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Abstract
Engineered nanomaterials such as gold (AuNPs) and silver nanoparticles (AgNPs) have shown
a great potential in biomedical applications such as cancer therapy, diagnostics, and drug
delivery. However, it is crucial to understand their potential cytotoxicity in vitro. In this work,
it was hypothesised that cellular exposure to different nanoparticles (NPs) can elicit various
biological responses in human alveolar adenocarcinoma (A549) cells depending on their size
and chemical functionalisation. Initially the effects of different sizes of AUNPs on the ubiquitin
proteasome system (UPS) was investigated with a particular focus on deubiquitinating
enzymes (DUBs) such as ubiquitin specific proteases (USP) and ubiquitin carboxyl-terminal
hydrolases (UCHL-1). Secondly, the influences of different functionalisation on their rate of
cytotoxicity to UPS was studied. Thirdly, the effects of different NPs composition on the
molecular chaperone heat shock proteins (HSPs) were evaluated and finally the combination
of AuNPs with cisplatin (CDDP) and its effects on the efficacy of the anticancer CDDP was
evaluated. It was found that the exposure of NPs to complex biological media significantly
affected their physicochemical properties inducing agglomeration and dissolution, with
complete culture media (CCM) having a stabilising impact because of protein corona
formation. In addition, the cytotoxicity of NPs in A549 cells was found to be size-, type,
concentration-, and time-dependent as assessed by several toxicity assays. The
internalisation of AuNPs in A549 increased to a greater extent with the increase in particle
size (80 > 10 > 5 nm) and was mediated by different endocytic mechanisms such as clathrin-
and caveolae-mediated endocytosis. The cellular internalisation of the particles triggered the
production of reactive oxygen species (ROS), depletion of glutathione, a decrease in
mitochondrial membrane potential (MMP), and the activation of mitochondrial-related

apoptosis. Moreover, the expression of DUBs (USP7, USP8, USP10, and UCHL-1) and HSPs



(HSP40, HSP60, HSP70, and HSP90) was downregulated in a dose-dependent manner upon
treatment with NPs. Combination of AuUNP with CDDP had also shown pronounced effects on
the expression of molecular chaperone HSPs. Additionally, it was found that a decrease in the
expression of DUBs and HSPs proportionally affected the protein kinase B/mammalian target
of rapamycin (P13K/AKT/mTOR) and wingless-related integration site (Wnt) pathways leading
to the upregulation of poly-ADP ribose polymerase (PARP), caspase-3, and caspase-9. Overall,
the findings of this work demonstrated a new effective strategy for reducing the proliferation
of A549 cells through the inhibition of DUBs and HSPs. This thesis is presented in the

“Alternative thesis format”
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Chapter 1: Introduction

1.1 Background

Nanomaterials (NMs) are tiny nanoscale objects with at least one dimension in the size range
1-100 nm. They are incorporated into many products including food, cosmetics, agriculture,
personal care, coating of medical devices, paints, pharmaceuticals, and electronics [1, 2].
Their nanoscale size ranges between molecular materials and the objects found in nature
allowing them to maintain unique physicochemical characteristics (Scheme 1.1)[3]. They can
be classified into naturally occurring, incidental and engineered nanomaterials. Naturally
occurring NMs are found in the environment in volcanic ash, ocean spray, dust, and soil [4,
5]. The incidental NMs fall between the naturally, and engineered NMs which are as a result
of human activities such as large scale mining, erosions, and industrialisation [6]. In contrast,
engineered nanomaterials (ENMs) are the most important group of NMs and they are
intentionally manufactured in the laboratory for specific applications with controlled
diameter, morphology, surface charge, and chemical composition [7, 8]. These can be further

categorised into:

e Carbon-based NMs, composed primarily of carbon such as carbon nanotubes (CNTs),
fullerenes (Cso, C70 and Caga), graphene oxide (GO), graphene quantum dots (GQDs),
and have been conventionally explored in biosensing, drug delivery and cancer
therapeutics as a result of their robust electrostatic characteristics [9, 10].

e Metal-based NMs including nanogold, nanosilver, and metal oxides such as SnO3, TiO3,
Zn0 which offer unique electronic and optical behaviour compared to bulk ENMs [11,

12].



Other types of ENMs include spherical structures composed of core branched units classified
as “dendimers” and material that incorporate nanosized particles into a matrix of standard

material categorised as “Nanocomposite’ such as nanofibers, nanowires, nanotubes [1, 13].

Gold nanoparticles (AuNPs) are widely used NMs due to their inert nature, stability, reduced
cytotoxicity, biocompatibility and controlled method of synthesis [14]. Owing to their
increased usage, they enter the body via ingestion, inhalation, blood circulation, skin
absorption and may have an impact on human health [15]. These concerns have led to a rise
in nanotoxicological research to investigate their toxicity and safety [16], but scientists are

yet to draw conclusions regarding this.
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Scheme 1.1. Nanoscale size of ENMs compared to molecular material and the objects found

in nature [3].

1.2 Different Approaches for the Synthesis of AUNPs and AgNPs

NMs, such as AuNPs and AgNPs, are synthesised through an array of different approaches
including chemical, green synthesis, biological, and physical methods. The chemical approach
is the most common approach used for the synthesis of AuNPs, and AgNPs that involves

reduction of tetrachloroauric (IIl) acid and silver Nitrate (AgNOs) which occur in two different
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stages [17]. In the first stage, organic molecules such as sodium borohydride (NaBH3), sugars,
formaldehyde, and hydrogen are used for the reduction of gold ion (Au*) or silver ion (Ag*)
which are further reduced to an Au® or Ag® metallic ion. In the second stage, the capping or
stabilising agents including citrate, polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), and
polymers are attached to their outer surface to prevent aggregation, surface charge loss and
produce monodispersed AuNPs or AgNPs when dispersed in agueous solution [18, 19]. Using
such methods, researchers have reported the synthesis of AUNPs and AgNPs in a range of
particle sizes. For instance, Piella et al., [20] pointed out that the chemical reduction process
is used to produce sub-10 nm citrate capped AuNPs. This approach vyields small
monodispersed AuNPs with an average hydrodynamic distribution range of 3-10 nm. In
addressing the issues of environmentally friendly, cost effective, and non-cytotoxic, a green
alternative is considered for the synthesis of NMs using a renewable sources, such as plant
extracts [21]. The use of plant extracts to produce AuNPs or AgNPs is considered to have
economical and medicinal advantages due to the phytochemicals present in the plants; they
also yield highly reproducible AuNPs or AgNPs [22, 23]. In this approach specific segments of
plant extracts are used to produce the NMs. For example, leaves of Pelargonium graveolens
(PeG) were used to synthesise decahedral and icosahedral AuNPs in a size range between 20-
40 nm [24]. Likewise, spherical monodispersed AgNPs with a size range of 5-85 nm were
synthesised from Aloe Vera leaf extracts [25]. In another study, extracts from Morinda
Citrifolia roots were applied to synthesised 8-17 nm AuNPs [26]. In the biological approach,
microorganisms like Klebsiella pneumonia, Pseudomonas stutzeri AG259, Escherichia coli, and
Candida utilis were used to synthesise AUNPs or AgNPs due to their ability to reduce the Au*
or Ag* to form metallic particles [27, 28]. One example of the physical approach, is a laser

ablation technique used to synthesise AuNPs which involves the use of a beam to ablate



nanosized fragments from a metal surface immersed in an aqueous solution to produce NMs
[29]. This process is regarded to be an alternative approach for AuNPs, and AgNPs synthesis
which may involve lower cost, less contamination, temperature control, and the used of

advanced equipment [30].

Figure 1.2. TEM images of AuNPs and AgNPs synthesised through different approaches. (A)
AgNPs synthesised from chemical reduction (B) AuNPs synthesised from plant extracts (C)
AuNPs synthesised from bacteria (D) AuNPs synthesised with laser ablation. (Scale bar: 100

nm was used for figure A, C and D, and 200 nm was used for figure B).

1.3 Applications of AuNPs and AgNPs in Biomedical Research

AuNPs and AgNPs have shown an impressive potential in virtually every branch of
nanoscience ranging from cancer therapy, drug delivery, vaccine delivery, microbial, viral
diagnostics, and gene therapy (Scheme 1.3). Because of their nanoscale (1-100 nm) related
properties, which increase the surface area to volume ratio, they are better candidates for

cancer therapy compared with their bulk counterpart [31, 32]. Researchers have shown that



their ability to generate reactive oxygen species (ROS) through intracellular oxidative stress,
decrease MMP, and consequently cell death, promotes their use in cancer therapeutics [33,
34]. While the majority of drugs have been associated with poor solubility, reduced
bioavailability, uncontrolled release, and high toxicity in biological systems [35]. AuNPs and
AgNPs have gained significant interest as delivery systems for drugs to enhance their
pharmacological properties and reduced adverse effects [36, 37]. The small size of AuNPs,
biocompatibility, easy method of synthesis, and low rate of toxicity make them exceptional
for drug delivery. For instance, tumour cells can become resistant because of repeated
cisplatin administration by increasing the solid stress level [38]. However, AUNPs were able to
reduce stress levels and thus enhance cisplatin delivery and ultimately improve
chemotherapy [38]. Additionally, AuNPs and AgNPs are used as antibacterial agents due to
their ability to limit the growth of bacteria, as they have the capacity to pass through the
bacterial cell wall and change the conformational membrane structure, thereby creating
damage to bacterial cells [39, 40]. Furthermore, they can bind to the thiol group (-SH) of many
respiratory enzymes and deactivate them [41]. For example, the antibacterial and wound
healing activity of AUNPs synthesised extracts of Abelmoschus esculantus opposed the strains
of Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Bacillus subtilis using
minimum inhibitory concentration (MIC) has shown that microorganisms lose their ability to
replicate and enzymes of a metabolic pathway are deactivated [42]. Likewise, 20-80 nm
AgNPs were discovered to be extremely effective against the strains of Staphylococcus aureus
and Escherichia coli [43]. Recently, AuNPs and AgNPs were incorporated into COVID-19 rapid
diagnostic kits which help isolating the target viral RNA from infected patients. This could be
due to their powerful surface plasmon resonance that can be brought into play to detect this

biological interaction [44, 45]. They also have shown the capacity to block viral binding to



host cells, inhibiting RNA replication and preventing it from binding to biological membrane
cell receptors [46]. For instance, the anti-spike antibody attached to the outer surface of
AuNPs was reported to block the replication of COVID-19 and prevent it from infecting other
cells [47]. Mouth wash with AgNPs has been reported to reduce the morbidity of SAR-COV-2

infections in care workers who are exposed to patients diagnosed with the virus [48]
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created with BioRender.com.

1.4 Cellular Uptake of NPs (AuNPs and AgNPs) and their Behaviour in Cancer

Understanding the interactions between engineered NMs and biological membranes may
significantly explain the potential uptake, biodistribution, biomedical applications, and
cytotoxicity of AuNPs and AgNPs in A549 cell [49]. The biological membrane is composed of

a phospholipid bilayer, proteins (integral and peripheral), cholesterol and a small proportion



of lipopolysaccharides [50]. It plays an essential function in protecting the cell against the
external environment, maintaining homeostasis, transporting materials such as glucose and
ions from inside and outside of the organisms, and mediate cell to cell communications [51].
Upon inhalation, ingestion, and penetration through the surface of the skin. AUNPs or AgNPs
can bind to membrane surface receptors resulting in systematic uptake via different
mechanisms like  phagocytosis, clathrin-, caveolae-mediated endocytosis and
macropinocytosis [52].

1.4.1 Phagocytosis

Phagocytosis (also known as cell eating) is a form of an active mechanism by which the cells
biological membrane engulfs debris, bacteria, large AuNPs or AgNPs into the cytoplasm
through the formation of membrane vesicles and is used by neutrophils, macrophages, and
monocyte [53]. Phagocytosis is initiated when the phagocytic receptors capture ligands such
as immunoglobins (i.e antibodies), NPs, complement proteins or other blood proteins (i.e
Laminin) to be ingested into the cells [54]. During phagocytosis, NMs such as AuNPs or AgNPs
bind to a specific receptor on the surface of biological membranes, which stimulate the
formation of a membrane-bound vesicle called a phagosome [55]. The phagosome
invaginates and then pinches off from the biological membrane receptor, fuses with the
lysosome to form phagolysosome and the NPs are degraded by the hydrolytic enzymes
containingin the lysosome at a later stage (Scheme 1.4) [56]. Notably, Kuhn et al., [57] studied
the uptake mechanism of 40 nm and 1 um NPs using a mouse macrophage (J774A.1) and
human epithelial type Il cell line (A549). The uptake of 1 um particles was only observed in
J774A.1, but not in epithelial cells when incubated for 1 h [57]. Similarly, the uptake
mechanism of murine macrophage was investigated using 20-45 nm AuNPs by TEM and

optical microscopy. The latter showed that the AuNPs were efficiently internalised via this



uptake mechanism [58]. Likewise, the influence of NPs size (20 and 200 nm), functionalisation
(amine and carboxyl), media content on cellular uptake of polystyrene NPs in phagocytotic
(DMBM-2) and non-phagocytotic cells (A549) was investigated using confocal microscope and
the image analysis showed that 200 nm, carboxy functionalised and non-functionalised were
preferentially phagocytosed by macrophages more efficiently than the epithelial cells [59].
This suggests that a small size of AuNPs or AgNPs localise into the cells by other mechanisms
other than phagocytosis [53, 60].

1.4.2 Caveolae Mediated Endocytosis (CME)

CME is another uptake mechanism for NPs that implicate flask-shaped invaginations of the
plasma membrane called caveolae (approximately 50-80 nm), rich in lipid rafts present in
endothelial cells, fibroblast, type | epithelial cells, and muscle cells [61]. In this process, AUNPs
or AgNPs could be trapped in the caveolae binding to the plasma membrane surface. After
internalisation, caveolae- or lipid raft-derived vesicles pinch up from the cell membrane and
fuse with caveosomes, which mainly differ from endosomes in pH and contents. In
caveosomes, internalised NPs or membrane constituents could reside and be sorted to the
golgi complex, or to the endoplasmic reticulum (ER) by avoiding the lysosomal breakdown
process (Scheme 1.4)[62]. Caveolae mediated endocytosis plays critical functions in the cells
such as cell signalling, lipid regulation, fatty acids and vesicular transport [54]. Several cross-
sectional studies suggest CME is the dominant cellular uptake mechanism of spherical AuNPs
or AgNPs within epithelial and endothelial cells [60, 63]

In addition, Hao and his co-workers studied the possible uptake mechanism of small size
AuNPs with a diameter of 4.5 nm in Hela cells. They reported that the small AuNPs were
internalised through the CME pathway after incubation with methyl -B- cyclodextrin (MBCD)

at 4 °C for 2 h [64]. In another study, flow cytometry and confocal microscopy were used to



investigate the quantitative and qualitative internalisation pathway of spherical and
cylindrical functionalised glycol-nanoparticles in RAW264.7 after 4 h incubation with
endocytic inhibitors namely: rottlerin, chlorpromazine, and genistein [65]. They found that
spherical NPs were internalised in greater amounts via caveolae mediated endocytosis while
cylindrical NPs were only internalised through clathrin mediated endocytosis [65]. Endocytic
mechanisms of negatively charged polystyrene NPs functionalised with a carboxylic group (40
and 200 nm) were reported in Hela, A549, and 1321N1 cells by Santos and his colleagues
after incubation with different pharmacological inhibitors at 4 °C for 2:30 h [66].

1.4.3 Clathrin Mediated Endocytosis (CME)

CME is another type of receptor mediated endocytosis for the internalisation of external
nutrients, integral membrane proteins, membrane phospholipid, NPs, cholesterol through
low-density proteins, and iron via transferrin proteins as a carrier molecule into the cytoplasm
[67]. During this process, the extracellular molecules or ligands attach to a specific receptor
on the surface of the biological membrane to form a receptor-ligand complex [49]. The
receptor-ligand complex moves to a region of the biological membrane with clathrin coated
pits, where they are generally internalised via the formation of clathrin coated vesicles [49].
Upon entry into the cytoplasm, internalised materials are trapped in the endosomes which
bind with the lysosome where the materials are degraded by hydrolytic enzymes (Scheme
1.4) [54, 67]. Clathrin-mediated endocytosis as an uptake mechanism for AUNPs and AgNPs
has been studied recently by many investigators using different cells and pharmacological
inhibitors. For instance, in one study the uptake mechanism of AuNPs with three different
shapes (stars, rods and triangles) was evaluated in RAW264.7 cells using different transport
inhibitors. All the three shapes of AUNPs were internalised into the RAW264.7 cells through

the CME pathway efficiently after pre-treatment with sucrose [68]. Similarly, the route of



entry of transferrin coated spherical and nanorods in Hela cells has been illustrated to be
CME after pre-treatment with sodium azide, potassium, and sucrose which inhibit the
formation of clathrin coated vesicles [69]. Moreover, the uptake mechanism of lung fibroblast
(MRC-5) and Chang liver cells were observed using 20 nm AuNPs. The study reported that the
20 nm AuNPs were internalised via clathrin-mediated endocytosis after treatment with

chlorpromazine A and concanavalin, as measured using ICP-MS [70].
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Scheme 1.4. Schematic diagram showing different nanoparticle uptake mechanisms. Scheme
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1.5 Effects of Physicochemical Properties on Uptake and Cytotoxicity of NPs
The efficient uptake of AuNPs and AgNPs relies on their physiochemical characteristics such

as hydrodynamic size, surface coating or charge, and shape [70-74].

1.5.1 Effects of Size on the Cellular Uptake of NPs
Efficient cellular uptake and permeability of AuNPs or AgNPs across tumour cells are

controlled by the size of NPs [75]. The hydrodynamic size of NPs primarily determines their
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cellular uptake mechanism, internalisation, and cellular response [76]. If the particle size is
less than 10 nm, they may be able to penetrate cells without requiring any active energy. On
the other hand, increasing particle diameter requires active energy for the engulfment of the
particles by the cells [77]. The impact of size on cellular uptake and cytotoxicity of AuNPs and
AgNPs has been reported. For instance, Gliga et al., [78] investigated the effect of size on the
cellular uptake and cytotoxicity of 10, 40, and 75 nm of AgNPs in human non-tumour epithelial
cells derived from human lung tissue (BEAS-2B) using TEM. They described a no significant
differences between the different size NPs in terms of uptake and intracellular localisation for
all the concentrations used (5, 10, and 20 pg/mL) at 24 h [78]. Different ovarian cancer cells
(OVCARS5, OVCARS, and SKOV3) were used to measure the cellular uptake of 18, 40, 60, and
80 nm AuNPs. The findings indicated higher uptake of 18 nm AuNPs in all three cell types and
80 nm in OVCARS5 and SKOV3 followed by 60 nm. On the other hand, it was found that ovarian
cancer cells do not favour the uptake of 40 nm AuNPs [79]. Similarly, Liu et al., [80] evaluated
the cellular uptake of 5, 20, and 50 nm AgNPs using four different cell lines (A549, HepG2,
SGC7901, and MCF-5) to elucidate the possible mechanisms of cytotoxicity. They reported
size dependent cellular uptake of AgNPs (5 > 20 > 50 nm) respectively and concluded the 50-
100 nm is the optimum range for cellular uptake of AgNPs in cells [80]. Moreover, Table 1.1
presents the major outcome of several studies that investigated the effects of different sizes

of AgNPs and AuNPs on cellular uptake.
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Table 1.1: Effects of size on the cellular uptake of AuNPs and AgNPs

localisation

NPS Size (nm) Cell lines Major outcomes Reference

AuNPs 14, 30, 50, 74, Hela 50 nm is the ideal size for the uptake of [73]
100 nanomaterials

AuNPs 15, 50, 74 MCF-7, Hela Uptake of 50 nm after prolonged exposure to [81]

hypoxia condition was observed.

AuNPs 18, 40, 60, 80 Ovarian cancer | The ovarian cancer cells showed higher uptake of [79]
18 nm particles.

AuNPs 2,4,6 Hela 2 nm was internalised to a greater extent [82]

compared to its counterpart.
AuNPs 5, 20, 50 HepG2, LO2 50 nm demonstrate a greater extent of [83]
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AgNPs 10, 40, 75 BEAS-2B No significance difference was observed between [78]
the different sizes in terms of uptake and
intracellular localisation.
AgNPs 5, 20, 50 HepG2, A549, 5 nm localised into the cells much easier and [80]
MCF-7, induced greater cytotoxicity when compared to
SGC7901 other counterparts.
AgNPs 20, 40 THP-1 Both NPs are localised into the cells. [84]
AgNPs 20, 50, 75 16HBE14 Findings demonstrated higher uptake of 50 than [85]
75 and 20 nm of AgNPs on a mass basis in FCS
free media.
AgNPs 5, 20, 50, 100 B16 50 and 100 nm showed higher uptake [86]
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1.5.2 Effects of Surface Coating or Charge on the Cellular Uptake of NPs

NPs are stabilised with different capping agents including citrate, polyethylene glycol (PEG),
polyvinyl pyrrolidone (PVP), tannic acid, carboxylic acid, carbonated and polystyrene to
prevent aggregation, inhibit overgrowth, improve biocompatibility, and stability of the NPs
[69, 87]. The variability of the functionalising agents or ligands attached to AuNPs or AgNPs
surface determines their cellular uptake [88]. The positively charged particles are readily
attracted to biological membranes because of the negative electrical charges on the
membrane generated by the phosphate group attached to its surface and internalised rapidly
compared to neutral and negatively charged particles [89]. AuNPs or AgNPs modified with
anionic or cationic functionalised agents have been shown to affect cellular uptake as
investigated by different researchers. For instance, AuNPs functionalised with chitosan
(positively charged) were internalised in THP-1 to a greater extent compared to AuNPs
functionalised with citrate [90]. Research showed that when Cetyl Timethylammonium
Bromide (CTAB), Polydiallydimethyl Ammonium Chloride (PDDC), Polystyrene Sulfunate (PSS),
and Thiol Caboxy Polyethyl Glycol (HS-PEG-COOH) coated AuNPs uptake were evaluated in
A549 cells, AuNPs coated with CTAB molecules induced more cell death and membrane
defects compared to AuNPs with other surface coatings which could be due to interaction
and greater internalisation in cells [91]. However, there is still a controversy regarding how
surface coating influences the uptake rate of NPs. Regardless of the charge, when the NPs are
dispersed in growth media, the zeta-potential is slightly modified due to protein adsorption
which can affect their uptake [92]. For instance, it has been reported that dextran-coated NPs
with zeta-potential between -50 and +5 mV can be internalised in Caco-2 cells despite having

a higher negative zeta-potential [93]. In addition, Table 1.2 summarised conflicting outcomes
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regarding the influence of surface charge or coating on the cellular uptake of AgNPs and

AuNPs.
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Table 1.2: Effects of surface coating or charge on the cellular uptake of AuNPs and AgNPs.

cell via Macropinocytosis and induced more

toxicity than the negatively charged NPs.

NPs Coating Cell lines Major outcomes Reference.
AuNPs CTAB, PDDC, PSS, HS- A549 CTAB AuNPs induced more defects because of their [91]
PEG-COOH greater interactions with the biological membrane.
AuNPS Citrate, HepG2 Both surface coatings internalise into the cells with [94]
Mercaptoundecanoic no significant difference.
acid
AuNPs Positively, negatively 3T3 HUVECs, Negatively charged AuNPs internalised into the cell [95]
charge C17.2 to a lesser extent when compared to positively
charged AuNPs.
AuNPs Positively, negatively U937 Positively charged NPs internalised faster into the [96]
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AgNPs

Chitosan, PVP, BSA

RAW 264.7

The finding illustrated rapid uptake of AgNPs

coated with BSA.

[97]

17




1.5.3 Effects of Shape on the Cellular Uptake of NPs

AuNPs and AgNPs are synthesised in different geometries including nanospheres, nanorods,
nanoshells, nanocages, nanoprisms, and nanostars. It is now becoming apparent that the
particle’s morphology plays a critical role in their cellular uptake, bioavailability, delivery, and
toxicity in the cells [98, 99]. NPs shape is one of the major properties that influence the
wrapping of the cell membrane during endocytosis and phagocytosis [99]. Chithrani and co-
workers prepared spherical and rod AuNPs with a diameter of 14, 30, 50, 74, and 100 nm to
measure the effects of shape on cellular uptake in Hela cells. Their experimental results show
greater uptake of spherical NPs than the rod-shape counterparts of the same diameter [73].
In a different study, Lee and co-workers compared the uptake of three different chitosan
capped nanospheres, nanorods, and nanostars synthesised from green tea extract in human
hepatocellular carcinoma (HepG2) using ICP-OES and LA-ICP-MS techniques. The results also
demonstrated high uptake of nanosphere (58.0%), and nanorods (52.7%) compared to
nanostars (41.5%) [100]. It could therefore be concluded that the time needed to wrap the
NPs determines the degree of localisation with spherical NPs having less wrap time, and
greater uptake than their counterparts. However, other researchers suggest that AUNPs with
a greater aspect ratio demonstrate higher affinity to penetrate through biological membranes
[101, 102]. AuNPs with triangular geometry and greater aspect ratio showed more effective
cellular uptake than spherical AuNPs with less aspect ratio in Hela cells [103]. Similarly, it has
been demonstrated that nanotriangle AuNPs (3.33%) have greater internalisation into
RAW264.7 than their nanorods (2.04%) and nanostars counterparts (0.38%) after 24 h
incubation [68].Table 1.3 presents the major outcome of the effects of AgNPs and AuNPs

shape on cellular uptake investigated by various researchers in different types of cell lines.
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Table 1.3: Effects of shape on the cellular uptake of AUNPs and AgNPs.

NPs Shape Cell lines Major outcomes Reference
AuNPs Nanosphere, nanorods, HepG2 [llustrated higher uptake of nanospheres. [100]
nanostars
AuNPs Spherical, Rod Hela Higher efficient uptake of spherical AuNPs [73]
compared to rod.

AuNPs Nanorods, Stars, Triangle | RAW264.7 The finding illustrated efficient uptake of triangle [68]
AuNPs.

AuNPs Nanosphere, nanocages SK-BR-3 Showed that shape did not influence cellular [104]
uptake.

AgNPs Nanoprisms, spherical hMSC’s, Findings show greater uptake of nanoprism in [105]

HaCaT hMSC’s and showed no preference in HeCaT.
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1.5.4 Effects of Protein Corona on the Cellular Uptake of NPs

Another factor that influences the cellular uptake of AUNPs or AgNPs is the formation of the
protein corona. When NPs are dispersed in a growth media, the serum proteins and ions
present are capable of being adsorbed onto the surface of NPs to form a NPs-protein complex
known as the protein corona [106]. This complex plays a significant role in nanoparticle
interactions with the cell membrane as it changes the morphology and surface chemistry of
the particles [107]. For instance, Maiorano et al.,, [108] chose DMEM and RPMI-1640 cell
culture media supplemented with 10% FBS to investigate how the composition of the media
influences the formation of the protein corona and how the corona formed might affect the
cellular uptake of different sizes AuNPs in HeLa and U937 cell lines. They found that AuNPs
were internalised more rapidly when dispersed in RPMI-1640 than DMEM despite RPMI
forming less time-dependent protein corona [108]. In another study of similar nature, the
cellular uptake of AuNPs was reported to be less dependent on the proteins in the growth
media [109]. In contrast to their study, Monteiro-Riviere et al., [110] demonstrated that the
formation of protein corona enhances the interaction of AgNPs with the cell membrane and
modulates their cellular uptake in HEK293 cells [110]. In this respect, there is still a lack of
understanding of how the protein corona influence cellular uptake efficiency with others
research suggests that, when NPs are dispersed in media containing serum proteins and ions,

they tend to be aggregated which also affects their uptake efficiency [111-113].

20



1.6 Assessment of AuUNPs and AgNPs Mechanisms of Toxicity in Different Cell Types

NPs such as AuNPs and AgNPs are commonly used in industrial products such as cosmetics,
nanofluids, catalysts, painting, and medicines which made the discovery of their nanoscale
properties possible [114, 115]. Their antimicrobial activity, together with their unique
physicochemical properties, put them in high demand in industrial sectors [116]. A scientific
report at the Woodrow Wilson International Centre for scholars showed that around 400
consumer products incorporated AgNPs [117, 118]. One negative impact of AUNPs or AgNPs
usage is the increase in the potential human body exposure, thus, raising concern as to the
effects they may present to the environment and humans [119-121]. After exposure to AgNPs
or AuNPs through inhalation, digestion, or physical contact with the skin, they may penetrate
the cells and interact with cellular organelles like mitochondria, nucleus, and lysosomes [122].
These interactions can lead to toxicological consequences such as a decrease in the metabolic
activity, oxidative stress, genotoxicity, apoptosis, necrosis, autophagy, and modulation of
signaling pathways [33, 121]. Several research studies demonstrated the cytotoxicity of
AuNPs and AgNPs and the properties that potentiate their toxicity have been associated with

their size, surface coating, concentrations, shape, and incubation period [77, 78, 97, 123-125].

1.6.1 Oxidative Stress Induction by AuNPs and AgNPs in Cells

During normal metabolic processes, cells produce free radicals because of normal cellular
metabolic processes or by exposure to toxins in the environment such as radiation, cigarette
smoking, industrial pollutants, UV light, and ozone [126, 127]. Excessive production of free
radicals is expected to cause progressive adverse changes that bioaccumulate with time in
the cells [128]. To reverse the changes, the body produces endogenous antioxidants such as
Glutathione, Melatonin, Bilirubin, and Polyamines that interact with and neutralise the free

radicals, thus, preventing them from cellular damage [129, 130]. An imbalance between
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endogenous antioxidant defence and free radical generation in the cells is known as
“Oxidative stress” and is associated with the initiation and progression of many diseases like
cancer by increasing oxidation of DNA, proteins, and lipid peroxidation [131, 132]. Long-term
oxidative stress contributes to the production of excessive ROS by damaging the electron
transport chain (ETC) of oxidative phosphorylation and the release of free radical ions [127].
When generated, ROS mediates the activation of cellular metabolic mechanisms such as DNA
damage and repair, mitochondrial dysfunction, apoptosis, necrosis, autophagy, and
intracellular signalling pathways [133-135]. The role AuNPs and AgNPs in mediating ROS
generation as one of the key mechanisms of their cytotoxicity has been postulated in different
cell types, exposure conditions, and concentrations [21, 71, 74, 136, 137]. Despite these
significant contributions to literatures, there is still an unclear conclusion regarding the actual

concentrations, and exposure conditions of NPs that can generate ROS.

1.6.2 Effects of AgNPs and AuNPs on Mitochondrial Function

Mitochondria is a double-membrane organelle that is also regarded as the powerhouse of the
cell where many cellular functions such as oxidative phosphorylation, calcium ion storage,
energy production, regulation of metabolism, cell viability, and programmed cell death occur
in eukaryotic organisms [138, 139]. When AuNPs or AgNPs are being internalised by the cell,
NPs may interact with the mitochondria which may hinder the cellular function of the cell by
affecting the ATP production and cellular function of cells [140, 141]. It has been
demonstrated that exposure to AuNPs and AgNPs can cause negative alterations in the
mitochondria in various types of cells [142-144]. For instance, it was reported that exposure
to AuNPs coated with AAB (alkyl-ammonium bromide), ASC (alkyl-sodium carboxylate), and
PEG triggers pronounced downregulations of genes encoding subunits of mitochondrial

electron transport chain (ETC) leading to mitochondrial dysfunction, cell death and necrosis
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in THP-1 cells [145]. In other research of similar nature, AuNPs coated with different surface
functionalisation were reported to reduce tubular mitochondria, decrease ATP synthesis, and
downregulate the expression of mitochondria respiratory chain complex Vin Raw 264.7 [146].
Likewise, the activity of mitochondrial respiratory chain I-IV complexes was downregulated
upon exposure to AgNPs leading to disruption of mitochondrial membrane potential (MMP)
[147]. In human hepatocellular carcinoma (HepG2) cells, PVP capped AgNPs were found to
cause loss in the mitochondrial ridge structure leading to upregulation in the expression of p-
Drpl associated with mitochondrial fission [143]. The loss of MMP further regulates cell
growth, apoptosis, electron transport chain, and signalling pathways [148]. For example, a
decrease in MMP regulates the expression of c-Jun U-terminal kinases (JNK) mediating
mitochondrial apoptosis [149]. Likewise, the upregulation of apoptotic proteins like BAX and
cytochrome C release into the cytoplasm can initiate caspase dependent mitochondrial cell

death that is associated with the loss of MMP and integrity.

