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ABSTRACT

Recently nanoparticles (NPs) have been introduced and used in combination with therapeutic
approaches to develop nanotechnology-enabled medicine. These nanostructures allow for the
exploitation of the physiochemical properties which may be beneficial in cancer treatment. The
use of NPs in nanomedicine has proven successful in modern chemotherapeutics and has
demonstrated promising potential in in vivo and in vitro radiosensitization studies. This is a
baseline study aimed to determine the cytotoxic effects of AuNPs for potential
radiosensitization analysis. The study analysed the effects of different AuNP sizes (30, 50 and
80nm), concentrations (5, 10 and 15 pg/ml) over various time periods in CHOK1 and A549
cells. AuNPs were characterised by DLS and ZP analysis and showed that particles were
moderately polydispersed and moderately to highly stable in charge. The effects on viability
and metabolic activity of cells were determined using crystal violet and the WST-1 assay.
Results from these assays showed that CHO-K1 cells-are not tolerant to 48h exposure time and
that 30 nm AuNPs had the most prominent cytotoxic effect. Proliferation for CHO-K1 cells
was stimulated by 50 nm AuNPs across all concentrations after 4h treatment. A549 cells proved
to be more tolerant to the treatments, after 48h compared to CHO-K1cells. 50 nm and 80 nm
AuUNPs at 15 pg/ml showed the greatest cytotoxic effect on A549 cells. Oxidative stress was
observed in both CHO-K1 and A549 cells. After 24h ROS levels were significantly increased
for all AuNP sizes and concentrations for both cell lines. Results for ROS correlated to that of
crystal violet were at 15 pg/ml or 50 nm and 80 nm significant oxidative stress was observed
in A549 cells. Apoptosis was not extensive and thus was concluded that there was no AuNP-
induced cell death in either cell line. CHO-K1 clearly showed a higher sensitivity to longer
treatments and smaller AuNP particles (30 nm) in comparison to A549. CHO-K1 was
stimulated by 50 nm AuNPs whilst the opposite was seen for A549 cells, thus the study
concluded that AuNP treatment is highly cell-type and size-dependent. It can thus be postulated
that 50 nm AuNPs could be an optimal probe for radiosensitization analysis, as it stimulated
non-cancerous cells (CHO-K1) whilst having an anti-cancer effect on cancerous cells (A549).
However, further investigation and research on a broader range of cell lines and parameters are
required to have conclusive data for a particular cell model. This research may be utilized to

determine AuNPs as radiosensitizing agents using various radiation modalities.

Key Words: Gold nanoparticles, radiosensitization, cytotoxicity, Nanotechnology
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CHAPTER 1: INTRODUCTION

1.1.Cancer: a global burden

Cancer is a worldwide problem that has been estimated to have risen to 18.1 million newly
diagnosed cases and 9.6 million deaths in the year 2018 (1). One in 5 men and one in 6 women
globally, develop cancer in their lifetime and one in 8 men and one in 11 women will succumb
to the disease. This increase in cancer incidences is attributed to numerous factors such as
population growth, ageing and several environmental factors. The rise is particularly prevalent
in rapidly developing economies, where a shift is detected from cancers related to poverty and

infections to cancer linked to lifestyle and industrialization (1).

Globhal cancer
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Figure 1.1: Global cancer incidence in 2018 across various continents. Image obtained from
https://www.uicc.org/news/new-global-cancer-data-globocan-2018

1.1.1. Current treatment

Lung and breast cancer are the leading types of cancers worldwide at approximately 21 million
cases (1). Lung cancer is responsible for the most deaths (1.8 million, 18. 4 % in total) and it
is most frequently diagnosed in men (14.5 % in total). The current treatment options for cancer
include chemotherapy, radiotherapy and surgery either delivered separately or in combination
(2). These treatments come with some adverse effects and limitations. Surgery is confined to

large, non-metastasized, accessible solid tumors and chemotherapeutic drugs exerts a cytotoxic
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effect on rapidly proliferating cells. It is therefore ideal for malignant cells but has adverse

effects due to the non-selective uptake by both cancerous and healthy cells (2).

Radiotherapy is an important treatment regime and about 50 % of cancer patients’ receive
radiotherapy using either Cobalt-%° (5°Co) gamma (y) rays, X-rays or neutrons (3). The main
goal of radiation therapy is to deliver a sufficiently high dose to kill the tumour cells without
damaging the surrounding healthy tissue and organs. Thus improving cancer treatments by
focusing on tumour-targeted therapy and sparing healthy tissue, is vital (4). Advancements in
the field includes contrast agents and radiosensitizer, such as iodine, gadolinium or gold, which
are loaded into the tumour to improve the therapeutic ratio via increasing photon energy
interactions in the immediate vicinity of the tumour, thus delivering a highly localized dose of
radiation (5). Further advancements aim for organ-sparing methods which include; the usage
of megavolt (MV) X-rays (6 — 25 MV) to avoid skin damage, better dosage concentration
control via tomotherapy and intensity-modulated radiation therapy (IMRT) for the three-

dimensional treatment of tumaors.

1.2. Nanotechnology

Nanotechnology refers to a field of applied science where the goal is the control of matter at a
scale of 1-100 nm (6). It is a multidisciplinary field that include pharmaceutics, applied physics,
material science, chemistry and electrical engineering (7). Nanoparticles (NPs) are minute
naturally formed or manufactured sources of material, with properties that differ from that of
the same respective bulk form. Generally, NPs possess distinct physiochemical properties
including the small size, surface, electrical and optical properties (4,8). These particles display
high surface absorptive capacity, bioavailability and enhanced cellular interaction (9).

1.3.Gold nanoparticles (AuNP)
1.3.1. Synthesis of AUNP

Gold nanoparticles (AuNPs) can be formed by various methods and synthesized via either
physical or chemical approaches. Several subtypes of AuNPs exist, ranging in size, shape and
physical properties. Of these the most well-known is the spherical AUNP. Both in vitro and in
vivo studies are currently underway for AuNPs. Whilst in vitro studies are concerned with
overall toxicity (i.e. to specific cell types) and modes of internalisation, in vivo studies
investigate toxicity to disease causing elements (i.e. tumours), routes of administration,

biodistribution, dosages, clearance of nanoparticles, and how AuNPs can be translated to the
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clinical setting (10). Chemical synthesis is the most common synthesis method for metallic
particles, however it is costly and the extensive use of toxic agents affect particle stability and
biomedical application (11). The most common chemical, bottom-up methods are the
Turkevich and Brust techniques. The Turkevich method was modified in 1973 by Frens (12)
to obtain AuNPs with diameters of 15 to 50 nm. The main principle for the Turkevich method
is based on the reduction of metal salts to form sphere-shaped, monodispersed AuNPs with
dimensions of approximately 10-20 nm (13,14). Sodium salts of citrate are usually used as a
reducing agent or stabilizer for the NPs, which prevents aggregation in colloidal suspensions.
Additionally, UV-light, amino acids and ascorbic acid can be utilized in the place of citrate.
This method was further modified by numerous researchers (15-18). Another stabilizer is Gum
Arabic (GA). GA is a highly branched, non-toxic, slightly acidic polysaccharide that naturally
exudates from acacia trees. GA contains glycoproteins and arabinogalactan-proteins (AGP)
that are present in low and high molecular fractions, respectively. The presence of hydroxyl,
carboxyl and amino acid allows that GA are sensitive to ionic strength and pH, these features

make it an excellent stabilizer for nanoparticles (19,20).

In 1994 the Schiffrin-Brust method was first reported (11,14), it allowed for a simple approach
to produce thermally stable and air stable AuNPs with controlled and low dispersity. This
method was favourable for synthesizing AuNPs in organic solution with high stability. It is a
two-phase process that utilizes tetrabutylammonium bromide (TOAB) as a phase-transfer agent
from an organic to an inorganic solution, with this technique the particle sizes range from 2-6

nm in diameter.

1.3.2. Historic developments

Naturally occurring nanoparticles are the organic (polysaccharides and viruses) and inorganic
(iron oxyhydroxides) compounds formed by events such as volcano eruptions and wildfires
thus nanomaterials have existed in nature for many years (21). AUNPs were used to stain glass
red during Roman times (14,22). Gold has long featured in medical history as a treatment for
ailments ranging from nervous conditions and epilepsy in the 16th century, syphilis and
tuberculosis in the 1920’s, and in 1925 gold thiolates were used for the treatment of rheumatic
diseases including psoriasis, juvenile arthritis, planindromic rheutamitism and discoid lupus
erythematosus (23). The use of AuNPs in immunochemistry and biological studies only began
in 1971 when British researchers Falk and Taylor (24) used colloidal gold in antibody
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conjugation, for direct electron microscopy, and visualization of surface antigens of

salmonellae.

1.3.3. Recent developments and Applications

The frequent use of AuNPs in biomedical applications may be attributed to simple synthesis
and versatile surface functionality to form new drugs that target cancer cells (8). Furthermore,
these particles can be controlled by engineering processes to optimize shape, size and surface
modifications to mention a few. It is these properties which make AuNPs an attractive
nanomaterial in biomedicine, drug delivery systems (25), diagnostic imaging (26) and targeted
therapy (27,28). The oscillating electromagnetic field of light makes a collective coherent
oscillation of the free electrons of a metal and is also referred to as the conduction band
electrons. The amplitude of the oscillation that reaches a maximum at a particular frequency is
known as the surface plasmon resonance (SPR). Strong absorption of the incident light is
caused by the SPR and can be measured with an ultraviolet (UV) - visible absorption
spectrometer (see Figure 1.2). The SPR of noble gases such as gold are known to be stronger
than that of other metals. Therefore the SPR wavelength of AuNPs can be altered from both
visible and near-infrared (NIR) by manipulating the size, shape and structure of the particles.
AUNPs can increase the scattering of light almost 6-fold greater than most absorbing organic
dyes and fluoresceins. The scattering properties are size-, and shape-dependent (25) and makes

AUNPs ideal for imaging and detection applications especially in cancer.
A
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Figure 1. 2: (A) Image of colloidal gold samples after sodium citrate reduction. (B) with citrate
ions (CsHsOCOO03"), and the different colours indicate different sized AuNPs with distinctive
LSPR (C) UV-vis spectra for each gold (Au) solution (29)

AUNPs are used to deliver molecules into cells. Compared to the traditional chemotherapeutic
drugs, the delivery via nanoparticles offer high concentration delivery of poorly water soluble
drugs, protects drugs from the internal environments (stomach pH or lysosomes), target
specific drug delivery to maximize treatment, controlled release of drugs and even combination

therapy by the delivery of multiple drugs (30,31).

Targeted

Drug delivery therapy

Biomedical

il e applications of Gene delivery

mapping nanotherapeutics

Molecular Detection and
Imaging Diagnosis

Figure 1.3: Biomedical applications of nanotheraputics (32).

