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Abstract

Introduction

Typha capensis (T. capensis), commonly known as bulrush, is a medicinal plant found growing
in the wetland areas of South Africa. In traditional medicine, rhizome decoctions of T. capensis
are used to treat a wide variety of ailments, including venereal disease, dysentery, diarrhoea
and low libido in men. Previously, T. capensis rhizomes were shown to be a rich source of
antioxidants, such as catechin and epicatechin, inhibiting both reactive oxygen species and
reactive nitrogen species. The antioxidant capacity of such plant species serves as a reservoir
of electrons to transport them into gold salt for the production of gold nanoparticles through
green nanotechnology. Therefore, this study aimed to investigate the application of T. capensis

in green nanotechnology and nano-medicine.

Material and methods

This study investigated the synthesis of gold nanoparticles (AuNP’s) from two aqueous T.
capensis extracts, the S1 and S2 extracts, along with the bioactive compound naringenin. The
following parameters were used for AUNP characterisation: spectrophotometry, dynamic light
scattering, zeta potential, transmission electron microscopy (TEM), Folin-ciocalteu phenol
assay, inductively coupled plasma mass spectrometry (ICP-MS). Hereafter, the effects of these
AuNP’s were investigated toward the LNCaP and PC-3 prostate cancer, Pancl pancreatic
cancer, and HAEC human aortic endothelial cell lines over 24, 48 and 72 hours. Additionally,
possible AuNP cell internalisation was investigated in the LNCaP and PC-3 cells by dark field
hyperspectral microscopy, and definitive AuNP-cell internalisation in PC-3 cells by TEM
imaging. Finally, selected AuNP’s, along with the S1 extract and naringenin, were investigated

in vivo using SCID-mice bearing PC-3 prostate cancer tumour xenografts.
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Results

Aqueous T. capensis rhizome extracts produced AuNP’s in a single step reaction, yielding the
S1-AuNP’s, S1x2-AuNP’s, S2-AuNP’s and S2x2-AuNP’s. Similarly, the isolated bioactive
compound naringenin also produced AuNP’s when the reaction was controlled at pH 7 and pH
8, yielding the Ng-AuNPs pH 7 and Ng-AuNP’s pH 8. These particles proved to be highly
stable, showing no agglomeration over time. The extracts, naringenin, and their subsequent
AUNPs yielded comparable levels of toxicity toward the LNCaP cells at each time point.
Compared to the S1 extract, the S1-AuNP’s yielded significantly (P=0.0001, P=0.0004,
P<0.0001) greater reduction in PC-3 cell viability at the highest concentration used, over each
time point. Similarly, the highest concentration of the S2-AuNP’s produced significantly
(P=0.0319, P=0.0006, P=0.0003) greater reductions in PC-3 cell viability at each time point in
comparison to the S2 extract. The highest concentration of the Ng-AuNP’s pH 8 were also
found to yield significantly (P=0.0009, P=0.0002, P=0.0125) greater reductions in PC-3 cell
viability over each time point. The S1-AuNP’s, S1x2-AuNP’s, S2-AuNP’s, S2x2-AuNP’s, Ng-
AuNP’s pH 7 and Ng-AuNP’s pH 8 yielded improved toxicity toward Pancl cells in both a
dose- and time-dependent manner. However, each AuNP formulation, along with their extract
or bioactive compound counterpart, produced a degree of dose and time-dependent toxicity
toward the non-cancerous HAEC cell line.

Under in vivo conditions, the S1 extract and S1-AuNP’s were well tolerated by SCID-mice
bearing PC-3 prostate cancer tumour xenografts, with 1.5 mg/kg of the S1-AuNPs significantly
(P=0.0027) inhibiting tumour growth by the end of the study. Additionally, 1.5 mg/kg of the
S1-AuNP’s yielded a significantly (P=0.0339) lowered neutrophil to lymphocyte ratio by the
end of the study. Similarly, naringenin at a dose of 0.5 mg/kg, and the Ng-AuNPs pH 8 at 0.5
and 1.5 mg/kg significantly (P=0.0038, P=0.0038, P=0.006) inhibited tumour growth, and

greatly improved bodyweight by the end of the study.
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Conclusion