1.6.3 Effects of AgNPs and AuNPs on Deoxyribonucleic Acid (DNA) (Genotoxicity)

DNA is a complex molecule that is responsible for carrying and transmitting hereditary
materials and genetic information from parent to offspring [150]. DNA damage can result in
changes to genes involved in cell proliferation such as c-Myc, which can contribute to the
emergence of diseases like cancer [151, 152]. DNA in living organisms can be subjected to
many structural modifications that result from either cellular metabolic process (endogenous)
such as alkylation, hydrolysis, or environmental substances (exogenous) like NMs and ionising
radiation [153, 154]. DNA damage (genotoxicity) could therefore be taken as the first step of
assessing the toxicological effect of NMs on cells [155]. Studies have shown that AuNPs and
AgNPs can bind to DNA molecules and cause DNA double strand breaks, chromosomal

damage, and DNA deletions (Scheme 1.5) [155, 156]. For example, exposure to 20 nm AgNPs
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coated with starch induces the formation of single strand breaks in IMR-90 cells (normal
human lung fibroblasts) in a dose-dependent manner [157]. Similarly, 20 nm AuNPs were also
found to damage DNA, downregulate genes linked to genomic instability, and impair DNA
damage repair in human embryonic lung fibroblasts (MRC-5) [158]. In other studies, inverse
correlations were observed between the size of AUNPs and AgNPs and their cytotoxicity, ROS
generation, and induction of genotoxicity in different cell types [159-164]. Additionally, the
effect of surface coating (citrate and mercaptoundecanoic acid) on genotoxicity was
examined using 20 nm AuNPs in human liver HepG2 cells. This study demonstrated that
neither citrate nor mercaptoundecanoic acid cause cytotoxicity, even at concentrations of

100 um, and only induces minimal genotoxicity in the cells [94].
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Scheme 1.5. Schematic illustration of DNA damage response upon exposure to NPs. Scheme

was created with BioRender.com.

Abbreviations: Nanoparticles (NPs), Deoxcyribonuclic acid (DNA)
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1.6.4 Programmed Cell death (Apoptosis) Induced by AgNPs and AuNPs

Currie and colleagues described apoptosis (programmed cell death) in 1972 as a critical step
in the progression of multicellular organisms and the continuity of tissue homeostasis [96].
Defects in apoptosis promote the emergence of different diseases such as neurodegenerative
diseases, autoimmune diseases, cancer and make them resistant to treatment [165, 166]. Cell
shrinkage, DNA fragmentation, chromatin condensation, extensive plasma membrane
blebbing, and activation of cysteine aspartyl proteases such as caspase-3 and 9 are typical
features of the natural mechanism of programmed cell death [167]. The apoptotic cell death
machinery operates through either the mitochondrial (intrinsic) or death receptor (extrinsic)
signalling pathways [165]. Numerous apoptotic stimulation signals, including oxidative stress,
UV radiation, and exposure to NMs, activate the mitochondrial mediated pathway by
activating Bax/Bak in the mitochondria and releasing cytochrome C into the cytoplasm [168].
A multi-protein complex called an "apoptosome" is created when cytochrome C binds to
apoptosis protease activating factors 1 (Apaf-1) protein and inactive procaspase-9 [169]. The
apoptosome hydrolyses adenosine triphosphate to cleave and activate caspase-9 initiator,
which is then followed by activation of executioner caspase-3, 6, and 7, resulting in cell
apoptosis [169, 170]. Contrarily, extracellular stimuli such as tumour necrosis factor related
apoptosis inducing ligand (TRAIL), tumour necrosis factor (TNF), and fas ligand (Fas-L) activate
transmembrane death receptors 4 (DR4) and death receptors 5 (DR5) to initiate extrinsic
apoptotic pathway [171]. This sequence of events recruits other death domains that activate
caspase-8 and caspase-10 which eventually activates and cleaves apoptosis executioner
caspase-3 (Scheme 1.6) [168, 171]. According to several studies, exposure to AuNPs and
AgNPs can induce apoptosis in several cell types, as indicated in Table 1.4. Combinations of

NPs with certain drugs or flavonoids were also found to influence mitochondrial apoptosis in
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a size- and -dose dependent manner. For instance, in human ovarian cancer cell lines (A2780),
the combination of salinomycin and AgNPs was reported to induce apoptosis by upregulating
Caspase-3, P53, Bax, and Bak and downregulating Bcl-2 [172]. Another comparable study
found that combining AgNPs with gemcitabine selectively reduced the growth of A2780 cells
by upregulating apoptotic protein expression and downregulating antiapoptotic protein

expression [173].
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Abbreviations: Fas cell surface death receptor (Fas), Fas-associated death domain (FADD), B-
cell lymphoma 2 and X, (BcL-2 and X.), Myeloid cell leukemia-1 (MCL-1), BH3-interacting
domain (BID), BH3-antagonist/killer (BAK), BH3-antagonist X (BAX), X-linked inhibitor of
apoptosis (XIAP), Apoptosis protease activating factor 1 (APAF-1), Mitochondria outer
membrane permeabilisation (MOMP), nanoparticles (NPs), second mitochondria derived

activator of caspase (SMAC).
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Table 1.4: Apoptosis induced by AgNPs and AuNPs in different cell types

NPs Size (nm) Concentration Cell types Apoptotic anti apoptotic Reference
(ng/mL) proteins and their expression
AgNPs 30.71 0-100 HepG2 ‘MBax, M Caspase-3 [174]
AgNPS 524136 0-100 CHANG, HuH7 ‘MBax, |/ Bcl-2 [175]
AgNPs 25 1-37.5 SUM159 M Caspase-3, *Caspase-7 [176]
AgNPs 2 5-20 HepG2 “MCaspase-3, TPARP, T p53 [177]
AgNPS 86.6, 148.4, 1-500 HT-29 “NCaspase-3, M Caspase-8, [178]
315.1 “MCaspase-9, P Caspase-12
AgNPs 20 1 Hela MP53, M Cytochrome C, 1M Bak, [179]
M Bax, T Bid, { Bcl-2, { Bcl-xL
AgNPs 480 0-100 A549 “MCaspase-3, M Caspase-8, [180]
‘MPARP, 1M Bid, TN Bax /Bcl-2,
J Bcl-w
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AuNPs - 0-200 MRC-7 “MCaspase-3, M Caspase-9, [181]
MBax, T p53, | Bcl-2

AuNPs 2,40, 100 0-100 U937z “MCaspase-3, M Bax, | Bcl-xl, [182]
JXIAP, { Bid

AuNPs 13, 60 0-60 HK-2 M Caspase-3, 1*Caspae-8, [183]
“MCaspase-9

AuNPs - 0-1000 MGC-803, GES-1, P53, TMGSTP1 [184]

MCF-7
AuNPs 15, 50, 80 52.3 Calu-1, A549, H460 ‘MCapase-3, T'DRP1, T TRAIL, [185]
“Mcleaved PARP
AuNPs 90-150 0-35 HEK293, Caco-2, “MCaspase-3/7 [186]

Hela, MCF-7
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1.6.5 Effects of AgNPs and AuNPs on Intracellular Signalling Pathways

1.6.5.1 PI3K/AKT/mTOR

PI3K/AKT/mTOR is formed through a threonine/serine kinase signalling pathway that mainly
works to promote the proliferation of cells, movement, invasion, and prevention of apoptosis
through activation of AKT, mTOR, and Bcl-2 proteins [187]. Growth factors, cytokines,
neurotransmitters, and hormones are examples of molecular signals that activate the
pathway by binding to surface receptors on the biological cell membrane, which then activate
phosphoinositide-3- kinase (PI3K) by phosphorylating phosphatidylinositiol-4,5-phosphate
(PIP2) to phosphatidylinositiol-3,4,5-phosphate (PIP3). PIP3 proteins trigger the activation of
phosphoinositide dependent kinase-1 (PDK1) which consists of the PH domain and promotes
the phosphorylation of Thr308 in the cell, leading to protein kinase (AKT) activation. Activated
AKT causes the phosphorylation of many downstream proteins including a mammalian target
of rapamycin complex-1 (mTORC1), glycogen synthase kinase- (GSK-3[3), ribosomal protein
S6 kinase (p70S6K), Bcl-2, and caspases that promote cell proliferation, protein synthesis,
apoptosis and cell cycle progression (Scheme 1.7) [188, 189]. The PI3K/AKT/mTOR signalling
pathway has been found to be overexpressed in approximately 70% of all cancers and 30% of
solid tumours, making it one of the most frequently mutated signalling pathways [190, 191].
Overexpression of PI3K/AKT/mTOR may be linked to genes mutation, growth factors, and
upstream gene mutations [192, 193]. The overactivation of the pathway in cancer makes it a
novel target for cancer treatment and many NPs have been identified to suppress the
expression of this pathway through the induction of cytotoxicity [121, 194]. The effects of
AgNPs and AuNPs on P13K/AKT/mTOR signalling pathway and it downstream targets studied

by different researchers is illustrated in the Table 1.5.
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Scheme 1.7. Schematic illustration of cytotoxic effects of NPs on A549 cells through

PI3K/AKT/mTOR signalling pathway. Scheme was created with BioRender.com.

Abbreviations: Receptor tyrosine kinase (RTK), Nanoparticles (NPs), Phosphoinositide-3-
kinase (P13K), Phosphatidylinositiol-4,5-phosphate (PIP3), Phosphatidylinositiol-3,4,5-
phosphate (PIP3), Phosphoinositide dependent kinase-1 and 3 (PDK1&2), Phosphatase and
tension homolog (PTEN), Serine 473 (Ser473), Threonine 308 (Thr 308), Protein kinase B (AKT),
Glycongen synthase kinase-3B (GSK-3B), Glycogen synthase kinase (GSK), Tuberous sclerosis
1/2 (TSC1/2), Ras homolog (Rheb), Guanosine-5-triphosphate (GTP), cytochrome ¢ (Cyt c),

Mammalian target rapamycin complex (mTOR), Caspase 3 (casp-3), BH3-interacting domain

(BID).
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Table 1.5: Effects of AgNPs and AuNPs on the PI3K/AKT/mTOR signalling pathway and its downstream target.

NPs Size (nm) Coating Cells Concentration Proteins Reference
(ng/mL)
AgNPs 2 Citrate HepG2 5, 10, 20 JAkt, L ERK, LINK, P38, TP53, TMH2X [177]
AgNPs 20, 30 - MCF-7 2-14 JPI3K, L AKT, { RAS, { RAF, { Bcl-2, [195]
MVEGF, M Cyto-C, MM Caspase-3
AgNPs 10, 100 - HePG2 2,4 JERK, TMP38, J JNK [196]
AgNPs 6, 20 A278 25-200 MP53, TMP21, 1M Bax, T Bak, |/ Bcl-2, [197]
M Cyto-C, M Caspase-3, T Caspase-9
AgNPs 16, 20 - A278 2-20 P53, Mp21, TMBax, T Bak, TN caspase-3, [172]
“Mcaspase-9
AgNPs 1-100 NIH3T3 50 P53, | Bcl-2, TPARP, {/JNK [198]
AgNPs 5,35 Citrate | U20S, Saos-2 5-80 MP53, M Cyto-c [199]
AgNPs 15 HepG2, LO2 20, 40, 80, 160 M Cyto-c, I Bcl-2, T Bax [200]
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AgNPs 78 - HEK293T, 10, 20, and 40 4 mTOR, J, S6K [201]
A498
AuNPs 16-25 PEG - 40 4 p-PI13K, { p-AKT, | p-AMPK [33]
AuNPs - PEG MCF-7 6 JPI3K [202]
AuNPs 3,45 MCF-7, MDA- 50, 100 JPI3K, LAKT, L PTEN, ' mTOR, TGSK- [203]
MB 231 3B, I Bcl-2, T Bax, N caspase-3
AuNPs - HepG2 6.25 JAKT, L mTOR, | Bcl-2, T*Caspase-3, [204]
MFAAD, J ERK
AuNPs 10-20 A549 121 MP53, PMBax, | Bcl-2, TN caspase-3, [205]
MPARP
AuNPs 10 Citrate A-431 5-25 JAKT, { P-AKT, | P-ERK, {, P-IKK [206]
AuNPs 10, 70 HL-60 1-100 M Caspase-3,7, 8 [207]
AuNPs 13 Citrate A549 10 4 Bcl-2, PBax, T'P53, { Puma [208]




1.6.5.2 Effects of AgNPs and AuNPs on the Wnt/B-Catenin Pathway

The Wnt signalling pathway directly communicates information received from extracellular
glycoproteins through the plasma membrane receptor to the target gene in the nucleus to
control gene transcription [209]. The signalling pathway has been categorised as
noncanonical and canonical. In the noncanonical state (in the absence of Wnt), cytoplasmic
B-catenin is bound and degraded by the action of the destruction complex proteins including
Axin, adenomatous polyposis coli (APC), GSK-3, and casein kinase 1 (CK1) [210]. The complex
phosphorylates B-Catenin at the amino acid terminal region leading to its ubiquitination and
proteasomal degradation by the action of E3 ubiquitin ligase enzyme B-TrCP [211]. The
degradation of B-catenin prevents the protein from reaching the target gene in the nucleus,
thereby reducing gene transcription (Scheme 1.8) [212]. In the Canonical Pathway (in the
presence of Wnt) the Wnt gene is transported in an exosome from somewhere in the cell and
activates the receptor Frizzled (Fz or Fzd) [213]. The activation of Fzd leads to the
phosphorylation of a low-density lipoprotein receptor related protein (LRP) to form the Wnt-
Fzd-LRP complex [212, 214]. This induces translocation of the destruction complex to a region
of the membrane near the Wnt-Fzd-LRP complex resulting in Dishevelled (Dvl) activation
[215]. Activated Dvl inhibits the destruction complex and therefore preventing B-catenin
phosphorylation in the cytoplasm [216]. As a result, dephosphorylated B-catenin travels into
the nucleus, where it binds with T-cell factor/ lymphoid enhance binding factor (TCF/LEF)
transcription repressor and activates Wnt target gene expression [216] (Scheme 1.8).
Dysregulation of the Wnt pathway occurs in various forms of chronic lymphocytic leukaemia,
multiple myeloma, non-small cell lung cancer and is crucial for their pathogenesis [217, 218].
Overexpression of B-catenin transcription factor, CK1, Axin, APC, GSK-3p, Dvl, and TCF/LEF

has been reported to lead to cell proliferation, differentiation, apoptosis, and transcription
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regulations [219-221]. Thus, controlling their overexpression might be vital for cancer
treatment. Exposure to AgNPs (1 ug/mL) for 24 h lowers the level of cytoplasmic B-catenin in
B35 neuroblastoma cells [222]. In another in vitro study, positively (cysteamine coated) and
negatively (citrate coated) charged AuNPs induced apoptosis by inhibiting B-catenin
overexpression in human breast cancer (MDA-MB-231). The study further demonstrated that
exposure to both AuNPs induced toxicity to MDA-MB-468 cells by reducing the expression of

GSK3-B and B-catenin levels [223].
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Scheme 1.8. Schematic illustration of canonical and noncanonical Wnt pathways activated by

upon exposure to NPs. lllustration was created with BioRender.com

Abbreviations: Low density/lipoprotein receptor related protein (LRP), Glycogen synthase

kinase-3B (GSK-3B), Adenomatous polyposis coli (APC), Casein kinase-1 (CK1), T-cell
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factor/lymphoid enhance binding factor (TCF/LEF), Dishevelled (DVL), Frizzled (FZ or FZD),

Wingless signaling (wnt), Nanoparticles (NPs), Beta-catenin (B-catenin).

1.7 Ubiquitin Proteasome System (UPS).

Cell cycle progression, cell growth, apoptosis, intracellular signalling, eliminating mutants, and
degradation of misfolded proteins are the key functions performed by USP in eukaryotic cells.
UPS involves covalent attachment of ubiquitin (76 amino acids) molecules to proteins to be
degraded in 26S proteasome complex [224]. The process requires the action of three major
successive enzymes: (a) the ubiquitin activating enzymes (E1), (b) ubiquitin conjugating
enzymes (E2), and (c) ubiquitin ligases (E3) [225]. The process of ubiquitination begins with
an activation step where Adenosine triphosphate molecules and ubiquitin are covalently
attached to the alpha carboxyl group of the C-terminal of glycine residue forming a thioester
linkage between the activating enzyme and ubiquitin. The activated ubiquitin molecule is then
transferred from ubiquitin activating enzymes to an active site of a cysteine residue of the E2
conjugating enzymes and joined through thioester bond linkage [226]. Finally, the E3 ligases
help with substrate recognition between the ubiquitin and lysine residue of substrate
molecules, thereby catalysing the linkage between them [225]. Attachment of a single
ubiquitin molecule to a substrate is generally termed as monoubiquitination while
attachment of more than one molecule of ubiquitin is known as polyubiquitination and the

reaction is formed on the K48 lysine residue of the substrate molecules (Scheme 1.9) [227].
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Proteasome

Scheme 1.9. Ubiquitin proteasome system pathway: A ubiquitin molecule first attaches to the
carboxyl group of c-terminal glycine residue. The activated ubiquitin is then transferred to the
active site of a cystine residue of E2 conjugating enzymes via a thioester bond linkage. The
linkage between ubiquitin and lysine residue of substrate molecules is catalysed by E3 ligases.

Illustration was created with BioRender.com.

Abbreviations: Ubiquitin (Ub), Adenosine monophosphate (AMP), Adenosine triphosphate
(ATP), Inorganic pyrophosphate (PPi), Ubiquitin activating enzymes (E1), Ubiquitin

conjugating enzymes (E2), Ubiquitin ligases (E3).

1.7.1 Dysregulation of UPS Proteins and their Role in Cancer Development

UPS play an important role in controlling the intracellular protein homeostasis network
through discriminatory elimination of damage and unfolded proteins in cells [228]. The
elevated level of UPS can directly or indirectly aid tumour progression, resistance to

treatment, cell cycle progression, and activation of oncogenic signalling pathways [225].
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Recent studies have demonstrated the relationship between UPS and the development of
different tumours. For instance, ubiquitin activating enzyme UBA1l (E1l) has been
demonstrated to be overexpressed in many human cancer types including leukaemia,
multiple myeloma, liver, and lung cancers and is associated with a poor prognosis regarding
patient survival [229]. In another study, the aberrant expression of UBA1 has been detected
in cutaneous squamous cell carcinoma and was also associated with its pathogenesis [230].
E2 conjugating enzymes are responsible for the attachment of ubiquitin to proteins or
substrates during ubiquitination and the human proteome contains over 40 putative E2s in
mammalian cells that are involved in the attachment of ubiquitin to cellular proteins [231].
Several studies have shown a significant correlation between E2 expression and an increase
in cancer poor progenesis. For example, Luo et al., [232] showed that higher expression of
ubiquitin E2 (UBE2) is associated with the early occurrence and poor outcomes in patients
with non-small cell lung cancer NSCLC. Ubiquitin conjugating enzymes H5C (UBCH5C)
overexpression has also been detected in pancreatic cancer and is associated with cell
proliferation, metastasis, and resistance to treatment [233]. Another important group of
enzymes that plays a significant role in cancer pathogenesis and development are
deubiquitinating enzymes (DUBs). DUBs can remove attached ubiquitin from the substrate
allowing the recycling of free ubiquitin for further use in the ubiquitin proteasome system
[234]. These are classified into: Ubiquitin C-terminal hydrolases (UCHs), Ubiquitin specific
proteases (USPs), Ovarian tumour proteases (OTUs), Machado Joephin domain proteases
(MJDs), and monocyte chemotactic protein induced proteins (MCPIPs) which are members of
the cysteine protease family and JAB1/MPN/Mov34 metalloenzyme (JAMM) which is part of
the zinc-dependent metalloprotease family [235]. Among these DUBs, USPs and UCHs was

the centre of research as they are highly mutated in human cancers, suggestive of their roles
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in tumour progression [236]. For example, overexpressed USP2 was reported to play a critical
role in human prostate cancer, glioma, and fibroblast progression through deubiquitinating
antiapoptotic proteins such as MDM2, MDMx, and fatty acid synthase [237, 238]. Similarly,
USP2 overexpression is crucial in promoting triple-negative breast cancer development,
metastasis, and invasiveness by modulating the activity or expression of matrix
metalloproteinase-2 (MMP2) protein [239]. It has been shown in liver, breast, colorectal
cancer that the cell survival was promoted by an elevated level of USP4 by simultaneously
inhibiting apoptotic proteins and promoting tumour metastasis [240]. USP5 plays a critical
function in pancreatic cancer progression and tumourigenesis by stabilising Forkhead box M1
(FoxM1) proteins [241]. UCHL-1 overexpression has also been positively correlated with
development, invasiveness, and chemotherapy resistance in some cancers including

pancreatic, myeloma, neuroblastoma, NSCLC, prostate, and lymphoma [242].

1.7.2 Inhibitors of Ubiquitin Proteasome System (UPS)

UPS is frequently altered in all cancer and many solid tumours [243, 244]. The alterations can
be attributed to the mutations in enzymes such as F-box proteins, E3s ligases, DUBs, or
mutations in UPS target proteins [245-247]. The mutation may result in signalling
abnormalities leading to tumour progression, genomic instability, metastasis, invasiveness,
and resistance to chemotherapy [248, 249]. This is clearly illustrated by the recent study of
Fhu & Ali (2021) who demonstrated that dysregulation of UPS contributes to the development
of various malignancies, and conducted in human breast cancer (MDA-MB-231) with [250].
Therefore, inhibiting or modulating the expression of UPS could be a novel approach to
fighting cancer progression and tumourigenesis. As shown in Table 1.6, several generations
of UPS inhibitors have been developed including MDM?2 antagonists such as RG7388 and

tripeptide aldehydes such as MG-132. However, most of these inhibitors have a short half-
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life, poor aqueous solubility, adverse side effects, uncompetitive binding to UPS, and display
genomic instability in the cells by inhibiting non-proteasomal proteases [251, 252]. Therefore,
novel, and safe inhibitors are urgently needed for cancer therapy. The effects of AUNPs on
ubiquitin proteasome system have not yet been studied in vitro. Herein, the effects of
different sizes (5, 10, and 80 nm) and functionalised (tannic acid, citrate, and PVP) AuNPs on
UPS with a particular focus on DUBs such as USP7, USP8, USP10, and UCHL-1 was for the first-

time studied in the first two experimental chapters of this thesis.
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Table 1.6: Ubiquitin proteasome system inhibitors in different types of cells

uUspP Target Role in cells Binding Expression Cancer types Outcomes Reference
inhibitors proteins
MI-219 MDM2/X | Avoiding cell p53 Highly A549, H460, Suppression of tumour [253, 254]
NVP- death expressed SKLU-1, MCF-7, growth and p53
CGM097 T-47D activation by disrupting
RG7388 MDM2-p53 binding
Paclitaxel SKP2 Cell cycle p27,p21 | Overexpressed A549, NCI- Inhibition of SKP2 [255]
progression, H1299 regulates the expression
Metastasis of MDM2 gene through
P27-CDKs-E2F1
Doxycyline B-TrCP Substrate B-Catenin, | Overexpressed | LNCaP, 293T, Lower cell proliferation [256]
recognition IkB, weel in some cells AT2.1 by inhibiting B-TrCP
binding to the substrate
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Apcin Cdc20 Oncogenicrole | P21, Cyclin Highly MG63, U20S Inhibits cell growth by [257]
a/b expressed in blocking the interaction
human of APC/C-Cdc20 complex
tumours
LDN-57444 UCHL1 Progression, B-Catenin, | Overexpressed | HSC3-4, NP69, Inhibition of UCHL1 [258, 259]
Au (Ill) Metastasis Smad2/3 NP69LMP1, reduced the levels of
MCF-7, Hela pro-metastatic makers,
induced apoptosis, cell
cycle arrest
b-AP15 UCHLS Cell B-Catenin, Expressed BFTC905 Increased apoptosis in [260]
development wnT cancer cell by decreasing

the antiapoptotic

protein Bcl2
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MG132 USP2 Regulate the B-TrCP, Highly MDA-MB-157, | Induced cell cycle arrest [261, 262]
ML364 expression of FBXL14, elevated BT549 by increasing cyclin D1
oncoproteins Bmil, degradation
cyclin D1
MG132 USP4 Metastasis, Twist], Expressed A549, Stabilised Twistl [263]
recurrence ZEB1, HEK293T, MCF- protein, promote
Snail/Slug, 7, BT549 stemness, inhibits cell
IkB growth
pP2207 USP7 Cell growth, P53, Overexpressed IMR-32, Supressed cell growth, [234, 264, 265]
P5091 genomic MDM?2 HCT116, SH- induction of apoptosis
HBX19818 instability SY5Y, PC3,
WP1130 USP9X Promotes cell | P53, Mcl-1, Frequently A549, 7138, Reduced cell [266, 267]
BXI-01294 proliferation, C-Myc, elevated HepG2, 293T | proliferation by reducing
invasion, MMP2 the expression of
Metastasis transcription factors
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P2207 USP10 Maintain PTEN, AKT, | Overexpressed NSCLC Inhibits cell proliferation [268, 269]
Spautin-1 intracellular p53, c-Myc, and invasion by
HBX19818 protein mTOR upregulating PTEN, p53,
homeostasis down regulating AKT
and c-Myc
b-A15 UspP14 Regulate B-Catenin, Highly NSCLC, A549, Inhibition of USP14 [230, 270]
IU1-47 tumourigenesis mTOR overexpressed | MCF-7, T47D | mitochondrial apoptosis

through caspase 3
activation, induced
G2/M phase cell cycle

arrest
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1.8 Molecular Chaperone Heat Shock Proteins (HSPs)

Heat shock proteins belong to the family of evolutionary molecular chaperones and are
responsible for signal transduction, regulation of the cell cycle, mitochondrial cell death,
development of cell, and maintaining cell survival [271, 272]. The heat shock proteins are
classified into 3 main categories, small HSPs (HSP27), HSP40, the chaperone family of HSP60,
HSP70, HSP90 and the large HSP (HSP110, glucose regulated proteins 170 GRP170) based on
their molecular weight [273, 274]. Notably, when the cells are exposed to environmental
conditions such as biochemical agents, ultra-violet light, hyperthermia, low level of oxygen,
toxicants, and other homeostatic stress, the proteins are promptly elevated to augment the
stress factor referred to as the heat shock response (HSR) which is controlled predominantly
by the heat shock factor (HSF) [275, 276]. When HSF is phosphorylated, it rapidly binds to the
heat shock element (HSE) in the nucleus and accelerates the overexpression of HSP (Scheme

1.10).

Under “normal” conditions increased in HSP in response to stress provides cytoprotective
functions to normal cells. However, dysfunction of these proteins contributes to the
development of several disorders and diseases such as cancer [277]. In cancer, the HSPs
proteins are highly overexpressed in response to metabolic needs such as hypoxia, acidosis,
and nutrient deprived tumour conditions [278]. The proliferation of cancer occurs through
the activation of oncogene proteins, amplification and elevation of intracellular signalling
proteins that require overexpression of HSPs for their stabilisation, ubiquitination, protein
folding, aggregation, and proteolytic degradation [279, 280]. Thus, the inhibition of molecular

HSPs may offer a novel way to prevent cancer proliferation and targeting multiple HSPs may
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also bring a new direction in cancer treatment and the development of new therapeutics

molecules.

Stress inducing factors

heath shock, toxicants, chemical agents, ROS,
UV-light, hyperthermia, tissue damage, and
homeostatic stress, cell damage, autophagy
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Scheme 1.10. Response of tumour cells to stress inducing factors. In the presence of stress
factors, HSFs are phosphorylated in the cytoplasm and translocate into the nucleus of the cell
where they bind to HSE and trigger the transcription of HSPs. Scheme was created with

GraphPad prism layout.

Abbreviations: Heat shock factor-1 (HSF-1), Heat shock element (HSE), Heat shock proteins
(HSPs), Heat shock protein 27 (HSP27), Heat shock protein 60 (HSP60), Heat shock protein

70 (HSP70), Heat shock protein (HSP90).
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1.8.1 Roles of HSPs Expression in Cancer Development

Current studies suggest that molecular chaperone HSPs play a significant role in cancer
development [276, 281-283]. During cellular processes, they serve as a molecular chaperone
that assists in folding proteins correctly or helps proteins to refold when threatened by
environmental stress that may lead to their denaturation [284, 285]. Due to these, molecular
chaperone proteins are highly involved in controlling cancer growth, development, signal
transduction, apoptosis, and cell cycle regulation leading to cell survival [286]. Numerous

studies indicate the role of HSPs in cancer development (Table 1.7).
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Table 1.7: Role of molecular HSPs in cancer development.

HSPs Cell lines Outcome Reference
HSP27 Prostate cancer (PCa) Overexpressed HSP27 elevates PCa growth, motility, [287]
metastasis, and survival
HSP27 PC3, PC3-M Elevated HSP27 mediates the invasion of human prostate [288]
cancer
HSP27 U87, DBTRG.05MG Frequently expressed HSP27 plays critical role in gliomas [289]
progression
HSP27 K562, HL-60, THP-1 Elevated expression of HSP27 correlates with poor [290]
prognosis of leukaemia
HSP27 A549 High HSP27 expression has a promotional role in lung [291]
cancer proliferation
HSP27 NSCLC HSP27 overexpression enhances the chemoresistance of [292]
lung cancer
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HSP40 A549 Elevated level of HSP40 is associated with propagation of [293]
A549 cells

HSP40 A549, NCI-H1975 HSP expression promotes lung cancer development and [294]
survival

HSP40 A549, HEK293T, Hela, HepG2 High expression of HSP40 regulates proliferation of [295]

tumour cells
HSP40 NCI-H460 Expression of HS40 was associated with growth of lung [296]
cells
HSP60 NSCLC HSP expression was found to be involved in NSCLC [297]
morphological alterations, proliferation, and migration.

HSP60 Breast cancer HSP60 overexpression correlates to tumour progression [298]

HSP60 Prostate cancer Elevated level of HSP60 predicts survival of prostate [299]
cancer

HSP70 A549 Progression of A549 cells was regulated by HSP70 [300]

expression
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HSP70 0V2008, A2780 Elevated level of HSP70 reverses cisplatin resistance in [301]
ovarian cancer

HSP70 A549 Heightened expression of HSP70 protects lung cells [302]
against hypoxia

HSP70 HepG2 There is significant correlation between HepG2 lipogenesis [303]

and HSP70
HSP70 HepG2 HSP70 and HSF-1 enhanced the growth of liver cancer by [304]
preventing programmed cell death
HSP90 HepG2 The proliferation of hepG2 is associated with HSP90 state [305]
HSP90 MDA-MB-231 HSP90 overexpression promotes the metastasis and [306]
invasion of breast carcinoma
HSP90 HCC827, A549, H1437 The proliferation state of the lung cells was altered [307]
through the inhibition of HSP90
HSP90 Brain cancer HSP90 overexpression significantly correlates with growth [308]

of pediatric brain tumours
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1.8.2 Targeting HSPs as Novel Cancer Modality

Inhibition of HSPs is increasingly considered as a potential treatment method for cancer due
to their association with cancer pathogenesis, development, and progression [309]. Two
therapeutic approaches have been developed to target specific HSPs that are overexpressed
in different cancer types: one is to control the activity and the expression of HSPs (e.g Cisplatin
and siRNA) and the other is to develop a distinct molecule that can bind to HSPs and inhibit
their molecular activity (e.g MKT-077, PES and JG-98) [310, 311]. At the time of this research,
no drug has been clinically approved to control the activity and the expression of HSPs.
Nevertheless, several known inhibitors have been developed, which are under various clinical
evaluations (Scheme 1.11). For instance, the chemotherapeutic agent quercetin (bioflavonoid
compound) has been shown to downregulate the expression of HSP27 in A549 cell line leading
to a reduced percentage of cell viability and induction of apoptosis [292]. Likewise, a
combination of quercetin and RP101 [(E)-5-(bromovinyl)-2’-deoxyuridine (BVDU)] led to
apoptosis and prevented the acquisition of chemoresistance in pancreatic cancer, leukaemia,
and glioblastoma [312, 313]. HSP40 is involved in cancer proliferation and migration by
positively regulating the Wnt pathway and p53 mediated mitochondrial apoptosis when
highly overexpressed [277]. Additionally, it has also been reported to enhance the
proliferation of tumour cells by promoting ubiquitination and proteolytic degradation of
tumour suppressors [314]. Multiple agents have shown effective anticancer properties
through the inhibition of the overexpressed HSP40 in lung, liver, and pancreatic cancers [294,
315, 316]. HSP90 has been known to mediate cell proliferation and drug resistance by forming
a complex with a survivin protein that inhibits mitochondrial apoptosis through
downregulation of caspases and thus, proven to be an ideal candidate for cancer therapeutics

[317, 318]. Geldanamycin has been shown to stabilise the overexpressed HSP90 in A549 cells
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through binding to ATP at the ATP binding site and lower metabolic activity, leading to a
decrease in cell survival [319, 320]. NVP-AU922 has also shown a promising impact in reducing
cell growth of breast cancer and NSCLC through the inhibition of elevated HSP90 [321, 322].
Despite the development, it has been reported that Phase | clinical trials of the developed
drugs have been suspended due to their strong cytotoxic impact, poor solubility, and lack of
biocompatibility [323-325]. Therefore, alternative inhibitors are urgently needed for cancer

therapy.

e ™
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Scheme 1.11. Compounds that have been previously found to inhibit cancer proliferation
through the inhibition of HSPs, although some (e.g. rafoxanide) are indirect inhibitors.