1.4.AuNP and cytotoxicity

Nanoparticles are similar in size to typical cellular components and proteins and thus can pass
natural mechanical barriers possibly causing adverse tissue reaction (33). With nanotechnology
becoming a rapidly growing field nanoparticles are constantly studied for cytotoxicity,
immunotoxicity and genotoxicity (34). Gold is considered an inert and nontoxic metal,
however, when gold is altered to form AuNPs it exhibits higher reactivity due to the increased
surface to volume ratio. As the ratio of surface area volume increases, the behaviour of surface
atoms assume dominance over the interior thus leading to even small shape deviations
modifying the interactions of the nanoparticle with its environment (38). Thus, due to the
multitude of adjustable properties of AuUNPs, seemingly contradictive reports of AuNP toxicity
are available for both non-malignant and malignant in vitro and in vivo disease treatment (4,35).

It has been reported that smaller NPs have the ability to penetrate deeper into tissue compared
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to larger particles which tend to accumulate within cells and even various organs (36). A study
by Connor et al (2005) investigated several AuNP (4, 12 and 18 nm) with different capping
agents to determine the cytotoxicity effect. The study showed that sphere-shaped AuNPs
entered the cells and did not induce cytotoxicity (37). Literature however, has reported that
AUNP toxicity is associated with the dose side chain and stabilizer utilized (38,39), type of

toxicity assay, cell line, as well as physical and chemical properties (40).

1.5.Determinants of gold nanoparticle (AuNP) toxicity
1.5.1. Size
In literature it has been discovered that a decrease in NP size is correlated to an increasing

potential to penetrate cells and tissue, which enhances internalization and widespread
distribution, but also an increased toxicity profile (4). A given dose of NPs from a particular
source material can evoke a lethal effect in one size whereas for the same dose of that material
at a different size no effect is induced. As mentioned above the AUNP size (Dcore) is a crucial
parameter for determining cytotoxicity, AUNPs with a Dcore < 2.0 nm (smaller than 2.0 nm) are
significantly toxic due to the ability to access the nucleus of a cell. When AuNPs have a Dcore
>10 nm cytotoxicity is weaker. In contrast to this statement, Vetten et al determined that 20
nm gold particles had a greater toxic effect on Chinese hamster ovary (CHO) cells than 14 nm

particles indicating that cell types may be a parameter for cytotoxic testing (41) .

Most reports on AuNP effects on cellular function focused on short-term exposure effects (2-
12h), and not much on the long term (24h and longer). A study by Mironava et al (2010)
examined 13 nm and 45 nm particles at various concentrations over 2-6 days and showed that
after the sixth day both AuNP sizes accumulated in vacuoles and neither penetrated the nucleus
or mitochondria. 45 nm gold particles at lower concentrations resulted in a significant increase
in doubling time and thus an increase in cellular proliferation compared to 13 nm particles.
The 13 nm gold particles proved to be most toxic as shown by the higher number of vacuoles
since size and number of vacuoles relates to toxicity. The results showed that nanoparticle
uptake proved to be size, concentration and time-dependent in human dermal fibroblasts (42).
1.5.2. Cell type
Sik Suh et al (2013) reported that AUNPs (20 nM) enhanced cell differentiation and protected
osteoblast cells against mitochondrial dysfunction (43). Chueh et al (2014) tested a variety of
cytotoxic assays on several mammalian cell lines including PK-15 (porcine kidney), NIH3T3
(mouse embryonic fibroblasts), MRC5 (human normal lung fibroblasts) and Vero (African

green monkey kidney). This study found that the ICs (inhibition concentration of 50% of the
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population) value differed among cells and that all cell lines displayed different sensitivity to
the cytotoxic effects of AUNPs. The results proved that AUNPs should be assayed at different
levels of organization in the organism to thoroughly determine the toxicity profile of that
organism (35).
1.5.3. Surface charge and aggregation

AUNP aggregation in cells results in increased reactive oxygen species (ROS) production and
so affecting cellular function (4). Smaller particles tend to aggregate less whilst the larger
particles inside cells are more susceptible to aggregation and cytotoxicity (44). Another
cytotoxic determinant is NP surface charge, AuNPs with different surface charges have also
been reported to demonstrate varying toxicity: small, positively charged particles pass through
cell membranes and cause cytotoxic effects (45) yet anionic AUNPs demonstrate no toxic
effects. Furthermore, negatively charged particles bind less efficiently to the similarly charged
cell membrane due to electrostatic repulsion forces inhibiting the nanoparticles from entry. To
internalise negatively charged molecules-into-the cell, cationic ions are necessary to interact
with the negatively charged cell membrane and particle surface to mediate charge-mediated
endocytosis (46).

1.6.Genotoxicity

Genotoxicity is an important experimental parameter when analysing different agents or
stressors such as NPs. The inconsistency of AuNP induced genotoxicity in literature is
attributed to the variation in NP shape, size, coating, concentration, exposure time and
experimental conditions. There are numerous in vitro and in vivo mechanisms to examine the
genotoxic potential of a given nanomaterial. A study conducted by Xia et al (2017) investigated
human hepatocyte (HepG2) to assess AUNP induced DNA damage via the comet assay. The
results showed that DNA damage occurred through strand breaks. The strand breaks were
highly size-dependent as 5 nm gold particles induced DNA damage whereas particles between
20-50 nm did not result in any significant damage (47). Nanoparticle size has shown to be an
important determinant in the genotoxicity profile however Ishidate et al (1998) found that
exposure time also plays a vital role (48). A possible underlying mechanism may be that the
longer the exposure time the greater the AuUNP accumulation in cells or tissue which increases
the likelihood of DNA damage. Although the precise underlying phenomenon for genotoxicity
is not known there are several proposed theories to explain the effect of metallic NPs. The first

refers to the direct interaction between genetic material and metal NPs. This interaction may
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result in physical and chemical damage to the DNA. The second refers to indirect DNA damage
and this is due to the production of reactive oxygen species (ROS). The production of ROS
affects biomolecules, proteins lipids and genetic material (47).

1.7.Gold Nanoparticles as radiosensitizing agents

Over the last few years there has been a considerable interest in the use of formulations to
enhance radiotherapeutics effects, especially using metal (mainly gold) based nanoparticles.
AuUNPs as radiosensitizer can improve the therapeutic gain by delivering a highly localised
dose of radiation to the vicinity of a tumour (49). High atomic mass contrast agents, such as
gold (atomic mass = 79) provide the greatest probability for photon interactions by
photoelectric effect (50). Furthermore, the photoelectric effect generates a high linear energy
transfer wherein the short range of the photoelectric interactions produce photoelectrons and
Auger electrons which introduce a localised dose enhancement in the tumour (50). Auger
electrons are weakly bound electrons ejected from-an-atom-as a result of electronic shell
rearrangements, and are very effective in producing extremely high local ionisation density
damage such as alpha () particles (49). Studies have found that 50 nm naked AuNPS possess
strong radiosensitivity in comparison to smaller and larger AuNPs. Chithrani et al (2010)
observed differences in the radiosensitizing effect between AuNP sizes of 14, 50 and 74 nm.
The study showed that 50 nm AuNPs could act as radiosensitizer in both lower and higher
photon energy ranges with dose modifications of 1.66 for kVp and 1.17 for MVp (51). An
increase in lethal double-stranded DNA breaks (DSBs) was observed in the presence of AUNPs.
The more DSB observed, the less chance of DNA repair and the greater the chance of cell death
(51).

Besides AuNPs serving as photon-absorbing agents, it also intensifies radiation damage by
causing cell cycle acceleration (52), cytokinesis arrest, increases programmed cell death
(53,54) thus proving to be a biologically active agent. Overall gold (thus AuNP) with its high
atomic number would cause increased electron emission resulting in the increased production

of free radicals and greater DNA damage causing cell death (55).

1.8.Cellular uptake and localization of gold nanoparticles
As mentioned above, bio-distribution and cellular uptake of AuNPs are size-dependent (56,57)
and surface properties play a major role in the uptake process (58). Various mechanisms for
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nanoparticle internalisation have been suggested, including phagocytosis, micro-pinocytosis,
and receptor-mediated endocytosis pathways including caveolae-mediated, clathrin-mediated,
and caveolae/clathrin-independent endocytosis via receptors and cell-signalling cascades (59—
61).

Pinocytosis and non-specific endocytosis has been reported to occur for particles smaller than
100 nm and phagocytosis for larger than 100 nm (58). The optimal size for cellular uptake and
retention of AuNPs was found to be 50 nm (62). AuNPs smaller than 30 nm has the ability to
enter and leave the cell via passive diffusion (63). Small, positively charged NPs can pass
through the cell membrane leading to membrane rupturing and adverse cytotoxic effects
(45,64).

1.9. AuNP in clinical settings

There has been positive progress in nanotechnology-based cancer diagnosis, and a few studies
have already progressed to clinical trials (65). Requirements include modified particle design
that prevents clearance and uptake by the reticuloendothelial (RE) system. Secondly, the
nanoparticles must be able to alter the biodistribution of the drug load to allow uptake at the

diseased site whilst preventing uptake by healthy tissue (66).

Studies show that most intravenously (IV) administered NPs are distributed into healthy tissue
mainly in phagocytic cell-rich organs like the liver and spleen before being cleared by the renal
system. As mentioned before, although the gold core is known to be inert and non-toxic,
significant toxicity can be caused by AuNP synthesis methods, the physiochemical properties
of AuNPs, surface conjugates, dosage and the route of administration. Thus, numerous studies
have been undertaken to analyse and determine the in vivo behaviour such as biodistribution,
accumulation in tissue and renal clearance (67-69). A report by Zhang et al (2012)
investigated AuNP biodistribution and toxicity of glutathione (GSH) and bovine serum
albumin (BSA) using mice as an in vivo model. The results showed that smaller 2nm GSH-
coated AuNPs caused efficient kidney removal and were readily metabolized compared to
larger 8 nm BSA-coated particles. Both particles caused acute infection, inflammation and
damage to kidney function after 24h exposure. The 2 nm diameter AuNP effects were gone
after 28 days while the 8 nm particles continued accumulating in the liver and spleen resulting

in irreversible toxicity (70).
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There are numerous in vivo studies shown in Table 1 investigating biodistribution, toxicity and
accumulation of AuNPs in animal models. These studies ultimately strive to observe both the
beneficial and adverse effects of various parameters on an organism system as a whole, with
an end goal to apply the knowledge and data to the bettering of treatment and diagnosis. The
understanding of how AuNPs behave in vitro is thus the stepping stone to altering methodology

and technique for in vivo application.

Table 1 : Studies of AUNP biodistribution and toxicity in different in vivo models.