In summary, the collected data showthat highly stable gold nanoparticles, encapsulated with a
plethora of phytochemicals from both Typha capensis and the bioactive compound naringenin,
have been synthesized through a single step process. These nanoparticles exhibited robust
stability under in vitro conditions and clear signs of cell internalisation, observed using dark-
field microscopy and TEM. When compared to the effects of the extracts, similar levels of
toxicity were observed in the case of the LNCaP and PC-3 cells. However, these nanoparticles
were found to yield improved toxicity toward Pancl cells in both a dose- and time-dependent
manner. Furthermore, the present study demonstrated for the first time the positive therapeutic
effects of T. capensis extract toward prostate cancer under in vivo conditions, adding a degree
of validity to its clinical usage suggested by lifergane (2016). However, these positive effects
were not found to be improved, nor maintained, by nano-encapsulation of the extract. The Ng-
AuNP’s, however, were able to maintain the anti-cancer effects of free naringenin under in vivo
conditions, having favourable outcomes toward tumour growth, body weight and blood

parameters in tumour-bearing SCID-mice
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Chapter 1
Introduction
1.1 Nanotechnology
Nanotechnology refers to the branch of science dedicated to studying and controlling molecules at
the nano-meter scale (10°°) in one or more dimensions, with the ultimate goal of gaining control of
structures and devices at the atomic, molecular and supramolecular level (Mansoori and Soelaiman
2005; Wong et al. 2013; Krishna et al. 2018). Being a rapidly developing field, nanotechnology has
been applied to various different areas including contaminant and heavy metal removal, imaging,
antimicrobial research, bio-sensors and the realm of cancer therapeutics (Mody et al. 2010; Babu et

al. 2013; Lee et al. 2014; Krishna et al. 2018).

1.2 Nanoparticles

A common definition of nanoparticles are structures ranging between 1-100 nano-meters (nm),
which often possess properties significantly different from the bulk material used to create them
(Hasan 2015). Many different types of nanoparticles exist, ranging from those synthesised from
metals such as gold and silver nanoparticles (Mody et al. 2010; Hasan 2015), nanoparticles
synthesised from organic or synthetic lipids, such as liposomes (Shapley and Mello 2011; Bhatia
2016), and polymeric nanoparticles synthesised from biodegradable or biocompatible polymers

(Shapley and Mello 2011; Bhatia 2016).

1.3 Gold nanoparticles

Gold nanoparticles, otherwise known as colloidal gold, occur as a suspension of nano-meter-sized
particles of gold that can occur in different shapes, such as spheres, stars, cubes and rods, have
different sizes and possess varying degrees of surface charges, known as zeta-potential (Mody et al.

2010)
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1.3.1 Historical overview of gold nanoparticles

Gold has been revered by many civilisations who held it in high regard, considering it a highly
valuable substance, having significant decorative and medicinal applications. As far back as the 5™
century BC, colloidal gold was considered to have medicinal properties and was highly sought after
by Chinese, Arabian and Indian civilisations (Sharma et al. 2009; Sajanlal and Pradeep 2012). An
example of this would be the medicinal tonic preparations known as saraswatharishtan and
makarandwajan used in the Indian system of medicine known as Ayurveda (Sharma et al. 2009;
Sajanlal and Pradeep 2012). Another example is the medicinal use of colloidal gold in Europe
during the middle-ages as a treatment for many ailments including diarrhoea, epilepsy, syphilis,
plague and leprosy (Daraee et al. 2016). Furthermore, colloidal gold was also highly revered for its
decorative properties.

During the 4™ century AD, gold colloids were produced by combining molten glass and gold salts
to produce a ruby-red colour, variations of which were used for decorative staining of glassware,
pottery and various ceramics (Sajanlal and Pradeep 2012). Notable examples of this include the
Lycarus cup (Figure 1.1), which has the unique ability to appear either green or ruby-red depending
on whether reflected light or transmitted light falls upon it (Sajanlal and Pradeep 2012; Amendola
et al. 2017). The “purple of Cassius” used to colour glassware red-ruby during the middle ages, and
lustre plates produced during the 15-16™ century (Amendola et al. 2017). Subsequently, the
fascinating features of the Lycarus cup and many other glassware and pottery decoratively stained
using colloidal gold, ultimately sparked a more in-depth understanding of gold colloids, beginning
with the work of Michael Faraday (Sharma et al. 2009; Sajanlal and Pradeep 2012; Amendola et al.