Scheme was created with GraphPad prism layout.
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1.9 Hypothesis and Objectives of the Study

Exposure to different NMs sizes (5, 10, and 80 nm), different functionalised AuNPs (tannic
acid, citrate and PVP) and AgNPs may trigger cytotoxicity to lung adenocarcinoma cells (A549)
by inhibiting the UPS, P13K/AKT/mTOR and Wnt signalling pathways and molecular

chaperones HSPs leading to the induction of mitochondrial related apoptosis.

1.10 Objective

The main objective of the project was to explore the cytotoxicity effects of AUNPs and AgNPs
on USP with a particular focus on the deubiquitinating enzymes (USP7, USP8, USP10, and
UCHL-1) and molecular chaperone HSPs (HSP40, HSP60, HSP70, and HSP90) in lung
adenocarcinoma (A549) which has never been investigated. To achieve this goal, the main

objective was break down into specific objectives.

1.10.1 Specific objectives

1. Investigate the size-dependent effects of AuNPs (5, 10. and 80 nm) on ubiquitin
proteasome system in A549 cells with a particular focus on deubiquitinating enzymes
(USP7, USP8, USP10, and UCHL-1).

2. Evaluate the effects of different functionalised (tannic acid, citrate, and PVP) AuNPs
on ubiquitin proteasome system in A549 cells with a particular focus on
deubiquitinating enzymes (USP7, USP8, USP10, and UCHL-1).

3. Study the impact of AgNPs and AuNPs on molecular heat shock proteins in A549 cells

with a particular focus on HSP40, HSP60, HSP70, and HSP90.
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4. Assess the biological effects of cisplatin (CDDP) combination with 10 nm citrate
functionalised AuNPs on molecular heat shock proteins in A549 cells with a particular

focus on HSP40, HSP60, HSP70, and HSP90.
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Chapter 2: Materials and Methods

2.1 Materials

All the chemicals, reagents, and assay kits used for this thesis were procured from
companies in the United Kingdom (UK) unless stated otherwise. Phosphate-buffered
saline (PBS), F12 nutrimix media, Penicillin/Streptomycin, 0.25% trypsin-EDTA, fetal
bovine serum (FBS), RPMI 1640, Hoechst 33342, HCS mitochondrial health were
purchased from Thermo Fisher Scientific (Paisley, UK). CytoTox 96 ® non-radioactive
cytotoxicity LDH, cellTiter-Glo® luminescent cell viability, caspase-Glo® 3/7, GSH/GSSG-
Glo™ luminescence assay kits were from Promega (Southampton, UK). Chlorpromazine
hydrochloride, Wortmannin, Nystatin, Simvastatin, Methyl-B-cyclodextrin (MBCD),
Menadione, Staurosporine, Dimethyl sulfoxide (DMSO), Cisplatin (CDDP), Tris-Base,
Glycine, Sodium chloride (NaCL) were purchased from Sigma Aldrich (Dorset, UK).
Bovine serum albumin (BSA), Acrylamide/bis-acrylamide, 4% paraformaldehyde, and
ponceau were bought from Alfa Aesar (Lancashire, UK). Alexa fluor 488® Annexin V/PI
cell death and CellRox deep read reagent kits were purchased Thermo Fisher Scientific
(Paisley, UK). PVDF membrane and ECL ™ were bought from GE health care
(Buckinghamshire, UK). USP7, USP8, USP10, UCHL-1, HSP40, HSP60, HSP70, HSP90,
AKT, mTOR, PTEN, MDM2, GSK-3B, B-Catenin, p-B-Catenin, Caspase-3, Caspase-9,
PARP, and GAPDH primary antibodies and Anti-Rabbit IgG horseradish peroxidase HRP-

linked antibody were purchased from cell signalling technology (CST) (London, UK).
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2.1.1 Nanoparticles (NPs)

Nanospheres AuNPs of sizes 5 nm, 10 nm, and 80 nm capped with citrate provided at
0.05 mg/mL in 2 mM sodium solution, 5 nm AuNPs capped with tannic acid and PVP
provided at mass concentration 0.05 mg/mL in water and 10 nm AgNPs citrate capped
provided at mass concentration 0.02 mg/mL in 2 mM sodium citrate solution were
obtained from NanoComposix (San Diego, CA, USA). The particle number
concentrations were 4.2E+13, 3.3E+12, 1.1E+10, 3.7E+12 particles/mL, and the surface
areas 60.6, 26.4, 3.9, and 53.0 m?/g for 5, 10, 80 nm AuNPs, and 10 nm AgNPs coated
with citrate.

2.1.2 Cell Culture

A549 cells cryopreserved at a very low passage number of five in our laboratory were thawed
and cultured in F-12 nutrimix media. The media was supplemented with 10% FBS, 1% 100
ug/mL penicillin, and 100 mg/mL streptomycin at 37 °C in an incubator with a humidified
atmosphere of 5% CO.. The cells were passage into more culturing vesselsto increase
cell yield for experiments once they had reached 70-80% confluency using
0.25% trypsin-EDTA phenol red (Thermo Fisher Scientific, Paisley, UK). A549 cells
were used in this study because lungs represent the first portal to the body once NMs are
inhaled and therefore can be used for studying AuNPs’ cytotoxicity on one type of lung cells.
The passage numbers of both cell lines were taken into account throughout the studies,

where the cells were maintained at passage numbers ranging from 5 to 20.
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Scheme 2.1. A diagram depicting steps involved in splitting cells into more T7s flask to

increase yield for experiments. The scheme was created with BioRender.com.

2.1.3 Cell Counting with Hemocytometer

The A549 cells were counted manually using a hemocytometer which was cleaned with
70% ethanol and the cover slide was gently placed on the top of the counting
chambers. After thawing and resuspension in CCM, a 20 uL of cell suspension was
diluted with trypan blue at the ratio of 1:1 in 1.5 mL tube and visualised by optical
microscope (Primovert, Carl Zeiss AG, Suzhou, China) at 10X magnification. The
number of cells in the top left, bottom left, top right, and bottom squares (0.06 mm?)
were counted and the average result represented the number of cells in 1 mL of cell

suspension.
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2.2 Methodologies
2.2.1 Characterisation of AuNPs and AgNPs

2.2.1.1 Morphology and Size Distribution

A freshly prepared 5 pL of AUNPs or AgNPs (10 pug/mL) dispersed in UPW was deposited
onto a copper 300 Mesh TEM grids (EM Resolutions Ltd., Sheffield, UK) and allowed to
dry for 2 h in a safety cabinet. The morphology and dispersibility of the particles were
examined after air dried using TEM (JEOL Ltd, Hertfordshire, UK) operated at an
accelerating voltage of KeV (JEOL 1400 TEM, University of Birmingham, Centre for
Electron Microscope). The size distribution of AuUNPs and AgNPs was measured by

imaging software (Imagel, version, 2.0.0, Public domain, BSD-2).

2.2.1.2 Absorption Spectra

Ultraviolet—visible spectroscopy (UV-2600 SHIMADZU model, Kyoto, Japan) was used
to measure the absorption spectra of AuNPs and AgNPs. The particles were freshly
prepared in 1.5 mL Eppendorf tubes at 10 pg/mL and transferred to disposable quartz
cuvettes (1 cm path length) (Thermo Fisher Scientific, Paisley, UK). The UV-Vis was set

to collect the spectra from 200 to 800 nm using a spectra width of 1 nm.

2.2.1.3 Hydrodynamic Diameter

Dynamic light scattering (DLS) (Malvern Instruments Ltd., Worcestershire, UK)
techniqgue was used to measure the average hydrodynamic diameter and
polydispersity index (PDI) of AuNPs (5, 10, and 80 nm), functionalised 5 nm AuNPs
(Tannic acid, citrate, and PVP) and 10 nm AgNPs dispersed in ultrapure water (UPW),
phosphate buffer saline (PBS), free culture media (FCM) and complete culture media
(CCM) at 0 and 24 h at 25 °C. 1.4 mL of the dispersed AuNPs or AgNPs (10 pug/mL) were

pipetted into a disposable polystyrene cuvettes (Thermo Fisher scientific, Paisley, UK)
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and carefully inserted into DLS for the measurement equipped with an avalanche
photodiode detector (APD) and a green laser (532 nm, 4 mW). A total of 10
measurements were taken with a fixed equilibrated run time of 20 seconds for each of

the AuNPs and AgNPs.

2.2.1.4 Zeta Potential

1.5 mL of AuNPs or AgNPs dispersed in UPW or CCM (10 pg/mL) was freshly prepared
in 1.8 mL Eppendorf tubes and loaded into a disposable capillary cell cuvette (Malvern,
DTS1070) using 1 mL BD Plastipak™ Syringe (Thermo Fisher Scientific, Paisley, UK). The
zeta potential of the particles was measured using Zetasizer Nano ZS90 DLS (Malvern
Instruments Ltd., Worcestershire, UK) equipped with a 173° detection angle and 4 mW

red laser (633 nm).

2.2.1.5 Dissolution of AuNPs and AgNPs in UPW and CCM

Dissolution experiment was performed according to method of Queveda et al [326]. In
brief, 20 mL of AuNPs and AgNPs were prepared in UPW at 5 pg/mL from the stock
concentration and incubated at 37 °C with gentle agitation (Infors AG CH-4103,
Bottmingen, Switzerland). 400 pL of the samples were taken at different time intervals
(0.25, 0.50, 1, 2 and 6 h) and transferred into a microcentrifuge tube (Amicon® ultra
0.5 mL, 3KDa, UFC5003, Sigma Aldrich, Dorset, UK). The samples were centrifuged at
17,175 g for 10 min at 37 °C. 300 pL of the filtered supernatant samples were
transferred to a 15 mL tube and diluted with 6 mL of 2% HNOs (Nitric Acid 67-69%,
Trace Metal™, for Trace Metal Analysis, Fisher Chemical™). For dissolution in CCM, the
filter was additionally washed three times with 400 pL of distilled water and
centrifuged at 17,135 g for 30 min at 37 °C. At the end of the centrifugation, the
recovered supernatant was added to the first centrifuged tube and diluted to 6 mL
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with 2% HNOs (Nitric Acid 67-69%, Trace Metal™, for Trace Metal Analysis, Fisher
Chemical™). The samples were analysed by ICP-MS (NexION 300X, Perkin EImer, USA).
A calibration curve of gold and silver standards was prepared (0, 0.25, 0.5, 1, 5, 10, 20,

50, and 100 ppb) in 2% HNO:s.
2.2.2 Cell Viability Assays

2.2.2.1 MTT Assay

The metabolic activity of A549 cell line exposed to NPs was measured using MTT assay
which is based on the ability of nicotinamide adenine dinucleotide phosphate (NADPH)
dependent oxidoreductase enzymes to metabolise the tetrazolium MTT dye to
insoluble formazan crystals. MTT assay was used as previously described [72]. Briefly,
A549 cells were seeded in flat bottom 96 well plates at a density of 7 x 103 cells/well
diluted in 100 pL of CCM and allowed to attach overnight at 37 °C in a 5% CO;
humidified incubator. The cells were treated with different sizes AuNPs (0-40 pg/mL),
functionalised AuNPs (0-35 pg/mL), AgNPs (O - 45 pg/mL), and CDDP (0-10 pug/mL) for
24 and 48 h. Negative control cells were incubated with CCM while the positive control
cells were treated with 20% DMSO diluted in CCM. The MTT solution was prepared as
5 mg/mL stock in sterile PBS and filtered with 0.22 um Acrodisc filter (Sigma Aldrich,
Dorset, UK). After the treatment, the media was removed and 120 pL of MTT solution
was added to each well, diluted in CCM at a ratio of 1:6 for 4 h. The MTT solution was
then replaced by adding 200 pL of DMSO for 10-15 min to solubilize the formazan
crystals in dark with gentle agitation on the shaker. The absorbance was recorded using
a FLUOstar Omega microplate reader (BMG LABTECH Ltd, Aylesbury, UK) at 570 nm emission
wavelength to determine the percentage of viable cells of the A549 cells. The
percentage of cell viability was calculated using the following equation:
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% Cell Viability

= [Absorbance of treated cells/Average absorbance of control cells] x 100
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Scheme 2.2. Enzymatic reduction of yellow MTT to purple formazan by mitochondrial

reductase enzyme in viable cells. The scheme was created with BioRender.com.

2.2.2.2 Modified Lactate Dehydrogenase (mLDH)

The percentage of cell viability was also assessed using mLDH assay by Promega
CytoTox 96 non-radioactive cytotoxicity assay according to a protocol described [72].
Briefly, A549 cells were seeded in 96-well plates at a density of 7 x 103 cells/well and
left to adhere overnight. The cells were then exposed to different concentrations of
AuNPs (0-45 pg/mL), AgNPs (0-35 pg/mL), and CDDP (0-10 pg/mL). Untreated cells
were used as negative control while 20% DMSO was used as a positive control for 24

and 48 h. After the incubation period, the cells were then lysed with 0.9% Triton X-100
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and incubated for another 1 h at 37 °C. The lysates were collected in Eppendorf tubes
and centrifuged for 5 min at 4 °C. 50 uL of the supernatants were transferred to a new
96-well plate and 50 pL of substrate mixture was added and incubated for 15 min at
room temperature protected from light. After the incubation, 50 uL of stop solution
was then added and the absorbance of each sample was measured using a FLUOstar
Omega microplate reader (BMG LABTECH Ltd, Aylesbury, UK) at 490 nm. The percentage
of cell viability was calculated using the following equation:

% Cell Viability

= [Absorbance of treated cells/Average absorbance of control cells] x 100

2.2.2.3 Lactate Dehydrogenase (LDH) Release Assay

The LDH assay was used to measure the percentage of cell membrane damage induced
by the NPs associated with the release of the LDH enzyme from the cytoplasm. The
LDH assay was detected using Cytotox 96 non-radioactive cytotoxicity assay Kit
(Promega, Southampton, UK) according to a protocol described previously [72]. After
incubation with AuNPs (5, 10, and 80 nm) as described in section 2.2.2.2, 50 uL of
media containing the NPs was transferred to a new flat-bottom 96-well plate and 50
pL of the reconstituted substrate was added to each well and incubated for 15 min in
the dark. After the incubation period, the reaction was terminated by adding 50 pul of
stop solution. The absorbance was measured using a FLUOstar Omega microplate reader
(BMG LABTECH Ltd, Aylesbury, UK) at 490 nm emission wavelength. The absorbance of
supernatant corresponds to the LDH released in the media which indicates the number
of damaged caused by the AuNPs exposure. The percentage of LDH released was
calculated by the following equation:

% LDH released
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= [Absorbance of treated cells/Average absorbance of control cells] x 100

Lactate » Pyruvate
CHj NAD* NADH
S
@ ,N N: /L\ CH3
NY VN < INT
Formazan

Scheme 2.3. Lactate dehydrogenase (LDH) release from the cell exposed to AuNPs or
AgNPs convert lactate to pyruvate and iodonitrotetrazolium violet (INT) in the
presence of coenzyme (NAD*) which further convert to formazan by diaphorase

enzyme. Scheme was created with BioRender.com.

2.2.2.4 CellTiter-Glo® Luminescent Cell Viability Assay

For the CellTiter-Glo (CTG) assay a protocol previously described [327] was used. In brief, A549
cells were seeded at a density of 7 x 103 cells/well in a 96-opaque walled multiwell plate
(Thermo Fisher Scientific, Paisley, UK) and treated with 10 nm AuNPs and AgNPs coated with
citrate at the concentration range of 0-35 pg/mL for 24 and 48 h. After the desired incubation
period, the 96-well plate was allowed to equilibrate at room temperature for 30 min and the
CTG reagent was mixed at a 1:1 ratio with the volume of CCM containing the NPs in each well.

The mixture was then incubated at room temperature for 10 min on an orbital shaker with
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gentle agitation, followed by luminescence measurement using a FLUOstar Omega microplate
reader (BMG LABTECH Ltd, Aylesbury, UK). The percentage of cell viability was calculated
using the equation:

%Cell viability

= [Absorbance of treated cells/Average absorbance of control cells] X100

2.2.2.5 Cell Recovery

To evaluate the A549 cells’ recovery capacity upon exposure to 5 nm functionalised AuNPs
(Tannic acid, citrate. and PVP) a protocol previously described [328] was used. The A549 cells
were seeded in a 96-well plate at a density of 7 x 103 cells/well overnight to adhere and then
exposed to 0-10 pg/mL of different functionalised AuNPs for 24 h. After the exposure period,
the cells were then washed three times with PBS and 100 L of fresh growth CCM was added
every 24 h. The number of recovered cells was measured on days 1, 2, 3, and 4 using mLDH

according to section 2.2.2.2.

2.2.2.6 A549 3D Spheroids Formation

3D spheroids were formed by the liquid overlay method using 1% agarose prepared in distilled
water according to a protocol previously described [329]. A549 cells cultured in monolayers
were maintained in Ham’s F12 CCM. 100 uL of the cell suspension were seeded in 96-well
plates coated with 1% agarose at a density of 8 x103 cells/well and incubated for 8 days, with
fresh CCM added every two days of the experiment duration. The morphology of the
spheroids was observed each day using an EVOS™ FL imaging system (Washington, NJ, USA)
with 20X magnification. The diameter and circumference of the spheroids were determined

using Imaging software (Imagel, Version 2.0.0, Public domain, BSD-2).
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2.2.2.7 Cell Viability of A549 3D Spheroids

The viability of A549 3D spheroids was assessed using a live/dead cell staining kit which
indicates green fluorescence for the live cells and red fluorescence for the dead cells as
described in the protocol of [330]. After 4 days of seeding the spheroids, the spheroids were
treated with different concentrations (0-10 pg/mL) of AgNPs and AuNPs for 24 h. A certain
number of spheroids (5-10) were counted and gently washed three times with 50 ul of PBS.
The spheroids were then stained with live/dead cell staining according to the manufacturer’s
instructions. The fluorescence was observed using EVOS™ FL imaging system (Washington,

NJ, USA) with 20X magnification.

2.2.3 Cellular Uptake of Gold Nanoparticles (AuNPs) by A549 Cell

2.2.3.1 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS was used to measure the amount of Au uptake by A549 cells. The cellular
uptake of AuNPs experiment was conducted as previously described [83]. In brief,
A549 cells were seeded in six well plates at a density of 2 x 10° cells/well in 3 mL of
CCM supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C. At 24 h post-
seeding, A549 cells were exposed to 5, 15, and 30 pg/mL of different sizes of AuNPs
dispersed in CCM for 24 h. After the exposure, the cells were washed three times with
PBS, harvested, and transferred to a glass vial (Ampulla, Lancashire, UK). The cells were
digested with 3 mL of aqua regia prepared with 37% hydrochloric acid (HCI) and 70%
nitric acid (HNOs), then 1 mL of hydrogen peroxide was added to the cell suspension.
The glass vials were properly closed and heated at 120 °C for 30 min. The samples were
diluted to a final acid concentration of 2% HNO3 and filtered with a 0.22 uM syringe

filter (Sigma Aldrich, UK) to ensure the removal of any debris. The total Au
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concentration in the samples was measured by ICP-MS (NexION 300X, Perkin Elmer,
Waltham, Massachusetts, USA) in the Helium KED mode (Helium Gas Flow at 5
mL/min). A calibration curve of gold standard series was also prepared (0, 0.25, 0.5, 1,

2,5, 10, 20, 50, and 100 ppb) in 2% HNOs to set up the ICP-MS.

2.2.3.2 Flow Cytometry Analysis of AUNPs Uptake

For the measurement of AuNP uptake using flow cytometry it was conducted
according to methods previously described [72]. Briefly, A549 cells were seeded in six
well plates at a density of 2 x 10° cells/well in 3 mL of CCM and allowed to adhere
overnight at 37 °Cin 5% CO,. Then, the cells were exposed to different sizes of AUNPs
at concentrations of 5-30 ug/mL, 10 nm AgNPs, and AuNPs at concentrations range of
1.25-10pg/mL while the control cells were treated with CCM for 24 h. At the end of the
exposure time, the cells were washed with PBS three times to remove any unattached
NPs and were then harvested and centrifuged at 1,904 g for 5 min at 4 °C. The
supernatant was discarded, and cells were resuspended in 500 pL of PBS. The samples
were gently transferred to FACS round bottom polystyrene test tubes and kept on ice
for analysis by BD LSRFortessa™ X-20 flow cytometry (BD Biosciences, Franklin Lakes,
NJ, USA). The cells in suspension were injected into a thin tubing in a laminar flow of a
sheath fluid with hydrodynamic focussing to allow single-cell analysis. Side scatter area
(SSC-A) and forward scattered area (FSC-A) were recorded for each gated event as they
pass through the laser while excluding the region of cell debris. The data obtained were
then analysed using FlowlJo software version 10.7.1 (Ashland, Oregon USA) by
comparing the SSC intensity of control to that of incubated with NPs. The data were
plotted as the mean SCC intensity of treated NPs samples compared to that of the

control.
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2.2.3.3 Transmission Electron Microscopy Analysis AuNPs Uptake

The uptake of different sizes of AuNPs by A549 cells was conducted as described
previously with modifications [72]. In brief, A549 cells were seeded at a density of 2 x
10° cells/well onto a 13 mm diameter sterilised coverslip in six well plates and allowed
to adhere overnight at 37 °C in 5% CO,. The next day, the cells were incubated with
different sizes of AuUNPs at 30 ug/mL for 24 h. At the end of the exposure time, the cells
were rinsed with PBS to remove unattached AuNPs. This was followed by fixation with
2.5% glutaraldehyde in 0.1M PO4 buffer diluted in PBS for 24 h at 4 °C. The samples were
then taken to the Electron microscopy centre (University of Birmingham, Birmingham,
UK) for processing. The cells were dehydrated in ethanol and embedded in epoxy resin.
An ultrathin section (70—90 nm) parallel to the cover glass was cut with a diamond knife
and mounted onto 300 mesh copper grids on a carbon film. Images were visualised with

TEM (JEOL 1400) operated at an acceleration voltage of 80 keV in imaging mode.
2.2.4 Mechanisms of Cellular Uptake Using Pharmacological Inhibitors

2.2.4.1 Inductively Coupled Plasma Mass Spectrometry

The amount of AuNPs internalised into the cells was determined according to the
method previously described [83]. In brief, A549 cells were seeded in six well plates at
a density of 2 x 10° cells/well in 3 mL of CCM, supplemented with 10% FBS and 1%
penicillin/streptomycin at 37 °C. At 24 h post-seeding, the cells were pre-treated with
either 10 pg/mL of chlorpromazine (clathrin-coated pit inhibitor), 5 pg/mL of nystatin
(caveolae-mediated inhibitor), 2.5 uM of methyl-B-cyclodextrin (MBCD) (caveolae-
mediated/cholesterol inhibitor), and 10 pg/mL of wortmannin (macropinocytosis
inhibitor) for 1 h. This was followed by treatment with 30 pg/mL of different sizes of
AuNPs dispersed in CCM for 3 h. After exposure, the cells were washed three times
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with PBS, harvested, and transferred to a glass vial. The cells were digested with 3 mL
of aqua regia prepared with 37% HCL and 70% HNOs. Then, 1 mL of hydrogen peroxide
was added to the cell suspension. The glass vials were properly closed and heated at
120 °C for 30 min. The samples were diluted to a final acid concentration of 2% HNO3
and filtered with a 0.22 uM syringe filter (Sigma Aldrich, UK) to ensure the removal of
any debris. The total Au concentration in the samples was measured using the same

procedure as described in Section 2.2.3.1.

2.2.4.2 Flow Cytometry

Flow cytometry experiment was performed according to a protocol described [72].
A549 cells were seeded in six well plates at a density of 2 x 10° cells/well in 3 mL of
CCM and allowed to adhere overnight at 37 °Cin 5% CO». The next day, the cells were
pre-treated with either chlorpromazine (10 pg/mL), nystatin (5 pg/mL), MBCD (2.5
uM), or wortmannin (10 pg/mL) for 1 h, followed by treatment with 30 pg/mL of
different sizes of AUNPs dispersed in CCM for 3 h. At the end of the exposure time, the
cells were rinsed with PBS to remove unattached AuNPs, followed by harvesting and
centrifugation at 1,904 g for 5 min at 4°C. The supernatant was discarded and
resuspended in 500 pL of PBS. The samples were then analysed using the same
procedure as described in Section 2.2.3.2.

2.2.5 Mechanisms of AuNPs and AgNPs Toxicity

2.2.5.1 GSH/GSSG-Glo™ Assay

A luminescence-based Promega GSH/GSSG-Glo assay kit was used to quantify the intracellular
glutathione in A549 cells exposed to 5 nm functionalised AuNPs (Tannic acid, citrate, and PVP)
and a combination of CDDP (2.191 pug/mL) and 10 nm AuNPs (25 pg/mL) according to a

protocol described [331]. After the treatment, the cells were washed three times with PBS
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to remove any remaining unbound NPs. The cells were lysed with 50 pL of either total
glutathione or oxidized glutathione reagent and placed on a shaker for 5 min at room
temperature. 50 pL of luciferin generation reagent were added to all the wells and incubated
for another 30 min at room temperature. Finally, 100 uL of luciferin detection reagent was
added and equilibrated for 15 min at room temperature followed by luminescence reading
by a FLUOstar Omega microplate reader (BMG LABTECH Ltd, Aylesbury, UK). The ratio of

glutathione content was calculated using the relative light units (RLU) using the equation:

GSH/GSSG ratio= (Net treated GSH RLU — Net treated GSSG RLU)/ (Net treated GSSG RLU/2)
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Scheme 2.4. Schematic representation of a luminescence-based assay for measuring the
amount of GSH/GSSG ratio in culture cells. The amount of both reduced and oxidised
glutathione (GSH and GSSG) measurements relied based on the reaction steps where GSH-

dependent conversion of a GSH probe in the first step, Luciferin-NT to luciferin by an enzyme
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glutathione S-transferase (GST) which then coupled to a firefly luciferase reaction in the

second step. The Scheme was created with BioRender.com.

2.2.5.2 Dichloro-Dihydro-Fluorescein Diacetate (H2DCF-DA) Assay

The Intracellular ROS generation of treated A549 cells was detected by staining the
cells with H2DCF-DA as previously reported [177]. A549 cells suspension were seeded
at a density of 8 x103 cells/well in the 96 well plates and treated 5 nm functionalised
AuNPs (Tannic acid, citrate, and PVP) at the concentrations of (0-10 pg/mL) and a
combination of CDDP (2.191 pg/mL) and AuNPs (25 pg/mL) for 24 and 48 h. Positive
control was incubated with 50 uM of menadione one for 1 h before the end of each
time point and the cells were washed three times with PBS. The cells were further
incubated with 10 uM H;DCF-DA (diluted in PBS) for 30-45 min at 4 °C. The
fluorescence intensity was measured by FLUOstar Omega microplate reader (BMG

LABTECH Ltd, Aylesbury, UK) at excitation of 488 nm and emission of 525 nm.
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Scheme 2.5. Reactive Oxygen Species (ROS) measurement in A549 cells using
H,DCFDA: The non-fluorescent 2’,7’-dichlorofluorecin diacetate (H2DCFDA) is
deacetylated by the action of cellular esterase in the cell membrane to a non-
fluorescent 2’,7’-dichlorofluorescin (H2DCF) which further oxidised to a fluorescent

2’,7’-dichlorofluorescin (DCF). The scheme was created with BioRender.com.

2.2.5.3 CellRox Deep Red Flow Cytometry Assay

The CellRox™ deep red reagent kit was used for oxidative stress detection in A549 cells
as per the manufacturer’s instructions according to a protocol described [332]. A549
cells were seeded in twelve well plates at a density of 2 x 10*cells/well and incubated
overnight to adhere. The cells were then treated with 5-30 pg/mL of AuNPs (5, 10, and
80 nm), 10 nm AuNPs, and AgNPs at the concentration range of 1.25-10 pg/mL for 24
and the negative control was incubated with CCM while a 50 uM menadione treatment
for 1 h was used as the positive control. Following the incubation, the cells were
detached by trypsinisation and centrifuged at 1,904 g for 5 min. The cells were then
stained with 5 uM CellRox deep red reagent diluted in phenol-free RPMI 1640 media
for 1 h at 37 °C and protected from light. The cells were then centrifuged for 5 min at
1,904 g after the staining and the pellet was resuspended with 1 mL of RPMI 1640 The
samples were gently transferred to FACS round bottom polystyrene test tubes and
kept on ice for analysis by BD LSRFortessa™ X-20 flow cytometry (BD Biosciences,
Franklin Lakes, NJ, USA) equipped with 488 argon and UVB laser. Histograms of
fluorescence (Alexa Fluor 700-A) intensity were acquired with a FACScalibur cytometer
(BD Bioscience) equipped with a 488 argon and 635 red diode lasers with at least

10,000 events acquired for each sample. The data recorded were then analysed by
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FlowlJo software version 10.7.1 (Ashland, Oregon, USA) and statistically analysed by

GraphPad prism software.

2.2.5.4 Mitochondrial Membrane Potential (MMP)

The changes in MMP induced by different coated 5nm AuNPs on A549 cells were evaluated
according to a protocol reported [326]. Briefly, A549 cells were seeded at a density of 7 x 103
cells/well in 96 well plates and allowed to attach overnight. The CCM was then removed, and
cells were exposed to 5 nm functionalised AuNPs (tannic acid, citrate, and PVP) at a
concentration range of 1.25-10 pug/mL and a combination of CDDP (2.191 ug/mL) and AuNPs
(25 pg/mL) diluted in CCM for 24 h. After the incubation, 50 uL of mitochondrial staining
solution was added to each well and incubated for 30 min under normal cell culture
conditions. Afterward, the media was removed, and cells were counterstained with 100 pL of
Hoechst 33342 staining solution and incubated for another 15 min at normal room
temperature. The cells were then washed three times with 100 uL of PBS and finally 200 pL
of PBS was added to each well. Finally, the MMP changes were measured using two different
techniques. First, the fluorescence intensity was captured by FLUOstar Omega microplate
reader (BMG LABTECH Ltd, Aylesbury, UK) in time-resolved fluorescence manner. Second, the
quality of fluorescence intensity was captured by EVOS™ FL imaging system (Washington, NJ,
USA) equipped with an appropriate filter for DAPI and GFP at 20X magnification.

2.2.5.5 MitoProbe™ TMRM Flow Cytometry Assay

The MitoProbe™ TMRM assay kit was used to detect the MMP according to a protocol
previously described [333]. In brief, the A549 cells were seeded at a density of 5 x 10%
cells/well in 6 well plates in 1.5 mL of CCM overnight to adhere. The cells were then treated
with AgNPs and AuNPs at the concentration of 0-10 pg/mL for 24 h. 50 uM of carbonyl cyanide
3-chlorophenylhydrazone (CCCP) was used as a positive control for 5 min incubated in 5% CO;
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at 37 °C. After the incubation, the cells were detached and centrifuged at 1,904 g for 10 min
at 4 °C and re-suspended in 1 mL of culture media with 1 uL TMRM reagent solution and
incubated for 30 min at 37 °C in 5% COz instructed by the manufacturer. The cells were then
harvested by centrifugation for 5 min at 1,904 g and re-suspended in 500 pl PBS. The samples
were gently transferred to FACS round bottom polystyrene test tubes and immediately
analysed by BD LSRFortessa™ X-20 flow cytometry (BD Biosciences, Franklin Lakes, NJ,
USA). TMRM fluorescence intensity was measured at an approximate excitation (561 nm)
and emission wavelength (585 nm) with at least 10,000 events acquired for each sample.
The fluorescence intensity recorded was then analysed by FlowJo software version
10.7.1 (Ashland, Oregon, USA) and presented as a percentage of TMRM against

concentration.