AUNPs size Dosage Route of Animal Exposure References
(nm) administration model time
21 7.85 g IP Male 1,24,72h (68)
AuNPs/g C57BL/6
mice
4,100 4.26 mg.kg™ v Male 30 min (71)
BALB/C
mice
3,5,8, 12, smgkaT TIT 11 THT  THI mide 111 (69)
17, 37, 50,
100
13 0.04,0.2,0.4 IP C57BL/6 8 days (72)
mg.kg™ mice
20, 100 1gkg?WW E M W/ B K INcsiBUA E' B 24n (73)
mice
40 0.5ml v Female 1 day (74)
C57BL/6 1, 3, 6 month
mice
20 0.01, 0.015 v Rats 1, 7 days (75)
mg Au/kg 1,2 months
13 0.17, 0.85, v Male 5, 30 min (76)
4.26 mg.kg* BALB/C 4,24 h
mice 7 days
10, 30, 60 0.4 ml IP Male Wistar 16,32 h (77)
rats
Intravenous (1V), intraperitoneal (IP)
10
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EXPERIMENTAL AIMS AND OBJECTIVES

AUNPs are known for its unique properties that aid in biomedical applications however, there

still exist many contradictions on the effects of AuNPs in different cells or systems.

This study investigates the effects of various AuNP sizes (30nm, 50nm and 80nm) and
concentrations (5, 10 and 15 pg/ml) over different exposure times (4h, 24h and 48h) in a
normal- and malignant cell line. The study presents as baseline research with the intent of
determining the optimal size, dose and time of exposure of AuNPs to be deployed as
radiosensitizing agents in both cancerous and non-cancerous cells. The results will pave the
way for future studies in which the radiosensitization effects of AuNPs in both cancerous and
non-cancerous cells will be investigated by using different radiation types available at iThemba
LABS (South Africa, Cape town).

The study aims to:

1. To obtain the optimal size, concentration and time-dependent effects of AuNPs on
CHO-K1 (non-cancerous) and A549 (cancerous) cells for future radiosensitization
studies

2. Investigate the effects of AuNP treatment on cell viability and proliferation.

3. Determine the level of ROS production by CHOK1 and A549 using the H2DCF-DA
fluorescent assay.

4. Study AuNP-induced changes in nuclear and cellular morphology via Hoechst and
acridine orange staining.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Gold Nanoparticles (AuUNPs)
Commercially available citrate stabilized, colloidal gold nanoparticles sized 30, 50 and 80 nm

were purchased from Sigma Aldrich (South Africa). Each size was purchased in 100 ml
quantities and stored according to the manufacturer’s instructions. All AuNPs were filtered
through 0.2 um filters (Whattman, Lasec) and aliquoted prior to use to ensure sterility.

2.1.1. AuNP Characterization

2.1.1.1.Size and Zeta Potential (ZP)
Characterization of AuUNPs is important as physical and chemical properties of NPs play a vital

role in the behaviour within a biological system (78). Size and surface charge of NPs are the
two most common physiochemical properties known for their contribution to biological effects
such as particle uptake and toxicity (42). The dynamic light scattering (DLS) utilizes colloidal
dispersion properties to deduce the hydrodynamic radius (Rn) (79) and is the preferred
technique to use as the hydrodynamic size of a particle in solution is usually larger than the
actual particle size when observed microscopy (80). The zeta potential (ZP) reflects the
difference in potential between the electric double layers (EDL) of electrophoretically

moveable particles and the layer of dispersant present around the slipping plane.

In this particular study, all gold nanoparticle samples underwent a 1:10 dilution, the
characterization method was done by pipetting 1 ml of AuNP sample into a cuvette. The NPs
were then analysed using a Zetasizer Nano ZS (Malvern). Samples were characterized at 25°C
in a dispersant of distilled water (dH20).

e

Figure 2. 1: DLS and Zeta potential analysis. [A] 1 ml clear cuvette for DLS analysis. [B]
DTS1070 electrode cell/cuvette for zeta potential analysis.
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2.2.AuNP treatment
A mathematical equation was applied to determine the volume of commercial AuNP solution

needed to expose/treat cells, with a required experimental concentration. The calculated
volume indicates the amount of AuNP solution needed per ml to achieve the required
concentration. In this study, the used AuNP sizes were 30, 50 and 80 nm at concentrations of

5, 10 and 15 pg/ml. Firstly the radius of each particle was determined.

Radius

N| &

Convert nm to cm by multiplying 1077
d= diameter (commercial AuNP size chosen for experiment).

Volume of one particle

w=3.142
Volume of one particle is in cm®

Mass of one particle

» Density of gold=p=19.32 g/ml
» Unitising

No. of particles needed

experimental concentration
M

» Chosen concentration is the experimental concentration (in this study 5, 10 and 15

Hg/ml)
> Convert to grams

NumParticlesNeeded =

E.g.5x 10° (5pg/ml)
Particles per ml

Particles per ml are indicated by the manufacturer (Sigma Aldrich)

http://etd.uwc.ac.za/ B



E.g. 30 nm particles/ml value is 1.8 x 10! particles/ml

Volume for extracted amount

NumParticlesNeeded
Particles per ml

Volume =

Volume (amount) in ml extracted from the bottle to yield the desired experimental

concentration.
Convert ml to pl

Table 2: Volume extracted for treatment. Concentration values obtained was calculated
per ml. The values represent the volume of AuNPs (ul) to be extracted to achieve the
specific experimental concentrations for each size

AUNP Size Control 5 pg/ml 10 pg/ml 15 pg/ml
(nm)
30 Opl 101,6 pl 203,8 pl 306 pl
50 0 ul 114,9 pl 228,9 ul 342,9 ul
80 Ol 123,9 pl 247,9 pl 371,9 ul
| lopgm

5

=
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o §
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IS /‘
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Figure 2. 2 : AUNP treatment. Typical 96 well plate set up for AUNP treatment exposure on
CHOK1 cells.

Several 96 well, clear, flat bottom, TC treated culture plates’ (Nest®) were prepared with a
blank, control and various concentrations of AuNPs prepared using the calculation above.
Volumes varied based on the different sizes and concentrations required. For each assay A549
and CHOK1 cells were treated accordingly.
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2.3. Tissue Culture

2.3.1. Reagents
Sterile filtered fetal bovine serum (FBS) (WhiteSci), penicillin (5000 unit/mL) and

streptomycin (5000 pg/mL) and 1X Trypsin-EDTA (Sigma Aldrich, South Africa). RPMI 1640
(21X, 2.05 mM L-glutamine), DMEM (4.5 g/l glucose, L-glutamine) (WhiteSci) and phosphate
buffered saline (PBS) (Separations Scientific SA).

2.3.2. Cell lines
CHO-K1 (Chinese Hamster Ovarian) cells, an adherent epithelial-like cell was gifted by Dr.

Charlot Vandevoorde (NRF-iThemba LABS, Somerset West, Cape Town). The experimental
Ab549 cells, an adenocarcinoma human alveolar basal epithelial cell was gifted by Prof. Mervin
Meyer (Biotechnology Department, University of the Western Cape). Both cell lines were
originally purchased from ATCC, Maryland USA. CHOK1 was selected as the control cell line
to indicate the effects of the experimental conditions on normal (non-cancerous) cells whilst

Ab49 was selected to compare and contrast the effects on malignant cells

2.3.3. Cell Culture and Conditions
CHO-K1 (Chinese Hamster Ovarian) and A549 (Human lung carcinoma) cells were routinely

maintained in RPMI 1640 (Lonza) and DMEM (Lonza), respectively. Media was
supplemented with 5% filtered FBS and 0.4% penicillin (5000 unit/ml) and streptomycin (5000
pg/ml). Cells were grown in standard conditions of 95% humidity, 5% CO> at 37°C. Growth
media was replenished every 2-3 days if necessary until cells were suitable to harvest and
plating for experimentation. Cells were used at low passage number of 32 and 5 for CHOK1

and A549, respectively and multiple stocks were made and stored at -80°C.

15
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Figure 2.3: Experimental cell lines. [A] CHO-K1 cell line reached confluency and displays
multiple dividing cells. [B] A549 cell line with a confluency of approximately 75-80% and
displaying dividing cells. A549 and CHOKZ1 cells lines were cultured in RPMI 1640 and
DMEM. [C] Cell culture stock at low passage number stored at -80°C. All experiments were
done in biological triplicates.

2.4.Cellular Proliferation and Viability Assays

Viability and/or proliferation of cells are good indicators of cellular growth and health. Various
physical and chemical substances affect the health and metabolism of cells in different ways.
These substances may cause cytotoxicity through numerous mechanisms including cell
membrane destruction, altered protein synthesis, altered DNA processes and blocking of
receptor sites. In vitro cell viability and toxicity tests are commonly performed on cultured
cells. Recently toxicity assays have been employed in oncology research to analyse the toxicity
profiles and tumour cell growth inhibition by different drugs (33, 34, 81). These assay
mechanisms differ based on cell functions like membrane permeability, adhesion, ATP
production, enzyme activity and uptake (82). Based on the doubling time of both A549 and
CHO-K1 (20-22h) cells, the seeding density in 96 well clear, flat bottom plates were set at
1500, 2000 and 2500 cells/well for 48, 24 and 4h respectively, cells were then allowed to

grow/attach overnight. Biological triplicates of each experiment was performed.

2.4.1. Crystal Violet Assay
Viable cells in culture attach to tissue culture plate surfaces, however during cell death cells

lose their adherent properties and detach from culture plates. This mechanism is then exploited
to assess cell death and determine rate of proliferation when stimulated with cytotoxic agents.
Crystal violet (CV) dye binds to DNA and protein of viable cells resulting in staining. It is a
colorimetric assay allowing the assessment of cell proliferation. Dying cells are lost from the
attached cell population, thus when CV is applied the amount of staining is reduced in culture
aiding in proliferation assessment (83, 84).

Cells (A549 and CHO-K1) were seeded at cell densities of 2500 cells/well into 96-well
microplates (Nest ®). Cells were then incubated at 37°C overnight to allow for attachment.
Cells were treated and exposed with various AuNP sizes, concentrations and time intervals
based on the calculation (see section 2.1.3). The experiment was terminated by removing
growth media and addition of 100 ul of 1 % (v/v) glutaraldehyde (Sigma Aldrich, South Africa)
following incubation. Samples were incubated for 15 minutes at room temperature (RT), the
glutaraldehyde discarded. 100 ul of 0.1% (w/v) CV stain added. After a 30 minute incubation
time at RT, plates were submerged in running water for 15 minutes to ensure removal of excess
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stain. The plates were left to dry for up to 1 week. Prior to reading, 200 pl of 0.2 % (v/v) Triton
X (Sigma Aldrich) was added to the samples and incubated for 30 minutes at RT. 100 pl of the
liquid content was transferred to a 96-well microtiter reading plate using reverse pipetting.
Sample absorbance was analysed using an EZ Read 400 microplate reader and read at a

wavelength of 570 nm.