2017) .
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Figure 1.1: Photographical representation of the Lycarus cup appearing red under transmitted light
(A), green under reflected light (B), transmission electron microscopy of nanoparticles found within
the glass of the Lycarus cup (C), and preserved samples of Faraday’s gold (D). Image generated by

and excerpted from (Sajanlal and Pradeep 2012)

During the 1850’s, a more intimate understanding of colloidal gold began to develop when Michael
Faraday, fascinated by gold-stained glassware, studied the relationship between light and gold
particles (Thompson 2008; Sajanlal and Pradeep 2012). In his experiments, he observed that when
a gold salt, such as sodium tetrachloroaurate, was chemically reduced with a mixture of
phosphorous and carbon disulphide, an intense colour shift consistent with the presence of colloidal
gold was produced, specifically a shift from bright yellow to deep ruby (Edwards and Thomas 2007;
Thompson 2008; Sharma et al. 2009). Based on his observations, he concluded that “finely divided”
particles of gold existed within the solution, whose presence was observable by a red-coloured
opalescence upon being bombarded by a narrow beam of light. Furthermore, he was arguably the
first to conclude that clear differences existed between the properties of bulk and colloidal gold

(Edwards and Thomas 2007; Thompson 2008). Nearly a century late, after the advent of electron
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microscopy, it was revealed that Faraday had indeed produced highly stable gold nanoparticles in
the range of 6 nm (Thompson 2008).

These important first steps went on to inspire many other scientists, such as Richard Adolf
Zsigmondy, who combined his own synthesis procedure with that of Faraday’s in what is now
known as the “seed-mediated” synthesis method. Further contributions to gold nanoparticle
synthesis, along with size and shape mediated mobility, were provided by Theodor Svedberg, and
the theoretical work delving into the unique optical properties of gold nanoparticles by Gustav Mie

(Sharma et al. 2009; Amendola et al. 2017).

1.3.2 Unique optical properties of gold nanoparticles

Presently, the unique relationship between gold nanoparticles and light is more thoroughly
understood. When the electromagnetic field of light interacts with metallic nanoparticles, free
electrons across the particle surface begin to oscillate in relation to the metal lattice, which
ultimately resonates at a specific wavelength of light, thereby creating what is known as the surface
plasmon resonance (SPR) (Maody et al. 2010; Amendola et al. 2017; Elahi et al. 2018). In the case
of gold nanoparticles solutions, it is common to observe a range of colours, such as orange, red,
ruby and purple, often exhibiting absorption maximums in the in the 500 to 600 nm range
(Homberger and Simon 2010; Mody et al. 2010; Elahi et al. 2018). An example would be the
characteristic absorption maximum at 520 nm for spherically shaped gold nanoparticles, with an
average core size of 10 nm (Mody et al. 2010).

Many factors can influence the intensity and specific wavelength of the SPR, such as the size, shape,
structure and composition of nanoparticles (Mody et al. 2010; Elahi et al. 2018). Notable examples
include a direct relationship between the size of gold nanoparticles and the intensity of the SPR,
whereby an increase in gold nanoparticle core size results in a shift of the SPR wavelength,

subsequently increasing the absorption maximum and altering the observed colour of the gold
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nanoparticle solution (Homberger and Simon 2010; Mody et al. 2010b; Elahi et al. 2018).
Specifically, the observed colour of the gold nanoparticle suspension may shift from shades of
orange, to red, and eventually to purple with a stepwise increase of core size, along with shifting
absorption maximums from 500-550 nm, respectively (Mody et al. 2010; Elahi et al. 2018).
Unsurprisingly, the unique optical properties of gold nanoparticles has yielded extensive research
and applications in biological imaging, biomedical sciences, material sciences and electronics

(Mody et al. 2010; Daraee et al. 2016; Elahi et al. 2018).

1.3.3 Gold nanoparticle synthesis

1.3.3.1 Conventional synthesis

Many different methods to synthesise gold nanoparticles exist, however they all generally fall
within one of two categories. Namely, methods for gold nanoparticle synthesis either follows what
is known as a “top-down” approach or a “bottom-up” approach (Shah et al. 2014). Top-down
methods of gold nanoparticle synthesis involve the removal of matter from bulk material in order
to assemble the desired nanostructure. In.comparison, bottom-up approaches to gold nanoparticle
synthesis involved the assembly of atoms into the desired nanostructure, which is usually
accomplished by the reduction of ions. Generally speaking, bottom-up approaches are more
favourable and have been extensively utilised. Notable examples include the Turkevich method,
Brust method, and biological (Green) methods of synthesis(Shah et al. 2014; Elahi et al. 2018).