2.2.5.6 Caspase-Glo 3/7 Activity Measurement

The activity of caspase 3/7 was measured according to the manufacturer’s instructions
(Promega, Southampton, UK) according to a protocol described in published study
[334]. Briefly, the A549 cells were seeded at a density of 7 x 103 cells/well in 96- opaque well
plates and allowed to attach for 24 h. The cells were treated with CDDP (2.191 pg/mL), AuNPs
(25 pg/mL) or a combination of both CDDP and AuNPs with Staurosporine (1 uM) treated for
6 h used as a positive control. After the treatment time point, the cells were additionally
allowed to equilibrate for 1 h at room temperature. The media containing the treatments was
gently removed and replaced with 100 puL of caspase-Glo 3/7 reagent. The contents were
gently mixed for 60 seconds using a plate shaker at 445 g and then incubated at room
temperature in a light protected area. The luminescence was finally read using a FLUOstar

Omega microplate reader (BMG LABTECH Ltd, Aylesbury, UK).
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2.2.5.7 Apoptosis and Necrosis Assay by Flow Cytometry

Apoptosis induced after exposure to different sizes of AUNPs was evaluated using the
Annexin V-FITC/PI assay kit (Thermo Fisher Scientific, Paisley, UK) according to a
protocol described [72]. A549 cells were seeded in six well plates overnight at a density
of 2 x 10° cells/well and treated with different concentrations of NPs for 24 h. The
positive controls were incubated with either 10% DMSO or 1 uM Staurosporine for 6 h
as inducers of necrosis and apoptosis, respectively. The cells were then collected by
trypsinisation and centrifuged at 1,904 g for 5 min at 4 °C. The pellet was resuspended
with 100 pL of Annexin binding buffer and incubated with 5 pL of Annexin V-FITC and
1 pL of PI for 15 min in the dark at room temperature. After the incubation, the cell
suspension was further diluted with 400 pL of Annexin binding buffer. The samples
were gently transferred to FACS round bottom polystyrene test tubes and immediately
analysed by BD LSRFortessa™ X-20 flow cytometry (BD Biosciences, Franklin Lakes, NJ,
USA) using FITC and Texas red dyes filters with 499/521 and 535/617
excitation/emission fluorescence wavelength. Electronic compensation was
performed with unstained cells (Negative), cells labelled with single stain PI, and cells
labelled with single stain annexin-V to eliminate spectral overlap between the
fluorophores. The data recorded were then analysed by FlowlJo software version
10.7.1 (Ashland, Oregon, USA) and expressed as a percentage cell population stained

with Pl or Annexin V staining.
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Scheme 2.6. Diagrammatic illustration of apoptosis and necrosis assay using
fluorescently labelled Annexin V and propidium iodide (Pl) measured by BD

LSRFortessa X-20 flow cytometry. The scheme was created with BioRender.com.

2.2.6 Effects of AUNPs and AgNPs on Different Pathways

2.2.6.1 Extraction of Protein

A549 cells were seeded at a density of 2.5 x 10° cells/well in six well plates to adhere
before treatment with different concentrations of NPs, CDDP, and a combination of
AuNPs with CDDP for either 24 or 48 h. After each period of treatment, the cells were
washed three times with 2 mL of cold PBS and lysed in 100-200 pL of NP40 lysis buffer
containing protease inhibitors cocktail (Containing 0.1 mM PMSF, 1 mM Benzamidine,
and 0.1% B-mecarptoethanol). The lysed cells were carefully scraped from the plates
and transferred to a 1.8 mL Eppendorf tube. The samples were mixed by pipetting up
and down and later centrifuged at 17,078 g for 10 min at 4 °C. 2 ulL of the supernatant
was used to determine the total protein concentration by Bradford assay as described

previously [335].
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2.2.6.2 Bradford Assay

5 uL of BSA protein standard prepared in the concentrations (0.125, 0.25, 0.5, 1, and 2
mg/mL) were pipetted into a non-sterile 96 well plate in triplicate. 2 pL of the
supernatant (protein extracted) was added into the sample well and followed by
adding Bradford reagent (280 uL) to all well containing the samples and the protein
standards. The plate was gently mixed on a shaker to assure a homogenous solution
and the absorbance was read using a FLUOstar Omega microplate reader (BMG LABTECH
Ltd, Aylesbury, UK) at 595 nm wavelength. The protein concentration was calculated
from the standard curve and diluted with sodium dodecyl sulfate (SDS), heated at 90

°C for 5 min, and stored in the freezer (-20) until needed for western blotting.

2.2.6.3 Western Blotting

20 pg of the lysates were loaded in 10-12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) prepared from resolving gel (1.5 M Tris (pH=8.8), 30%
acrylamide, 20% SDS, 10% APS, water and TEMED) and stacking gel (0.5 M tris (pH=6.8),
30% acrylamide, 20% SDS, 10% APS, water and TEMED) according to the molecular
weight of the target proteins and electrophoresed for 1 h at 160 V. Proteins separated
were transferred to onto 0.45 uM PVDF membrane (GE Healthcare hybond) using 20X
NuPAGE™ Transfer Buffer (Thermo Fisher Scientific) at 85 V for 1.45 h. The membranes
were blocked in TBST (Tris Base, NaCl, pH 8.3) prepared with Tween-20 (0.1%) and skim
milk (5%) for 1 h at room temperature with gentle agitation. The membranes were
then washed three times with TBST for 8 min, followed by incubation with monoclonal
primary antibodies purchased from cell signalling technology (CST) (London, UK) such
as HSP40 (C64B4), HSP60 (D6F1), HSP70 (4872), HSP90 (C45G5), GAPDH (14C10) AKT

(C67E7), P-AKT (D25E6), B-catenin(D10AS8), P-B-Catenin (D8E11), GKS-3B (D5C5Z),
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PTEN (138G6), MDM2 (D1V2Z), mTOR (7C10), USP7(D17C6), USP8 (D18F6), USP10
(D7A5), UCHL-1 (D3T2E), caspase-3 (D3R6Y), caspase-9 (C9), and PARP (9542) diluted
in TBST containing 5% bovine serum albumin (1:1000) overnight at 4 °C with gentle
agitation. After washing with TBST three times, membranes were then incubated with
a secondary antibody (Horseradish peroxidase-conjugated anti-rabbit IgG (7074) or
anti-mouse 1gG (7076)) diluted in TBST with 5% BSA (1:2000) for 1 h at room
temperature. The membranes were washed three with TBST and enhanced

chemiluminescent reagents were added to detect the signal intensity of the proteins.

2.2.7 Statistical Analysis

Statistical analyses for the results obtained were performed using GraphPad Prism
software version 9.0. BD LSRFortessa X20 data was analysed by FlowJo software for
windows version 10.7.1 (Ashland, Oregon, USA). All the data were presented as mean
+ standard deviation for at least three independent experiments. One way analysis of
variance (ANOVA) was used to calculate the statistical significance between control,
AuNPs, AgNPs or CDDP treated groups, followed by Bonferroni post hoc multiples
comparison. The images from TEM and western blotting bands intensity were

quantified by imaging software (Imagel, Version 2.0.0, Public domain, BSD-2).
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Chapter 3: Gold Nanoparticles Induced Size Dependent Cytotoxicity on Human Alveolar

Adenocarcinoma Cells by Inhibiting the Ubiquitin Proteasome System

Abstract

Gold nanoparticles (AuNPs) are widely used in biomedicine due to their remarkable
therapeutic applications. However, little is known about their cytotoxic effects on the
ubiquitin proteasome system (UPS). Herein, the cytotoxicity of different sizes of AUNPs (5, 10,
and 80 nm) on the UPS was investigated with a particular focus on deubiquitinating enzymes
(DUBSs) such as ubiquitin-specific proteases (USP) and ubiquitin carboxyl-terminal hydrolases
(UCHL-1) in human alveolar epithelial adenocarcinoma (A549). It was found that all sizes of
AuNPs reduced the percentage of viable A549 cells and increased lactate dehydrogenase
(LDH) release, measured using the MTT and LDH assays, respectively. Furthermore, the 5 nm
AuNPs were found to exhibit greater cytotoxicity than the 10 and 80 nm AuNPs. In addition,
apoptosis and necrosis were activated through reactive oxygen species (ROS) generation due
to AuNPs exposure. The internalisation of AuNPs in A549 cells increased with increasing
particle size (80 > 10 > 5 nm). Interestingly, the expression of USP7, USP8, USP10, and UCHL-
1 was significantly (p < 0.001) downregulated upon treatment with 5-30 ug/mL of all of the
AuNPs sizes compared to control cells. Moreover, the inhibition of these proteins triggered
mitochondrial-related apoptosis through the upregulation of poly (ADP-ribose) polymerase
(PARP), caspase-3, and caspase-9. Collectively, these results indicate that AuUNPs suppress the

proliferation of A549 cells and can potentially be used as novel inhibitors of the proteasome.
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3.1 Introduction

In recent years there has been an increase in AuNP-related research due to their potential
applications in cancer treatment [336, 337]. Their unique size-related (1-100 nm)
physicochemical properties and high surface area to volume ratio enhance their reactivity
with other molecules and enables them to cross biological barriers [34, 338]. Additionally,
AuNPs can be used as drug carriers to improve drug delivery and reduce side effects through
more effective targeting [339, 340]. Recent advances in AuNPs development have shown that
they may also be ideal candidates for viral targeting and diagnosis [341-343] and may be used
as stand-alone entities or carriers for other drugs or vaccine delivery [344-346].

Despite having various applications in cancer research, bioimaging, vaccines, and drug
delivery, there is a growing concern about their short- and long-term health effects [16, 347].
Studies have revealed that the accumulation of AuNPs may impede the biological
performance of cells through the induction of oxidative stress, reduction in metabolic
activities, decrease in mitochondrial membrane potential, depletion of glutathione, and
increase in lipid peroxidation, consequently leading to apoptosis and necrosis [348-350]. For
instance, exposure to AuNPs induced the apoptosis of A549 cells and was characterised by
cell shrinkage, reactive oxygen species (ROS) generation, and an increase in apoptotic protein
expression [351, 352]. Apart from cytotoxicity, the induction of cell cycle arrest in different
cell phases upon exposure to AuNPs has also been reported [353, 354]. Prasad et al., [141]
found that AuNPs induced oxidative stress and GO/G1 cell cycle arrest by blocking the S phase,
therefore inducing apoptotic cell death. Similar results were also reported using modified
AuNPs [186]. The toxicity of AuNPs is considered to depend on their size, shape, surface

charge, composition, concentrations, and cell type [115, 355, 356].
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The UPS is the major intracellular pathway for the degradation of 80-90% of proteins in
eukaryotic cells [357, 358]. During the process, ubiquitin (76 amino acids) covalently binds to
the proteins to be degraded in the proteasome. This is accomplished by three enzymes:
ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases
(E3) (Scheme 3.1) [359, 360]. DUBs reverse the degradation process by removing the
covalently attached ubiquitin from proteins, allowing the recycling of ubiquitin for further use
by the proteasome [361]. The enzymes play an important role in controlling the process and
are involved in many signalling activations such as DNA repair, apoptosis, and cell cycle
progression [229, 362]. Due to their regulatory functions, tumour cells have been
demonstrated to depend on DUBs for proliferation [363, 364]. Recently, many molecules have
been tested for their toxicity against DUB activity and implicated in cancer treatment. For
instance, cisplatin has been shown to suppress the proliferation of ovarian cancer through
proteasome inhibition [231]. In breast cancer, the small molecule bis-benzylidine piperidone
15 (b-AP15) and platinum pyrithione (PtPT) were tested against elevated USP14, UCHL-5, and
RPN11 proteases. These compounds were found to induce cell cycle arrest and cell death
associated with caspase activation, endoplasmic reticulum stress, and downregulation of the
endoplasmic reticulum by downregulating DUBs [365]. Although these compounds have
shown a promising effect, there is still the issue of their limited efficacy, specificity, and
biocompatibility [366]. Therefore, alternative DUB inhibitors are urgently needed in cancer
treatment to improve efficacy and biocompatibility. Herein, the effects of different sizes of
AuNPs (5, 10, and 80 nm) coated with citrate on UPS was investigated, with a particular focus
on DUBs such as the ubiquitin-specific protease (USP) and ubiquitin carboxyl-terminal
hydrolase L1 (UCHL-1) in A549 cells. Extensive insight into the underlying mechanisms of

AuNPs (5, 10, and 80 nm) toxicity in A549 cells was further investigated by assessing their
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metabolic activity, ROS, expression of apoptotic-related proteins, and their cellular uptake
mechanisms. The sizes of AUNPs were selected due to lack of standardised characterisation
methods and techniques for smaller AuNPs, definitive regulatory framework for nanoparticle-
specific data on size dependent cytotoxicity and limited data on the toxicity of different

sizes of AUNPs on the UPS.

3.2. Results

3.2.1. Physicochemical Characterisation of Different Sizes of AUNPs

The hydrodynamic size distribution, polydispersity index (PDI), and zeta potential of 5,
10, and 80 nm AuNPs used in this study was measured using DLS in UPW and CCM at
0 and 24 h. The DLS measurement revealed that the hydrodynamic diameter of 5, 10,
and 80 nm were 12.92 + 1.45 nm, 16.40 £ 0.39 nm, and 85.85 + 0.76 nm, respectively,
in UPW at O h (Figure 3.1A). Moreover, when the AuNPs were kept in UPW for 24 h, a
slight increase in hydrodynamic diameter was observed compared to the
hydrodynamic diameter at 0 h, as shown in Figure 3.1A. In addition, the PDI also
showed an apparent change in AuNPs stability for 0 and 24 h in the UPW. For instance,
the 5 nm AuNPs showed an Initial PDI value of 0.38 £ 0.08 for 0 h which changed slightly
to 0.48 + 0.09 after 24 h. Likewise, the PDI values of 10 nm AuNPs increased from 0.27
+0.01at0hto0.36 +0.02 after 24 h, whereas 80 nm showed a noticeable PDI decrease
at 24 h. To further understand how AuNPs behave in the exposed CCM, the particles
were dispersed in CCM containing 10% FBS and 1% penicillin/streptomycin at the
concentration of 10 pg/mL. As seen in Figure 3.1B, there was an increase in the
hydrodynamic diameter of all the AUNPs once exposed to CCM when compared to the

UPW. This could be due to the presence of macromolecules in the CCM media such as
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vitamins, amino acids, antibiotics, glucose, and protein supplements. The PDI values in
the CCM show higher values compared to the UPW with all the NPs, and slightly
fluctuating between 0 and 24 h. While the PDI values slightly increased for the 5 and
10 nm AuNPs after 24 h, there was a slight decrease in PDI value for the 80 nm AuNPs
as shown in Figure 3.1B. As expected, the measured zeta potential showed that all the
NPs were negatively charged in UPW and CCM (Figure 3.1C-D). Interestingly, the zeta
potential values of the AuNPs showed an apparent decrease in UPW for all NPs as
shown in Figure 3.1C. However, the zeta potential of the AuNPs noticeably increased
when assessed in CCM at both time points (Figure 3.1D). TEM images of all three sized
AuNPs showed that the particles are spherical with a uniform size distribution (Figure

$3.1 in Supplementary Materials).
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Figure 3.1. Characterisation of different sizes of AuNPs by DLS in UPW and CCM.
Hydrodynamic size distribution and PDI of 5, 10, and 80 nm AuNPs in (A) UPW after 0 and 24
h and (B) CCM after 0 and 24 h. Zeta potential values of 5, 10, and 80 nm AuNPs in (C) UPW
after 0 and 24 h and (D) CCM after 0 and 24 h. Plotted graphs represent the means * standard

deviation (SD) of ten different measurements.

3.2.2 AuNPs Decreased Cell Viability and Increased LDH Release in A549 Cells

In the current study, the cytotoxicity of 5, 10, and 80 nm AuNPs was measured based
on the metabolic activity and LDH release from A549 cells using the MTT and LDH
assays, respectively. As shown in Figure 3.2, the decrease in percentage cell viability
and release of LDH is related to the increase in AUNP concentrations (5—40 pg/mL) and
incubation period (24-48 h). In Figure 3.2A, the cell viability of A549 cells was
maintained with up to 10 pg/mL for 5, 10, and 80 nm AuNPs after 24 h incubation. As
the concentrations increased above 10 pg/mL, the cell viability of A549 cells decreased
for all three sizes of AUNPs. AuNPs at 40 ug/mL showed the most significant decrease
in cell viability (9.24%, 12.91%, and 24.08%) for the 5, 10, and 80 nm, respectively.
Using the same concentrations, the cell viability measured after 48 h dramatically
decreased at a greater rate (Figure 3.2B), with low concentration (5 pg/mL) having a
minor impact (91%, 87.1%, and 85.4% for the 80, 10, and 5 nm, respectively). The
membrane integrity effect induced by AuNPs on A549 cells was also assessed by LDH
release in cell culture media. It was found that AuNPs showed a dose-dependent
increase in LDH release at a concentration of 20 pug/mL and higher (Figure 3.2C). In
addition, an increase in LDH release was observed from a concentration of 10 pug/mL

(5.2% increase compared to control) for all the NPs (Figure 3.2D). A statistically

83



significant difference (p < 0.01) between the treated concentrations and control was
observed at the exposure levels (25-40 pg/mL) and (20—40 pg/mL) for 24 and 48 h,
respectively. In summary, the assays revealed that 5 nm was more cytotoxic than 10
and 80 nm at both 24 and 48 h. Although mass concentrations were used for the
viability assays, the study explored if the cytotoxicity of the NPs is related to the surface
area of the AuNPs and particle number concentration by normalising the surface area
and particle number concentration from the corresponding concentrations used in the
MTT assay. It was found that surface area varies with the variation of particle diameter;
at the same concentration (40 pg/mL), 5 nm AuNPs (4.13 x 10~ m?/g) have a higher
surface area compared to the 10 nm (1.09 x 107> m?/g) and 80 nm (1.02 x 107® m?/g)
AuNPs which could explain why they are more cytotoxic (Table $3.1 in Supplementary
Materials). Conversely, normalisation of mass concentration to particle number
concentration revealed that 80 nm AuNPs were more cytotoxic than 5 and 10 nm
AuNPs due to the fact that 80 nm AuNPs require a lower amount of particle number
concentration (8.46 x 108 NPs/mL) to inhibit the percentage of cell viability at the same
mass concentration (40 pg/mL) compared to the 5 nm and 10 nm AuNPs (3.17 x 103
NPs/mL, 2.49 x 1012 NPs/mL) (Table $3.2 in Supplementary Materials).

Based on these experiments, concentrations of 5, 15, and 30 pg/mL were selected for

subsequent experiments to evaluate other modes of toxicities.
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Figure 3.2. Cell viability and lactate dehydrogenase (LDH) release of A549 cells treated with
5-40 pg/mL of different sizes of AUNPs measured using MTT and LDH assays. Percentage of
cell viability after incubation with AuNPs for (A) 24 h and (B) 48 h. Percentage of LDH release
in media after incubation with AuNPs for (C) 24 h and (D) 48 h. 20% DMSO was used as a
positive control. Plotted graphs represent the means £ SD of six independent experiments.
Bars with an asterisk (*) show statistical differences (* p <0.05, ** p <0.01, and *** p <0.001)

compared with the control.
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3.2.3 AuNPs Uptake in A549 cells by ICP-MS, Flow Cytometry, and Transmission Electron
Microscopy (TEM)

ICP-MS, flow cytometry, and TEM were used to measure the cellular uptake of
different sizes of AuNPs after incubation for 24 h. When the mass concentrations of
AuNPs in the cells were quantitatively measured using ICP-MS, it was observed that
the uptake of AuNPs was highly dependent on the concentration and size of the NPs,
as shown in Figure 3.3A. The uptake was lowest at 5 pg/mL for the 5, 10, and 80 nm
AuNPs (with 5.62, 22.90, and 38.97 Au pg/10%cells, respectively). As the concentration
was tripled, the uptake slightly increased for the 10 nm (25.84 Au pg/10* cells) and 80
nm (59.08 Au pg/10*cells) but did not increase for the 5 nm AuNPs. Interestingly, when
the concentration of AuNPs was further increased to 30 ug/mL, the uptake only
increased with the 80 nm NPs (118.38 Au pg/10%cells). It was interesting to find that
the order of AuNPs uptake (80 > 10 > 5 nm) did not correspond with the order of cell
viability decrease and LDH release, thus, the 80 nm AuNPs proved to be less cytotoxic
than the 5 and 10 nm.

Flow cytometry method was further used to assess the cellular uptake of AuNPs into
A549 cells. Flow cytometry was used to measure the intensity signal of side scatter
(SSC) which indicates the cells’ internal granularity and complexity [367]. This
technique was previously used to evaluate the uptake of functionalised carbon
nanotubes in A549 cells [72], and AuNPs in MDA-MB-231 cells [368]. When the cells
were incubated with the same concentrations used for ICP-MS at 24 h, the SSC
intensity signals increased in a dose-dependent manner when compared with the
control, which could be attributed to the uptake of AuNPs (Figure 3.3B). On the other

hand, a maximal SSC intensity was observed with the 80 nm size, suggesting greater
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uptake compared to the 5 and 10 nm (Figure S3.2 in Supplementary Materials). This
is in complete agreement with that of ICP-MS which also showed greater uptake of the
80 nm. In order to accurately assess the localisation of AuNPs in the cells during the
uptake process, A549 cells were incubated with 30 ug/mL of different sizes of AuUNPs
for 24 h and sectioned using TEM. Ultra-thin sections of cells were visualised with TEM
to assess the localisation of AuNPs in various organelles. All AuNPs were found to be
localised within vesicles of cells as shown in Figures 3.3C—E. Moreover, the 5 nm AuNPs

were also seen to be slightly bonded to the cell surface (Figure 3.3C).
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Figure 3.3. Cellular uptake of different sizes of AUNPs in A549 cells after 24 h incubation. (A)
The Au content in A549 cells measured with inductively coupled plasma mass spectrometry
(ICP-MS) (B) Side scatter (SSC) intensity changes due to the uptake of AuNPs analysed using
flow cytometry. TEM Images of the internalisation of AuUNPs into A549 cells after treatment

with 30 pg/mL for 24 h of (C) 5 nm, (D) 10 nm, (E) 80 nm AuNPs. AuNPs are indicated by
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circles. Plotted graphs represent the means + SD of three independent experiments. Bars with

an asterisk (*) show a statistical difference (*** p < 0.001) when compared with the control

3.2.4 Assessment of the Uptake Mechanism(s) of Different Sizes of AUNPs in A549
Cells

Chlorpromazine, nystatin, MBCD, and wortmannin endocytic inhibitors were selected
to investigate the uptake mechanism(s) of AUNPs in A549 cells. These pharmacological
inhibitors were chosen because they have been previously used to inhibit specific
endocytotic uptake mechanisms through the depletion of cholesterol in the biological
membrane (MBCD and nystatin), serum protein transferrin inhibition blocking of
transglutaminase 2 enzyme (chlorpromazine), and show fewer effects on the actin
cytoskeleton (wortmannin) [57, 369-371]. First, the toxicity of these inhibitors in A549
cells was evaluated using the MTT assay after 1 h of incubation (Figure S3.3 in
Supplementary Materials). The concentrations that is non-toxic to the cell membrane
were selected to avoid interference with the actin filaments. As shown in Figure 3.4A,
the A549 cells were pre-treated with chlorpromazine (10 pg/mL) for 1 h.
Chlorpromazine is used to inhibit clathrin-coated pit formation in order to assess
whether it will disturb the internalisation of AuNPs. As assessed by ICP-MS, the pre-
incubation with chlorpromazine demonstrated a stronger inhibition of the uptake for
5nm (11.34 Au pg/10* cells) and 10 nm (11.85 Au pg/10* cells) compared to 80 nm (32
Au pg/10% cells) in A549 cells. This indicates that all the AuNPs could be internalised via
clathrin-mediated endocytosis. In the presence of nystatin, which specifically inhibits
caveolae-medicated endocytosis, the internalisation of all the AuNPs remained

relatively close (11.12, 11.71, and 11.17 Au pg/10%cells) for 5, 10, and 80 nm. A similar
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trend was also observed when the cells were incubated with another caveolae
inhibitor or cholesterol inhibitor (MBCD). Likewise, when cells were pre-treated with a
specific macropinocytosis inhibitor (wortmannin), the uptake of 5 and 10 nm AuNPs
decreased (9.63 and 13.29 Au pg/10* cells, respectively) compared to the control (100
Au pg/10* cells). However, the uptake of 80 nm reduced to 23.41 Au pg/10* cells but
was still much higher than that of the 5 and 10 nm AuNPs. Similar outcomes were
observed when A549 cells were pre-incubated with the same endocytic inhibitors and
the change in SSC signal intensity was assessed using flow cytometry as shown in Figure
3.4B. A dot plot analysis of the SSC against FSC signal intensities can be found in Figure
$3.4 in the Supplementary Materials. This show that the uptake of all AuUNPs could be

via either clathrin- or caveolae-mediated endocytosis.
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Figure 3.4. Effects of pharmacological inhibitors on the internalisation of different sizes of
AuNPs (30 pg/mL) in A549 cells. Cells were separately pre-incubated with chlorpromazine,
nystatin, MBCD, and wortmannin for 1 h, followed by incubation with AuNPs for 3 h and

analysed by (A) ICP-MS and (B) flow cytometry. Plotted graphs represent the means + SD of
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three independent experiments. Bars with an asterisk (*) show a statistical difference (*** p

< 0.001) when compared with the control.

3.2.5 Upregulation of ROS Production Caused by Different Sizes of AUNPs

Reactive oxygen species (ROS) are molecules that are formed as a by-product of the
normal metabolism of oxygen [133]. They are regarded as activators of many signalling
pathways in tumour cells such as AKT signalling, apoptotic and Wnt pathways [183].
The production of these molecules is triggered mainly by exposure to environmental
stress and toxic materials, which may also include NPs. In the current study, CellRox
deep red reagent kit was used to detect the production of ROS by different sizes of
AuNPs after 24 h incubation at a concentration of 5, 15, and 30 pg/mL. In total, 50 uM
of menadione was used as an inducer of oxidative stress (positive control) in A549 cells.
Figure 3.5A-C shows that the fluorescence intensity gradually increased after
exposure to different concentrations of different sizes of AUNPs which indicates an
increase in intracellular ROS generation in A549 cells. For instance, 5 nm shows the
highest increase in fluorescence intensity at 30 pug/mL compared to 10 and 80 nm
AuNPs. When the median fluorescence intensity (MFI) was quantified, 5 nm AuNPs
showed a greater ROS generation in A549 cells when incubated with 5-30 pg/mL
compared to the control. Notably, a lower MFI (188 + 2.65) was observed with 10 nm
AuNPs when compared with 5 nm AuNPs (211 + 1.78) at 30 pug/mL. However, at 5
pug/mL, 10 nm AuNPs showed a significant increase in MFI (140 + 1.53) compared to 5
nm AuNPs (127.33 + 1.52). In contrast, 80 nm AuNPs successfully showed a dose-
dependent increase in MFI from 87.40 + 10.67 at 5 pg/mL to 178 + 15.39 at 30 pug/mL

(p < 0.001 compared to the control). Overall, 30 ug/mL was observed to induce a
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greater ROS production in all the AuNPS. In addition, 5 nm AuNPS have significant

effects compared to 10 and 80 nm AuNPs as shown in Figure 3.5D.
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Figure 3.5. ROS production in A549 cells following exposure to different sizes of AuNPs
analysed using flow cytometry with the CellRox deep red kit. Histograms of flow cytometry
treated with (A) 5 nm (B) 10 nm and (C) 80 nm AuNPs. (D) Bar graphs represent the median
fluorescence intensity (MFI) of A549 cells exposed to 5, 10, and 80 nm AuNPs. Menadione (50

UM) was used as a positive control. Plotted graphs represent the means + SD of three
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independent experiments. Bars with an asterisk (*) show a statistical difference (** p < 0.01,

and *** p <0.001) when compared with the control.

3.2.6 Mechanism of Cell Death of Different Sizes of AUNPs Assessed by Annexin-V/PI
The mechanisms by which A549 cell death could be induced upon exposure to different
sizes of AuUNPs was studied using flow cytometry. During early apoptosis, the cells
undergo physiological changes which are characterised by the flip flop of the
phosphatidyl-serine to the outer layer of the biological membrane to which
fluorescently labelled Annexin V binds and emits green fluorescence signals, showing
that apoptosis is occurring. At a late stage of the process, propidium iodide (PI) enters
the cells, binds to the nucleus (DNA), and emits red fluorescence, indicating necrosis.
As shown in Figures 3.6A-B, 5 and 10 nm AuNPs slightly induced both apoptosis and
necrosis in a similar manner as the concentration of AuUNPs increased. However, 80 nm
AuNPs induced minimal apoptosis and necrosis compared to 5 and 10 nm (Figure 3.6C).
FlowJo scatter dot plots can be found in the supporting information (Figure S3.5 in

Supplementary Materials).
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Figure 3.6. Bar graph analyses of apoptosis and necrosis assessed by flow cytometry after the
incubation of A549 cells with (A) 5 nm, (B) 10 nm, and (C) 80 nm AuNPs at concentrations of
5-30 pg/mL. Treatment with 93taurosporineosporine and 10% DMSO for 6 h were used as
positive controls for apoptosis and necrosis, respectively. Plotted graphs represent the means
+ SD of three independent experiments. Bars with an asterisk (*) show a statistical difference

(*** p <0.001) when compared with the control.

3.2.7 Effects of Different Sizes of AUNPs on 19S Proteasome DUBs Enzymes

To establish whether AuNPs affect the UPS, the expression of USP7, USP8, USP10, and
UCHL-1 which are involved in the removal of covalently attached ubiquitin from target
proteins to be degraded was investigated using western blotting. The enzymes’
activities regulate various signalling pathways, cell homeostasis, and protein stability
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and are heavily linked to cancer proliferation [269]. In A549 cells, the enzymes are
highly expressed [372]. Exposure to AuNPs resulted in the strong inhibition of these
enzymes in a dose-dependent manner at 24 h. At the lowest concentration of AuUNPs
(5 pug/mL), it was found that all AuNPs did not inhibit the activity of USP7, USP8, USP10,
and UCHL-1 (Figure 3.7A). Likewise, at 15 pg/mL AuNPs slightly inhibited the activities
of these enzymes compared to control cells and the lower concentration. However,
exposure of A549 cells to 30 pug/mL AuNPs resulted in a significant downregulation of
these proteins. Interestingly, 30 pg/mL AuNPs inhibited the expression of proteins in a
similar way to the positive control (MG132) which has been shown to inhibit the
proteasome. The changes of the relative protein expression of DUBs exposed to 5 nm
AuNPs decreased significantly (p < 0.001) in a dose-dependent manner with a greater
decrease observed at 30 ug/mL for USP7, USP8, USP10, and UCHL-1 as shown in Figure
3.7B. Similarly, 10 nm AuNPs decreased the relative protein expressions of USP7, USPS,
USP10, and UCHL-1 as shown in Figure 3.7C (p < 0.001). In addition, 80 nm AuNPs
significantly decreased the relative protein expression of USP7, USP8, USP10, and UCHL-

1 at 30 pg/mL (Figure 3.7D) (p < 0.001).
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Figure 3.7. AuNPs downregulate the expression of DUBs in A549 cells. (A) Expression levels of
DUBs detected by Western blot after A549 cells were incubated with 5, 15, and 30 pug/mL of
different sizes of AuNPs for 24 h. MG132 (10 pg/mL) was used as a positive control. The
relative protein expression signal intensity was semi-quantified by Imagel) software for (B) 5
nm, (C) 10 nm, and (D) 80 nm AuNPs. Plotted graphs represent the means + SD of three
independent experiments. Bars with an asterisk (*) show a statistical difference (*** p <

0.001) when compared with the control.

3.2.8 Effects of Different Sizes of AUNPs on the Expression Level of Apoptosis-Related
Proteins
The induction of apoptosis of 5, 10, and 80 nm AuNPs was explored by checking the

expression of Poly (ADP-ribose) polymerase (PARP), caspase-3, and caspase-9 when
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incubated with 5—-30 pg/mL AuNPs for 24 h. Following exposure to 5 ug/mL AuNPs, the
expression of PARP and caspase-3 did not increase compared to the control. As cells
were incubated with 15 pug/mL AuNPs, PARP, caspase-3, and caspase-9 were slightly
upregulated as shown in Figure 3.8A. As the concentration increased to 30 pug/mL
AuNPs, PARP, caspase-3, and caspase-9 were significantly upregulated, indicating the
induction of apoptosis at higher concentrations. As shown in Figure 3.8B, the relative
protein expression of pro-apoptotic proteins was upregulated in a dose-dependent
manner when incubated with 5 nm AuNPs with the highest concentration showing a
higher upregulation of PARP (1.54), caspase-3 (1.33), and caspase-9 (1.57) compared
to the control (0.522) (p < 0.001). In addition, Figure 3.8C shows that the relative
protein expression of PARP, caspase-3, and caspase-9 significantly increased when
treated with 30 pg/mL of AuNPs. Likewise, following the treatment of A549 cells with
80 nm AuNPs, the relative protein expression of PARP, caspase-3, and caspase-9
increased but to a lesser extent compared to 5 and 10 nm AuNPs (p < 0.001) (Figure

3.8D).
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Figure 3.8. AuNPs induced apoptosis in A549 cells through a mitochondrial signalling pathway.
(A) The expression of apoptosis-related protein levels detected by Western blot after A549
cells were incubated with 5, 15, and 30 pg/mL of different sizes of AuNPs for 24 h. MG132 (10
ug/mL) was used as a positive control. The relative expression signal intensity of apoptosis-
related proteins was semi-quantified by ImagelJ software for (B) 5 nm, (C) 10 nm, and (D) 80
nm AuNPs. Plotted graphs represent the means £ SD of three independent experiments. Bars
with an asterisk (*) show a statistical difference (* p < 0.05, ** p < 0.01, *** p <0.001) when

compared with the control.
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3.3 Discussion

AuNPs are extensively used in biomedicine because of the relative ease of controlling
their physicochemical properties, such as size and shape, and their apparent
biocompatibility compared with other metallic NPs [373, 374]. However, it has also
been proposed that increasing exposure to AuNPs through inhalation and ingestion
can potentially cause adverse effects on human health even at a low dose [375]. In this
study, the cytotoxicity of different sizes of AUNPs and their effects on the UPS of A549
cells was investigated. Initially, the hydrodynamic size of all the AuNPs was measured
and was found to be slightly lower at 0 h compared to 24 h in both UPW and CCM. In
addition, the size distribution of the particles was greater in CCM compared to UPW.
This is because the characteristics of NPs change in biological media in the presence of
growth-stimulating factors such as vitamins, amino acids, and supplemented FBS.
These growth stimulants could lead to the formation of a protein corona [376].
Moreover, all the AuNPs sizes exhibited negative surface charges in UPW and CCM,
with a noticeable increase at 24 h, demonstrating that certain serum proteins in the
media could mask the surface charge of the AuNPs [377].