&

B -
=z
“ %

Figure 2. 4 : Crystal Violet Assay. [A] Samples submerged in water to ensure removal of
excess dye. [B] Post staining, samples left to dry.

2.4.2. WST-1 Assay
The WST-1 colorimetric assay was selected to determine cell viability thus confirming the

relative proliferation rate obtained with the crystal violet assay of the CHOK1 and A549 cells
treated with the different AuNPs. The principle of WST-1 (2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2, 4-disulfophenyl)-2H tetrazolium monosodium salt is the formation of a
water-soluble formazan from WST-1 (tetrazolium salts) by mitochondrial dehydrogenase
enzyme in the presence of intermediate electron acceptor. The chemical reaction results in a
colour change that is proportional to the amount of mitochondrial dehydrogenase and thus

proportional to the amount of metabolically active cells (82).

Both A549 and CHO-K1 (adherent cells) were seeded at 5000 cells/well with a final volume
of 200 pl, cells were then incubated overnight to obtain sub-confluency at 37 °C and 5% CO..
After 24h, cells were treated with suitable AuNP sizes and concentrations to a final volume of
50 pl per well. Treated cells were then incubated for 4 and 24h. The experiment performed for
each selected time period contained a solvent control, positive and negative (untreated cells)
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controls. The positive control for this cytotoxicity assay was 50 pl of 10% DMSO to induce
toxicity. The metabolic activity of the controls and treated samples were then determined by
the addition of the WST-1 reagent (Sigma Aldrich, South Africa). 5 uL of WST-1 reagent was
added to each well and incubated at standard conditions for 3h. WST-1 formazan was
measured and read at a wavelength of 460 nm and a reference wavelength of 620 nm using an
EZ Read 400 microplate reader and data was analysed via Galapagos Expert 1.0.0.0 software.

The percentage of cell proliferation was obtained by:

Absorbancetregted celis % 100

Absorbancecontral cells

Data was expressed as mean + SD. The change in cellular proliferation between the control
and treated samples were considered statistically significant with a p-value < 0.05, P<0.001
and P<0.0001.

2.5.Reactive Oxygen Species (ROS) Production Assay
DCFH-DA is used for the detection of intercellular reactive oxygen species (ROS) production

and oxidative stress. This probe is cell-permeable and is hydrolysed to the DCFH carboxylate
anion which remains within the cell. In the presence of ROS, the two-electron oxidation of
DCFH produces dichlorofluorescein (DCF), a fluorescent product that can be detected by
various procedures such as flow cytometry, fluorescent microscopy and via a fluorescent plate
reader (85). Several studies have shown that metal salts and ions such as AuNPs that possess
reactive sites on their surfaces have the ability to elicit oxidative stress via the production of
ROS (86-88).

Biological triplicates of CHO-K1 and A549 cells were seeded at 2500 cells/well in a 96-well
clear, flat bottom plate and incubated overnight at 37°C and 5% CO2 to allow for attachment.
A 10 mM (w/v) stock solution of carboxy-H2DCFDA (Whitehead Scientific, South Africa)
was prepared by dissolving 19.5 mg of H2DCFDA in 4 ml absolute ethanol. Prior to use, a
final working concentration of 2 uM was prepared in serum reduced media (2%). Culture media
was then removed and cells washed with PBS to remove any trace of original media. Plates
were covered with insulation tape and aluminium foil to ensure protection from light. Samples
were loaded with 100 pl of working carboxy-H2DCFDA dye solution and incubated in the
dark for 30 minutes at 37°C. The carboxy-H2DCFDA dye was removed and cells were washed

twice with PBS. Cells were then treated as mentioned in section 2.1.3 and incubated
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accordingly. Once exposure time was completed media was removed and cells were washed in
PBS (100 ul of PBS was added to each sample) and the production of ROS was analysed via
the FluoStar Omega plate reader at excitation and emission wavelengths of 485 and 530 nm,
respectively.

2.6.Cell death detection using Hoechst and Acridine Orange Fluorescent Staining
Hoechst’s is a bisbenzimide dye used to stain DNA. The dye is excited by UV lasers, mercury-
arc lamps or UV light of xenon at approximately 360 nm. It produces a spectrum of blue light
(460 nm). It is a non-intercalating dye that binds to the small groove at A-T-rich areas. Hoechst
33342 (HO) is a blue fluorescent dye that has the ability to stain chromatin DNA (98). When
Hoechst’s binds to DNA the fluorescence intensifies by 30 fold producing a decent signal-to-
noise ratio. Acridine orange (AO) is a weak basic dye that is able to penetrate cells. AO possess
metachromatic characteristics, when excited with blue light at approximately 488 nm in
monomer form, it fluoresces green whilst in dimer for the fluorescence is orange. The main
features of apoptosis such as chromatin-condensation and fragmentation can be observed
clearly with HO while autophagosomes in cells undergoing autophagy, is shown AO. AO acts
as a pH indicator in living cells, accumulating within acidic compartments (autophagosomes
containing lysosomes) and fluoresces orange/red. When observing morphological changes of
nuclei, healthy nuclei are round and even stained and apoptotic nuclei are usually smaller or
even fragmented and fluoresce more intensely due to the condensation of DNA. When cells
are in mitosis, DNA may appear condensed as apoptotic cells however are distinguishable by
finger-like protrusions indicating chromosome separation. Cells in necrosis are swollen, have

no condensed DNA and cell edges are not clear or well-defined (89).

Exponentially growing A549 and CHO-K1 cells were seeded at a cell density of 5000 cells/per
well in p-Slide 8-well chamber slides (Sigma Aldrich). p-Slides were incubated at 37 °C for
24 hours to allow cell attachment. Samples were then treated according to selected times, AUNP
concentrations and sizes as in section 2.1.3. Hoechst (HO) 33324 (Sigma Aldrich, South
Africa) stock solution (10 mg/ml) was made up and diluted in growth media to give a final
working concentration of 1 pg/ml. A stock solution of acridine orange (AO) was prepared by
dissolving 50 mg AO in 10 ml dH20 (5mg/ml). A 1ug/ml working solution was then prepared.
After the incubation period for each selected time was completed 100 pul of HO solution was
added to the chambers and incubated at 37 °C for 30 minutes, 25 minutes into the incubation
100 pl of 1 pg/ml AO was added to each chamber and left for the remaining 5 minutes. The
HO/AO solution was then removed and cells were washed with PBS to remove excess stain.
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p-Slides were then left to dry for several minutes in a dark area and cell nuclei was then
analysed with a fluorescent microscope (Zeiss) at excitation/emission of 350 and 461 nm. To

prevent fluorescent quenching all samples were stored and examined in a dark room.

Figure 2.5: Hoechst 33324 and Acridine Orange Staining: [A] A549 samples and [B] CHO-
K1 samples. Cells were treated with AuNPs at various concentrations and sizes in 8-well p-

Slides chamber slides and stained with HO 33324 and acridine orange fluorescent stain to

analyse morphological changes in cell nuclei.

2.7.Statistical Analysis:
Crystal violet, WST-1 and the ROS assays’ statistical analysis were carried out using Microsoft

Excel 2013 and GraphPad Prism® 5. All the experiments were done in biological triplicates.
Microsoft Excel 2013 was utilized to correct data, calculate averages for and to establish a
factor allowing results to be expressed as a percentage. Results were imported into GraphPad
Prism® 5 for graphical representation and statistical analysis. Grouped Bar graphs were used
to represent the data and error bars. Two-way analysis of variance (ANOVA), and Bonferroni
post-test was used to obtain statistical significance between the different treatment options and
control samples. The variation between groups were considered statistically significant when

P<0.05, highly significant when P<0.01, and extremely significant when P<0.001.
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CHAPTER 3: RESULTS

3.1. Gold nanoparticle characterization
3.1.1. Dynamic Light Scattering (DLS)

DLS also known as photo correlation spectroscopy is a technique used to determine

hydrodynamic size (90). The polydispersity index (PDI) for DLS represents the intensity of

scattered light by different fractions of particles with varying sizes. PDI <0.1 is considered as

monodispersed. Values between 0.1-0.4 are moderately polydispersed and >0.4 are considered

highly polydispersed (78).
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Figure 3.1.1: Hydrodynamic size of AuNPs. [A] 30 nm AuNPs (d.nm), [B] 50nm AuNPs

(d.nm) and [C] 80 nm AuNPs (d.nm) at 25°C in in a dispersant of distilled water (dH20).
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All samples are moderately polydispersed and produced good quality reports based on

Bhattacharjee (2016). It is rare that NP mixtures are 100% monodispersed and guidelines

stipulate that more than 50% of the NPs within the mixture must be <100 nm to categorise it

as a nanoparticle mixture (78). The mean Z-average diameter for 30 nm particles is 41.16 d.nm

and 80 nm is 86.75 d.nm this is due to the DLS technique measuring Rx and thus producing a

value larger than the depicted NP size. 50 nm particles produced a smaller value at 48.24 d.nm.

The PDI for all samples are stable, moderately polydispersed. PDI was found at 0.124 for
30nm, 0.282 for 50nm and 0.196 for 80nm

3.1.2. Zeta Potential (ZP)
ZP referred to as electrokinetic potential is the potential at the slipping plane of a colloid

particle under an electric field (91).
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Figure 3.1.2: Zeta Potential of AUNPs. [A] 30 nm AuNPs (d.nm), [B] 50nm AuNPs (d.nm)
and [C] 80 nm AuNPs (d.nm) at 25°C in in a dispersant of distilled water (dH-O).

According to Bhattacharjee (2016) all AuNPs used in this study are stable and negatively
charged (78). The stability of AUNPs are dependent on ZP and AuNPs with a ZP less than +25
mV and greater than -25 mV are considered to have low degree of stability (75). As seen in
Table 3 for 30 nm particles, the ZP is -23, 7 mV, 50 nm is -35, 7 mV and 80 nm is -29, 2 mV.
This reveals that particles are moderately and highly stable. ZP is also crucial as it determines
the initial absorption onto the cell membrane. AuNPs ZP between -10 mV and +10 mV are
generally neutral, whereas ZP greater than +30 mV are considered strongly cationic and less
than -30 mV are considered strongly anionic.

Table 3: Zeta potential and DLS analysis of AuNPs. Analysis of DLS represents the

hydrodynamic size dispersity curves (samples are averaged) and ZP depicts the charge and
stability of NPs. Values are graphically illustrated above.