In 1951, a procedure for the synthesis of spherically shaped gold nanoparticles, known as the
Turkevich method, was developed and has been one of the most commonly used methods ever since
(Turkevich et al. 1951). Briefly, the Turkevish method involves the reduction of gold ions to gold
atoms in the presence of a reducing agent; the most common of which is sodium citrate. Gold
nanoparticles synthesised using this method often range between 10-20 nm, and their size is

generally controlled using various capping or stabilising agents (Turkevich et al. 1951; Shah et al.
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2014). Continuous modifications and advancements to the original method described by Turkevich
has allowed for a greater range of gold nanoparticles sizes, specifically between 16-145 nm, along
with improved understanding regarding the role of sodium citrate, pH and temperature during
synthesis (Kimling et al. 2006; Shah et al. 2014; Dobrowolska et al. 2015). Another popular method
for gold nanoparticle synthesis, first described in 1994, is known as the Brust method (Brust et al.
1994). In short, this method and involves transferring a gold salt from an aqueous solution to an
organic solvent by means of a phase transfer agent, after which the gold salt is reduced by sodium
borohydride in the presence of alkanethiols, which are responsible for stabilising the gold

nanoparticles (Brust et al. 1994; Shah et al. 2014).

1.3.3.2 Green Synthesis

The major drawback to conventional nanoparticle synthesis methods are the requirement for, or
generation, of toxic by-products that may have long-lasting environmental impacts, especially
during large-scale production (De la Guardia 2014; Shah et al. 2014; Parveen et al. 2016).
Furthermore, the use of toxic chemicals may prove problematic and pose potential down-stream
health risks when biomedical applications are concerned. Thus, strategies avoiding the use of toxic
chemicals were highly sought after, leading to the emergence of green nanotechnology.

The field of green nanotechnology, pioneered by the director of the Institute of Green
Nanotechnology at the University of Missouri; Prof. Kattesh Katti, embraces the ideals of “green”
chemistry. This emphasises the use of non-toxic chemicals, using easily biodegradable reagents,
severely limiting waste by-products and cost, earning him global recognition as “the father of green
nanotechnology” (Shah et al. 2014; Parveen et al. 2016; Barabadi et al. 2017). In short, the process
involves mixing gold salt, such as NaAuCls, with a plant extract or isolated plant-derived compound
under specific reaction conditions such as pH, temperature and incubation time. This method utilises

plant phytochemicals and bio-components found in extracts as reducing agents to drive the chemical
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reaction, and capping agents to stabilise the gold nanoparticles during the synthesis (Kannan et al.
2006; Shukla et al. 2008; Katti et al. 2009; Elia et al. 2014b; Shah et al. 2014; Parveen et al. 2016;
Barabadi et al. 2017)

To date, the research team led by Prof. Kattesh Katti has made a number of significant contributions
to the field of green nanotechnology and the emergence of the field known as nano-medicine. For
example, early work clearly outlined the role of phytochemicals in the synthesis of biocompatible
gold nanoparticles by utilising phytochemicals derived from various plants, including cumin (Katti
et al. 2009), soybeans (Shukla et al. 2008), tea (Nune et al. 2009a), and cinnamon (Chanda et al.
2011). Since then, a number of highly stable and biocompatible gold nanoparticles conforming to
“green chemistry” have been developed under his supervision with an intended usage as nano-
medicines. These include the gold nanoparticles synthesised using broccoli-derived
phytochemicals, which displayed cytotoxicity toward breast cancer, prostate cancer PC-3 cells,
myeloma U266 cells, along with breast cancer SkBr3, MDA-MB-231 and t47D cells
(Khoobchandani et al. 2013). Another example are the epigallocatechin-3-gallate conjugated gold
nanoparticles that were shown to have potential application as an alternative to drug-coated stents
in the treatment of cardiovascular disease (Khoobchandani et al. 2016). Most recently, his team
developed gold nanoparticles synthesised from resveratrol, a polyphenol commonly found in red
wine, which were shown to have promising cytotoxic, and potential anti-angiogenic effects toward
the prostate cancer PC-3, pancreatic cancer PANC-1, and breast cancer MDA-MB-231 cells (Thipe
et al. 2019).

Based on the continual pioneering work by Prof. Kattesh Katti and his research team, a number of
gold nanoparticles synthesised from plants and their extracts have been investigated for application
in the emerging field known as nano-medicine (Ramezani et al. 2008; Elia et al. 2014a; Noruzi

2015; Elbagory et al. 2016; Barabadi et al. 2017).
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1.3.4 Gold nanoparticles in nano-medicine

New technologies and devices are continuously being developed at the nano-scale with the goal of
improving diagnostics and therapeutics in an emerging field known as nano-medicine (Xu et al.
2015; Mendes et al. 2017). This branch of nanotechnology allows for the control and manipulation
of matter, such as shape and size, at nano-meter range, thereby allowing for the design,
characterisation, production, and application of new structures, devices, and systems.