The biological effects of AUNPs on A549 cells was the studied. It was found that AuNPs
induced cytotoxicity to A549 cells in an increasing order of their sizes (5 > 10 > 80 nm),
with the smallest AUNPs (5 nm) causing the most cytotoxicity. In addition, when cells
were exposed to a high concentration of 40 pug/mL for 24 and 48 h, the cell viability
significantly decreased while the LDH release increased, indicating that cytotoxicity
occurs at high AuNPs concentrations with all AuNPs sizes. In addition, these results
demonstrate that the cytotoxicity of AuNPs in vitro depends not only on their sizes but

also on their concentrations and incubation times, which is similar to what was
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previously reported [79, 378]. Moreover, it was observed that AuNPs affected
oxidative phosphorylation in the mitochondria and caused the generation of
intracellular ROS in A549 cells. The generation of intracellular ROS upon exposure to
AuNPs can result in oxidative damage to mitochondrial proteins, redox imbalance, and
hindrance in the ability of the cells to carry out metabolic activities. This can
consequently lead to pathological conditions [379, 380]. It was observed that ROS
generation was dependent on the concentration and size of AuNPs. Surprisingly, 80
nm AuNPs were found to induce greater ROS generation than 10 nm, even though they
showed the least cytotoxicity in the MTT and LDH assays. Using ICP-MS, flow
cytometry, and TEM, the cellular uptake of AUNPs was studied after 24 h incubation. It
was observed that A549 cells uptake 80 nm AuNPs to a greater extent (by mass),
especially at high concentrations, compared to 10 and 5 nm, indicating that the uptake
of NPs increased proportionally with the increase in their size. Interestingly, this shows
that the cytotoxicity of AuNPs does not correlate with their cellular uptake. The degree
of uptake of AuNPs likely depends on other factors such as the diffusion of the particle,
the density of the particles, and interaction with the cellular membrane [100, 381,
382]. The cellular uptake results are in agreement with those of Chithrani et al., [73]
who compared the uptake of different sizes of AUNPs in Hela cells and found 50 nm to
be the ideal AuNP size for their cellular internalisation. Furthermore, the TEM imaging
of A549 cells showed all NPs were localised in vesicles, as evidenced by endosome
formation. To gain further insight into the different mechanisms of AuNP
internalisation, A549 cells were pre-treated with different pharmacological inhibitors
for 1 h, followed by 30 pg/mL of different sizes of AuNPs (5, 10, and 80 nm) for 3 h. It

was previously suggested that A549 cells can internalise AuNPs through pinocytosis
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[49, 120]. Pinocytosis is an ideal internalisation mechanism for endothelial cells [350].
Accordingly, a particle size between 1-200 nm is expected to be internalised through
either clathrin- or caveolae-mediated endocytosis [68]. In the current study, it was
found that the internalisation of AUNPs gradually decreased when pre-incubated with
clathrin- or caveolae-mediated inhibitors. This suggests that the uptake of the AuNPs
is via clathrin- and caveolae-dependent pathways.

Several cytotoxicity studies have suggested that ROS generation could be a prominent
mechanism of AuNP toxicity [383, 384]. The possible mechanisms of cell death,
especially that the activation of apoptosis and necrosis was studied following
treatment with AuNPs which can be related to their cellular uptake and ROS generation
as reported by others [33, 385]. As shown in flow cytometry results using the double
staining of Annexin V/propidium iodide, all the AuNPs sizes induced both apoptosis
and necrosis in a dose-dependent manner. The study suggests that the cytotoxicity of
AuNPs in A549 cells may involve different molecular mechanisms and aligns with the
work of Xia et al., [83] who demonstrated that 5 nm AuNPs induced both apoptosis
and necrosis through the production of ROS.

The UPS plays a critical role in protein degradation, including misfolded proteins,
intracellular proteins involved in cell cycle arrest, overexpressed proteins, and
apoptosis-related proteins [386]. Dysregulation of UPS has been reported to be
associated with the pathogenesis and progression of various tumour cells, therefore
inhibition of UPS activity might be an important target in cancer treatment [229, 365,
387]. Although the inhibitors of proteasome such as bortezomib, carfilzomib, and MG
132 have been identified and proven to suppress the proliferation of tumour cells via

proteasome inhibition [251, 366, 388, 389], the lack of specificity and solubility of these
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compounds prompts an urgent call for other effective proteasome inhibitors. The
effectiveness of different sizes of AUNPs on proteasome inhibition was tested, with a
specific focus on 19S proteasome DUB activity such as USP7, USP8, USP10, and UCHL-
1. The western blotting analysis confirmed that 30 ug/mL of all sizes of AuNPs could
downregulate the expression of these enzymes in the same way as the 10 pg/mL
positive control (MG 132). This is the first study to show that AuNPs can affect the UPS
of A549 cells. Others have shown that TiO2 NPs downregulated the expression of UCHL-1
in rat PC12 cells [390]. The study further investigated if the inhibition of 19s proteasome DUBs
could lead to the induction of apoptosis since tumour cells use these proteins in the
degradation of tumour suppressors [391, 392]. Interestingly, it was found that AuNPs
treatment in A549 cells upregulates the levels of PARP, caspase-3, and caspase-9 in a dose-
dependent manner starting at 15 pg/mL of NPs. This agrees with previous findings which
demonstrated that AuNPs inhibited the proliferation of cells through the induction of
apoptosis [33, 159, 393]. For instance, the study agrees with Jawaid et al., [182] who
confirmed the size-dependent apoptotic induction of different sizes of AuNPs (2, 40, and 80

nm) through caspase-3 upregulation.

3.4 Conclusion

In conclusion, the present study was undertaken to investigate the effects of different sizes
of AuNPs on the UPS in A549 cells. The exposure of A549 cells to different sizes of AuNPs
resulted in a decrease in percentage cell viability, an increase in LDH release, induction of
apoptosis, and intracellular ROS generation that may be involved in cellular oxidative stress.
A549 cells’ toxicity following treatment with AuNPs was observed to be highly dependent on

their size and concentration. Furthermore, exposure to AuNPs downregulates the expression
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of USP enzymes such as USP7, USP8, USP10, and UCHL-1 and upregulates the expression of
caspase-3, caspase-9, and PARP. Thus, this study sheds light on the mechanisms of AuNP

cytotoxicity on lung carcinoma cell lines, as well as highlights their inhibitory effects on the
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Scheme 3.1. UPS diagram. Ubiquitin-activating enzymes (E1) activate the first step of the
process which forms a thioester bond in the presence of a higher energy compound (ATP).
The activated ubiquitin is then transferred to the ubiquitin conjugation enzyme (E2) via a
transthiolation reaction. Ubiquitin ligases (E3) provide substrate specificity for the reaction
and catalyse the covalent binding of ubiquitin to the target substrate through an isopeptide
bond. The polyubiquitinated substrate moves to the proteasome for degradation. Finally,
DUBs associated with the 19S proteasome remove conjugated ubiquitin from the substrate

prior to the degradation. The scheme was created with BioRender.com
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Chapter 4: Functionalisation of Gold Nanoparticles (AuNPs) Plays a Pivotal Role in the

Suppression of A549 Proliferation

Abstract

This study investigates the cytotoxicity effects of 5 nm spherical AuNPs functionalised with
tannic acid, citrate, and PVP in A549 cells. It was found that functionalised AuNPs reduce the
percentage of cell viability in a concentration- and time-dependent manner as measured by
the mLDH and MTT assays regardless of the functionalisation. An increased generation of
intracellular ROS and depletion of GSH/GSSG ratio was observed with the highest AuNPs
concentration of 10 pg/mL. The expression of deubiquitinating enzymes (DUBs) such as UPS7,
USP8, and USP10 proteins were slightly inhibited when treated with concentrations above 2.5
ug/mL in a time-dependent fashion. Moreover, functionalised AuNPs showed an inhibitory
effect on P13K/AKT/mTOR and Whnt signalling, and this could further trigger mitochondrial
related-apoptosis by the upregulation of caspase-3, caspase-9, and PARP in A549 cells. The
study warrants future work to investigate the effect of functionalised AuNPs on UPS in

different cells type both in vitro and in vivo.

4.1 Introduction

It is known that functionalised AuNPs are widely used in cancer research, photothermal
therapy [394] bioimaging, and drug delivery due to their low cytotoxicity compared to other
NMs [375, 395]. However, prolonged exposure to functionalised AuNPs could result in
adverse effects [396]. Oxidative stress imbalance, membrane damage, genotoxicity,
apoptosis, necrosis, and activation of signalling pathways such as AKT, WNT, MAPK, and JNK

were described as possible mechanisms of toxicity associated with the exposure to
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functionalised AuNPs [203, 349, 397]. In addition, the importance of functionalisation in the
toxicity of AUNPs have been demonstrated in several studies [384, 398]. For instance, Zhao et
al., [399] found that AuNPs functionalised with PEG suppressed the proliferation of cells
through ROS generation and reduction in mitochondrial activity [399]. In A549 cells, AuNPs
functionalised with citrate showed higher toxicity in comparison to polyethylene imine
functionalised AuNPs [400]. In another study, the role of functionalisation on the genotoxicity
and cytotoxicity has been investigated using carboxylate, ammonium, and PEG in BEAS-2B
cells and revealed that AuNPs functionalised with ammonium were more genotoxic and
cytotoxic compared to AuNPs functionalised with carboxylate and PEG [401]. However, none
of the previous studies investigated the effects of different functionalised AuNPs on DUBs.
The recent literature is also currently biased towards larger functionalised AuNPs, which are
easier to study and characterise and there is currently a lack of reliable data on the toxicity of
smaller (5 nm) functionalised AuNPs on DUBs. In this study, the effects of tannic acid, citrate
and PVP functionalised 5 nm AuNPs on DUBs particularly focussing on USPs and UCHL-1 in
A549 cells were investigated. The study further explored if the inhibition of these DUBs could
lead to the downregulation of AKT, and Wnt relative proteins and activation of apoptosis. The
expression levels of DUBs, AKT and Wnt signalling proteins in normal (MRC-5) and cancerous

cells (A549) without AuNPs were also evaluated.

4.2 Results

4.2.1 Physicochemical Characterisation of Different Functionalised AuNPs

It is crucial to study the physicochemical properties of the NPs in order to understand their
interaction of different surface functionalised AuNPs with the biological milieu. Different

surface functionalised AuNPs were first analysed using different characterisation techniques
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such as transmission electron microscopy (TEM), dynamic light scattering (DLS), and ultra-
violet spectroscopy (UV-Vis). Figure 4.1 shows the size distribution, surface morphology,
aggregation, and particle dispersion of each of the differently surface functionalised AuNPs
dispersed in UPW. TEM images of all AuNPs NPs showed monodispersed spherical
morphology with different average core size distributions closer to the size distribution
mentioned by the manufacturer. Tannic acid, citrate, and PVP functionalised AuNPs showed
around 6.3 £ 3.02, 5.5 £ 0.34, and 5.8 £1.02 nm respectively as calculated using ImageJ from
the TEM images (Figure 4.1A). The hydrodynamic diameter and polydispersity index in
ultrapure water (UPW), Phosphate buffer saline (PBS), free culture media (FCM), and
complete culture media (CCM) supplemented with 10% fetal bovine serum were measured
using DLS at a temperature of 25 °C. DLS measurements revealed that the hydrodynamic
diameter of 5 nm tannic acid functionalised AuNPs were very close in UPW, PBS, and FCM but
higher in CCM as shown in Figure 4.1B. Similar observations were seen with the 5 nm citrate
functionalised AuNPs in which the hydrodynamic diameter was similar in PBS and FCM though
a little smaller in UPW and higher in CCM as observed with the tannic acid functionalised
AuNPs (Figure 4.1B). Interestingly, the 5 nm PVP functionalised AuNPs hydrodynamic
diameter was larger in PBS, FCM, and CCM compared to UPW as highlighted in Figure 4.1B.
Overall, all three surfaces functionalised AuNPs showed a slight increase in size in PBS, FCM,
and CCM compared to UPW as shown in Figure 4.1B. Noticeably, DLS demonstrated that all
the particles have PDI (polydispersity index) of less than 0.6 in UPW, PBS, FCM, and CCM as

shown in Figure 4.1B.

Moreover, all AuNPs showed a negative surface charge (zeta potential) in the different media
including 5nm tannic acid, citrated, and PVP functionalised AuNPs as shown in Figure 4.1C. In

addition, the absorption spectra of the AuNPs were characterized by UV—-Vis in the 300-800
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nm range. At this wavelength range, AuNPs showed a distinct optical feature commonly
referred to as localised surface plasmon resonance (LSPR) and the position and intensity of
the LSPR band depend on the size and surface morphology of particles [402-404]. For the 5
nm citrate, PVP, or tannic acid functionalised AuNPs, the absorption peak was observed
around 517-518 nm which indicates the formation of small-size AuNPs (Figure 4.1 in

Supplementary Materials).
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Figure 4.1. Physicochemical characterisation of different surface functionalised AuNPs. (A)
Transmission electron images of 5 nm AuNPs dispersed in UPW. (B) Hydrodynamic diameter
and polydispersity index of 5nm AuNPs dispersed in UPW, PBS, FCM and CCM with 10% FBS.
(C) Zeta potentials of AUNPs dispersed in UPW, PBS, FCM, and CCM. Plotted graphs represent

the means + standard deviation (S.D) of ten different measurements. (Scale bar: 100 nm were
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used for tannic acid and citrate functionalised AuNPs. 200 nm was used for PVP functionalised

AuNPs).

4.2.2 Cytotoxicity of A549 Cells Exposed to Different Functionalised AuNPs

A549 cellular response to 5 nm tannic acid, citrate, and PVP functionalised AuNPs at a range
of concentrations (1.25- 35 pg/mL) was evaluated using the modified lactate dehydrogenase
(mLDH) and MTT assay for 24 and 48 h. As seen in Figure 4.2A, there is a clear decrease in cell
viability of A549 cells in a concentration-dependent manner with all types of AuNPs at 24 h.
While AuNPs functionalised with tannic acid at concentrations of 1.25-10 pug/mL did not cause
any significant reduction in A549 cell viability after 24 h, a concentration of 35 pg/mL showed
a higher reduction in cell viability (64.82%). On other hand, 5 nm citrate functionalised AuNPs
started to show a reduction in percentage cell viability at 2.5 pg/mL of AuNPs with the highest
concentration showing 63% of cell viability. Likewise, treatment with 35 pg/mL of PVP
functionalised AuNPs for 24 h showed a reduction in cell viability similar to that seen with the
same concentration of tannic acid functionalised AuNPs. Further incubation for 48 h revealed
a similar dose-dependent effects on cell viability for all the three functionalised AuNPs. In
comparison to 24 h, the result showed a decrease in percentage cell viability after treatment
with 1.25 pg/mL for all three AuNPs (Figure 4.2B). As expected, the higher concentration (35

ug/mL) of all AuNPs has shown more cytotoxicity to A549 cells after 48 h incubation.

The study then focussed on whether the three functionalised 5 nm AuNPs might affect
metabolic activity in A549 cells. As shown in Figure 4.2C-DA-B A549 cells cytotoxicity was not
only dependent on AuNPs concentrations but also on the incubation time. Moreover, the
higher concentration of all AuNPs decreased A549 metabolic activity at all time-points.

Overall, for the same concentration, 5nm AuNPs PVP functionalised has caused a significant
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(p < 0.05) cytotoxicity compared to citrate and tannic acid functionalised AuNPs. In order to
understand if the effects seen with the functionalised AuNPs are not due to the
functionalisation alone, 2mM tannic acid, citrate, and PVP stabiliser were prepared in UPW
which was equivalent to the concentration used in AuNPs. A549 cells were further exposed
to these stabilising agents (tannic acid, citrate, and PVP) at the concentrations of 0.125-1 mM
diluted in CCM which is equivalent to 1.25-10 pug/mL for 24 h. At the end of the exposure, all
three stabilising agents exhibited a dose-dependent cytotoxicity to A549 cells (Figure S4.2 in
Supplementary Materials). With 0.125 mM, tannic acid, and citrate show no sign of
cytotoxicity compared to PVP which decreased the percentage cell viability to 84.6 + 1.89%.
When the concentrations of both citrate and PVP agents is doubled to 0.25 mM, the
percentage cell viability was 87.83 + 5.0% and 73.1 + 0.73% respectively compared to tannic
acid 100.75 = 1.65%. On the other hand, with 0.5 and 1 mM all the stabilising agents
significantly (p < 0.001) reduced A549 cell viability with PVP having the most significant (p <
0.05) effects (Figure S4.3 in Supplementary Materials). This shows that there was a positive
correlation between the stabilising agents used in the NPs and toxicity. Hence, for the rest of
the experiments a concentration range of 1.25-10 ug/mL for all the functionalised AuNPs

were used.

Based on the mLDH and MTT assays, the inhibitory concentrations (ICso) of tannic acid, citrate,
and PVP-functionalised AuNPs (5 nm) were calculated from the linear regression curve using
GraphPad prism after 24 and 48 h as shown in Table 4.1. ICso represents an inhibitory
concentration of AuNPs that decreases the percentage of cell viability to 50% after 24 or 48 h
incubation. The ICso values obtained by mLDH are lower than the values obtained by the MTT
assay at all incubation periods which could indicate that the decrease in cell viability observed

by AuNPs is greater than that observed with the metabolic activity. Furthermore, as surface
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functionalised AuNPs are compared, it can be seen that both tannic acid- and citrate-
functionalised 5 nm AuNPs demonstrated low ICso values in A549 cells compared to PVP —

functionalised AuNPs.
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Figure 4.2. Percentage cell viability and metabolic activity of A549 cells treated with 1.25-35
ug/mL of 5 nm AuNPs coated with tannic acid, citrate, and PVP with 20% DMSO used as a
positive control measured using mLDH and MTT assay. (A) Percentage of cell viability after 24
h (B) Percentage of cell viability after 48 h (C) Metabolic activity after 24 h (D) Metabolic
activity after 48 h. Plotted graphs represent the means * standard deviation (SD) of six
independent experiments. Bars with an asterisk (*) show statistical differences (* p < 0.05,

**p <0.01, ***p <0.001) when compared with the control. Data with different letters above
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the bars represent the statistically significant difference (p < 0.05) between the functionalised

AuNPs.

Table 4.1: Calculated ICso of 5 nm surface functionalised AuNPs in A549 cells

ICso Concentration (ug/mL)

mLDH MTT
5 nm AuNPs 24 h 48 h 24 h 48 h
Tannic acid 28.00+0.83  23.33#1.19 34.58+1.45 25.84+0.755
Citrate 27.2310.42  22.98%0.61 30.43+2.23 23.96+0.436
PVP 26.27+0.65  20.96%1.50 29.00+1.78 17.92+0.787

Note: The inhibitory concentration of 5 nm AuNPs that decrease 50% of A549 cells

proliferation after 24 and 48 h measured by mLDH and MTT assay.

4.2.3 Cell Recovery Upon Exposure to Different Functionalised AuNPs

The A549 cells’ capacity to recover thier proliferative state following AuNPs exposure was
measured using mLDH assay at a concentrations range of 1.25-10 pug/mL which were selected
based on the previous cell viability assay results. In Figure 4.3A, the resumption of cells
proliferation capacity was observed after cells were treated with 1.25 pg/mL of 5 nm tannic
acid functionalised AuNPs for 2 days. When incubated with 2.5 pg/mL, the cells recovered
only at day four. In addition, treatment with 5 and 10 pg/mL did not allow for cell recovery
from tannic acid functionalised AuNPs toxicity. In the case of 5 nm citrate functionalised
AuNPs, the cells also recovered at days 2 and 3. Surprisingly, the cells were able to recover
when incubated with 2.5 pug/mL at day 4 (Figure 4.3B). With the 5 nm PVP functionalised

AuNPs, the cells were not able to recover to thier proliferation state at any concentration on
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days 2 and 3. However, with 1.25 and 2.5 pg/mL, the cells slightly recovered at day 4

compared with untreated cells (Figure 4.3C).
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Figure 4.3. A549 cells recovery following exposure to functionalised 5 nm AuNPs. The cells
were treated with AuNPs (1.25-10 pg/ml) for 1 day then they were allowed to recover by
changing their media in days 2, 3, and 4 . The percentage cells viability was then measured
using mLDH. (A) Cell recovery after exposure to 5 nm tannic acid — functionalised AuNPs (B)
Cell recovery following exposure to 5 nm citrate functionalised AuNPs (C) Cell recovery after
exposure to 5 nm PVP functionalised AuNPs. Plotted graphs represent the means * standard

deviation of three independent experiments.
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4.2.4 Effects of Different Functionalised 5 nm AuNPs on Oxidative Stress

ROS generation can play a significant function in oxidative damage and apoptosis induction
[74, 202, 383]. In order to explore the effects of AuNPs in the induction of programmed cell
death, the intracellular level of ROS was assessed in A549 cells after exposure to the three
functionalised AuNPs for 24 and 48 h at a concentrations range of 1.25-10 ug/mL with 50 uM
used as a positive control for 1 h. As shown in Figure 4.4A-B, no difference was observed
when A549 cells were treated at the lowest concentration (1.25 pg/mL) with all AuNPs after
24 and 48 h when compared to the control. As the AuNPs concentration increased, the
intracellular level of ROS evidently increased in a time-dependent manner in comparison to
the control. Additionally, 5 nm PVP functionalised AuNPs showed a significant (p < 0.05)

increase in ROS compared to their citrate and tannic acid counterparts.

Furthermore, the effects of functionalised 5 nm AuNPs were examined on intracellular
glutathione levels in A549 cells. Glutathione plays a crucial role in maintaining redox balance
in cells, cell proliferation, apoptosis, and signal transduction [405, 406]. A dose-dependent
depletion of the GSH/GSSG ratio was observed after 24 h as shown in Figure 4.4C. In addition,
10 pg/mL of all the AuNPs showed a reduction in the GSH/GSSG ratio to 80% when incubated
for 24 h (Figure 4.4C). Similarly, when cells were exposed to 2.5, 5, and 10 pg/mL of tannic
acid functionalised AuNPs for 48 h, the GSH/GSSG ratio was reduced to 82%, 75% 69%
respectively (Figure 4.4C). A similar extent of reduction in the GSH/GSSG ratio was observed
with citrate functionalised AuNPs after 48 h as shown in Figure 4.4D. However, exposure of
A549 cells to 5 nm PVP functionalised AuNPs for 48 h have shown greater depletion of
GSH/GSSG ratio to 78%, 70%, and 65% at a concentration of 2.5, 5, and 10 pg/mL respectively

as shown in Figure 4.4D.
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Figure 4.4. Oxidative stress induction in A549 cells after exposure to 5 nm funtionalised
AuNPs at a concentration range of 1.25-10 pg/mL. Intracellular ROS induced after (A) 24 h,
(B) 48 h. GSH/GSSG ratio level after (C) 24 h (D) 48 h. 50 uM of menadione was used as a
positive control for 1 h. Plotted graphs represent the means + standard deviation of five
independent experiments. Bars with an asterisk (*) show statistical difference (*p < 0.05, **p
<0.01, and ***p < 0.001) when compared with control. Data with different letters above the
bars represent the statistically significant difference (p < 0.05) between the functionalised

AuNPs.
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4.2.5 The Effect of Functionalised AuNPs on Mitochondrial Membrane Potential (MMP)

To assess the effect of surface funtionalised AuNPs on A549 MMPI, the MMP depletion was
meaured using HCS Mitochondrial Health assay [326]. As shown in Figure 4.5 a slight decrease
in MMP was observed in A549 cells after 24 h incubation with all the AuNPs concentration
range of 1.25-10 pug/mL. At the highest concentration (10 pug/mL) PVP functionalised AuNPs
caused a slight decrease (87%) in MMP, followed by tannic acid-(92%) and citrate-
functionalised AuNPs (93%). Incubation of A549 cells with the positive control (H,02) in
another hand showed much greater decrease in MMP compared to the control and AuNPs
treated. Similar observations were confirmed with fluorescence intensity images at the
highest concentration of PVP functionalised AuNPs compared to untreated (Figure S4.4 in

Supplementary Materials).
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Figure 4.5. A549 mitochondrial membrane potential (MMP) after exposure to 5 nm tannic
acid, citrate, and PVP-functionalised AuNPs at a concentration range of 1.25-10 pug/mL for 24

h assayed using HCS Mitochondrial Health Kit. 100 uM of hydrogen peroxide (H,02) was used
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as a positive control for 1 h Plotted graphs represent the means * SD of five independent
experiments. Bars with an asterisk (*) show statistical difference (*p < 0.05, **p < 0.01, and

***p < 0.001) when compared with the control.

4.2.6 Apoptosis Induction by Different Functionalised AuNPs

Given that ROS generated by AuNPs can cause damage to membrane organelles which can
consequently lead to the activation of apoptosis in A549 cells [136, 407], Herein, the
correlation between the ROS generated, and apoptosis induction by AuNPs was investigated
using Annexin V and Pl assay. As shown in Figure 4.6A, 10 pg/mL tannic acid functionalised
AuNPs increase the percentage of apoptosis to 6.37 + 0.61% which was significantly greater
(p <0.001) than control cell (2.34 £ 0.20). Citrate functionalised AuNPs were found to similarly
induce apoptosis to 6.13 + 0.97% with the highest concentration of 10 pg/mL (Figure 4.6B).
Interestingly at the same concentration, 5 nm PVP AuNPs showed the highest percentage of
apoptotic cells (13.39 + 1.71%) (Figure 4.6C). In addition, FlowJo scatters dot plots clearly
highlight that the percentage of apoptotic cells in A549 cells incubated with 10 ug/mL of PVP
AuNPs is the highest compared to their tannic acid and citrate functionalised counterparts
(Figure 4.6D). This could indicate that the PVP-AuNPs could suppress A549 cell proliferation

through the induction of apoptosis.
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Figure 4.6. Flow cytometric analysis of A549 cells exposed to 1.25-10 pg/mL of different
functionalised 5 nm AuNPs for 24 h stained with Annexin V and PI. (A) A549 cells treated with
tannic acid functionalised AuNPs (B) A549 cells treated with citrate functionalised AuNPs (C)
A549 cells treated with PVP functionalised AuNPs (D) Dot plots analysis of apotosis incubated
with 10 pg/mL of tannic acid, citrate, and PVP functionalised AuNPs. Treatment with 1 pM
staurosporine and 10% DMSO for 6 h was used as a positive control for apoptosis and
necrosis. Plotted graphs represent the means + standard deviation of three independent
experiments. Bars with an asterisk (*) show statistical difference (***p < 0.001) when

compared with the control.
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4.2.7 Determining the Expression Levels of DUBS, P13K/AKT/mTOR and Wnt Signalling
Related Proteins in Normal and Cancerous Lung Cell Lines Without AuNPs

In order to explore the potential effect(s) of the different functionalised AuNPs on different
intracellular protein levels, the expression of DUBs, P13K/AKT/mTOR, and Wnt related
proteins were initially assessed in A549 cells and normal lung fibroblast (MRC-5) to determine
their baselines without AuNPs. Western blotting was used to determine those levels and
images were semi-quantified using Imagel software. Interestingly, all the investigated
proteins were highly upregulated in the cancerous A549 cells compared to normal MRC-5 cells
as shown in Figures 4.7A-C. In order to easily compare between the western blots bands, the
levels of proteins were semi-quantified using Imagel. The latter highlighted that some
proteins (USP7, USP8, USP10, UCHL-1, AKT, p-AKT, mTOR, B-Catenin, p-B-Catenin) were
upregulated in A549 cells after 24 h which was statistically significant compared to MRC-5
cells (Figures 4.7B-D). However, the expression levels of apoptotic proteins (PARP, caspase-
3, and caspase-9) were downregulated in A549 cells compared to normal lung fibroblast

(MRC-5) as shown in (Figures 4.7E-F).
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4.2.8 Effects of Different Functionalised AuUNPs on DUBs Expression in A549 Cell Lines

To investigate the effects of functionalised AuNPs on the ubiquitin-proteasome system (UPS),
protein levels of deubiquitinating enzymes such as USP7, USP8, USP10, and UCHL-1 (involved
in ubiquitin removal during the ubiquitination process) were investigated following treatment
with the different surface functionalised AuNPs for 24 and 48 h by western blotting. As shown
in Figure 4.8A, only 10 pug/mL of tannic acid functionalised AuNPs affected protein levels of
USP7, USP8, and USP10 when incubated for 24 and 48 h. However, the level of UCHL-1
remained unchanged after 24 h but was followed by a slight decrease after incubation for 48
h. The semi-quantification of protein levels using Imagel highlighted that the effects were
more pronounced at 10 pg/mL as shown in Figure 4.8B. Similarly, citrate functionalised AUNPS
slightly reduced the expression of USP7, USP8, and USP10 at 10 pg/mL but there was a
significant change in the total protein level of UCHL-1 in comparison to the control (p < 0.001)
(Figure 4.8C-D). Likewise, AuNPs functionalised with PVP slightly downregulated the levels of

USP7, USP8, USP10, and UCLH1 in A549 cells at 24 and 48 h with 10 pg/mL (Figure 4.8E-F).
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4.2.9 Effects of Surface Functionalised AuNPs on Proteins in the P13K/AKT/mTOR and Wnt
Signaling Pathways in A549 Cell Lines

To further explore the effect of AuNPs on intracellular signaling pathways following the
inhibition of DUBs, the expression of AKT, p-AKT, mTOR, GSK-38, B-Catenin and p-B-Catenin
proteins were evaluated upon exposure to different functionalised AuNPs. As shown in Figure
4.9A, tannic acid functionalisedAuNPs significantly affected the level of AKT, p-AKT, mTOR, -
Catenin, and p-B-Catenin in a dose- and time-dependent manner. However, GSK-3f protein
levels slightly increased at 24 h but decreased as the concentration increased following 48 h
incubation as compared to the control. Relative protein expression as semi-quantified by
Imagel) (Figure 4.9B) confirmed that protein levels of AKT, p-AKT, mTOR, B-catenin, and p-B-
catenin in A549 cells were indeed significantly (p < 0.05, p < 0.001) downregulated with 10
ug/mL at 48 h (p < 0.001). The decrease in the expression of p-AKT and p-B-catenin proteins
might be due to downregulation of AKT and B-catenin proteins downregulation. Interestingly,
similar downregulation of proteins was observed with both citrate (Figure 4.9C- D) and PVP

functionalised AuNPs in A549 cells for 24 and 48 h (Figure 4.9E- F).
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Figure 4.9. Surface functionalised AuNPs inhibit P13K/AKT/mTOR and Wnt related proteins in

A549 cells treated with a concentration range of 1.25-10 ug/mL for 24 and 48 h and analysed

by Western blotting and semi-quantified using ImageJ. (A) and (B) P13K/AKT/mTOR and Wnt
signalling proteins expression exposed to tannic acid functionalised AuNPs (A-B), citrate
functionalised AuNPs (C-D) , (E-F) PVP functionalised AuNPs. Plotted graphs represent the

means + SD of three independent experiments. Bars with an asterisk (*) show statistical

difference (*p < 0.05, **p < 0.01, and ***p < 0.001) when compared with the control.
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4.2.10 The Effect of Surface Functionalised AuNPs on the Expression of PARP, Caspase-3,
and Caspase-9 in A549 Cell Lines

To determine whether the different functionalised AuNPs also affected some proteins which
are crucial in apoptosis; the expression of PARP, caspase-3, and caspase-9 was assessed using
western blotting. As shown in Figure 4.10A-B, treatment with tannic acid functionalised
AuNPs upregulated the expression of PARP, caspase-3, and caspase-9 in a dose-dependent
manner after 24 and 48 h. Likewise, the expression of PARP and Caspase-3 protein levels were
also observed to be upregulated with citrate functionalised AuNPs after 24 and 48 h (Figure
4.10D-C). Interestingly, PVP functionalised AuNPs only affected caspase-9 protein expression
at 10 pg/mL when compared to the untreated control while the expression levels of PARP,
and caspase-3 showed a dose- and time-dependent increase after treatment (Figure 4.10E-

F).
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Figure 4.10. Surface functionalised AuNPs induced mitochondrial-related apoptosis in A549

cells treated with a concentrations of 1.25-10 ug/mL for 24 and 48 hs assessed by Western

blotting and semi-quantified using Imagel. PARP, caspase-3, caspase-9 Proteins expression

after treatment with tannic acid functionalised AuNPs (A-B), citrate functionalised AuNPs (C-

D), PVP functionalised AuNPs (E-F). Plotted graphs represent the means + SD of three

independent experiments. Bars with an asterisk (*) show statistical difference (*p < 0.05, **p

<0.01, and ***p <0.001) when compared with the control.