AuUNP Zeta Potential Dynamic Light Polydispersity Index
Sample (mV) Scattering (d.nm) (PDI)

30 -23.7 41.16 0.124

50 -35.7 48.24 0.282

80 -29.2 86.75 0.196

3.2. Cellular Proliferation and Viability

3.2.1. Crystal Violet
In order to determine impact various AuNP sizes and concentrations on the proliferation of

A549 and CHOKZ1 cells, the crystal violet assay was utilized. Crystal violet is a
triphenylmethane dye (4-[(4-dimethylaminophenyl)-phenyl-methyl]-N, N-dimethyl-aniline)
which is commonly utilized to determine the cell number in monolayer cultures by assessing
the absorbance of dye taken up by cells the cells (83). Crystal violet (CV) is an intercalating
dye that enables the quantification of DNA which is always held proportional to the number of

cells in the culture (83).
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Figure 3.2.1: The effects of AuUNP size, concentration and exposure time on CHO-K1 cell



represents samples that are significantly different from the control set. * (P<0.05), ** (P<0.01)
and *** (P<0.001).

Figure 3.2.1 [A]-CHO-K1 cells treated for 4 hours demonstrated that 30 nm particles at all
concentrations caused a significant (P<0.001) inhibition of cell proliferation when compared
to the control. At 5, 10 and 15 pg/ml, cell proliferation was reduced by 56%. In contrast, the
50 nm particles significantly stimulated proliferation across all concentrations with a 28%, 18%
and 24% increase in cell proliferation, respectively. The 80 nm AuNPs decreased proliferation
slightly at concentrations of 5 and 10 pg/ml, but a significant (P<0.05) decrease in cell
proliferation was only observed with the highest concentration. [B]-At 24h post-treatment, 30
nm AuNPs still inhibited CHO-K1 cell growth significantly (P<0.001) but to a lesser extent
than that seen for the 4h treated samples. At the lowest concentration (5 pg/ml) a 48 % decrease
was seen, whilst at 10 and 15 pg/ml a decrease of 36% and 41% respectively, was observed.
In the case of 50 nm particles, 10 pg/ml caused a 5% increase in cell proliferation but, in
contrast to the results in the 4 h samples, a significant reduction of 18%, was seen in the cells
exposed to the highest concentration. At 10 and 15 pg/ml, the 80 nm particles resulted in a
significant decline in cell proliferation of 39% and 40%, respectively. [C]-After 48h, a
significant (P<0.001) inhibition for all concentrations and all AuNP sizes, was observed. In the
case of the 30 nm AuNPs, all concentrations 5, 10 and 15 pg/ml decreased proliferation by
approximately 70%. Cells exposed to the 50 nm particles displayed a dose-dependent decrease
with the highest concentration (15 pg/ml) showing a decrease of 84%. Similarly with 80 nm
particles, cell proliferation was significantly (P<0,001) reduced in comparison to the control
with 5 pg/ml (79, 2%), 10 pg/ml (91.2%) and 15 pg/ml showing a decrease of 90.3%.
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Figure 3.2.2: The effects of AuNP size, concentration and exposure time on A549 cell
proliferation. [A] Cell proliferation 4h post-treatment, [B] 24h post-treatment and [C] 48h
post-treatment. * represents samples that are significantly different from the control set. *
(P<0.05), ** (P<0.01) and *** (P<0.001).

Figure 3.2.2 [A] 4h exposure: 30nm particles did not produce a statistical change in
proliferation across all concentrations when compared to the control. The 50 nm AuNPs caused
a significant dose-dependent decrease of 20%, 37% and 57%, respectively. 80 nm treated
samples showed significant changes at the 10- and 15 pg/ml with a 19% (P<0.05) and 33%
(P<0.001) reduction in cell proliferation. [B]- After 24h, the 30 nm particles had a bi-phasic
effect. At the lowest concentration, proliferation was decreased by 33%, while at 10 pg/ml a
6% increase was observed, although not significant. 50nm AuNPs also had a non-statistical
stimulatory effect at 5 and 10 pug/ml. However, at the highest concentration a 15% reduction in

the number of cells, was observed. Similar to the 30nm AuNPs, the 80 nm at 5 pg/ml
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significantly decreased cell proliferation by 40% while the 10 pg/ml treated cells did not differ
significantly from the control. At the highest concentration, cell proliferation was down by
47%. [C]- After 48h of exposure, the 30 nm and 50 nm AuNPs had a dose-dependent decrease
at 10 and 15 pg/ml of - 23% and 32% for 30 nm and 41% and 68% for 50 nm. In the 80 nm
particle samples, a significant increase of 18% and decrease of 17% was seen at the lowest and
highest concentrations, respectively. The 80 nm AuNPs at 10 pg/ml had no statistical effect
on cell proliferation for both 24 and 48 h time periods confirming previous reports stating that

size does matter.

Results for the 48h exposure time of the CHO-K1 cells revealed at least a 70% decrease in cell
proliferation across all concentrations and all AuNP sizes. Due to CHO-K1 showing such insult
after 48hrs, this time period was eliminated from further experimentation. This study aims to
observe at which parameter cells are tolerant to treatment hence it was excluded.

3.2.2. Cellular Viability

The effects of AuUNPs on CHOK1 and A549 cell proliferation obtained above was verified
using the WST-1 assay. Cells were incubated at both 4h and 24h. Controls included untreated

cells and a sample exposed to 10 % DMSO (positive control).
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Figure 3.2.3: Effects of AuNPs on CHOKZ1 cell viability. Cell viability was measured after
[A1]-CHOKZ1 4h exposure and [A2]-CHOK1 24h exposure to 5, 10 and 15 pg/ml.
Significance is indicated with * (P<0.05), ** (P<0.01) and *** (P<0.001)

Figure 3.2.3 CHOKZ1 cells exposed to 10% DMSO showed a significant (P<0.001) decrease
in the cellular viability in comparison to the control for both 4h and 24h providing the positive
control of this assay. [A1] Similar to the crystal violet result, cell viability was significantly
decreased in cells exposed to 30 nm particles at all concentrations for the 4h incubation. Cells
exposed to 50 nm showed a decrease in viability of 23%, 14.3% and 14, 1% from lowest to
highest concentration, respectively. The 80nm particles at 5 and 10 pg/ml caused a significant
decrease in cell viability whilst at 15 pg/ml had no significant effect on cells after 4h. [A2] —
30 nm treated cells presented with a significant decrease in viability of 13% (10 pg/ml) and
5% (15 pg/ml). At 5- and 10 pg/ml for 50 nm, cells showed no significant changes in viability.
However, at the highest concentration (15 pg/ml), a 14% decrease was seen. CHOK1 cells
incubated with 80 nm particles showed a significant increase in cell viability compared to the
control. An increase of 56%, 51% and 26% was observed at 5, 10 and 15 pg/ml, respectively.
At 24h 80nm Au particles seemed to have a stimulatory effect whilst 30 and 50nm slightly
inhibited cell viability at 10 and 15 pg/ml.
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Figure 3.2.4: Effects of AUNPs on A549 cellular viability. Cell viability was measured
after [B1]-A549 4h exposure and [B2] - A549 24 exposure to 5, 10 and 15 pg/ml.
Significance is indicated with * (P<0.05), ** (P<0.01) and *** (P<0.001).

A549 cells were similarly exposed to 10% DMSO and a significant decrease in viability, as
with the CHO-K1 cells, was observed. [B1] - A significant decline in cell viability of 10% and
13%, respectively, was seen for 30 nm particles after 4h at 5 and 15 pg/ml. In the case of 50nm
treated cells a significant (P<0.001) reduction in viability was observed across all
concentrations. Similarly to 50nm, the 80 nm treatment displayed a significant decrease in cell
viability at all concentrations. The decrease percentage was 30%, 13% and 19% from the
lowest to the highest concentration. [B2] — After 24h, cells exposed to 30 nm revealed a
significant dose- dependent reduction in cell viability. 50nm treatment revealed similar results

to that of 30nm with a significant decline in cell viability across all concentrations with all
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concentrations reducing viability by approximately 26%. A549 cells treated with 80nm
colloidal gold resulted in a significant decline in cell viability of 26, 7%, 14% and 26, 1% at 5,
10 and 15 pg/ml, respectively compared to the control.
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3.3. Oxidative Stress
The effects of AuUNPs on the production of reactive oxygen species (ROS) was measured
using the DCF-DA fluorescent assay and a fluorescent plate reader.
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Figure 3.3. 1: Detection of ROS production in CHOKZ1 cells. Using DCFDA after exposure
to AUNPs (5, 10 and 15 pg/ml). Samples are shown relative to control (untreated samples) over
4 and 24 hours. [A] —30nm, [B] — 50nm, [C] —-80nm, [D] — (all sizes) 4h, [E] — (all sizes) 24h.

Significance is indicated with * (P<0.05), ** (P<0.01) and *** (P<0.001). ?
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Figure 3.3.1. [A] — 30 nm treated samples showed a significant dose-dependent increase in
fluorescence of 102052, 102588 and 118036 rfu at 5,10 and 15 pg/ml after 4h incubation,
respectively. With 15 pg/ml showing the most prominent increase in ROS production. After
24h exposure, samples still presented with significantly increased ROS levels with the lowest
concentration (5 pg/ml) inducing the highest ROS production, at 18421,2 rfu greater than the
control sample (10 000 rfu). [B] — At 4h exposure to 50 nm particles the 5, 10 and 15 pg/ml
treatments significantly decreased ROS levels in comparison to the control sample. However,
after 24 hour treatment the 50 nm AuNPs had the opposite effect and induced a highly
significant increase in ROS levels for all concentrations. [C]- At 4h exposure a significant
increase in ROS was observed at 15 pg/ml (80 nm) of 14 208 rfu. However, after 24h, all
concentrations of the 80 nm particles caused a statistically significant (P<0.0001) increase in
the production of ROS. [D] & [E] represents the production of ROS across the different AUNP
sizes. After 4h exposure, 50nm produced less ROS then the control sample whilst the 30nm
treatment at 15 pg/ml showed the highest ROS production. After 24h, 80nm treatment caused
an outspoken increase in ROS levels whilst cells treated with 30 nm particles showed a decrease
in ROS. The 50nm particles also increased ROS, but not to the extent that the high

concentrations of the 80 nm AuNPs did.
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Figure 3.3.2: Detection of ROS production in A549 cells. Using DCFDA after exposure to

AUNPs (5, 10 and 15 pg/ml). Sample significance are relative to the control (untreated samples)
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over 4 and 24 hours. [F] — 30nm, [G] — 50nm, [H] —80nm, [I] — (all sizes) 4h, [J] — (all sizes)
24h. Significance is indicated with * (P<0.05), ** (P<0.01) and *** (P<0.001).