Nano-scale materials are vastly different to their bulk counterparts with lengths that range from 1
to 100 nm in two or three dimensions as described by the American Society for Testing and
Materials (ASTM) (Conde 2015; Mendes et al. 2017).

To date, the primary focal point of nano-medicine has been improving conventional medicines by
combining them with new biocompatible therapeutic agents, such as nanoparticles, thereby enabling
new administration strategies and diagnostics platforms (Parveen et al. 2012; Mendes et al. 2017).
The use of these structures carries a number of advantages, such as the large surface area to volume
ratio exhibited by nanoparticles, which may be utilised for functionalisation with various
biomolecules on the same platform, thereby enabling targeting capabilities in various forms of
therapeutics (Pedrosa et al. 2015; Mendes et al. 2016; Mendes et al. 2017). In the realm of cancer
therapeutics, a number of nanoparticles have been developed and utilised, including liposomes and
dendrimers, along with silver, iron oxide and gold nanoparticles (Mendes et al. 2017).

Gold nanoparticles have multiple unique physical and chemical attributes, which allow for various
types of biomedical applications, such as detection and diagnostics, drug delivery and biological
sensing, to name a few (Babu et al. 2013; Das et al. 2014; Elahi et al. 2018). More specifically, the
true value of gold nanoparticle in biomedical application lies within their excellent biocompatibility,
low toxicity and large surface area to volume ratio (Mody et al. 2010; Elahi et al. 2018). Due to
their unique optical properties, gold nanoparticles have been become favourable agents for use in

photo-thermal therapy, a minimally invasive technique whereby localised heat is generated by
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bombarding the nanoparticles with a laser, yielding tumour cell death (Mody et al. 2010b;
Sumbayev et al. 2012; Elahi et al. 2018).

Similarly, these features have been utilised in photodynamic therapy, whereby gold nanoparticles
conjugated with photodynamic dyes that have been internalised by target cells are bombarded with
light of a specific wavelength, generating singlet oxygen and highly active free radicals which
ultimately induce necrosis and apoptosis in tumour cells (Sumbayev et al. 2012; Elahi et al. 2018).
Furthermore, the unique features of gold nanoparticle have also been employed in the production
various types of biosensors for the detection of metal ions, proteins and toxins, to name a few
(Sumbayev et al. 2012; Yeo et al. 2017; Elahi et al. 2018). These sensors may be based on observed
colour changes due to aggregation of the nanoparticles, quenching of fluorescence, electrical

conductivity and catalytic properties of gold nanoparticles (Yeo et al. 2017; Elahi et al. 2018).

1.3.5 Gold nanoparticles in cancer therapy

1.3.5.1 Tumour imaging

With regard to tumour-related surgery, one of the biggest challenges faced by surgeons is having a
clearly defined idea of where tumorous tissue ends and healthy tissue begins (Menon et al. 2013;
Singh et al. 2018). For example, if the extent of the tumour is overestimated, healthy tissue may be
removed, but if underestimated and too little is removed, tumours may recur over time. As a result,
correctly deciding the extent of tumorous tissue to be removed is of utmost importance, and
currently poses a great challenge to surgeons (Menon et al. 2013; Singh et al. 2018).

To achieve this, magnetic resonance imaging and computed tomography scans have been used.
However, these techniques are expensive and are limited in their ability to detect tumours smaller
than a threshold of approximately 10 million cells. For this reason, photo-imaging as a novel
technique for cancer imaging has emerged. This technique makes use of gold nanoparticles, which

have been functionalised to be site specific, being injected into the tumour site (Menon et al. 2013;
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Singh et al. 2018). Once injected, these gold nanoparticles will bind to cancer cells only and their
optical properties can be exploited to scatter light, thereby giving surgeons a clear image of where
the tumour begins and ends. For this purpose, the most utilised gold nanoparticles are nano-rods,
nano-cages and nano-shells, as these tend exert the greatest temporal and special resolution for
imaging, while also exhibited a great deal of non-reactivity under biological conditions (Menon et
al. 2013; Singh et al. 2018). Furthermore, gold nanoparticles have also been utilised as high quality
computed tomography (CT) imaging agents due to better X-ray attenuation properties than that of
iodinated CT contrast agents, along with improved pharmacokinetics in comparison to iodinated

contrast agents, allowing for better imaging (Jokerst et al. 2011).