4.3 Discussion

AuNPs have received enormous attention in the field of nanotechnology due to their intrinsic

properties which have shown great use in biomedical applications such as tumour imaging
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and drug delivery [379, 408]. As their applications are becoming increasingly popular,
toxicological effects and environmental hazards should also be considered. NPs can enter the
body through different routes and become accumulated in the lungs, kidneys, and liver
causing various toxic effects because of their different sizes and surface chemistry [409]. It is
fundamental to determine the toxic response in lung cells because it is one of the major
routes of NPs entry into human cells. A549 lung cells have been used as model cell to study
the cytotoxicity of several NPs [370, 410, 411] and hence they have been used in this work as
an in vitro model to investigate the cytotoxic effects induced by different surface
functionalised AuNPs. Prior to toxicity assessment, various characterisation techniques were
used to characterise the size, and zeta potential in different biological milieu and morphology
in UPW. The size distribution obtained when the AuNPs were dispersed in the CCM was more
than the size obtained in PBS, FCM, and UPW. The cause of the size discrepancy could be due
to the components contained in the CCM that provides nutrient to the cells [412].
Morphological observations using TEM showed that all the functionalised AuNPs are spherical
and evenly dispersed. Zeta potential measurement indicated that all the functionalised AuNPs
were negatively charged analysed using Zetasizer nano and the negatively charged is
attributed to the presence of functionalisation agents in the AuNPs [413]. Modified lactate
dehydrogenase (mLDH) and MTT assays were then used to determine percentage cell viability
as an indication of the cellular response of A549 cells to AuNPs [72]. The mLDH and MTT
assays highlighted that citrate, PVP, and tannic acid- functionalised AuNPs significantly
decreased cell viability and metabolic activity respectively in a dose- and time-dependent
manner. Furthermore, PVP functionalised AuNPs showed a significant (p < 0.05) decrease in
cytotoxicity in A549 cells compared to citrate and tannic acid functionalised AuNPs. This

means that functionalisation plays an important role in determining the toxicity of AuNPs.

125



The variability of functionalising agents on AuNPs determines their uptake fate as well as their
rate of toxicity [347, 414]. Similar to current findings, several studies have highlighted the
influence of functionalisation on the toxicity of AuNPs [94, 223, 415]. They found that AuNPs
functionalised with a positive charge have a stronger binding affinity for the cell membrane,
which promotes their uptake and toxicity compared to AuNPs functionalised with a negative
charge or neutral. Although negatively charge functionalised AUNPs were used in this study,
it was somewhat observed that the toxicity of AuNPs does not only depend on the surface
charge of the functionalised AuNPs, but also on the functionalising agents used during the
synthesis. Based on the cell viability results, the capacity of A549 cells to recover from the
detrimental effects caused by AuNPs was studied. Results on cells’ recovery demonstrated
that A549 cells have the capacity to return to normal proliferation at low AuNPs
concentrations; however, cell viability continued to reduce at higher concentrations. The
ability of the higher concentrations to interfere with cell proliferation is probably due to both
AuNPs and the ions released by the dissolution may be retained inside the cell even after
AuNPs removal from the CCM. In accordance with the current findings, other studies reported
that cells can return to their normal state if not compromised by mechanical damage such as
massive internalisation [328, 416, 417]. Given that ROS is directly related to AuNPs
cytotoxicity, the level of ROS was measured after 24 and 48 h incubation with 1.25-10 pg/mL
of the three different functionalised AuNPs in A549 cells. ROS can dynamically influence the
tumour microenvironment survival, proliferation, and metastasis by enhancing intracellular
oxidative stress [418, 419]. Consequently, a potent method of combating cancer may be
realised by disrupting the equilibrium of intracellular ROS to cause their elevation [420]. In
this study, an elevated level of intracellular ROS was observed when the cells were treated

with different functionalised AuUNPs compared to untreated cells. The elevated level of ROS is
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initiated by the metal ions released during AuNPs exposure that impairs with mitochondrial
respiration [421]. Activation of nicotinamide adenine dinucleotide phosphate oxidase that
converts NADPH into NADP* as well as cytochrome c oxidation in the mitochondria, can both
contribute to an increase in ROS elevation by functionalised AuNPs [183] Likewise,
intracellular glutathione levels were significantly decreased in A549 cells in a dose- and time-
dependent manner after exposure to the three functionalised AuNPs. The elevation of
intracellular ROS along with the depletion of intracellular glutathione suggests that oxidative
stress induction may be the primary mechanism for the toxicity of functionalised AuNPs in
A549 cells. This was in agreement with others who demonstrated that functionalised AuNPs
might induce cytotoxicity through ROS production and the depletion of intracellular
glutathione [379, 422]. Since excessive production of ROS in the cells is associated with
mitochondrial damage [423], the mitochondrial membrane potential (MMP) induced by
different functionalised AuNPs was further investigated. Evidence from the results revealed
that functionalised AuNPs altered mitochondrial functions through a decrease in MMP which
was more pronounced with PVP functionalised AuNPs. In addition to the current studies,
previous results showed that mitochondrial stress and a decrease in MMP occur in different
cell types following treatment with functionalised AuNPs [145, 424]. Loss of MMP coupled
with the increase in the production of ROS in the cells may trigger the initiation of
mitochondrial apoptosis by cytochrome c release into the cytoplasm which could result in the
activation of the caspase cascade [200, 425]. The results of the study revealed that all the
functionalised AuNPs increased the number of apoptotic cells in a concentration-dependent
manner with PVP-AuNPs showing slightly higher induction. This correlates with cell viability
or cell membrane damage, MMP, and ROS analysis that shows that at the same

concentration, PVP functionalised AuNPs have greater effects to A549 cells compared with
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AuNPs functionalised with citrate and tannic acid. Several studies have suggested that the
most predominant mechanism of cytotoxicity through which AuNPs suppressed the
proliferation of cancer cells is apoptosis [83, 426]. For instance, the percentage of apoptotic
cells was demonstrated to increase when A549 cells were treated with citrate functionalised
5 nm AuNPs compared to 5 nm polyethylene imine functionalised AuNP, confirming that
there could be a functionalisation-dependent cell death [400]. Elsewhere, the number of
apoptotic cells was reported to gradually increase when HepG2 liver cells were treated with
polyethylene glycol (PEG) and lithocholic acid functionalised AuNPs [399]. Their observations
revealed that when the functionalised AuNPs are absorbed by the cells, they release Au ions
which led to mitochondrial dysfunction and oxidative stress through ROS accumulations,

ultimately leading to apoptosis.

The effect of surface functionalisation on DUBs expression in A549 cells was next investigated
using Western blotting. Several studies have shown that targeting DUBs might be an effective
approach in cancer therapy due to their significant role in controlling cellular mechanisms
such as apoptosis, cell proliferation, DNA transcription and repair, cell cycle progression,
immune response, and protein modification [427-430]. In this study, the protein expression
of DUBs in cancerous A549 and MRC-5 normal lung fibroblast cells without AuNPs treatment
was first analysed. It was found that proteins were upregulated in A549 cells compared to
MRC-5 which correlated with the proliferation of A549 cells being a cancerous cell.
Interestingly, when A549 cells were treated with 1.25-10 pg/mL of different surfaces
functionalised AuNPs, the protein expression levels of DUBs in A549 cells significantly
decreased. This is the first attempt to study the effects of functionalised AuNPs on the
ubiquitin proteasome system of A549 cells. Study in the previous chapter highlight that AuNPs

(5, 10 and 80 nm) were able to induced size dependent cytotoxicity to A549 cells by inhibiting
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ubiquitin proteasome system enzymes such USP7, USP8, USP10 and UCHL-1 [431]. Other
studies have also reported that small molecules like P5091, HBX19818, P22077, b-AP15 and
WP1130 can attenuate the proliferation of different cell lines through the inhibition of
ubiquitin-specific proteases such as USP7 [234, 241, 264, 432], USP8 [433-435], USP10 [267-
269, 436], USP14 [230, 437] and Ubiquitin C-terminal hydrolases such as UCHL5 [230]. The
study then further investigated if the downregulation of deubiquitylating enzymes can
modulate the expression of AKT and Wnt signalling proteins after exposure to different
functionalised AuNPs. A decrease in the expression of AKT and Wnt signalling related proteins
were observed when compared with untreated cells. Studies showed that functionalised
AuNPs inhibited the proliferation of cancer cells through modulation of the P13K/AKT/mTOR

pathway [202, 203].

The most common mechanism through which NPs inhibit the proliferation of cancer cells is
through the induction of apoptosis [71, 96, 203, 438-440]. The study further explored if the
exposure of three functionalised AuNPs induced apoptosis by analysing the mitochondrial
expression of PARP, caspase-3, and caspase-9 using western blotting. During apoptosis, these
proteins are activated and play a significant role in the execution of mitochondrial-dependent
apoptosis [438, 441]. The findings demonstrated that all the functionalised AuNPs induced
mitochondrial-related apoptosis in a dose-dependent manner by increasing the expression of
PARP, caspase-3, and caspase-9 proteins, which corroborate with apoptosis induction by

AuNPs [83, 370].

4.4 Conclusion
This chapter showed that all three functionalised AuNPs induced A549 cells cytotoxicity

through a decrease in mitochondrial activity, cell membrane integrity, glutathione,
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mitochondrial membrane potential depletion, and an increase in ROS production. In depth
analysis demonstrated that 5 nm functionalised AuNPs might affect the USP by slightly
inhibiting the expression level of DUBS. Furthermore, the data demonstrated that the AuNPs
may induce mitochondrial-related apoptosis in A549 cells through P13K/AKT/mTOR and B-
Whnt signalling pathways by decreasing the expression of related proteins which could be
associated with the production of ROS. The study warrants future work to investigate the

effect of functionalised AuNPs on UPS in different cells type both in vitro and in vivo.
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Chapter 5: Inhibiting the Molecular Chaperone Heat Shock Proteins (HSPs) with AgNPs and

AuNPs Attenuate the Proliferation of A549 Cells

Abstract

Heat shock proteins are a large family of molecular chaperones that are overexpressed in
tumour cells and confer cytoprotection against many varieties of external stimuli which
consequently regulate cell development, differentiation, and death. Herein, the effects of 10
nm AgNPs and AuNPs citrate stabilised were investigated on molecular heat shock proteins
in lung adenocarcinoma cells (A549). The study demonstrated that AgNPs exhibited greater
cytotoxicity in both 2D and 3D spheroid models, reactive oxygen species (ROS) generation,
and mitochondrial membrane damage compared to AuNPs of the same concentration and
incubation period. The treatment of A549 cells with 10 pg/mL of AgNPs showed a decrease in
the expression of molecular heat shock proteins (HSP40, HSP60, HSP70, and HSP90) using
western blot. Interestingly, AgNPs decreased the proliferation of A549 cells through inhibition
of AKT, mTOR, B-catenin and activated cell death by upregulating PARP, caspase-3, and
caspase-9 but AuNPs did not show any effect on AKT, mTOR, B-catenin and pro-apoptotic
proteins. It further confirmed that AgNPs upregulated GSK-3B and downregulated B-catenin
proteins. Altogether, the study found that HSP40, HSP60, HSP70, and HSP90 played a critical

role in A549 cell proliferation and can be inhibited by AgNPs but not AuNPs.

5.1 Introduction
Heat shock proteins (HSPs) are a large family of molecular chaperone proteins that are rapidly
overexpressed when cells are exposed to physiological and environmental stimuli such as

hyperthermia, anoxia, UV-light, and change in osmolarity [442, 443]. These proteins are
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broadly classified into families according to their relative molecular mass including small heat
shock proteins (HSP27, HSP40, HSP60, HSP70, and HSP90) and the family of larger heat shock
proteins (HSP110) [444, 445]. HSPs participate in protein folding, quality control of misfolded
proteins, and controlling degradation after severe protein damage [446-448]. Targeting HSPs
has received increasing attention in recent years, mostly due to their overexpression in
tumour cells [277, 321]. The elevated levels of these proteins aid in cell proliferation,
resistance to drug treatment, and suppression of apoptosis by regulating specific signaling
pathways [283, 449, 450]. Considering the critical role of HSPs in tumour cells, many studies
have shown that HSPs inhibition can suppress the growth of many tumour cells through the
induction of cell death and mediated cell cycle arrest [291, 451, 452]. Both 5-fluorouracil and
carboplatin exert potent anti-cancer activity by inhibition of HSP27 and HSP40 in
hepatocarcinoma cells [315]. Ganetespib (STA-9090) has been described as a potent inhibitor
of HSP90, functioning by blocking the ability of HSP to bind to biotinylated geldanamycin and
disrupting the association of HSP90 with its cochaperone P23 [453]. Recent studies using C086
alone or in combination with gefitinib are shown to reduce the growth of A549 cells and
increase the activation of proapoptotic proteins via the inhibition of HSP90 [454]. However,
the developed inhibitors of HSPs have a weak effect on tumour cells due to a lack of sensitivity
and specificity [276, 455]. Alternative HSPs inhibitors with different targets for HSPs activity

sites are urgently needed to make more significant effects on the treatment of cancer cells.

Recently, AgNPs and AuNPs have shown a promising effect in reducing cell proliferation,
inducing apoptosis, inhibiting cell cycle progression, and regulating the various cell
mechanisms in different cell types [78, 379, 405, 453, 456]. It has been noted that AgNPs and
AuNPs participate in the regulation of cell death and attenuation of cell growth in different

intracellular signaling pathways mediated through reactive oxygen species (ROS) generation
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[74, 84, 457]. Most of the studies have focused on intracellular signaling pathways without
giving due attention to molecular chaperone heat shock proteins. The current literature is
also biased towards comparative studied of larger (>20 nm) NPs, which are easier to
synthesise and there is currently a lack of reliable data on the comparative study of 10 nm
NPs toxicity on HSPs in A549 cells. In this study, the effects of 10 nm citrate coated AgNPs and
AuNPs on molecular chaperone HSPs were investigated in A549 cells. The study further
investigates if the inhibition of HSPs could affect the expressions of P13K/AKT/mTOR signaling

and mitochondrial-related apoptosis.

5.2 Results

5.2.1 Physicochemical Characterisation of AgNPs and AuNPs

The morphology, hydrodynamic size, and size distribution of AgNPs and AuNPs dispersed in
ultrapure water were characterised by TEM. As shown in Figure 5.1A, AgNPs are spherical in
shape and densely agglomerated with an average size distribution of 11 £ 1.51 nm. The image
of AuNPs indicates spherical, monodispersed particles with an excellent dispersion quality
and average size distribution of 8-14 nm (Figure 5.1B). The hydrodynamic size distribution,
PDI, and zeta potential of AgNPs and AuNPs in UPW, FCM, and CCM were characterised by
DLS in 0 and 24 h. At 0 h, the hydrodynamic size of AgNPs and AuNPs in UPW were 17.96 *
1.68 nm and 15.09 + 0.21 nm respectively. In FCM, the hydrodynamic diameter changes to
19.66 + 2.42 nm and 19.99 + 3.05 nm for AgNPs and AuNPs, while in CCM, the hydrodynamic
size of both AgNPs and AuNPs increased to 35.57 + 1.92 nm and 35.53 + 0.83 nm respectively
(Figure 5.1C). At 24 h, the hydrodynamic size of AgNPs increased slightly to 19.49 + 0.70 nm
but the AuNPs size remained statistically the same in water, showing the stability of AuUNPs

after 24 h. A slight change in hydrodynamic size for both AgNPs and AuNPs in FCM (21.13 +
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4.133 nm, and 28.40 + 5.25 nm) was seen after 24 h. In CCM, it was noted a larger change in
hydrodynamic size for both AgNPs and AuNPs (40.68 £ 2.95 nm and 36.53 + 2.31 nm) after 24
h (Figure 5.1D). The variation in hydrodynamic size of both AgNPs and AuNPs in CCM could
be attributed to the interactions of NPs with the number of molecules in CCM. In UPW, AgNPs
showed PDI values of 0.295 + 0.104 in UPW and FCM which slightly change 0.707 0.106 in
CCM at 0 h. For the AuNPs, the PDI values in CCM (0.749 + 0.03) and FCM (0.33 + 0.04) were
higher than UPW (0.213 + 0.03) at O h. At 24 h timepoint, the PDI values of AgNPs in UPW and
FCM slightly increased to (0.36 + 0.04 and 0.53 + 0.10) but decreased in CCM (0.45 + 0.02)
compared to 0 h. AuNPs PDI values slightly decrease in UPW (0.19 + 0.02) and CCM (0.43 +
0.01) but increase in FCM (0.52 + 0.10). In both 0 and 24 h, the PDI values were higher in FCM
and CCM than UPW, demonstrating higher stability in UPW. The zeta potential results
demonstrated that all the particles were negatively charged in UPW, FCM, and CCM at both

incubation times (Figure 1E-F).
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Figure 5.1. Physicochemical characterisation of AgNPs and AuNPs. Morphology and size
distribution of (A) AgNPs (B) AuNPs. A total of 100 particles were measured by using Image)
software (n=100) to calculate the average hydrodynamic size distribution. Hydrodynamic size

distribution, and PDI of AgNPs and AuNPs in UPW, FCM, and CCM after (C) 0 h (D) 24 h. Zeta
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potential of AgNPs, and AuNPs in UPW, FCM, and CCM (E) O h (F) 24 h. Plotted graphs
represent the means * standard deviation (SD) of ten different measurements. (Scale bar:

100 nm was used for AgNPs, and 200 nm was used AuNPs).

5.2.2 Dissolution of AgNPs and AuNPs in UPW and CCM

The degree of AgNPs and AuNPs dissolution was measured over time (0.25-24 h) in UPW and
CCM using ICP-MS. As shown in Figure 5.2A, from 15-30 min the amount of dissolved Ag and
Auions detected remained below 1 pg/mLin UPW. After 1 h, the dissolution slightly increased
to 1.74 pg/mL and 1.65 pg/mL for AgNPs and AuNPs respectively and reached an apparent
plateau from 6 to 24 h. In more complex media (CCM), the presence of glutamine, glucose,
bicarbonate, and high ionic content may influence the degree of dissolution of AgNPs and
AuNPs, due to competitive complexation, aggregation, or formation of protein corona on
their surface as noticed in Figure 5.2B. The dissolution initiated rapidly with an initial Ag ions
concentration of 0.082 + 0.02 pug/mL (8.23%) detected immediately after 15 min and the final
concentration of 0.147 +0.011 pg/mL (14.7%) after 24 h incubation for AgNPs. Unlike AgNPs,
AuNPs started with a somewhat lower concentration of 0.050 + 0.014 pug/mL (5%) at 15 min
and gradually increased with time for upto 1 h with a concentration of 0.064 + 0.004 (6.43%)

and remained at similar levels till 24 h 0.091 + 0.01 pg/mL (9.1%).
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Figure 5.2. Dissolution of Ag and Au, shown in the form of ionic release in UPW and CCM over
a period of 0.25-24 h measured by ICP-MS: (A) Ag and Au ions released in UPW (B) Ag and Au

released in CCM. Plotted graphs represent the means + SD of three independent experiments.

5.2.3 Cytotoxicity Assessment of AgNPs and AuNPs in A549 Cells

The percentage of cell membrane damage induced by AgNPs and AuNPs was measured using
the modified lactate dehydrogenase (mLDH) assay. The assay is a modified version of the LDH
assay for screening the cytotoxicity assay of NMs developed previously [72]. The original
version of the LDH assay may interfere with extrinsic properties of NMs such as absorption
spectra, fluorescence in optical signal detection, and interaction of NPs with the media
components and enzymes in the assay [72, 144, 326]. The risk of interference was minimized
in mLDH by centrifuging the A549 cell lysate after incubation with either AgNPs or AuNPs
before incubation with a substrate mixture. As shown in Figure 5.3A, there is no significant
reduction in the percentage of cell survival when A549 cells were exposed to 1.25-2.5 pg/mL
of AgNPs or AuNPs for 24 h. When the cells were incubated with 5 pg/mL the percentage of

cell survival significantly (p < 0.05) decreased to (73%) and (97%) for AgNPs and AuNPs. The
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percentage of cell survival proportionally decreased with an increase in concentrations with
a noticeable reduction at 35 pg/mL (30%, 39%) for the AgNPs and AuNPs. Exposure to AgNPs
at 48 h showed an apparent significant reduction in the percentage of cell survival in all the
concentrations (p < 0.001) with a noticeable reduction at 35 pg/mL (19%). No sign of a
significant reduction in the percentage of cell survival was noted when incubated with a
concentration of 1.25-10 pug/mL of AuNPs. However, when the concentration was greater
than 10 pug/mL the corresponding percentages of cell survival were (80%, 63%, 45%, 34%, and
26%) for the 15, 20, 25, 30, and 35 pg/mL (Figure 5.3B). Celltiter Glo assay was used to
measure metabolic activity as a function of A549 cell viability after exposure to AgNPs and
AuNPs which is based on the reduction of metabolic activity of the cells. At lower
concentrations (1.25-5 pg/mL) no significant reduction in the cell viability was noted for both
AgNPs and AuNPs. When the concentration increased, a significant of cell viability reduction
was observed, with 35 ug/mL having greater effects on A549 cells (19%, 26% cell survival) for
AgNPs and AuNPs (Figure 5.3C). Likewise, when the A549 cells were incubated with the same
concentrations for 48 h (Figure 5.3D), it was observed that the concentration of 1.25-2.5
ug/mL of both AgNPs and AuNPs did not induce any decrease in the cell viability. When the
concentration was increased to 5 pg/mL, a significant reduction of cell viability (78%, 87%)
was observed for both AgNPs and AuNPs. At a concentration of 10 ug/mL, the cell viability
further decreased to 55% for AgNPs and 68% for the AuNPs. Only 17% and 20% cell viability
were noted when incubated with a concentration of 35 pg/mL for AgNPs and AuNPs. AgNPs
were shown to be significantly (p < 0.05) cytotoxic than AuNPs, suggesting that NPs toxicity

depends on the nanoparticle chemical composition.
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Figure 5.3. Percentage cell viability of A549 cells treated with 1.25-35 pug/mL of AgNPs and
AuNPs with 20% DMSO used as a positive control measured using mLDH and CellTiter Glo
assays. (A) Percentage of cell survival incubated for 24 h (B) Percentage of cell survival
incubated for 48 h (C) Cell viability incubated for 24 h (D) Cell viability incubated for 48 h.
Plotted graphs represent the means £ SD of six independent experiments. Bars with an
asterisk (*) show statistical differences (**p < 0.01, ***p < 0.001) when compared with the
control. Data with different letters above the bars represent the statistically significant

difference (p < 0.05) between AgNPs and AuNPs.

5.2.4 Uptake of AgNPs and AuNPs by Flow cytometry
The flow cytometry measurement results showed an increase in the side scatter intensity
signal which corresponds to the complexity of the cells or intracellular localisation of the
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AgNPs or AuNPs. The results demonstrated dose-dependent increase in SSC-A intensity for
AgNPs with maximal intensity observed at 10 pug/mL (Figure 5.4A). Similarly, with AuNPs it
was noted the same trend of SSC-A intensity signals (Figure 5.4B). However, the results

demonstrated a greater uptake of AgNPs than AuNPs based on an increase in SCC-A.

A

Control 1.25 ng/mL 2.5 pg/mL 5 pg/mL 10 ug/mL

SSC-A

FSC-A

Figure 5.4. Dot plots of side scatter area (SSC-A) versus forward scatter area (FSC-A) intensity
of A549 cells exposed to different concentration (1.25-10 pug/mL) of NPs for 24 h. (A) Dot plot

of AgNPs (B) Dot plots of AuNPs.

5.2.5 Formation of 3D A549 Spheroid Model

An in vitro 3D model of A549 cells was developed to test the toxicity of AgNPs and AuNPs
using a liquid overlay method which depends on the coating of 96 well plates with 1% agarose
to prevent direct attachment of the cells to the surface of the well plate. As shown in Figure
5.5A, the morphology of the 3D spheroids formed at a density of 8000 cells/well between

days 1-8. Based on the images it can be concluded that the A549 3D spheroid began from day
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1 and smoothly aggregated through the 8 days. According to the quantitative results by
Imagel, the diameter of the 3D spheroid ranges from approximately 400-1000 uM between
days 1 to 8 (Figure 5.5B). The spheroid was assumed to be spherical in shape, and hence the
circumference of the 3D spheroids was calculated from the area measured from Imagel. The
circumference of the spheroid decreased over time as the spheroid compacted together with

an average circumference of 135 uM (Figure 5.5C).
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Figure 5.5. Formation of A549 3D spheroid over time using liquid overlay method. (A) Optical
morphology of A549 3D spheroid (B) Diameter of A549 spheroid growth curve (C)
Circumference of A549 spheroid growth curve calculated from area quantified by Image)

software. Plotted graphs represent the means + SD of three independent 3D spheroid.

5.2.6 Live/Dead Cell Viability Assay

The cytotoxicity of AgNPs and AuNPs in the 3D spheroid was investigated using live/dead cells
assay kit at a concentration range of 1.25-10 pg/mL for 24 h. The red signal indicates the
number of dead cells, and the green signal indicates the number of live cells respectively. The
live/dead cell staining showed that the 3D spheroid maintained its viability when it was
exposed to a concentration of 1.25 pg/mL and 2.5 pg/mL of AgNPs. When the concentration
further increased from 5-10 pg/mL, it showed that the 3D spheroid started losing it viability
(Figure 5.6A). When the cells were treated with AuNPs, a slight red signal was noted with 10

ug/mL, showing a decrease in cell viability (Figure 5.6B).

Control 20%DMSO 1.25 pg/mL 2.5 pg/mL 5 pg/mL 10 pg/mL

| | [ ] | |

Figure 5.6. Live and dead cell staining of A549 3D spheroid cultured for 4 days using hanging

drop method. (A) Fluorescence of live and dead cells of 3D spheroid treated with 1.25-10
ug/mL of AgNPs for 24 h (B) Fluorescence of live and dead cells of 3D spheroid treated with

1.25-10 pg/mL of AuNPs for 24 h.
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5.2.7 Intracellular ROS Generation Upon Treated with AgNPs and AuNPs

The intensity of intracellular ROS generated after exposure to AgNPs and AuNPs was assessed
using cell red deep reagent by flow cytometry after incubation with 1.25-10 pug/mL for 24 h.
Neither AgNPs nor AuNPs shifts the fluorescence intensity when treated with 1.25 pg/mL and
2.5 pg/mL for 24 h. At 5 pg/mL the fluorescence intensity slightly shifts with AgNPs but not
with AuNPs. When the concentration was increased to 10 ug/mL, the fluorescence intensity

increased with both AgNPs and AuNPs indicating the generation of intracellular ROS.

A B

10 10

Alexa fluor-700-A fluorescence intensity

. Control . Menadione - 1.25 pg/mL - 2.5 pgimL - 5ugimL | 10 pg/mL

Figure 5.7. Intracellular ROS fluorescence intensity in A549 cell detected by flow cytometry
using Cellrox deep red kit. (A) Histogram of flow cytometry treated with 1.25-10 ug/mL AgNPs
for 24 h (B) Histogram of flow cytometry treated with 1.25-10 pg/mL AuNPs for 24 h. 50 uM

menadione was used as a positive control for 1 h.
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5.2.8 Effect of AgNPs and AuNPs on Mitochondrial Membrane Potential (MMP)

The mitochondrial membrane potential of A549 cells was measured by TMRM fluorescent
probe. After 24 h, AgNPs incubation with 1.25 pg/mL slightly reduce the MMP to 97%
compared to control A549 cells (100%), while pre-treatment with 2.5, 5, and 10 pug/mL show
a significant reduction of MMP (81%, 75%, and 65%) (p < 0.001) respectively (Figure 5.8A).
Exposure to AuNPs (up to 2.5 pg/mL) did not alter MMP in A549 cells. However, when the
concentration was increased to 5 and 10 pg/mL, the MMP slightly decreased to 93% and 84%
respectively (Figure 5.8B). The results support the observed reduction in the percentage
metabolic activity measured by cellTiter glo assay and partly increased intracellular

production of ROS.
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Figure 5.8. Mitochondrial membrane potential (MMP) of A549 cells exposed to 1.25-10 pg/mL
of AgNPs and AuNPs for 24 h measured by using mitoProbe™ TMRM Flow cytometry assay
kit. (A) Bar graph of AgNPs (B) Bar graph of AuNPs. 50 uM of Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) was used as a positive control for 5 min. Plotted graphs
represent the means + SD of three independent experiments. Bars with an asterisk (*) show

statistical difference (***p < 0.001) when compared with the control.
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5.2.9 Apoptosis Induced by AgNPs and AuNPs

The generation of intracellular ROS might draw forth biological responses such as apoptosis
and intracellular signaling pathways activation. Apoptosis plays an essential role in cell growth
and development, as well as the removal of faulty cells. The effect of exposure to AgNPs or
AuNPs induced apoptosis in A549 cells was investigated with double staining of Annexin V/PI
assay kit. At the time of apoptosis, the biological cell membrane is disrupted, and the inner
phosphatidylserine becomes exposed to the outside of the cell membrane. The Annexin V
strongly binds to phosphatidylserine and gives a fluorescence signal indication of apoptosis.
As shown in figure below, there is a profound increase in the percentage of apoptosis after
exposure to AgNPS for 24 h with the calculated percentage around 4.6%, 5.23%, 6.32%, and
15.94% for the 1.25, 2.5, 5, and 10 pug/mL respectively (Figure 5.9A). The corresponding
percentage when incubated with AuNPs were (3.1%, 3.24%, 3.35%, and 4.13%) for 1.25, 2.5,
5, 10 pug/mL respectively (Figure 5.9B). Statistically significant differences between the
exposure concentrations and control cells for the AgNPs and AuNPs were presented in Figure

5.9C and D.
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Figure 5.9. Apoptotic cell death and necrotic analysis of A549 cells measured by flow
cytometry with double staining of annexin V/PI. Dot plots of A549 cells exposed to 1.25-10
ug/mL of (A) AgNPs for 24 h (B) AuNPs for 24 h. Percentage number of apoptotic and necrotic
cells exposed to 1.25-10 pg/mL of (C) AgNPs for 24h (D) AuNPs for 24 h. 1 uM of Staurosporine
and 10 % DMSO was used as a positive control for apoptosis and necrosis. Plotted graphs
represent the means + SD of three independent experiments. Bars with an asterisk (*) show

statistical difference (***p < 0.001) when compared with the control.

5.2.10 Effects of AgNPs and AuNPs on Molecular Chaperone HSPs
To explore the potential of attenuating A549 cells proliferation through molecular chaperone
inhibition, the expression of HSP40, HSP60, HSP70, and HSP90 proteins after incubation with

a concentration of 1.25-10 ug/mL of AgNPS or AuNPs for 24 h was studied by western blot.
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As observed in Figure 5.10A, the expression of HSP40, HSP60, HSP70, and HSP90 was
downregulated when treated with 10 ug/mL of AgNPs. The relative protein expression
changes showed that 1.25 and 2.5 ug/mL have no effects on the protein expression of HSP40,
HSP60, HSP70, and HSP90. At 5 pg/mL, the relative protein expressions of HSP40, HSP60,
HSP70, and HSP90 decreased to 0.85, 0.87, 0.90, and 0.86 respectively. Likewise, when
treated with 10 pg/mL, the relative protein expression of HSP40, HSP60, HSP70, and HSP90
significantly (p < 0.001) changed to 0.5, 0.66, 0.73, and 0.54 respectively (Figure 5.10B). The
expression of these proteins exposed to AuNPs was examined, but it was found that none of
the concentrations had an impact on the expression of HPS40, HSP60, HSP70, and HSP90
proteins (Figure 5.10C). No significant changes in the relative protein expression were further

recognized when semi-quantified with Image)J (Figure 5.10D).
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Figure 5.10. AgNPs and AuNPs downregulate the expression of HSPs in A549 cells. (A) A549
cells treated with AgNPs at a concentration of 1.25-10 pg/mL for 24 h (B) Relative protein
expression signal intensity of AgNPs (C) A549 cells treated with AuNPs at a concentration of
1.25-10 pg/mL for 24 h (D) Relative protein expression signal intensity of AuNPs. Plotted

graphs represent the means + SD of three independent experiments. Bars with an asterisk (*)
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show statistical differences (*p < 0.05, ***p < 0.001) when compared with the control.