Figure 3.3.2 [F] - A549 cells exposed to 30nm for 4h showed significant increase in ROS
production compared to the control at 5 and 15 pg/ml by 9228, 8 and 13296, 1 rfu, respectively
where at 10 pg/ml no significant effects were observed. At 24h all concentrations displayed a
significant (P<0.001) increase in fluorescence thus ROS formation. [G]- Cells exposed to 50nm
for 4h has a dose dependent increase in ROS production of 9494,3, 14545,3 and 28481,3 rfu,
with the highest levels of ROS atl5 pg/ml treated samples. After 24h, all concentrations
induced a significant (P<0.001) increase in ROS production. [H]- Samples exposed to 80 nm
particles showed a significant increase in ROS production at 5 and 15 pg/ml. At 24h, all
concentrations significantly increased ROS. [I]- 50nm exposure at 4h had the highest ROS
production among the three sizes. ROS production at 15 pg/ml was the highest for all sizes.
30nm and 80nm also showed increased levels of ROS when compared to the control sample.
After 24h, the three different sized particles at all concentrations caused a significant increase

in ROS with the greatest effect induced by the 30 nm particles.
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3.4. Cell death detection using Hoechst and Acridine Orange Fluorescent Staining
A dual staining (Hoechst/acridine orange) fluorescent microscopy method was employed to

visualise autophagy and the effect of AUNPs on morphology and possible apoptosis induction.
Hoechst 33342 is capable of penetrating intact cell membranes of viable cells and cells
undergoing apoptosis and stains the DNA. Acridine orange is a lysosomotropic fluorescent
compound that serves as a tracer for acidic vesicular organelles including autophagic vacuoles
and lysosomes (92). Cells undergoing autophagy has an increased tendency for acridine orange
staining when compared to viable cells, however acridine orange is not a specific marker for
autophagy and therefore other techniques are needed to verify the appearance of increased

autophagic activity.

30nm 50nm 80nm

4h

24h

48h
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Figure 3.4.1: Morphological changes of selected CHO-K1 cells as shown with either
Hoechst alone or with a dual stain of Hoechst 33342 and acridine orange. Cells were
treated with various concentrations and sizes of AuNPs and were imaged via fluorescent
microscopy using the FITCI filter (40X). Arrows indicate: (1) Apoptotic nuclei (some
bright/intensely stained nuclei indicate apoptosis). [A1]-15 pg/ml, [A2]-10 pg/ml, [A3] - 10
pg/ml (dual stain), [B1]-5 pg/ml, [B2]-10 pg/ml, [B3] - 15 pg/ml, [C1] - 10 pg/ml, [C2] - 5
pg/ml and [C3]-10 pg/ml.

CHOKZ1 cells were treated with 30, 50 and 80 nm AuNPs at 5, 10 and 15 pg/ml. Cells were
then dual stained with Hoechst 33342 and AO and observed under 20X and 40X magnification.
Figure 3.2.1 [A1] - Some apoptotic nuclei was observed at 15 pug/ml. [A2] - displayed apoptotic
formation with most nuclei presenting as normal. [A3]- Nuclei were surrounded by red/orange
structures indicative of pH change, this may be due to autophagic vacuoles and or the presence
of lysosomes. [B1]-Compared to 30nm and 80nm showed a slight decrease in cell density. [B2]
Apoptosis was present as nuclei displayed a change in morphology and [B3] — showing more
apoptotic nuclei than 4h and 24h. [C1]& [C2] - both showed apoptosis whilst [C3] - presented
with most induced apoptosis. At 24h exposure (CHOK1) background staining was heavily
present. This may have been due to inadequate washing or not allowing enough drying time.

However, nuclei are clearly presented.
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Figure 3.4.2: Morphological changes of selected A549 cells as shown with either Hoechst
alone or with a dual stain of Hoechst 33342 and acridine orange. Cells were treated with
various concentration and sizes of AuNPs and were imaged via fluorescent microscopy using
the FITCI filter (40X). Arrows indicate: (1) Apoptotic nuclei. [A1]-15 pg/ml, [A2]-5 pg/ml,
[A3] - 5 pg/ml, [B1]-10 pg/ml, [B2]-5 pug/ml, [B3] - 5- pg/ml, [C1] - 15 pg/ml, [C2] - 5 pg/ml
and [C3]-15 pg/ml.
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In A549 cells Figure 3.2.2 [A1], [A2] and [A3] all showed fairly consistent cell density with
4h and 48h showing apoptosis, however not much. [B1]& [B2] displayed a decrease in cell
density whilst [B3] - Apoptosis was present at 5 pg/ml. [C1]- Apoptosis was seen indicated by
the change in morphology along with nuclei undergoing mitotic division (anaphase) this was
indicated by the finger-like projections and segregation of the chromosomes. [C2]-Nuclei did
show a change in structure however majority appear health. [C3] — A decrease in cell density

was seen and nuclei seem to have varying fluorescent intensity

As observed in the viability and proliferation assay the A549 cells seem to be more tolerant to
AUNP treatment at different time periods in comparison to CHOK1 cells. Although A549 cells

also present with apoptosis, it is not as frequent as in CHOKZ1 cells.
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CHAPTER 4: DISCUSSION

Nanoparticles, typically 10 — 1000 nm in diameter, have potential in chemistry, engineering,

biology, and medicine (34).

According to the World Health Organization (2020), in 2018 cancer accounted for an estimated
9.6 million deaths, with lung cancer being the most frequently diagnosed. Additionally,
Newhauser et al (2015) reported that 50% of patients receive radiotherapy as treatment,
however the high incidence of treatment-related illness in cancer survivors such as additional
cancers, cardiovascular diseases and fertility problems are alarming (93). Furthermore, radio
resistance is inherent of tumour cells and remains an unsolved problem (94). Significant effort
has been devoted to the use of gold nanomaterials with distinct physical, chemical, and

biological properties for use in nanomedicine.

With substantial advances observed in the field of diagnosis, treatment, disease prevention,
preserving and improving human health, researchers are becoming more optimistic regarding
the development of novel strategies to address biological issues (95). AuNPs exhibit good
biocompatibility and controlled bio-distribution patterns which make them an ideal candidate
for the basis of innovative therapies (96). In addition, the technological improvements in
radiation therapy has led to an increased interest to implement gold-based nanomaterial as
radiosensitizer. Their radiation sensitization potential could be attributed to their high mass
energy absorption linked to their high atomic number (97). By combining radiation with
AuUNPs, an advantage has been seen in dosing capabilities and improved tumour control
(62,98).

The main aspect of this study was to explore the in vitro cytotoxic effects of various AUNPS on
a normal cell line, (CHO-K1) and a lung cancer cell line (A549). The aim is to determine the
optimal time, dose, and ideal size of the AuNP that has the least adverse effect on cell viability
to develop a non-toxic AuNP probe than can be employed in vivo and eventually in a clinical
setting. AUNPs have been known to exhibit great potential as radiosensitizer, the strategy is to
prime the cells with the optimal AuNP for a specific time and irradiate the cells inducing
damage to the AuNP treated cells whilst limiting the dose to the surrounding (healthy) tissue,
thus, yielding a greater therapeutic effect (99).
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4.1 AuNP characterisation

For this baseline study, commercially purchased AuNPs, were used. The stability of AuNPs
plays a major role in their application and can be controlled by various methods such as
increasing electrolyte concentrations, adjusting the solution pH, adding different inorganic
salts, etc. (100). AuNPs were coated with citrate ions by Sigma-Aldrich (Johannesburg South-
Africa) causing a reduction in gold ions to atoms for stabilization (101). The citrate acts as a
protective agent via electrostatic repulsion and prevent agglomeration of the metal
nanostructures (100). Characterization via DLS and ZP were performed to obtain conclusive
results on size and surface charge, since the properties of AuNPs play a significant role in their
interaction with the cells.

4.1.1. Dynamic Light Scattering

The citrate stabilized commercially purchased AuNPs were characterized for both size
distribution and stability. DLS characterization revealed larger particle sizes than the purchased
AUNP size. 30 nm particles measured 11, 16 d.nm greater, 50 nm at 18, 24 d.nm smaller and
80 nm at 6, 75 d.nm greater than the core size. The larger measured sizes may be due to the
hydrodynamic radius (Rn), the hydrodynamic radius is a hypothetical hard sphere which
diffuses with equal speed as the measured particle (78). In most cases when distributed
particles are hydrated or solvated the surface of the NP is changed dependent on the adsorbed
layer, the particle surface absorbs proteins, forming a protein corona (78). This corona is
characterized by a soft and hard component, the soft corona is a loose layer found above the
hard corona made up of molecules with various sizes and charges (102). The hard corona is the
inner stable layer closely bound to surface particles (103). Smaller particles tend to aggregate
and thus displaying higher Ry (78) this can clearly be seen with the 30nm particle. 50 nm
particles however showed a decrease in size this could be explained by Nobbmann et al (2016)
the smaller size measurement can be is due to electrostatic interactions: particles caught in a
confined space, bounces off equally-charged neighbours with higher speed than when freely
diffusing, thus the faster movement of particles are measured as a smaller apparent size (104).
The poly dispersity index (PDI) describes the degree on non-uniformity of a size distribution
of particles (105).All samples (30, 50 and 80 nm) were found to be moderately polydispersed

with values less than <0.4 yet greater than 0.1.
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4.1.2. Zeta Potential (ZP) determining surface charge of the AUNPs:

ZP analysis provides useful information regarding the stability of colloidal AuNPs, it also
provides information about whether NPs are positively or negatively charged, which play an
important role in their properties and functions (27). Goodman et al (2004), showed that
positively charged (cationic) AuNPs showed moderate toxic effects whilst negatively charged
(anionic) AuNPs was non-toxic (38). NP-mixtures are classified as + 0-10 mV, + 10-20 mV, £
20-30 mV and + 30 mV: highly unstable, fairly stable, moderately stable and highly stable,
respectively (78). ZP analysis revealed that 30, 50, and 80 nm AuNPs have a surface charge of
-23.7,-35.7, and -29.2 mV, respectively. This reveals that all samples are anionic, with 30 nm
and 80 nm being moderately stable and 50 nm highly stable as seen in Table 3, the negative
charge is attributed to the citrate-buffer ensuring good NP stabilization (106).

AUNPs uptake by cells occur via two steps, first binding to the cell membrane and then
secondly, the internalization of AuNPs into the cell, which occur via receptor mediated
endocytosis (107). The binding to the cell membrane is mostly affected by the surface charge
of NPs (108). Honary and Zahir (2013) reported that NPs with a higher surface charge bound
strongly to the cell membrane and show a higher cellular uptake (109). In other studies, the 50
nm AuNP stabilized in citrate had a negative charge, as well as have the highest cellular uptake
by cells, when compared to other AuNP sizes (63). The high negative charge of AuNPs also
aids in stabilization and prevents aggregation. Cellular growth media contains serum proteins,
amino acids, vitamins, electrolytes, and other chemicals which could interact with the NPs and
change their aggregation state and other physiochemical properties (110). However, NPs in an
aqueous solution aids in surface charge stabilization and prevents aggregation via electrostatic
repulsion (111). Wang et al (2016) investigated the best method for running ZP and concluded
that water was the best medium to ensure good data reliability (112). As mentioned in section
2.1.1., AuNPs characteristics were carried out in water and therefore the data can be considered

accurate.