1.3.5.2 Photo-thermal therapy

Therapies aimed at utilising temperature as a modality to reduce tumour growth initially emerged
based on observations made for patients shuddering from erysipelas, who presented with high
fevers, and also exhibited reduced tumour growth or tumour regression (Moyer and Delman 2008).
Subsequently, researchers have.investigated maintained. hyper-thermic conditions, usually in the
vicinity of 42°C, at the tumour site to impede tumour growth (Vines et al. 2019). However, it is
critical that the areas exposed to the hyper-thermic temperatures be contained to the tumour alone,
and not to healthy tissue to prevent unwanted tissue destruction (Vines et al. 2019). Thus,
nanotechnology has been investigated as a potential avenue.

Nanoparticle-based photo-thermal therapy is a technique which exploits both the excellent
biocompatibility and unique optical properties of metallic nanoparticles, which allows for cancer
cell to take up nanoparticles, followed by photon mediated heat induction (Mody et al. 2010b;
Sumbayev et al. 2012; Elahi et al. 2018; Vines et al. 2019). In essence, this techniques allows for

nanoparticles internalised by cancer cells to convert either visible or near infra-red light to heat,
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thereby stimulating a hyper-thermic response at the tumour site (Mody et al. 2010b; Sumbayev et
al. 2012; Elahi et al. 2018; Vines et al. 2019).

Furthermore, recent developments in the multi-functional design of gold nanoparticles allow for the
generation of localised heat in the proximity of cancerous tissues and additionally allow for the
delivery of multiple desired drugs in a controlled and targeted manner. Gold nanoparticles have
many benefits that make them well suited to photo-thermal, including high cell-specificity, near
infrared activation, easily passing through vasculature into deeper lying biological tissues, and can

be modified to yield complex cancer photo-thermal and drug delivery systems (Vines et al. 2019).

1.3.5.3 Tumour radio sensitization

Radio therapy is a widely used technique in the treatment of multiple forms of cancer, including
breast cancer, prostate and pancreatic cancer, and utilises X-rays, y-rays and high energy particles
to induce cancer cell death (Rosa et al. 2017; Peng and Liang 2019). However, while radio therapy
is an effective form of therapy, it does not possess the ability to distinguish between cancerous and
non-cancerous cells, thus leading to a great deal of systemic damage (Rosa et al. 2017; Peng and
Liang 2019). Additionally, the associated toxicity toward healthy surrounding tissues severely
limits the doses, which may be administered to patients (Rosa et al. 2017; Peng and Liang 2019).
Consequently, developing ways of sensitising tumours to radiation, while minimising the associated
toxicity, has been the focal point of a growing body of research.

It has been well established that ionizing radiation may induce both direct and indirect DNA
damage. Once this occurs, repair mechanisms may no longer be sufficient to repair damaged DNA,
leading to the cessation of cell division, cell death, or cellular mutations, which in turn may lead to
malignant transformations (Begg et al. 2011; Kavanagh et al. 2013; Rosa et al. 2017). Thus, it is
clear that the effects of radiotherapy should be limited to tumour tissue only to avoid the occurrence

of these adverse effects.. Consequently, agents such as metallic nanoparticle, such as gold
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nanoparticles, have been investigated to overcome these challenges, and have been found to
improve the contrast between tumorous and healthy tissues, thereby opening the possibility of radio
sensitisation (Regulla et al. 2002; Rosa et al. 2017). Furthermore, these properties of metallic
nanoparticles may be utilised to improve tumour control, while minimising the associated side
effects.

Gold nanoparticles are believed to improve radio sensitisation through biological processes.
Biologically speaking, gold nanoparticles have been shown to favourably augment radio
sensitisation via the induction of reactive oxygen species (ROS), subsequently leading to oxidative
DNA damage (Mikami et al. 2013; Rosa et al. 2017). Another mechanism by which gold
nanoparticles may improve radio sensitization is by disrupting the cell cycle, along with the
induction of apoptosis. With regard to the cell cycle, different phases exhibit varying radiation
sensitivity, with the S-phase cell possessing the greatest radio-resistance, while the late-G2 phase
and mitosis exhibiting the greatest radio-sensitivity (Pawlik and Keyomarsi 2004; Rosa et al. 2017).
When radiation is applied to cells, they respond by activating cell cycle checkpoints in the G1, S
and G2 phases in an attempt to.repair genomic defects, or to activate cell death mechanisms (Kastan
and Bartek 2004; Rosa et al. 2017). Similarly, it has previously been shown that metallic
nanoparticles, such as gold nanoparticles, also yielded cell cycle arrest in the G2 and mitotic phases
in number of cells (Rosa et al. 2017), including prostate cancer DU-145 (Ganesh Kumar et al.
2015), ovarian cancer SK-OV-3 cells (Geng et al. 2011), and human oral squamous carcinoma HSC-
3 cells (Mackey and EI-Sayed 2014), to name a few. Thus, metallic nanoparticles have application
as agents, which sensitise cells to the effects of radiation.

