers. By
exploiting the natural gene regulation mechanism of RNAi, they allow for sequence-specific
silencing of aberrant genes. siRNA therapies show particular promise in treating diseases
previously considered undruggable and cancers with high mutagenic diversity, such as TNBC.
However, their in vivo efficacy is limited due to the unfavourable physicochemical properties
of siRNA molecules, and much research has thus focussed on the development of delivery
systems. Concerns over vector toxicity and immunogenicity has resulted in a shift in focus
from viral to non-viral vectors. AuNC form part of a novel class of ultra-small NP, which show
unique optical and physicochemical characteristics. They display a large surface area, strong
photoluminescence, and high biocompatibility, making them viable candidates as gene delivery
vectors. Functionalisation with the polymer CS produces nanogels that can easily interact with
therapeutic nucleic acids. Addition of the stealth polymer PEG may lead to reduced

opsonisation and thus increased circulation times in vivo.

This study focussed on the development of AuNC vectors coated with CS, and PEG2000 in two
weight ratios, and the evaluation of their in vitro toxicity and ability to deliver siRNA. Ultra-
small AuNC (<2 nm) were successfully synthesised and functionalised. FAUNC showed
minimal aggregation and strong fluorescence upon excitation with UV light. NTA showed the
FAuUNC to display good colloidal stability and physiologically relevant sizes. These
characteristics may facilitate their potential use as imaging or detection agents. The band shift
and EtBr intercalation assays further showed FAuNC to successfully bind and condense siRNA
into compact nanocomplexes with ideal sizes for cellular uptake. The nuclease protection assay
further showed that the FAuNC were capable of providing protection against complete
degradation by RNase A.

In vitro studies, conducted in BC and non-cancerous cell lines, involved evaluation of the
toxicity and uptake of the FAuNC. All complexes were found to be well-tolerated, further
signifying their potential for in vivo applications. Fluorescent assays to assess the induction of
apoptosis in MDA-MB-231 cells further confirmed the safety of the FAUNC. Cellular uptake
studies showed all FAuNC to be capable of interacting with all cells tested, with all samples
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showing fluorescence compared to the untreated and siRNA-only controls that displayed

minimal fluorescence.

Based on the results of the flow cytometry assays in vitro, the AuCS-2% PEG were chosen as
subjects for the gene expression assays. However, RT-qPCR and ELISA showed that the
AuCS-2% PEG failed to elicit sufficient knockdown of mRNA and protein levels of the c-MYC
oncogene. This was in contrast to the commercially available vector LF3K, which led to a

reduction in expression relative to the untreated control.

Steric stabilisation was achieved through the conjugation of PEG2000 to the CS polymer. This
was observed to result in weakened interactions between the FAuNC and siRNA: more of the
PEGylated FAuNC was required to fully bind the siRNA, and both PEGylated FAuNC
condensed siRNA to a lesser degree than AuCS. PEGylation also appeared to slightly reduce
the fluorescence of the AuNC, which may be an obstacle for imaging purposes. Furthermore,
it is possible that PEGylation interfered with knockdown. The AuCS showed strong
interactions with siRNA, provided protection against RNase A degradation without the need

for stabilisers, and showed high biocompatibility.

Overall, all FAUNC formulated and tested in this study were capable of interacting with siRNA
and showed favourable characteristics in vitro in BC and non-cancer cells. However, the AuCS-
2% PEG that was selected was unable to successfully induce knockdown of the c-MYC

oncogene, and further optimisation would be needed to take this nano-delivery system further.

5.2. Future Studies

Based on the results obtained further studies may be needed, such as optimisation of the enzyme
protection assay to fully assess the level of protection of the siRNA. This may involve
investigation of releasing agents other than SDS that can completely destabilise the
nanocomplex. Comprehensive uptake studies that can provide more detailed information on
the level of uptake in into the cells, may be undertaken. This may include measurement of the
fluorescence from cell lysates or the use of Tox, anti-Luc, or anti-GFP siRNA. Tox siRNA
induces apoptosis following transfection, and the transfection efficiency of NP can thus be
assessed using a cytotoxicity assay. Anti-Luc and anti-GFP siRNA, which silence the
Luciferase and GFP genes respectively, allow for the use of luciferase assays or fluorescence
microscopy to assess transfection efficiency. Such assays may provide more accurate,

quantitative information on the impact of PEGylation on uptake, and reveal any cell-specific
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interactions, such as whether the FAuNC are preferentially taken up by particular cell types.
This may ultimately influence the choice of disease that the FAuNC vectors may be designed
to target. Further investigation into the cellular uptake and intracellular trafficking pathways is
vital to understanding why knockdown was inadequate. Further optimisation of the assays

evaluating TNF-a expression will be needed.

The necessity of PEGylation should also be investigated further. The ability of PEGylation to
prevent serum protein binding may be assessed through incubation of the FAuNC with FBS,
and quantification of the amount of protein bound to the FAUNC. However, in vivo studies may
be required to accurately assess the influence of the different PEG grafting densities on the
circulation time of the FAuUNC. Future studies may also investigate the use of smaller PEG
chains, such as PEGuq, or cleavable PEG chains that dissociate from the CS in acidic

environments. Different methods of binding PEG to the CS may also be investigated.

In addition to the studies mentioned above, future work may include further investigation into
the optical properties of the FAuNC, and evaluation of their abilities as imaging agents. This
would broaden their application to include biomedical imaging for research or disease
diagnosis. Possible in vivo studies may also include evaluation of the fate of the FAuNC to
determine how they are excreted. This is of particular importance as gold is not biodegradable.
The formulations may also benefit from the addition of targeting molecules. Ligands such as
transferrin, folic acid, or asialoglycoprotein may be used to promote delivery to and uptake by

specific cells, while cell-penetrating peptides can promote better cellular uptake.
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Abstract

Globally, approximately | in 4 cancers in women are diagnosed as breast cancer (BC). Despite significant advances in the
diagnosis and therapy BCs, many patients develop metastases or relapses. Hence, novel therapeutic strategies are
required, that can selectively and efficiently kill malignant cells. Direct targeting of the genetic and epigenetic aberrations
that occur in BC development is a promising strategy to overcome the limitations of current therapies, which target the
tumour phenotype. The clustered regularly interspaced short palindromic repeats (CRISPR)/Cas system, composed of
only an easily modifiable single guide RMA (sgRNA) sequence bound to a Cas9 nuclease, has revolutionised genome
editing due to its simplicity and efficiency compared to earlier systems. CRISPR/Cas? and its associated catalytically
inactivated dCas9 variants facilitate the knockout of overexpressed genes, correction of mutations in inactivated genes,
and reprogramming of the epigenetic landscape to impair BC growth. To achieve efficient genome editing in vivo, a vector
is required to deliver the components to target cells. Gold nanomaterials, including gold nanoparticles and nanoclusters,
display many advantageous characteristics that have facilitated their widespread use in theranostics, as delivery vehicles,
and imaging and photothermal agents. This review highlights the therapeutic applications of CRISPR/Cas9 in treating BCs,
and briefly describes gold nanomaterials and their potential in CRISPR/Cas9 delivery.
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into four subtypes which respond to different therapies. The
majority of BCs are HR+ luminal tumours, which can be
further subdivided into luminal A (HR+, HER2-, low ki67)
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generally respond well to endocrine therapies targeting the
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