4.2. Cell Proliferation
AuNPs are generally considered highly biocompatible due to their inert nature (113,114)

nevertheless literature reported the cytotoxic effects of AuNPs on cells (115,116). Studies
suggested that AuNPs toxicity is dependent on size, shape, surface charge, coating,
concertation and cell line. (51,117). The crystal violet assay evaluated the cell proliferation of
CHO-K1 and A549 cells after exposure to different AUNP parameters to establish the overall

cytotoxicity, as the molecular interactions of AuNPs in cells remain largely unexplored.
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As seen in this particular study, CHOK1 cells are extremely sensitive to 30 nm gold particles
at all concentrations at all exposure times, indicating that 30 nm is not ideal in this particular
cell line as it results in the most outspoken cytotoxic effect. At 4h cell proliferation was
decreased by 56% across all concentrations and similar results were displayed for both 24 and
48h. A study by Vechia et al (2020) reported that 30nm particles showed high cytotoxicity in
NIH3T3 cells when compared to other AuNP particle sizes, the study attributed this toxicity to
the accumulation of particles within the cells (106). Additionally Coradeghini et al (2013)
reported that the size and the internalization of AuNPs are crucial factors when assessing the
toxicity of NPs (118). Vechia et al (2020) continued to report that 30 nm particles displayed
toxicity in both HeLa and B16F10 cells however, AuNP treatment seemed to have a greater
effect on HelLa cells, thus demonstrating that sensitivity to AuNPs differ across cell lines. This
was shown by Chueh et al (2014) where the effects of AuUNPs were investigated on various
mammalian cell PK-15, Vero, NIH3T3 and MRC5 demonstrating a variation across cells in
response to the same treatment (35). On the contrary, as seen in Figure 3.2.1. 50 nm particles
induced a significant (P<0.001) increase of 28%, 19% and 24% in CHOKZ1 cell proliferation
after 4h of exposure at 5,10 and 15 pg/ml, respectively. A recent study indicated that 18 nm
AUNPs have the ability to penetrate cells, yet not result in toxicity (37). Chithrani et al (2006)
reported that maximum uptake into HelLa cells occurred at 50 nm AuNPs when compared to
14 and 74 nm particles (58). Similarly, Yue et al (2018) revealed after 24h treatment, 50 nm
gold nanoparticles had the greatest cellular uptake in U87 cells. Both studies reported that
although maximum cellular uptake occurred at 50 nm no cytotoxicity was observed, cell
proliferation was at 98 % and greater than 80%, respectively (58,119). Research shows that
certain AuNP sizes and concentrations may increase cellular proliferation and that toxicity of
the NP is time-, size-, and concentration-dependent. After 24h, 50 nm AuNPs induced a dose-
dependent effect in CHO-K1 cells. 50 nm AuNPs revealed a 5% increase in cell proliferation
compared to the control with only 15 pg/ml having a significant (P<0.05) decrease in
proliferation. This result was also observed by Lu et al (2010) that found low concentrations
of AuNPs may stimulate proliferation and at higher concentrations may result in loss of swollen
mitochondria and chromatin condensation resulting in a toxic effect (120). Li et el (2016)
found that 60 nm AuNPs resulted in efficiently increasing proliferation in Human Periodontal
Ligament Stem Cells (hPDLCs) when compared to 20, 40 and 80 nm (8). The finding in Figure
3.2.1 [A] coincide with these, as observed 50 nm AuNPs increased cell proliferation by 28 %,
19% and 24 % at 5, 10 and 15 pg/ml. Whilst at 30 and 80 nm AuNPs showed significant
decreases at 15ug/ml after 4 h and at both 10 and 15 pg/ml after 24 h, the lowest concentration
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showed to have no effect on cell proliferation however at both 4h and 24h a dose-dependent
decrease in cell proliferation was seen thus presenting that AUNPs smaller and larger than 50nm
resulted in the inhibition of proliferation thus in agreeance with the previously mentioned
studies. At 48 h of exposure CHOKZ1 cells revealed that at all AUNP sizes 30, 50 and 80 nm
across all concentrations 5, 10 and 15 pg/ml had a significant (P<0.001) decrease in cell
proliferation. It can thus be said that the duration of exposure played a major part in the toxicity.
Thus when comparing 30 nm, 50 nm and 80nm AuNPs it is clear that the smallest AuNP size
produced the greater cytotoxic effect. This may be due numerous factors such as smaller

particles being endocytosed by cells and aggregating (121).

Cell proliferation in A549 cells were increased after treatment with 30 nm after 4h, although
not significant an increase was observed. These results correspond with that of Liu et al (2014)
where AuNPs (20 and 40nm) induced stimulation of A549 proliferation. The study indicated
that smaller particles resulted in cytotoxicity due to the ability to penetrate cells and cellular
compartments. Based on the finding the study alluded that AuNP treatment showed a strong
size and cell type-dependency (122). 50 nm particles showed a significant dose-dependent
decrease in proliferation of 20, 4%, 37, 3% and 56, 5% at 5, 10 and 15 pg/ml after 4h treatment.
Similarly, 80 nm showed a significant cytotoxic effect at the higher concentrations of 10 and
15 pg/ml. As mentioned above this corresponds with Lu et al (2010) that higher concentrations
may result in adverse cellular effects (120).

After 24h A549 cells revealed a significant decrease at 5 pg/ml for both 30 nm and 80 nm
AuUNPs. This contradicts literature, that lower concentrations are less toxic compared to higher
concentrations (120). As mentioned by Liu et al (2014) A549 cells displayed an increase in
proliferation even after 48h, the results, at 48h A549 cells showed a dose-dependent decrease
in cell proliferation. However, compared to 30 nm treatment, the cells seem to be affected to a
greater extent. Thus when comparing the effects of AuNP sizes and concentrations on A549
cells, 50 nm and 80 nm AuNP treatment at 15 pg/ml (for all exposure times) showed the most
significant cytotoxic effects (Figure 3.2.2). Sun et al (2019) did an investigation on the anti-
cancerous effects of ~50 nm AuNPs on A549 cells. It was reported that cell death was
concentration-dependent and the IC50 found at 15 pg/ml, (123). Research showed that certain
sizes and concentrations of AuNPs have promoting effects on cell proliferation as seen with
the 50 nm AuNP in the CHO-K1 cell line and that cytotoxicity of AuNPs is size-,

concentration-, and time-dependent (8).
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4.3. Cell Viability
The WST-1 assay was utilized to determine the effects of AuNPs on cellular viability. WST-1

was employed to confirm the proliferation results obtained from the CV assay.

CHOKZ1 cells treated with 30 nm particles for 4h showed a significant decrease in cellular
viability for all concentrations. This indicated the amount of metabolically active cells were
reduced at all concentrations compared to the untreated samples. After 24h, 30 nm AuNPs
caused a significant decreased at 10 and 15 pg/ml (P<0.05). The lowest concentration seemed
to have no effect. These findings coincide with cell proliferation results that at 30 nm AuNPs
caused a significant decrease in cell proliferation and displayed increased cytotoxicity. CHOK1
cells treated with larger particles, 50 and 80nm, revealed a decrease in cell viability. After 4h
at 50nm all concentrations displayed an inhibitory effect whilst for 80nm only 5 and 10 pg/ml
showed a significant decrease in cell viability. However, after 24h of treatment 50 and 80 nm
treated cells indicated an increase in cell viability for 50 nm at 5 and 10 pg/ml and for 80nm at

all concentrations.

Ab549 cells treated with 30 nm particles for 4h revealed at 5 pg/ml a significant decline of 10%
and at 15 pg/ml a significant increase in viability of 13%. However, after 24h all concentrations
had a significant (P<0.001) decreasing effect on cell viability. When treated with 50 nm
particles, A549 cells for both 4h and 24h showed significant (P<0.001) reduction in cell
viability. Additionally, 80nm treated cells presented a significant reduction across all
concentrations after both 4h and 24h. Rosli et al (2015) described that 50nm AuNPs resulted
in high levels of toxicity compared to 13 nm and 70 nm particles in MCF-7 cells. The study
indicated that the level of toxicity caused by 50 nm particles was due to the rate and extent of
AUNP uptake. According to literature AuUNPs enter the cells via receptor mediated endocytosis
faster and more efficiently compared to other particles of a simpler size (58). The reason for
this is theoretically based on the wrapping effect, this effect describes how the cell membrane
encloses the AuNP. The factors that play a vital role in how fast and how much particles are
taken up is the free energy from ligand-receptor interaction and the receptor diffusion kinetics
on the sites of the cellular membrane. The study confirmed that toxicity was found at higher
concentrations and this phenomenon is explained by the fact that lower concentrations of
AUNPs possess less AuNP in solution resulting in lower ligand-receptor binding whilst at
higher concentrations more AuNPs are present, leading to faster and more abundant binding
thus shorter wrapping time and more effective uptake (124). Investigation of how the AuNPs
are taken up by the cell was not examined, however as mentioned above, research indicate that
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AuNPs with a diameter between 40-60 nm have the best cellular uptake efficiency via
endocytosis (122). These findings correlate with that in this study, that at 50 nm, significant
toxicity in A549 cells is observed. Although cytotoxicity is also seen at higher (80nm) and
lower (30nm) sizes, the 50 nm particles caused higher levels of cytotoxicity. This may indicate
that in A549 cells, maximum uptake occurred at this particular size, with emphasis on the high
concentration of 15 pg/ml. In contrast to the lung cancer cell (A549), the 50 nm AuNPs
increased cell proliferation in the normal CHOK1 cells (Fig.3.2.1B). After 4 hours, the 5 pg/ml
AUNP had a stimulatory effect with an 8.8% upsurge in cell proliferation when compared to
the control. At 10- and 15 pg/ml AuNPs, only a 0.4% reduction in cell proliferation was
observed in the CHO-K1 cells.

Various AuNP sizes are taken up differently by the cell and therefore have diverse uptake rates.
The dissimilar uptake by different cells might explain the higher reduction of proliferation of
cells after exposure to 50 nm AuNPs treatment in A549 cells and the increase in proliferation
observed in the CHOK1 cells after 50 nm AuNP treatment. However, more detailed

investigations are necessary to determine subcellular events.

4.4. Oxidative Stress
Elevated ROS can result in mitochondrial and DNA damage causing program and accidental

cell death (125). Therefore, the H2DCFDA fluorescent assay was used to determine the level
of ROS production caused by AuNP.