Additionally, DNA damage is another mechanism by which gold nanoparticles may induce radio-
sensitisation (Rosa et al. 2017). Particularly, radiation has been found to induce double stranded
DNA breaks, the repair of which is essential for cell survival. Considering the absolute importance

of maintaining DNA integrity, particularly with regard to cellular propagation, it is an attractive
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target for agents aimed at halting cancer cell division. For this reason, known cytotoxic agents
targeting the DNA, such as cisplatin, have been investigated and used as radio- sensitizers
(Choudhury et al. 2006; Rosa et al. 2017). Similarly, gold nanoparticles have also been reported to
induce double-stranded DNA breaks, and have also shown application in radio-sensitisation, having
a dose-lowering effect toward radiotherapy (Chithrani et al. 2010; McQuaid et al. 2016; Rosa et al.

2017).

1.3.5.4 Drug delivery agents

Conventionally, chemotherapeutic drugs utilise oral administration or intravenous administration
as a delivery system, which leads to wide spread systemic drug accumulation with only a fraction
actually reaching the target site (Bahrami et al. 2017; Singh et al. 2018). Unsurprisingly, this leads
to unfavourable side effects toward otherwise heathy tissue and organs. Thus, it became of the
utmost importance to achieve more targeted drug delivery systems to improve tumour site drug
accumulations, along with minimising unwanted side effects (Bahrami et al. 2017; Singh et al.
2018). Subsequently, the continual strides achieved. in nanotechnology has created new avenues for
targeted drug delivery.

Due to their small size, nanoparticles have the ability to easily pass through capillaries and more
effectively reach the tumour sites (Babu et al. 2013; Lee et al. 2014; Bahrami et al. 2017; Kong et
al. 2017; Singh et al. 2018; Peng and Liang 2019). Furthermore, chemotherapeutic drugs can be
loaded to nanoparticles, which may then be targeted actively or passively to the tumour site, thereby
improving drug pharmacokinetics and yielding superior delivery to targeted sites, minimising non-
specific side effects (Peng and Liang 2019). For example, a study conducted by Wang et al. (2011)
demonstrated that intracellular doxorubicin (DOX) concentration was effectively increased in drug-
resistant tumour cells by attaching DOX to gold nanoparticles via a pH-sensitive linker (Wang et

al. 2011). Similarly, a study investigating the use of the anti-cancer drugs DOX and bleomycin
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demonstrated improved cytotoxicity toward cervical cancer (Hela) cells upon simultaneously
loading the drugs onto gold nanoparticles, in comparison to unbound drug (Farooq et al. 2018).

Gold nanoparticles in particular have been extensively investigated as drug carries due to their
unique properties, such as their surface plasmon resonance, along with their optical and tuneable
properties. Furthermore, these nanoparticles may be prepared at a wide variety of core sizes, thereby
allowing for significantly easier control over dispersion (Bahrami et al. 2017; Kong et al. 2017;
Singh et al. 2018) Additionally, the presence of a negative surface charge allow gold nanoparticles
to be easily modified and functionalised with various biomolecules, including chemotherapeutic
drugs, targeted ligands, and genes. Moreover, the excellent biocompatibility, high surface area to
volume ration, lack of inflammatory effects, and the overall inert nature of gold nanoparticles make

them ideal agents for drug delivery systems (Mody et al. 2010; Yeo et al. 2017; Elahi et al. 2018).