3.2.11 Does Inhibition of Molecular Heat Shock Proteins Downregulate AKT Signaling

Pathway Proteins

HSP was identified to form a molecular complex with AKT in tumour cell which is involved in

protecting the cells from cell death [458, 459]. The balance between the expression of HSP
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and AKT kinase determines the formation of this complex [460]. Therefore, inhibiting the HSP
proteins might potentially decrease the activity of AKT signaling leading to the sensitivity of
A549 cells to undergo cell death. The expression of AKT, MTOR, GSK-3B, and B-catenin
proteins upon exposure to AgNPs or AuNPs was analysed. Compare with the control cells,
AgNPs treatment downregulates the expression of AKT, mTOR, and B-catenin and slightly
upregulates GSK-3B expression (Figure 5.11A). When the relative protein expression of the
proteins was semi-quantified, it showed that the level of AKT, mTOR and B-catenin were
significantly downregulated (p < 0.001) while the level of GSK3-B slightly increased dose-
dependently with 10 pg/mL having significant increased (p < 0.01) (Figure 5.11B). However,
treatment of A549 cells with AuNPs did not affect the expression of AKT, mTOR, and B-
catenin. Surprisingly, with 10 pg/mL of AuNPs the expression of GSKP slightly decreased,
showing that the concentration inhibits the expression of the protein (Figure 5.11C). When
the relative expression of the proteins was quantified, no significant difference between the

treated concentration and the control was noted (Figure 5.11D).
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Figure 5.11. Downregulation of P13K/AKT/mTOR pathway and B-catenin protein. (A)
Expression of AKT, mTOR, GSK-3[3, and B-catenin proteins in A549 cells treated with AgNPs at
a concentration of 1.25-10 pg/mL for 24 h (B) Relative protein expression of AKT, mTOR, GSK-
3B, and B-catenin proteins signal intensity of AgNPs (C) Expression of AKT, mTOR, GSK-383, and
B-catenin proteins in A549 cells treated with AuNPs at a concentration of 1.25-10 pg/mL for
24 h (D) Relative protein expression of AKT, mTOR, GSK-3B, and B-catenin proteins signal
intensity of AuNPs. Plotted graphs represent the means * SD of three independent
experiments. Bars with an asterisk (*) show statistical differences (**p < 0.01, ***p < 0.001)

when compared with the control.
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5.2.12 Apoptosis Induction by Downregulation of HSP-AKT Binding

The study next tested if the downregulation of molecular heat shock proteins and AKT
signaling could lead to mitochondrial cell death in A549 cells by measuring the expression of
PARP, caspase-3, and caspase-9 after exposure to different concentrations of AgNPs or AuUNPs
for 24 h. It was noticed that upon exposure to AgNPs in Figure 5.12A, A549 cells showed
upregulation of PARP, caspase-3, and caspase-9 in a concentration-dependent manner
designating mitochondrial-related apoptosis. Similarly, Figure 5.12B shows the relative
expression of PARP, caspase-3, and caspase-9 flowing exposure 1.25 to 5 pg/mL of AgNPs, the
expression of PARP and caspase-3 were not upregulated, but the relative expression of
caspase-9 increased. At 10 ug/mL, the relative expression of PARP, caspase-3, and caspase-9
were significantly upregulated (p < 0.001). When the expression of pro-apoptotic PARP,
caspase-3, and caspase-9 was studied upon treatment with AuNPs, it was noticed that AuNPs
did not upregulate PARP, but caspase-3 and caspase-9 were slightly upregulated at 10 pg/mL
(Figure 5.12C). Likewise, the relative protein expression of these proteins did not significantly
change when semi-quantified with image software (Figure 5.12D). The result of western
blotting correlate with the flow cytometry data showing that AuNPs only induced minimal

apoptosis.
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Figure 5.12. Apoptosis induction by inhibiting HSP-AKT binding complex. (A) Expression of
apoptosis related proteins in A549 cells treated with AgNPs at a concentration of 1.25-10
ug/mL for 24 h (B) Relative protein expression of apoptotic proteins signal intensity of AgNPs
(C) Expression of apoptosis-related proteins in A549 cells treated with AuNPs at a
concentration of 1.25-10 pug/mL for 24 h (D) Relative protein expression of apoptotic proteins
signal intensity of AuNPs. Plotted graphs represent the means + SD of three independent
experiments. Bars with an asterisk (*) show statistical difference (***p < 0.001) when

compared with the control.
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5.3 Discussion

AgNPs and AuNPs have attracted considerable attention in the field of nanomedicine due to
their increased usage in cancer therapy, bioimaging, and drug delivery [373, 374, 461]. Given
their increased use in biological systems, they become accumulated in the lungs, kidney, and
liver, causing various toxicologic effects [74, 409]. The toxicological effects on biological
systems should therefore be considered. Predicting the toxicity of AgNPs, and AuNPs is
difficult because of their varying physicochemical properties such as size, shape, surface
charge, and their interaction with biological entities (membrane, media components, and cell
type) [51, 326, 462]. To clearly understand the behavior of our AgNPs and AuNPs in different
biological fluids, the NPs dispersed in UPW, FCM, and CCM (containing 10% FBS, and 1%
antibiotics) were characterised using DLS and TEM.

The hydrodynamic diameter of AgNPs, as observed by TEM, revealed that the AgNPs were
spherical in shape with a dense aggregation while the AuNPs image indicated spherical,
monodispersed particles with an excellent dispersion. The DLS results of both AgNPs and
AuNPs showed an increase in hydrodynamic size distribution when dispersed in FCM and CCM
in both 0 and 24 h in comparison to UPW. The growth factors and other biomolecules present
in the 10% FBS added in CCM may bind to the surface of the particles. This may result in the
formation of the protein corona, thereby increasing the particle size [376, 463]. The zeta
potential is a crucial parameter that is related to the surface charge on the NPs. It explains a
wide range characteristic of colloidal NPs such as their stability, behaviour in suspension and
how they interact with biological phospholipids and cell membranes [464, 465]. The zeta
potential measurements revealed that both AgNPs and AuNPs have a negative surface net
charge with zeta values greater than -20 mV, indicating that the particles have enough

electrostatic repulsion to remain stable in an aqueous solution. Dissolution experiment was
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carried out to understand how AgNPs and AuNPs behave in UPW and the biological media
with neutral pH. It was observed that particles in biological media show lower levels of
dissolution compared to the particles in UPW. The lower dissolution of the particles in CCM
might be related to the ions present in media that may bind to active surface sites on the
particles, thus inhibiting dissolution. The results are consistent with previous studies that
revealed lower dissolution of NPs in biological media compared to UPW [466-468].

The comparative effects of 10 nm AgNPs and AuNPs stabilised with citrate on A549 cells using
1.25-35 pg/mL concentration was studied for 24 and 48 h. The toxicity assays demonstrated
that toxicity was strongly dependent on the concentration and incubation period with AgNPs
having greater effects on A549 cells than AuNPs, suggesting that the type of NPs was the main
property that trigger toxicity. In accordance with the results, earlier research assessed the
effects of 10 nm AgNPs, AuNPs, and SPION on signal transduction in epithelial cell lines (A-
431) and the authors found that AgNPs caused a larger response than its counterpart [206].
Huang et al., [440] found that the proliferation rates of human dermal fibroblasts were
greater than 90% when exposed to 200 uM concentration of 20 nm AuNPs compared to
AgNPs of the same size in which the proliferation rate decreased to 69.3% after 72 h
incubation, indicating that the cytotoxicity of AgNPs is far greater than that of AuNPs. Parveen
et al., [469] studied the effects of biologically synthesised 21 nm AuNPs and 20 nm AgNPs on
human cell lines (A549, MDA-MB, and LNCap-FGC). The author demonstrated that I1Cso of
AgNPs is less than 10 pg/mL compared to AuNPs with ICso greater than 30 pg/mL, further
suggesting that AuNPs are less cytotoxic than AgNPs [469]. Cellular internalisation of AgNPs
and AuNPs might lead to greater cytotoxic effects in the cells as reported by many researchers
[49, 63, 470]. In the work presented here, there were no significant differences in SCC-A

intensity which relates to the uptake of AgNPs or AuNPs by the cells. It was pointed out that
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the uptake of NPs is well related to the size and surface chemistry of NPs instead of chemical

composition [79, 94, 163, 471, 472].

3D spheroids A549 based model was designed to further investigate the toxicity of AgNPs
and AuNPs using a concentration of 1.25 - 10 ug/mL by a liquid overlay method. Spheroids
are proficient in recapitulating some important properties of solid tumours such as cell-cell
interactions, drug resistance, specific gene expression and reflect on the actual toxicity of NPs
compared to the 2D cell culture model [473, 474]. Interestingly, the results revealed that
AgNPs induced greater cytotoxicity even in 3D spheroids than AuNPs. AgNPs and AuNPs have
shown cytotoxicity in tumour cells through ROS generation [71, 475]. The ROS level generated
by the NPs are proposed to be used as therapeutic agents that suppressed the proliferation
and selectively killed tumour cells through cell death induction [476]. The results
demonstrated that AgNPs were more efficient in ROS generation than AuNPs treated A549
cells in a concentration-dependent manner. The release of Ag* cations by AgNPs which is far
greater than the Au* radical release by AuNPs could be the major factor that contribute to it
greater ROS generation. The Ag* cations bind to cellular organelles and cause potential toxic
effects to the cells like ROS generation, activation of signalling pathways and ultimately cell
death [477, 478]. This finding is consistent with other studies that have shown that AgNPs
induced greater ROS generation compared to AuNPs in different tumour cells [206, 379].
Chairuangkitti et al., [479] have similarly reported that AgNPs exposure induced ROS
accumulation in A549 cells and suppressed cell proliferation by activating apoptosis. The
production of ROS by A549 cells is highly interlinked to a decrease in mitochondrial membrane
potential [145, 480]. Notably, it was observed a dose-dependent decrease in MMP after
AgNPs incubation to greater extent than AuNPs. In agreement with current findings, a

previous study demonstrated that AgNPs caused a significant decrease in the percentage
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MMP in A549 cells [479]. To gain mechanistic understanding of ROS generation involvement
in apoptosis induction, A549 cells was doubled stained with annexin V/PI staining kit after
exposure to AgNPs and AuNPs for 24 h. In contrast, only AgNPs synergistically enhanced
apoptosis at higher concentrations compared to AuNPs in A549 cells. This suggests that lower
concentrations of AgNPs and AuNPs may not activate A549 cell death, which agrees with
various studies that report dose-dependent induction of apoptosis in tumour cells [137, 158,

457, 479, 481].

A growing number of studies have shown that molecular chaperone HSPs are highly expressed
and play a crucial role in tumour cell progression [299, 482-484]. Some inhibitors of HSP27,
HSP60, HSP70, and HSP90 have been developed by many research scientists which
suppressed the proliferation of tumour cells [485, 486]. However, the lack of toxicity data,
specificity, and sensitivity has limited their applications in clinical trials [487]. To find
alternative inhibitors, the potential effects of AgNPs and AuNPs on A549 cells were examined
which has not been previously tested. The current study observed that AgNPs might
downregulate the high expression of molecular HSPs of A549 cells in a concentration-
dependent manner. The study further tested the same concentrations of AUNPs at the same
incubation time and it noticed no effects on the expression of molecular HSP even at the
highest concentration (10 pg/mL). In contrast to our results, Xin et al., [488] demonstrated
that AgNPs increased the expression of HSPA1A in A549 and HepG2 detected by western blot.
However, no evidence of interactions of AgNPs or AuNPs with HSP40, HSP60, HSP70, and
HSP90 was observed in their study. Another study showed that 10 nm AgNPs citrate
upregulated the expression of HSP70 in Drosophila melanogaster [489]. Downregulation of
HSPs may lead to downregulation of AKT pathway proteins since HSPs form a complex with

AKT that regulates the proliferation, development, and apoptosis in tumour cells [458, 490,
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491]. To confirm the effect on AKT pathway, the activity of AgNPs and AuNPs on AKT, mTOR,
GSK-3B, and B-catenin in A549 cells was studied. A significant decrease in the expression of
AKT, mTOR, B-Catenin proteins (p < 0.001) and an increase in the expression of GSK-3B (p <
0.01) with AgNPs was noted. Likewise, it was observed that AuNPs have only a slight effect on
MTOR proteins. Consequently, this provides good evidence that downregulating the
expression of HSPs might proportionally change the expression of Akt and its downstream
target. Apoptosis is tightly regulated by AKT through its upregulation of Bcl-2, inhibition of
PARP and caspases [177, 203, 437, 492]. To explore if inhibition AKT could result in the
induction of cell death, A549 cells were treated with AgNPs and AuNPs for 24 h and the
expression of PARP, caspase-3, and caspase-9 was detected by western blot. The results from
the analysis suggest that only AgNPs induced cell death in A549 cells which is associated with
PARP, caspase-3, and caspase-3 upregulation. In accordance with the current study, previous
findings have demonstrated that several agents inhibited the proliferation of cells through

the induction of apoptosis [321, 493-495].

5.4 Conclusion

In conclusion, the chapter reported that 10 nm AgNPs and AuNPs may inhibit molecular
chaperone by downregulation of HSP40, HSP60, HSP60, HSP70, and HSP90 and disrupting the
AKT-HSPs complex by downregulating the AKT protein and its downstream target.
Furthermore, it showed that the tested concentrations of AgNPs could activate
mitochondrial-related apoptosis through the upregulation of PARP, caspase-3, and caspase-

9.
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Chapter 6: Effect of Cisplatin and AuNPs Combination on Heat Shock Proteins in Human

Lung Epithelial Cancer Cells

Abstract

The current study evaluated the effects of AuNPs combination with cisplatin (CDDP) on
molecular chaperone heat shock proteins (HSPs) in A549 cells. It was found that AuNPs:CDDP
combination decreased the percentage of cell viability measured using modified lactated
dehydrogenase (mLDH) and MTT assays. AuNPs:CDDP exposure caused a significant (p < 0.05)
increase in ROS generation, apoptosis induction and a decrease in the mitochondrial
membrane potential (MMP) compared to AuNPs or CDDP alone. Similarly, exposure to
AuNPs:CDDP combination had pronounced cytotoxic effects on the expression of HSPs and
P13K/AKT/mTOR as well as mitochondrial apoptosis-related proteins. The results
demonstrate that the combination of AuNPs with CDDP might enhance the anticancer efficacy

of CDDP.

6.1 Introduction

Cisplatin (CDDP) is a well known chemotherapeutic drug that has been used to inhibit the
growth of numerous human cancers including lung epithelial cells (A549) [496, 497]. It
depletes the growth of tumour cells by interfering with the complementary bases of DNA
leading to DNA damage, disabling repair mechanisms, and subsequently resulting in cell death
[498, 499]. However, it is well know that CDDP can potentially induce severe side effects to
cancer patients including kidney failure, immunity infections, irreversible hearing loss, renal
and neural damage which has limited its further use in anticancer therapy [498]. In addition,

tumour cells can promote resistance to CDDP by reducing its accumulation which would limit

158



its further use as an anticancer therapeutics in those patients [38]. Combination therapy with
other drugs or NPs has been thoroughly considered to suppresses drug resistance, lower the
rate of toxicity, decrease cancer cell viability, and enhance CDDP delivery to the targeted
tissue [500, 501]. For instance, the combination of CDDP with AuNPs has been reported to
selectively decrease the proliferation of A549 (lung), MG-63 (human osteosarcoma) , and
Saos-2 (Sarcoma osteogenic) through reactive oxygen species (ROS) generation [502].
Similarly, the co-administration of CDDP conjugated PEG-AuNPs was found to induce the
cytotoxicity of A549 cells by overcoming CDDP resistance [503]. However, the precise
molecular effects of AuNPs and CDDP combination against HSPs in human alveolar

adenocarcinoma cells (A549) have never been investigated.

Herein, it was hypothesised that combination of AuNPs with CDDP could enhance its
anticancer activity by reducing the overexpression of HSPs, P13K/AKT/mTOR pathway, and
upregulating the expression of mitochondria-mediated apoptosis related proteins. Firstly,
the cytotoxicity of AuNPs and CDDP alone was evaluated in A549 cells. Secondly, the cell
viability of A549 following the combination of AuNPs with CDDP was studied . Thirdly, the
underlying mechanisms of cytotoxicity including oxidative stress, mitochondrial damage, and
apoptosis caused by AuNPs and CDDP co-administration was investigated. Finally the effects
of AuNPs and CDDP combination on molecular heat-shock proteins (HSPs), P13K/AKT/mTOR

signaling, and apoptotic proteins in A549 cells was evaluated.

6.2 Results

6.2.1 Cell viability Assessment of CDDP, AuNPs alone
A549 cells response to CDDP, and AuNPs alone awas assessed using the MTT and mLDH

assays. A dose-dependent decrease in the percentage cell viability following treatment with
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AuNPs and CDDP alone for 24 and 48 h was observed with both assays CDDP (Figure 6.1). As
shown in Figure 6.1A, exposure to AuNPs caused minimal cell toxicity at the tested
concentrations (0-45 pg/mL) with a maximum cell viability (43%) at the highest concentration
(45 pg/mL) after 24 h. As expected, exposure to CDDP alone showed a significant reduction
in cell viability up to 38.9% after 24 h at the highest concentration tested (10 pg/mL) (Figure
6.1B). In addition, A549 cell survival was measured using the mLDH assay which measures the
number of viable cells that remain after exposure to AUNPs or CDDP. mLDH was used because
is considered to be the most reliable and has less interference with NMs [72]. As shown in
Figure 6.1C, AuNPs have less effect (IC50=43.01 pug/mL) on A549 cells compared to CDDP

(1C50=2.191 pg/mL) in Figure 6.1D

160



A C
AuNPs CDDP
—-.120- A120-
2 2 2
S0 E & . = 100 g ik
S - S L
% 80 { *okk %5 80 {_
E e[| = L ol @
£ 2
B 40- S 404
i 0
5 5
— 20+ — 20+
Q <]
o (w)
0 T T L T ] L L] T 0 1 ] ] ] ] 1 L] 1 ] ]
éo\&,o NN IR AR ‘&&&0&"{’0{@ o N2 22N
& Q Y
< c\n Qo\n
P " D '
Concentration (ug/mL) Concentration (ng/mL)
B D
20 AuNPs 1207 CDDP
= °
£ 1004 bk = 1004 £
[ ‘I‘ [} * ¥k
o o
- 80- {_ 5 809
(o] } o % —I—
2 S
< 60+ = 60
E 2
E 40 ook ok g 40+
—_— =
3 »
2 204 = 20-
8 o
0 - (; ' (; I ol, 1 {; 0 T 1 T 1 1 1 1 1T 7171
,éo\&o@xf\?w ET S S S PP NP 942
&9 = Nt ®
N o
v Concentration (ug/mL) ,.§\

Concentration (ug/mL)

Figure 6.1. Percentage cell viability of A549 cells following treatment with different
concentrations of AuNPs (0-45 pg/mL) or CDDP (0-10 pg/mL) for 24h measured by MTT and
mLDH assays. (A) MTT assay of AuNPs, (B) mLDH assay of AuNPs, (C) MTT assay of CDDP, (D)
mLDH assay of CDDP. 20% DMSO was used as a positive control. Plotted graphs represent the
means * standard deviation (SD) of six independent experiments. Bars with an asterisk (*)
show statistical differences (*p < 0.05, **p < 0.01, and ***p < 0.001) compared with the

control.
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6.2.2 The Effect of CDDP and AuNPs Combination on Cell Viability

Based on viability data, the ICso of CDDP (2.191 pg/mL) and 25 pg/mL of AuNPs were used to
investigate the effects of the combination of CDDP with AuNPs. As shown in Figure 6.2A, the
combination of AuNPs and CDDP significantly (p < 0.05) reduced the percentage of cell
survival to (38.5%) compared to AuNPs (87%) and CDDP alone (49.5%) as assessed by the
mLDH assay. The cell viability of the cells following treatment with the combination of
AuNPs:CDDP was further examined using the MTT assay. It was found that combination of
AuNP and CDDP significantly (p < 0.05) decreased the percentage cell viability to (47%)
compared to AuNPs (83%) and CDDP (57%) alone (Figure 6.2B). The results indicate that

combinations of AuNPs and CDDP can enhance the reduction of A549 cell proliferation.
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Figure 6.2. Percentage cell viability of A549 cells following treatment with a combination of
AuNPs (25 pg/mL) and CDDP (2.191 pg/mL) for 24 h measured by mLDH and MTT assays. (A)
mLDH assay of AuNPs, CDDP or combination, (B) MTT assay of AuNPs, CDDP or combination.
20% DMSO was used as a positive control. Plotted graphs represent the means + SD of three
independent experiments. Bars with an asterisk (*) show statistical differences (**p < 0.01,

***p < 0.001) compared with the control. Data with different letters above the bars represent
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the statistically significant difference (p < 0.05) between the combination of CDDP:AuNPs,

CCDP, and AuNPs alone.

6.2.3 Changes in Cell’s Morphological Appearance After Exposure to Combination of AuNPs
& CDDP

Cells morphological changes following 24 h exposure to CDDP (2.191 pg/mL), AuNPs (25
ug/mL) and the combination were also evaluated using optical microscope. CDDP as seen in
Figure 6.3, AuNPs:CDDP combination caused not only a a decrease in cell numbers but also

cell shrinkage and detachment from the plates compared to CDDP, and AuNPs alone.
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Control

20 % DMSO AuNPs

AuNPs+CDDP

Figure 6.3. Optical image of A549 cell morphology following incubation with (A) Media only
(Control), (B) 20% DMSO (positive control), (C) AuNPs (25 pg/mL), (D) CDDP (2.191 pg/mL),
(E) Combination of AuNPs:CDDP. Treated cells were imaged using a Zeiss microscope with 20X

magnification (Scale bar 10 um).
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6.2.4 Does AuNPs:CDDP Combination CDDP Cause Oxidative Stress?

Exposure to anticancer drugs and NPs can cause the formation of free radicals in the
mitochondria [71]. Abnormal concentration of free radicals can potentially interfere with the
function of the mitochondria resulting in oxidative stress that damages cell membranes, DNA,
and inhibits activation of certain signaling pathways such as P13/AKT/mTOR, MAPK/ERK and
Wnt [135]. The combined effect of CDDP and AuNPs on oxidative stress was determined by
measuring the levels of reactive oxygen species (ROS) and intracellular glutathione in A549
cells. As can be seen in Figure 6.4A, the combination of CDDP and AuNPs increased the levels
of ROS significantly (p < 0.05) compared to CDDP or AuNPs alone and control. ROS generation
causes an imbalance in endogenous antioxidants such as glutathione that neutralise their
oxidative damage [130]. An imbalance in intracellular glutathione homeostasis leads to the
progression and development of many diseases including cancer [504]. The results in Figure
6.4B show that AuNPs:CDDP combination significantly (p < 0.05) reduced the ratio of

GSH/GSSG to 9.95% compared to CDDP (12%), AuNPs (17.39%), and control (23.65%).
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Figure 6.4: Effects of AuNPs, CDDP, and AuNPs:CDDP combination on oxidative stress
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biomarkers in A549 cells after 24 h (A) ROS generation, (B) GSH/GSSG ratio. Menadione (50
KUM) was used as a positive control. Plotted graphs represent the means + SD of three
independent experiments. Bars with an asterisk (*) show statistical differences (*p < 0.05, **p
< 0.01, and ***p < 0.001) compared with the control. Data with different letters above the
bars represent the statistically significant differences (p < 0.05) between the combination of

CDDP:AuNPs, CCDP, and AuNPs alone.

6.2.5 Does AuNPs:CDDP Combination Affect Mitochondria Membrane Potential (MMP)?

The mitochondrial membrane potential of A549 cells treated with CDDP, AuNPs and the
combination of AUNPs:CDDP was measured using HCS mitochondrial health stain kit. Carbonyl
cyanid-3-chlorophynylhydrazone (CCCP) was used as a positive control. The MitoHealth stain
signals changes by accumulating in healthy mitochondria producing higher fluorescence
intensity proportional to MMP. Therefore, as the mitochondrial membrane is compromised,
low fluorescence intensity is observed. As shown in Figure 6.5A-E, A549 cells treated with
AuNPs, CDDP and the AuNPs:CDDP combination show a lower fluorescence intensity
compared to control, suggesting a loss of MMP. When the fluorescence intensity was
normalised against control, the combination of AuNPs:CDDP displayed a significant (p < 0.05)
decrease in normalised fluorescence intensity value (49.47%) for mitochondrial membrane
potential compared to AuNPs alone (78.84%) and CDDP alone (65.56%) as shown in Figure
6.5F. On the other hand, the cells treated with 50 mM of carbonyl cyanid-3-
cholorophynylhydrazone (CCCP) showed a high effect on mitochondrial health, as
demonstrated in its lowest normalised fluorescence intensity value (46.18%) for MMP. This
shows that positive control (CCCP) induced percentage mitochondrial disruption in a close

range to AuNPs:CDDP treated cells.
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Figure 6.5. Mitochondrial Membrane Potential of A549 cells following treatment for 24 h with
(A) Untreated cells, (B) 50 mM of carbonyl cyanid-3-chlorophynylhydrazone (CCCP) (positive
control), (C) AuNPs, (D) CDDP (E) AuNPs:CDDP combination (F) normalised fluorescence
intensity Plotted graphs represent the means + SD of three independent experiments. Bars
with an asterisk (*) show statistical difference (***p < 0.001) compared with the control. Data
with different letters above the bars represent the statistically significant difference (p < 0.05)

between the combination of AuNPs:CDDP, CCDP, and AuNPs alone.

6.2.6 AuNPs:CDDP Combination Enhances Apoptosis

To determine whether the combination treatment of AuNPs:CDDP leads to apoptosis, the
latter was measured using Annexin V/Pl and Caspase 3/7 assays following 24 h treatment of
cells with AuNPs, CDDP, and AuNPs:CDDP combination. Staurosporine was used as a positive

control. As shown in Figure 6.6A combination treatment of CDDP and AuNPs enhanced
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apoptosis by 22.65% more than that of AuNPs (5.25%) and CDDP (15.21%) alone. When
compared with control, CDDP alone increased caspase 3/7 activity to 30% in A549 cells.
Surprisingly the effect was lower than that of AuNPs alone (33%). Treatment with the AuNPs:
CDDP combination significantly increased the caspase 3/7 activity by 72% compared to

control (Figure 6.6B).
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Figure 6.6: AUNPs:CDDP enhanced apoptosis in A549 cells following 24 h treatment. (A) Bar
graphs analysis of apoptosis of apoptosis measured by flow cytometry, (B) Caspase-3/7
activity. 1 um of Staurosporine was used as a positive control for 6 h. Plotted graphs represent
the means * SD of three independent experiments. Bars with an asterisk (*) show statistical
differences (***p < 0.001) compared to control. Data with different letters above the bars
represent the statistically significant difference (p < 0.05) between the combination of

CDDP:AuNPs, CCDP, and AuNPs alone.
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6.2.7 Effects of AUNPs:CDDP Combination on Molecular Chaperone Heat-Shock Proteins
(HSPs)

Expression of HSPs is involved in the control of cell survival, metastasis, resistance to therapy,
and avoidance of apoptotic cell death in many cancers including A549 lung carcinoma. It is
therefore important to understand the effects of our combination therapy as targeting these
proteins might be an effective strategy in cancer therapy [277]. A549 cells were exposed to
AuNPs, CDDP, and AuNPs:CDDP combination for24 h and the expression levels of HSPs was
assessed. It was found that the protein expression of HSP40, HSP60, HSP70, and HSP90 were
downregulated in A549 cells when treated with AuNPs:CDDP combination compared to
control (Figure 6.7A). On the other hand, when the relative proteins expression was semi-
guantified using ImagelJ software, it was noted that the relative proteins expression of all the
HSPs significantly (p < 0.05) reduced with AuNPs:CDDP compared to treatment with AuNPs or
CDDP alone (Figure 6.7B). Likewise, cells treatment with a 10 pg/mL of quercetin (positive

control) showed similar effects on the relative protein expression of HSPs.
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Figure 6.7. Effects of AuNPs, CDDP and AuNPs:CDDP combination on the expression of HSPs
(A) Protein expression of HSP40, HSP60, HSP70, and HSP90 detected by western blotting, (B)
Relative protein expression of HSP40, HSP60, HSP70, and HSP90 semi-quantified by Image)
Software. Quercetin (10 pug/mL) was used as a positive control. Plotted graphs represent the
means + SD of three independent experiments. Bars with an asterisk (*) show statistical
difference (***p < 0.001) compared to control. Data with different letters above the bars
represent the statistically significant difference (p < 0.05) between the combination of

CDDP:AuNPs, CCDP, and AuNPs alone.

6.2.8 Effects of AuNPs:CDDP Combination on P13K/AKT/mTOR Pathway

The combination of HSPs with AKT protein form the HSP-AKT complex which is essential for
the functional stabilisation of P13K/AKT/mTOR signaling pathway [458]. To evaluate whether
HSPs are involved in the phosphorylation of the AKT pathway, the expression of the AKT
protein, and its downstream target (such as MTOR and GSK-3pB) involved in cell metabolism,
survival, and progression were analysed upon treatment with AuNPs, CDDP and the
AuNPs:CDDP combination after 24 h. As shown in Figure 6.8A, the western blot analysis data
shows that, the expression level of AKT and mTOR proteins were downregulated while the
expression of PTEN and GSK-33 were upregulated with AuNPs:CDDP compared to AuNPs and
CDDP alone. Quercetin treatment (positive control) showed the same pattern in terms of
downregulation and upregulation of these proteins. When the relative protein expression
was semi-quantified with Imagel software, the AuNPs: CDDP combination showed a
significant decrease (p < 0.05) in the relative protein expression of AKT protein compared to
control, AuNPs and CDDP alone as shown in Figure 6.8B. Next, the relative protein expression

of PTEN a tumour suppressor protein that is implicated in A549 cells by withholding the
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phosphorylation of AKT protein; was checked [505]. PTEN expression was found to be
significantly (p < 0.05) upregulated with AuNPs:CDDP combination compared to AuNPs and
CDDP alone. To further evaluate the effect of the combination therapy on the AKT pathway,
the expression of mammalian target rapamycin complex (mTOR) was semi-quantified. mTOR
is a downstream target of the AKT pathway that regulates protein synthesis, gene
transcription, apoptosis, and autophagy [506]. The level of mTOR expression was significantly
(p < 0.05) downregulated when treated with the AuNPs:CDDP combination. Additionally,
CDDP alone also reduced (p < 0.001) the expression of mTOR compared to the control and
AuNPs alone. Moreover, all the treatments were found to upregulate the expression of GSK-
3B; a downstream target of the P13K/AKT/mTOR pathway that is negatively regulated by AKT

overactivation.
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Figure 6.8. Effects of AuNPs, CDDP and the AuNPs:CDDP combination on the expression of
P13K/AKT/mTOR pathway proteins (A) protein expression of AKT, PTEN, mTOR, and GSK-3p
detected by western blotting, (B) Relative protein expression of AKT, PTEN, mTOR, and GSK-

3B semi-quantified by ImageJ software. Quercetin (10 ug/mL) was used as a positive control.
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Plotted graphs represent the means + SD of three independent experiments. Bars with an
asterisk (*) show statistical difference (***p <0.001) compared to control. Data with different
letters above the bars represent the statistically significant difference (p < 0.05) between the

combination of CDDP:AuNPs, CCDP,and AuNPs alone.

6.2.9 Effects of AuNPs: CDDP Combination on Apoptosis Related Proteins

P13K/AKT/mTOR pathway overactivation blocks apoptosis by preventing the release of
cytochrome C from the mitochondrial inner space, inactivating the cysteine aspartyl
proteases (caspases), and phosphorylating MDM2 which inhibits the tumour suppressor
protein p53 [507]. In order to understand if the downregulation of P13K/AKT/mTOR pathway
proteins upregulate apoptosis-related proteins, the expression of PARP, Caspase-3, Caspase-
9, and MDM2 were studied following exposure to CDDP, AuNPs alone and AuNPs:CDDP
combination for 24 h. 10 pug/mL of quercetin was used as a positive control for 24 h as it
induced mitochondrial-related apoptosis by increasing the expression of caspases [203]. As
shown in Figure 6.9A, treatment of A549 cells with AuNPs:CDDP upregulated the expression
of PARP, caspase-3, caspase-9 and downregulated the expression of MDM2. Treatment with
10 pg/mL of quercetin showed a similar pattern in increasing the expression of PARP, caspase-
3, caspase-9, and downregulation of MDM2. When the relative protein expression was semi-
qguantified with Imagel, a significant (p < 0.05) increase in the relative expression of PARP,
Caspase-3, and Caspase-9 was observed with AuNPs:CDDP combination compared to AuNPs
and CDDP alone (Figure 6.9B). In addition, the expression of MDM2 protein was significantly
downregulated with AuNPs:CDDP combination (p < 0.05) compared to AuNPs and CDDP

alone.
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Figure 6.9. Effects of AuNPs, CDDP and AuNPs:CDDP combination on the expression of
mitochondrial related-proteins (A) protein expression of PARP, Caspase-3, Caspase-9, and
MDM?2 detected by western blotting, (B) Relative protein expression of PARP, Caspase-3,
Caspase-9, and MDM?2 semi-quantified by ImageJ Software. Quercetin (10 pg/mL) was used
as a positive control. Plotted graphs represent the means + SD of three independent
experiments. Bars with an asterisk (*) show statistical difference (***p < 0.001) compared
with the control. Data with different letters above the bars represent the statistically
significant difference (p < 0.05) between the combination of CDDP:AuNPs, CCDP, and AuNPs

alone.