30 nm treated CHOKZ1 cells (Figure 3.3.1) show a significant (P<0.001) increase in ROS
production after both 4h and 24h exposure. Surprisingly, cells treated with 50nm revealed a
significantly lower production in ROS after 4h compared to the control sample (Figure 3.3.1).
This can be explained by cells being able to adapt to their environment and overcome the initial
stages of shock when exposed to the AuNPs. Similarly, Wu et al (2011) showed that cells
exposed to oxidative stress can either adapt or become injured (126). Oxidative stress is on of
the main mechanisms of nanoparticle-induced cytotoxicity, particularly metallic nanoparticles
like AuNPs (127). In cellular systems the evaluation of ROS by AuNPs has shown to cause
numerous biological effects which lead to either apoptosis or necrosis.  The exact mechanism
between AuNPs and the production of ROS is not full understood, however it is predicted that
that AuNP-induced oxidative stress occurs via the impairment in mitochondrial functions due
to an increase in intracellular ROS levels (127). Literature has reported a dose-dependent
increase in ROS levels elicited by 10-15 nm citrate AuNPs, this was associated with an increase

in caspase 3 and 7 which lead to apoptosis by mitochondrial dysfunction (128).
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The control set was not treated with AuNPs yet produced a higher ROS production in
comparison to exposed samples. This could be explained that oxidative species are not only
formed under pathological situations (various diseases) but even under non-pathological events
such as cellular metabolism (126). Studies have shown that culture media containing serum
may affect DCF fluorescence (129) thus in this study as seen in section 2.5 serum reduced
media was utilized but, even though the serum was reduced to 2% it could still have resulted
in an increase in the fluorescent reading leading to the higher ROS production within the
control sample. It has also been said that the fluorescent probe can be inefficient due to their

ability to react with a variety of reactive species, causing misleading results (130).

All AuNP sizes after 24h showed a significant increase in ROS production. Additionally, an
increase in ROS production was observed as the concentration of AuNPs increased. Similar
results were found by Lee et al (2019), they concluded that the level of ROS correlates with
the concentration. Exposure to high levels of AuNPs overwhelms the antioxidant system and
results in cytotoxicity and inflammation. The concentration of ROS in cells can rise
significantly, reaching the threshold that can trigger program cell death (116,131). As
demonstrated by Mateo et al (2014) cell lines have different maximum ROS levels. The study
showed that for HL-60 cell and HepG2 reached a maximum after 24h and 1h respectively
(131). This could explain why after 24h treatment in CHOKZ cells all sizes revealed a
significant ROS production. Overall, no noticeable differences were detected in ROS
generation in the cells exposed to the different sized AuNPs. This was upheld by Mateo et al
(2015) as they concluded that AuNP induced cytotoxicity mediated by oxidative stress is
independent of the AuNP size (131).

For 30nm and 80nm AuNPs at 10 pg/ml, no significant effect on A549 cells were seen.
However at the lowest and highest concentrations a significant increases in ROS levels were
observed. A549 cells showed a significant (P<0.001) increase in ROS production after 24h
exposure for 30nm, 50 nm and 80nm particles. Thus displaying similar results to that of
CHOKT1 cells where all AuNPs showed a substantial increase in ROS after 24h exposure at all
concentrations. It is clearly seen from (Figure 3.3.2 | and J) that after 4h, 50nm resulted in the
highest ROS production and after 24h, the 30nm particles displayed the highest ROS levels in
the A549 cells. This is possibly due to oxidative stress and cytotoxicity of the AuNPs as it has
been shown that AuNPs sometimes impair mitochondrial function. Taggart et al (2014)
demonstrated that 1.9 nm AuNPs (500ug/ml) caused oxidation of the mitochondrial membrane

protein, cardiolipin and cell specific disruption of mitochondrial membrane potential (132).
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The oxidation of cardiolipin initiates the intrinsic apoptotic pathway, by releasing cytochrome
c into the cytosol (133). Both human breast adenocarcinoma and T98G (human glioblastoma
multiforma tumour) cells showed oxidation of cardiolipin in the presence of AuUNPs. The effect
of AuNPs on the mitochondria might be also directly related to DNA damage upon the
exposure to AuNPs, as mitochondria have been shown to play a role in the induction of DNA
damage (132).

4.5. AuNP-induced Apoptosis
The distribution and morphology of the cell’s nucleus are indicators for cell cycle progression,

itaids in distinguishing between cell types, mutation identification or changes induced by drugs
(134). Apoptotic cells show changes in cell morphology characterised by condensation of
chromatin, DNA cleavage, loss of cell volume, blebbing of plasma membrane and nuclear
fragmentation (135). Having a compound-drug that has the ability to trigger apoptosis in
cancerous cells is very desirable in cancer treatment. The effect of AUNPs on cell morphology
and cell death was detected via fluorescent staining with Hoechst 33342 and acridine orange

dye.

As seen in Figure 3.4.1 at 4h and 24h although apoptosis is present it is only to a small extent.
Apoptosis or programmed cell death is an important process in the development of
multicellular organisms (135) and is present even in the absence of insult. At 48h, cells were
observed with orange/reddish staining surrounding the nucleus, this can be explained by AO
acting as a fluorophore that accumulates in acidic vesicular organelles such as autolysosomes.
The AO then dimerizes resulting in @ metachromatic shift from green to red, this may then be
measured for late-stage autophagy (135,136). Thus autophagy is observed at 30 nm AuNPs
at 48h. Changes in cell density can be seen at 48h for 30 nm and 50 nm this may be indicative
of the cytotoxic effect of AuNPs to long exposure periods. It can thus be concluded that for
CHOKZ1 cells, AuNPs in this study did affect the cells on a cellular level (confirmed via WST-
1, CV and ROS assay), but the cytotoxic effects cannot be ascribed to apoptosis induction.
Similarly, A549 cells did not present much apoptosis. At 24h no apoptosis was observed, nuclei
were all healthy and evenly fluorescent. Several researchers report that change in fluorescence
(brighter) is typical of early apoptosis (89,137), and although this was present , a different type
of cell death is possibly that cause of the decrease in proliferation observed in both cell lines.
These results show that neither CHOK1 nor A549 cells had AuNP induced apoptosis. However,
the application of a triple stain method using Hoechst, Acridine Orange and Propidium iodine

may provide a better conclusion to the particular cell death.
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SUMMARY AND CONCLUSION

DLS and ZP analysis was conducted for validation of AuNP size and surface charge,
respectively. DLS showed the expected increased Ry for both 30nm and 80 nm AuNPs. For 50
nm particles, the size decreased to 48.24 d.nm, this result could be explained by electrostatic
effect also known as interparticle or intermolecular interactions (104). All sizes (30 nm, 50 nm
and 80 nm) showed to be moderately polydispersed. All sizes are anionic and stable. The
AuNPs were citrate coated and based on the characterization results was suitable to use in this

particular investigation.

When investigating the impact of AuNPs on cellular proliferation 30 nm particles showed to
be the most cytotoxic to CHO-K1 cells across all exposure times by resulting in a significant
decrease in cell proliferation. On the contrary 50 nm particles caused a significant increase in
proliferation after 4h exposure. This finding indicates that 50 nm particles are optimal for
treatment in CHO-K1 cells as no cytotoxicity is induced. Conclusive results however cannot
be made without further investigation and possibly more cytotoxic assays. It was evident that
48h exposure was too long for CHO-K1 cells across all sizes and all concentrations. Significant
reduction in proliferation was observed. This shows that when treating CHO-K1 cells 48h may
not be ideal and that shorter exposure times should be investigated. However, after 24h and
48h a dose-dependent effect was seen. A549 cells although not significant, showed an increase
in cell proliferation after 4h incubation. 50 nm and 80 nm AuNPs at 15 pg/ml had the most
prominent effect on A549 cells across all time periods, at the highest concentration these sizes
had a significant (P<0.001) decrease on cellular proliferation. As for 5 and 10 pg/ml results
varied across size and exposure times. This study showed that different cells display different

sensitivity to AUNP treatment.

When observing cell viability by WST-1 results were conflicting for both CHO-K1 and A549
cells. For CHO-K1 cells treated with 30 nm AuNPs cytotoxicity was seen and this corresponds
with the CV results. However, at 50 nm and 80 nm exposure results were contradictory, 50 nm
after 4h did not display an increased viability but rather a decrease. With 80 nm AuNPs after
24 h, a significant increase in cell viability was seen with WST-1 but not the case with CV (cell
proliferation). This was also observed in A549 cells, however WST-1 results coincides with

CV that 50 nm and 80 nm AuNPs at 15 pg/ml is cytotoxic. The conflicting results may be
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explained Bahadar et al (2016) that cytotoxicity is dependent on the type of toxicity assay, cell

line, physical and chemical properties (34).

The ROS production analysis showed that after 24h exposure significant increase in ROS levels
were seen for all sizes at all concentrations for both CHO-K1 and A549. For CHO-K1 cells
results for ROS production corresponded with that of CV. At 30 nm AuNPs for CHO-K1cells,
cells seem to adapt and decrease ROS levels after 24h. It is however clearly seen that 30 nm
AUNPs induce oxidative stress whilst at 50 nm AuNPs the control sample produced a higher
ROS level. For A549 results once again coincide with that of both cell proliferation and
viability results. At 50 nm and 80 nm AuNP exposure 15 pg/ml produced significant ROS.

Oxidative stress showed to be concentration-dependent for A549 cells.

The examination of cell death via dual staining showed that although morphological changes
in nuclei were seen it was not enough to deduce it as AuNP-induced cell death. Thus for
particular study AuNP effects were on a cellular level. However, additional staining methods

should be employed to determine the exact type of cell death.

The study provided a baseline assessment showing that AUNP toxicity is size, concentration,
cell-type and even time-dependent. This is one of the reasons why there are many contradiction
in scientific literature on the cytotoxic effects of AuNPs. This study illustrates that conclusions
should not be generalized as the results of in vitro will always differ depending on AuNP size,
concentrations, incubation time and cell type under investigation. Therefore, a broader range
of cell lines need to be evaluated with set parameters, conclusive results can then be made on
particular cells with particular parameters. However, for this study it was seen that AUNPs
have stimulatory effects on cell viability and proliferation in normal (non-cancerous) cells. It
also showed significant oxidative stress in cancerous cells. It can thus be postulated that 50 nm
AUNPs at 24 hours could be an optimal probe for radiosensitization analysis, as it stimulated
non-cancerous cells (CHO-K1) whilst having an cytotoxic effect on cancerous cells (A549).
These findings can thus be utilized to employ the optimal AuNP to be used as a radiosensitizing
particle in cells. In the future, it might provide an opportunity to develop target specific
treatment as AuNPs can be highly functionalized. This study contributes to the understanding
of how AuNP effects change within different cell models and that there is still an extensive
amount of in vitro and in vivo research required to fully understand the mechanism of AuNPs

before any clinical applications.
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Future Studies: Internalised citrate coated spherical AuNPs should be quantified via
inductively coupled plasma atomic emission spectroscopy (ICP-AES) to explain different
results found in ROS and viability assay and be further investigated for their radiosensitivity
effect before used in clinical environment for radiotherapy. In addition, AuNPs can be
investigated with respect to how it affects the cell cycle kinetics, using bromodeoyuridine

(BrdU) proliferation and different cell death assays.
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