6.3 Discussion
In this chapter, the effects of combined therapy of citrate functionalised AuNPs (10 nm) with
the anticancer drug cisplatin (CDDP)were evaluated. As highlighted in Chapters 3 and 5,

monodispersed AuNPs with an average size distribution of 8-14nm were used.

The effects of different concentrations of CDDP, AuNPs on cell viability were assessed using

the mLDH and MTT assays. ICso values were found to be 2.191 pg/mL for CDDP and 38.92
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ug/mL for AuNPs. This was also highlighted by, Guemei et al., [508] who found that CDDP
significantly reduced A549 cell viability compared to AuNPs. In addition, AuNPs did not show
any cytotoxicity to A549 cells at all the concentrations tested (0.002-5 pg/mL) [508]. Based on
our cell viability analysis, the ICso value of CDDP (2.191 pg/mL) and 25 pg/mL of AuNPs were
used to study the effect of the AuNPs:CDDP combination on A549 cell viability. Interestingly,
the cytotoxicity assays demonstrated that the AuNPs:CDDP combination elicits a greater
cytotoxicity than monotherapies (CDDP and AuNPs alone). In line with our results, a previous
study showed that the combination of CDDP and AuNPs had a greater potential of inhibiting
the growth of Hela (cervical), AGS (human hyperdiploid), and C6 (glioma) cell lines compared
to CDDP and AuNPs alone [509]. Likewise, combination of CDDP and AuNPs have been
reported to reduce the proliferation of different human ovarian cancer (A2780, OVCAR5, and
SKOV3-iP) at low ICsg values compared to CDDP alone [510]. In addition, the cell morphology
data (Section 6.2.3) suggested greater cytotoxicity with AUNPs:CDDP combination. The high
cytotoxicity of combination therapy could be mediated by the ability of AuNPs to reduce
tumour stress and decompose it vessels to improve CDDP delivery [38, 511] To gain a deeper
understanding of the mechanisms of cytotoxicity, the effects of the combination therapy on
oxidative stress makers was first studied. The results revealed that AuNPs:CDDP combination
induced oxidative stress by increasing ROS and reducing the intracellular glutathione levels.
Oxidative stress arises because of an imbalance between the production of free radicals in
the cells and the inability of antioxidants to neutralise them [172]. In addition, the generation
of ROS induces a loss in MMP and release of mitochondrial proteins such as cytochrome C
from the inner space into the cytosol which is considered to trigger caspase-dependent
apoptosis [512, 513]. In this work, AuNPs: CDDP combination was found to decrease MMP by

attenuating the mitochondrial fluorescence intensity in A549 cells. Some studies suggest that
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the generation of ROS coupled with a decrease in MMP could lead to the activation of
caspase-dependent mitochondrial apoptosis in the A549 tumour cells [131, 399, 514].
Interestingly, our results for Annexin V and caspase 3/7 activity assays demonstrated similar
findings. This suggests that apoptosis is another mechanism by which the combination
therapy selectively destroyed A549 cancer cells. In agreement with our study, Zhao et al., [38]
reported that CDDP conjugation to AuNPs potentiates the antitumour effects of CDDP

through apoptosis induction.

HSPs have been recently recognised as a novel therapeutic target in cancer due to their roles
in cell growth, differentiation, immune regulation, and proteolytic degradation [515]. These
proteins are ubiquitously overexpressed in various malignant cells including A549 cells and
their overexpression has been linked to metastasis and resistance to chemotherapeutic drugs
[311]. Inhibitors of HSPs are clinically limited due to their off-target toxicity and lack of in vivo
data [516]. Therefore, in this work effect of AUNPS:CDDP combination on HSP40, HSP60,
HSP70, and HSP90 proteins was studied in A549 cells. It was observed that exposure to
combination therapy downregulated the expression of all the proteins. Semi-quantification
of band intensity by Imagel) software demonstrated a significant decrease in the relative
expression of the proteins (p< 0.05) compared with the control, CDDP and AuNPs alone.
Although the effect of AUNPs or combination of drugs and NPs has never been studied against
HSPs at the time of this study, previous research showed that ibuprofen enhances the
anticancer potential of CDDP by suppressing the expression of HSP70 and HSF-1 in A549 cells
[517]. Studies have suggested that dysregulation of P13K/AKT/mTOR signalling pathway in
cancer patients is mainly through HSPs and the UPS [232, 518]. Thus, it is likely that
overexpression of HSPs mediates the expression of Akt proteins and its downstream target in

A549 cells by forming the HSP-AKT complex, thereby promoting cell survival [455, 458]. It was
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shown that AUNPs:CDDP combination significantly downregulated the expression of AKT and
MTOR proteins to a greater extent than the control. Unlike the AuNPs:CDDP combination,
AuNPs alone showed no effects on the expression of either AKT or mTOR proteins. In addition,
it was shown that AuNPs:CDDP combination upregulated the expression of PTEN and GSK-3f3
proteins, suggesting that the combination therapy reduced the proliferation of A549 cells.
This finding is consistent with others who showed that lowering the expression of HSPs

triggers the downregulation of P13K/AKT/mTOR pathway proteins in tumour cells [510, 519].

Next, the molecular mechanisms of mitochondrial cell death were studied, since both HSPs
and AKT overexpression provides a protective effect against A549 apoptosis by the inhibition
of apoptosome or forming a complex with MDM2 proteins [520-522]. A significant
upregulation of mitochondrial apoptotic proteins (PARP, caspase-3, and caspase-9) was
observed in A549 cells when incubated with all the treatments. However, the upregulation
was lower with AuNPs alone. Furthermore, the decrease in the expression of MDM2 proteins
suggest the activation of mitochondrial apoptosis. This is in agreement with what others have
found in which they showed an association between HSPs downregulations in A549 cells and

activation of mitochondrial-dependent apoptosis [517].

6.4 Conclusion

In conclusion, the study provides evidence that AuNPs might potentiate the anticancer
properties of CDDP in A549 cells through the downregulation of HSPs, P13K/AKT/mTOR
pathway, and upregulation of mitochondrial related proteins. The results of the study showed
that combination of CDDP with AuNPs exerted synergistic or an additive effect in A549 cells,

resulting in increased anticancer effects of CDDP compared to single treatment. The finding
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may also suggest further opportunities for the development of a novel strategy to increase

the effectiveness of anticancer drugs as well novel targets for cancer therapies.
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Schematic 6.1: Schematic illustration summarising the findings of this chapter and the effects
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of CDDP and AuNPs on HSPs, P13K/AKT/mTOR and apoptosis in A549 cells. The green arrow
indicates the proteins that were downregulated while the red arrow indicates the proteins
that were downregulated upon exposure to AuNPs:CDDP. The scheme was created with

BioRender.com

Abbreviations: Cisplatin (CDDP), Gold nanoparticles (AuNPs), Phosphatase and tension
homolog (PTEN), Serine 473 (Ser473), Protein kinase B (AKT), Glycongen synthase kinase-3
(GSK-3B), Glycogen synthase kinase (GSK), Mammalian target rapamycin complex (mTOR),

Heat shock proteins (HSPs).
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Chapter 7: General Discussion, Conclusion, Future Work and Recommendations

7.1 General Discussion

In the Chapter one, the effects of different sizes AUNPs on ubiquitin proteasome system in
A549 cells was studied with a particular focus on deubiquitinating enzymes such as USP7,
USP8, USP10, and UCHL-1. A549 cells were used in this work because lungs represent the first
portal to the body after prolonged inhalation of NMs and therefore can be used for studying
AuNPs’ cytotoxicity on one type of lung cells. In the last few years drugs such as Bortezomib,
Carfilzomib, D395, and MG132 have shown to reduce tumour cell viability by inhibiting the
ubiquitin proteasome system as highlighted by different researchers [523-526]. Nonetheless,
extensive rate of peripheral neuropathy, poor rate of delivery, rapid clearance, and low
biocompatibility have limited their clinical application in cancer [527, 528]. This chapter
characterised different size AuNPs in ultrapure water (UPW) and complete culture media
(CCM) to investigate the changes in their physicochemical properties before performing
cytotoxicity studies. All the different sizes of AuNPs tested have shown a greater
hydrodynamic diameter in CCM compared to UPW in both at 0 and 24 h. The TEM images
demonstrated well-dispersed spherically shaped AuNPs in UPW and had negative zeta
potential. Regarding cytotoxicity, AuNPs cytotoxicity assessed by MTT and LDH released
indicated that 80 nm AuNPs were less cytotoxic (IC50=18.30 pg/mL) compared to 10 nm (ICso
=16.22 pg/mL) and 5 nm (ICsp = 12.61 pug/ml) AuNPs. The potent higher cytotoxic effect of
small-size AUNPs may be due to their higher surface area to volume ratio. The higher surface
area of small-size AuNPs gives them more available space to interact with the cellular
components such as nucleic acid, carbohydrates, proteins and fatty acid and results in toxicity

[529, 530]. The toxicity of the small-size AuNPs perhaps may also be related to the fact that
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there are more particle numbers at the highest concentration (40 pug/mL) of 5 nm AuNPs (3.17
x 1013 NPs/mL) than for the equivalent mass concentration (40 pg/mL) of 10 nm AuNPs (2.5
x 102 NPs/mL) and 80 nm AuNPs (8.36 x 10° NPs/mL). However, this is not always true as the
normalisation results by particles number concentration suggest different outcomes as
illustrated in the supplementary chapter (Table S$3.2) where by 80 nm AuNPs could be
regarded as more cytotoxic on a particle number basis since it required less amount of particle
number to inhibit cell viability. Internalisation of AuUNPs is also another factor that is linked to
toxicity of smaller size AuNPs compared to their counterparts [531, 532]. Small-size AuNPs
can be internalised into the cells in large number easily without requiring any active energy
compared to larger AuNPs as suggested by others [79, 533]. The toxicity assays agreed with
previous studies that revealed size-dependent cytotoxicity of AuNPs [79, 380, 534]. Low
uptake of larger AUNPs was expected due to their lower toxicity to the cells but surprisingly
the opposite was true with 80 nm AuNPs showing the highest uptake as revealed by ICP-MS
and flow cytometry. The higher uptake of large size (80 nm) AuNPs can be linked to the
amount of energy needed for wrapping the AuNPs, and the kinetics of diffusion of the
receptors to the binding sites in the biological membrane [69]. For the uptake of small size
AuNPs only few receptors are needed for the wrapping of AuNPs, and consequently less free
energy will be produced to wrap the AuNPs on the surface of biological membrane. In the
case of larger AuNPs more receptors are needed to wrap AuNPs, this in turn affects the
kinetics of diffusion of the receptors to the binding sites [532, 535]. It also suggests that there
might be an optimal AuNPs size for the active cellular uptake; for instance in Hela cells treated
with different sizes of AuNPs (14, 30, 50, 74 and 100 nm), 50 nm AuNPs had been observed
to have higher uptake efficiency compared to other small sizes AuNPs [73]. In addition, a dose-

dependent cellular uptake of AuNPs was noted based on their mass concentration. Flow
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cytometry confirmed the same results which were comparable to those of ICP-MS. The cells
were imaged using TEM, which showed that all the AuNPs were localised in the endosome
after 24 h exposure. Moreover, all AUNPs were internalised through clathrin- and caveolae-
mediated endocytosis as identified by ICP-MS and flow cytometry. Previous researchers
demonstrated that AuNPs can be localised within endosomes following uptake through
clathrin-and caveolae-mediated endocytosis [536, 537]. Further studies, including application
of higher resolution transmission X-ray microscopy (TXM), 3D confocal microscopy and energy
dispersive X-ray (EDX) are however needed to validate the internalisation of AuNPs in the
endosome. Moreover, as observed in the work presented in Chapter 3, the cellular
internalisation of AuUNPs led to the destabilization of the cell membrane as well as generation
of intracellular reactive oxygen species (ROS), depletion in intracellular glutathione and
triggering of mitochondrial related apoptosis. In addition, small size AuNPs displayed greater
percentage of toxicity compared to 10 and 80 nm, this may be related to higher dissolution
of 5 nm AuNPs and release of Au* that ultimately cause toxicity [538]. Other studies agree
with these findings; for instance, Khaing et al., [539] reported that exposure to 15 nm AuNPs
led to significant increase in ROS generation compared to 66 and 100 nm AuNPs. Chakraborty
et al., [456] showed that 46 nm AuNPs, enhanced the rate of ROS production and induced
apoptosis by disrupting the mitochondrial membrane potential of osteosarcoma (MG63) cells
compared to 60 nm AuNPs [456]. However, some studies have suggested that the toxicity of
NPs depend on their rapid clearance from the cells rather than size [540, 541]. When
internalised into the cells NPs circulate in the blood until there are cleared from circulation
and eliminated through renal or hepatobiliary elimination mechanisms [542, 543]. For
instance, it has shown that increased in AuNPs size (14, 50 and 74nm) decrease the rate of

AuNPs clearance by the Hela cells thereby by inducing more cytotoxic effects [544]. An
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important finding in this Chapter was that AuNPs similar to MG132 were able to downregulate
the expression level of overexpressed USP7, USP8, USP10, and UCHL-1 in a dose-dependent
manner, implying that AuNPs could be used to target the proteasome system.
Downregulation of these proteins was also observed to be size and concentration dependent
with small-size (5 nm) having a significant effect on the protein’s expression. Decrease in the
percentage of cell viability and ROS generation observed correlates with a decrease in the
expression of the protein. Furthermore, the inhibition of deubiquitinating enzymes resulted
in the induction of mitochondrial apoptosis via caspase-3, caspase-9, and PARP upregulation.
Based on the results of this chapter 80 nm has showed lower toxicity to A549 compared to 5
and 10 nm AuNPs in all concentrations used for the study and it could therefore be an ideal
candidate to be used in pharmaceutical industry for the treatment of cancer and drug

delivery.

The key findings from the first experimental Chapter were taken into consideration in order
to investigate the effect of functionalisation on the ubiquitin proteasome system. This
Chapter highlighted the feasibility of using AuNPs functionalised with tannic acid, citrate, and
PVP. AuNPs characterisation revealed that AuNPs are well dispersed and spherical in shape
with a hydrodynamic diameter similar to that reported by the Suppliers. The non-cytotoxic
AuNPs concentrations were determined by the mLDH and MTT assays and were used for
other cytotoxicity assays. The cytotoxicity mechanisms associated with AuNPs such as ROS,
MMP, and GSH demonstrated that PVP functionalised AuNPs induced greater cytotoxicity
compared to tannic acid & citrate functionalised AuNPs functionalised (p < 0.05). In
agreement with these results, other studies have also revealed how the nature of surface
functionalisation dictate the degree of toxicity; for instance, It was reported that AuNPs

functionalised with citrate can inhibit the proliferation rate of A549 cells associated with the
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concentration and time of NPs incubation compared to cetyltrimethylammonium bromide
(CTAB) [545]. Another study showed that citrate functionalised AuNPs were also cytotoxic to
breast cancer (MCF-7) and prostate cancer (PC-3) compared to starch and gymnemic acid (GA)
functionalised AuNPs [546]. Together they suggest that the toxicity of citrate functionalised
AuNPs could be due to the acidic nature of the citrate. Contrarily to these, others have shown
that functionalisation of AuUNPs only improved the stability and delivery of AuNPs by forming
a protective layer on the surface of AuNPs to prevent their aggregation in the biological fluids
instead of increasing the rate of toxicity [547, 548]. Polyethylene glycol (PEG)
functionalisation has been reported to efficiently mediate the intracellular delivery of less
than 30 nm AuNPs [548]. Again, when researchers studied the toxic effects of PEG, citrate,
and PVP AuNPs, they reported that surface functionalisation has no effects on toxicity [94,
398, 549]. However, this is not always true as cell viability assay of the functionalisation agents
suggest that there are positive correlations between the functionalisation agents in the
supplementary chapter (Figure S4.2). The concentrations and the type of functionalisation
agents used during the AuNPs synthesis determine the rate of their cytotoxicity [545].
Interestingly downregulation in the expression of USP7, USP8, USP10, and UCHL-1 was
observed at 10 pg/mL for all functionalised AuNPs in this chapter. In addition, the
downregulation of these DUBs was observed be functionalisation and time dependent. This
perhaps supports the evidence that functionalisation agents play a critical role in enhancing
AuNPs toxicity. However, other studies including studying the effects of functionalisation
agents and other mechanisms of cytotoxicity are necessarily needed to understand how the
functionalising agents alone enhance the rate of cytotoxicity. PI3K/AKT/mTOR, and Wnt
signalling pathways are crucial in regulating the rate of cell proliferation and development

[550, 551]. Overexpression of PI3K/AKT/mTOR required the activity of deubiquitinating
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enzymes (DUBs) to remove the K63 linked polyubiquitin chain on AKT to allow to recycle in
tumour cells [550]. Therefore, inhibition of PI3K/AKT/mTOR and Wnt pathway required
further investigation after inhibition of DUBs. AKT, p-AKT, mTOR, GSK3p, B-catenin, and p-B-
catenin were found to be downregulated at 48 h when incubated with different functionalised
AuNPs. Additionally, it was further observed that the inhibition of PI3K/AKT/mTOR and Wnt
signalling pathways mediate mitochondrial apoptosis through the upregulation of caspase-3,
caspase-9, and PARP. Based on the results of this chapter 5 nm Tannic acid functionalised
AuNPs have demonstrated lower toxicity to A549 compared to citrate and PVP functionalised
AuNPs in all concentrations used for the study and it could therefore be an ideal candidate to

be used in pharmaceutical industry for the treatment of cancer and drug delivery.

The third experimental described the effects of AgNPs and AuNPs on molecular chaperones
heat shock proteins (HSPs) in A549 cells. HSPs inhibitors such as RP101, Quercetin, radicicol,
and geldanamycin have unfortunately been suspended in Phase 1 clinical trials due to their
structural instability, in vitro and in vivo cytotoxicity, and poor biocompatibility [325, 552,
553]. Therefore, the development of other HSPs inhibitors is urgently needed as a feasible
therapeutic target in different tumour cells. In an attempt to contribute to this, the effects of
citrate functionalised AgNPs and AuNPs on molecular chaperone HSPs were studied. The NPs
were first characterised in UPW and spherical dispersed particles with hydrodynamic size
distribution close to the hydrodynamic diameter was reported by the suppliers. The
dispersion of particles in complete culture media (CCM) create a new biological identity
(protein corona) that changes the hydrodynamic diameter and polydispersity index (PDI) of
both the AgNPs and AuNPs, indicating NPs interactions with the biomolecules in the CCM
[554, 555]. The presence of these biomolecules in the CCM also affected the surface charge

of both AgNPs and AuNPs as seen in the zeta potential results, which became apparently
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lower in CCM than in UPW due to serum protein absorption [554]. When exposed to a mass
concentrations ranging of 1.25-35 pg/mL, AuNPs (IC50=28.05 pg/mL) demonstrated less
cytotoxic effects compared to AgNPs (ICsp =13.87 pg/mL). The higher cytotoxicity of AgNPs
compared to AuNPs could be potentiated with release of Ag* which could bind to the proteins
in the cell membrane structure and affect the membrane integrity [469, 556]. This is
confirmed by the dissolution measurement in the Figure 5.2 that shows higher dissolution of
Ag*compared to Au*dissolution. In accordance with these results, AgNPs have been reported
to be highly toxic to tumour cells, more so than AuNPs: for instance Pem et al., [556] report
that 10 nm AgNPs decrease the percentage of cell viability of murine fibroblast (L929) by more
than 50% at a dose 5 times lower than AuNPs. Considering this was related to proteins,
concentrations (1.25-10 pg/mL) less than the ICsp were used for further experiments to avoid
affecting protein concentration in the samples. It was further revealed that AuNPs were less
cytotoxic to 3D tumour spheroids compared to AgNPs as assessed by the Live/Dead assays. It
was also found that AgNPs prompted a higher degree of ROS and apoptosis in A549 cells
compared to AuNPs which prompted a minimal level of ROS intensity as well as apoptosis.
These further demonstrate the safety profile of AuUNPs compared to AgNPs at lower dose
levels. Similar findings regarding the low or non-toxicity of AuNPs in comparison to AgNPs
have been reported in earlier investigations. For example, using the same size (31 nm) at a
concentration range of 2-10 pg/mL, AuNPs showed minimal ROS generation and higher
percentage of apoptosis induction in human colorectal adenocarcinoma (HT29) compared to
AgNPs [557]. Similarly, Haase et al., [84] reported that 20 nm AuNPs triggers less oxidative
stress and apoptosis in human macrophage (THP-1) even at a concentration range of 10-200

ug/mL compared 20 nm AgNPs. Together, they suggest that the relatively lower cytotoxicity
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of AuNPs could be due to their inert nature, lower cellular internalisation, and

biocompatibility.

Western blotting results have shown that AgNPs significantly downregulated the highly
conserved expression of HSP40, HSP60, HSP70 and HSP90 (p < 0.001) compared to control.
On the other hand, AuNPs did not show any effect on the expression level of HSPs throughout
the incubation time. As reported, HSPs interact with the P13K/AKT/mTOR signalling pathway
to increase the proliferation of tumour cells [458]. Since the inhibition of HSPs correlates with
the downregulation of AKT, mTOR, GSK3B and B-catenin proteins, this was investigated and
the inhibitions of HSPs were found to downregulate these proteins upon treatment with only
AgNPs. Having established that AgNPs can modulate the overexpressed P13K/AKT/mTOR and
Whnt related proteins the study further investigated if the downregulation of P13K/AKT/mTOR
and Wnt results in upregulation of PARP, caspase-3 and caspase-9 because there are the well-
known indicators of mitochondrial related apoptosis [558, 559]. The results in this chapter
suggested that the inhibition of AKT and B-catenin may lead to the upregulation of caspase-
3, caspase-9, and PARP. Based on the results of this chapter AuNPs showed no profound effect
to A549 compared to AgNPs in all concentrations used for the study and it could therefore be
an ideal candidate to be used in pharmaceutical industry for the treatment of cancer and drug
delivery. Based on the results of this chapter, AUNPs were used to investigate the effects of
AuNPs combination with a well-known platinum-containing anticancer drug (Cisplatin) on

molecular chaperone HSPs in A549, which was presented in the chapter 4.

10 nm citrate functionalised AuNPs was used in fourth experimental chapter to study if the
combination of AuNPs and CDDP affects the expression of molecular chaperone HSPs in A549

cells. The results revealed that AuNPs:CDDP combination caused profound effects on A549
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cells through a decrease in percentage cell viability, accumulation of ROS, depletion of
glutathione and loss of MMP compared to individual treatments of each alone. It was also
found that AuNPs:CDDP combination decreased the expression of HSPs (HSP40, HSP60,
HSP70, and HSP90), AKT, mTOR, MDM?2, and upregulated the expression of PTEN, GSK-3p as
well as mitochondrial related apoptosis proteins (PARP, caspase-3, and caspase-9). This was
therefore the first study to investigate the effects of the combination of AuNPs and CDDP on
molecular chaperone HSPs in A549 cells. Other work, however, has shown that that
combination of two drugs (Ilbuprofen and cisplatin) supressed the overexpression of HSP in
A549 cells which led to the induction of mitochondrial mediated apoptosis compared to
individual treatments of the two drugs [560]. The work in this Chapter highlighted the
potential importance of AuNPs combination with CDDP to enhance the anticancer efficacy of

CDDP through the downregulation of HSPs and P13K/AKT/mTOR signalling.

7.2 Conclusion

In conclusion, this thesis investigated how different sized (5, 10 and 80 nm) and functionalised
AuNPs (tannic acid, citrate and PVP) induced cytotoxicity, oxidative stress, mitochondrial
damage, and apoptosis in A549 cells. The study also shed light on how AuNPs can be used to
reduce the proliferation of cancer cells through the inhibition of DUBs, P13K/AKT/mTOR and
Whnt pathway related proteins. The importance of inhibition of HSPs proteins by NPs (AgNPs
and AuNPs) in A549 cells was also studied and the effects of their inhibition on suppressing
the overexpressed P13K/AKT/mTOR related proteins as well as enabling the induction of
mitochondrial related apoptosis were investigated. This thesis provides first evidence that
AuNPs might enhance the therapeutic effect of the anticancer drug cisplatin through the

inhibition of HSPs. In addition, the study provides first evidence of the targeting of ubiquitin
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proteasome system and HSPs by NPs in A549 cells. The findings of this thesis may lead to the

development of novel therapeutic modalities to decrease cancer cells proliferation by

targeting DUBs and molecular chaperone HSPs.

7.3 Future work or recommendations

While this thesis demonstrated that ubiquitin proteasome system and molecular heat shock

proteins can be targeted in A549 cells using NPs, it was also found that size, surface

functionalised, concentration and incubation time are major contributors in the cytotoxicity

of NPs. Therefore, future work should focus on:

Comparing the effects of AgNPs and dissolved Ag on molecular chaperone heat shock
proteins to determine whether the inhibition is induced by the dissolved Ag or AgNPs
The use of other target approach such as target activation, conjugation, or E-ligases
enzymes to identify other ways of inhibiting ubiquitin proteasome using AuNPs and
AgNPs.

Further investigation to understand if AuNPs and AgNPs can be used as proteasome
and molecular chaperone inhibitors i.e., a study of their effects on ubiquitin
proteasome system and molecular chaperone HSPs in different cell types could be
considered.

The current study demonstrated that inhibition of molecular chaperone HSPs and UPS
enzymes can affect the protein expression of P13K/AKT/mTOR and Wnt pathway-
related proteins. More in-depth investigation is needed to investigate how AgNPs and
AuNPs alter the P13K/AKT/mTOR and Wnt intracellular signalling pathway.

Cell viability assay from a developed 3D spheroid model demonstrated that AgNPs and

AuNPs have a minimal impact on 3D cell culture after 24 h exposure. Other
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mechanisms of cytotoxicity such as ROS production, genotoxicity, apoptosis, and
internalisation are recommended to compare the effects of NPs in 2D, and 3D model.
Although the current study demonstrated that combining AuNPs with CDDP can
enhance CDDP's cytotoxicity on HSPs. Further studies to investigate the effects of
AuNPs combination with CDDP at various concentrations and exposure conditions can
be considered in A549 cells as well as other types of cells. The effects of combining
AuNPs with other platinum-based compounds such as oxaliplatin, carboplatin and
lobaplatin could also be considered as a potential strategy for overcoming tumour cell
drug resistance.

Additional cytotoxicity of combined therapy of AuNPs with CDDP on ubiquitin-
proteasome system in A549 cells could be explored. The assessment can also be

extended to both cancerous and non-cancerous cell lines.
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Supplementary Materials

The chapter present the list of figures and tables used as supplementary materials.

Supplementary Materials Chapter 3

Figure S3.1. Characterisation of different sizes AuNPs dispersed in Ultrapure water by

Transmission of electron microscopy (TEM): (A) 5 nm AuNPs (B) 10 nm AuNPs (C) 80 nm AuNPs

Surface area (SA)

The surface area of different size AuNPs corresponding to the concentrations used in the cell
viability assay was calculated according to Teeguarden et al., (2007) using the below equation.
Where AuNPs are assumed to be spherical or nanosphere, r is the radius of AuNPs suspended

in medium determined by DLS and V is the volume of a sphere used [561].

V=4/3(n*r3)

For instance, the surface area of 5 nm AuNPs (17.57 nm diameter measured with DLS) at a

starting concentration was as follows.
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Table S$3.1: Surface area (m?/g) of different 5, 10 and 80 nm AuNPs at different mass

Mass  concentration | concentration 0.005

(gm)

Diameter (nm) r*2 308.7049
Radius (r) Diameter/2 154.35245
Density of Au (g/cm3) | 19.32 19.32
Volume (V) mass/density 0.000258799
Volume per particle (v) | 4/3(n*r3) 15011136.78
N V/v 1.72405E-11
SA per particles (M?) 4* n*y? 299237.966
Total SA M?/g N*sa (m?) 5.15901E-06

concentrations used in the cell viability assays.

Mass concentration (pg/mL)

AuNPs 5 10 15 20 25 30 35 40

5nm 5.13E-06 | 1.03E-05 | 1.55E-05 | 2.06E-05 | 2.58E-05 | 3.1E-05 3.61E-05 | 4.13E-05
10 nm 1.36E-06 | 2.73E-06 | 4.09E-06 | 5.46E-06 | 6.82E-06 | 8.18E-06 | 9.55E-06 | 1.09E-05
80 nm 1.27E-07 | 2.54E-07 | 3.81E-07 | 5.08E-07 | 6.35E-07 | 7.62E-07 | 8.89E-07 | 1.02E-06

Particle number concentration

The particles number concentration of AuNPs was calculated according to the formula

described by Huk et al.,, [562]. The mass (Au) concentration(mg/mL) and the particle
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concentration (NPs/ml) of different size AuUNPs were provided in the certificate of analysis of
NPs by manufacturer
(https://tools.nanocomposix.com:48/cdn/coa/Gold/Spheres/NanoXact/AU5-NX-CIT-

JRC0024.pdf?121%20956). Using the highest concentration of AuNPs used for our study (40

ug/mL), we calculated the particle number concentration using the formula below:

PNC= NPs mass concentration * NPs/mL/Mass Au

Table $3.2: The table show the number of particles per volume (NPs/ML) for the highest
concentration used in the cell viability assay and the number of viable cells remained after

exposed to different size AuNPs for 24 h.

40 pg/mL
AuNPs NPs/mL % Viability
5nmm 3.17E+13 9.240198
10 nm 2.50E+12 12.9125
80 nm 8.46E+09 29.08156

249



SSC-A

80 nm

Naive

5 ug/mL

15 pg/mL

30 pg/mL

150K

150K

100k

S0k =

T
100K

T
150K

200K

50k

50K

100k =
c
50K sox
0 0
T T T 1 T T T T T T 1 T T T 1
B 0 50K 100K 150K 200K 0 50K 100K 150K 200K 0 50K 100K 150K 200K o 50K 100K 150k 200k
150K 150K 150K
150K
100K 100K 100K = —
EE 2.09
C
-~ 50K sox 50K
[ 0
T T T 1 o T T T T T T T T
C 0 50K 100K 150K 200K [} 50K 100K 150K 200K 0 50K 100K 150K 200K 0 50K 100¢ 150K 200K
15 150K 150¢ 150K
100K 100k 100K o 100k
0.86 2.08 299

T
150K 200K

0

T T
50K 100K

T
150K

1 T T T 1
200K 0 50K 100K 150K 200K

T T
SOK 100K

.
>

FSC-A

Figure $3.2. Dot plots of side scatted intensity (SSC) versus forward scattered intensity (FSC)

of A549 cells treated with different concentration of AuNPs for 24 h. (A) 5 nm (B) 10 nm (C)

80 nm
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Figure $3.3. Percentage cell viability of A549 cells determined using MTT assay for pre-treated
with pharmacological inhibitors (A) Chlorpromazine hydrochloride, inhibitor of Clathrin
mediated endocytosis (B) Nystatin, inhibitor of Caveolae mediated endocytosis (C) MBCD,
inhibitor of Caveolae mediated endocytosis (D) Wortmannin, inhibitor of macropinocytosis

for different concentration after 1 h exposure. 20% DMSO was used as a positive control.
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Figure S3.4: Dot plots effects of pharmacological inhibitors on the internalisation of different

size AuNPs in A549 cells. Cells were separately pre-incubated with Chlorpromazine, Nystatin,

methyl-B-cyclodextrin (MBCD) and Wortmannin for 1 h, followed by adding AuNPs incubation

for 3 h and analysed flow cytometry. (A) 5 nm (B) 10 nm (C) 80 nm
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Figure S3.5. Apoptosis and necrosis analysis of A549 cells following the exposure to AuNPs of
different sizes flow cytometry at of 5-30 pug/mL for 24 h. (A) 5 nm (B) 10 nm (C) 80 nm. 1 uM

Staurosporine and 10 % DMSO was used as positive control for apoptosis and necrosis for 6
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Supplementary Materials Chapter 4
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Figure S4.1: Absorption spectra of 5 nm AuNPs dispersed in UPW measured by UV-Vis.
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Figure S4.2: Cell viability of A549 cells exposed to stabilising agents at 0.125-1 mM for 24 h.
Data represent mean + standard deviation of 3 independent experiments. Bars with asterisk

(*) show statistically different of (***P<0.001) when comapred with the control.
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Figure S4.3: Mitochondrial membrane potential of A549 cells treated with different
functionalised AuNPs at concentration of 1.25 -10 pg/mL stained with mitohealth staining kit.
Blue stainin indicate cell nuclues and the grean fluorensce shows mitohealth dye in the
mitochondria. Fluorescence intensity of 5 nm AuNPs capped (A) Tannic acid (B) Citrate (C)
PVP. The images were captured with an EVOS fluorescence microscope using 20X

maganification. Scale bar (200 uM).
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Figure S5.1: Absorption spectra of 10 nm of AgNPs and AuNPs dispersed in UPW measured

by DLS.
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