1.4 Overview of the male reproductive system

Characteristically, the male reproductive system is responsible for a number of functions, including
the synthesis of androgen hormanes, such as testosterone, along with the production, nourishment,
and deposition of spermatozoa into the female genital tract.(Basu 2011; Assi et al. 2017).
Testosterone is synthesised in the testes under influence of endocrine hormones, namely
gonadotropin-releasing hormone (GnRH) and luteinizing hormone (LH), via the process of
steroidogenesis. Moreover, testosterone is absolutely essential for male sexual differentiation, the
development and maintenance of secondary male characteristics, cognitive function, emotional
well-being, and fertility in men. (O’Donnell and McLachlan 2012; Wahjoepramono et al. 2016; Ali
et al. 2018) To achieve this, the major reproductive organs, namely the testes, penis, ductus
deference, ejaculatory ducts and epididymis, work closely together with the accessory sex glands,

prostate, seminal vesicles and bulbourethral glands (Basu 2011; Assi et al. 2017).

http://etd.uwc.ac.za/ 14



1.4.1 The testes

Steroid synthesis and semen production are the main functions of the testes, which are suspended
by the spermatic cord in the scrotum, and are considered the primary male sex glands (Basu 2011;
Assi et al. 2017; Mohanty and Singh 2017). More specifically, the testes are responsible for
synthesising androgens via steroidogenesis, as well as the generation of spermatozoa, the haploid
male germ cells in the process called spermatogenesis (Assi et al. 2017; Mohanty and Singh 2017).
Characteristically, testes are positioned obliquely in the scrotum with the upper end directed
anteriorly, while the lower end is directed posteriorly and medially. Structurally, the testes consist

of the convex anterior border and the flat posterior borders.

Different coverings are found in the testes, namely the tunica vaginalis, tunica albuginea and the
tunica vasculosa (Basu 2011; Assi et al. 2017; Mohanty and Singh 2017). Described as a serous
covering, the tunica vaginalis is derived from the sac of the peritoneum that precedes the descent of
the testes. The tunica albuginea provides the dense fibrous covering of the testes, consisting of
bundles of white fibrous septa which divides into proximately 200-300 lobules (Basu 2011; Assi et
al. 2017). Each lobule contains tightly coiled seminiferous tubules, in which sperm are produced
(Assi et al. 2017; Mohanty and Singh 2017). Finally, the tunica vasculosa consists of a plexus of
blood vessels held together by areolar tissue; covering the inner surface of the tunica albuginea and

the different septa in the interior of the gland (Basu 2011; Mohanty and Singh 2017).

1.4.2 Cell types of the testes

Histologically, the interstitial tissues and the seminiferous tubules are the major structures of the
testes. Moreover, Sertoli cells constitute the seminiferous epithelium, while Leydig cells are located
in the interstitial tissue, which occupies approximately one-fourth of the total testicular volume

(Basu 2011; Mohanty and Singh 2017).
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1.4.2.1 Sertoli cells

Sertoli cells are considered to act in a nurse-like manner, thereby serving a unique function in the
development of germ cells (Johnson et al. 2008). More specifically, these cells play an integral role
in the regulation of male fertility (Basu 2011) by providing structural support and nutrition to
developing germs cells (Johnson et al. 2008), phagocytosis of degenerating germ cells and residual
bodies (Johnson et al. 2008), and the release of spermatids at spermiation. Furthermore, Sertoli cells
produce a number of proteins, such as transport proteins, that regulate or respond to pituitary
hormone release and influence mitotic activities of spermatogonia (Walker and Cheng 2005; Basu,

2011; Galardo et al., 2014).

Transport proteins, which are secreted by Sertoli cells under the influence of follicle stimulating
hormone include transferrin, lactate, ceruloplasmin and Androgen Binding Protein (APB) (Johnson
et al. 2008). These transport proteins supply the germinal cells with essential elements an molecules
such as Fe**, Cu?* testosterone and dihydrotestosterone (DHT) (Griswold 1988; Walker and Cheng
2005). Furthermore, this transport is a crucial step in fuelling spermatogenesis, and therefore crucial
for fertility (Galardo et al. 2014).

Lactate secretion is essential to maintaining the acidic environment needed inside the seminiferous
tubules and to meet the energy requirements of developing germ cells (Walker and Cheng 2005;
Basu 2011). Furthermore, Sertoli cells have been shown to secrete a number of proteins possessing
hormonal or growth-like activities, namely inhibin, mullerian-inhibiting substance (MIS),
somatomedin C, transforming growth factors alpha and beta, and stem cell growth factor (Griswold
1988; Bardin et al. 1993). Proteins with enzymatic activities, such as plasminogen activator are also
secreted by Sertoli cells (Ebisch et al. 2008). Another class of proteins secreted by Sertoli cells are
those contributing to the basement membrane (Griswold 1988; Bardin et al. 1993) such as type IV
collagen and laminin. Additionally, Sertoli cells form an essential structure known as the blood-

testis barrier (Assi et al. 2017).

http://etd.uwc.ac.za/ 16



The blood-testis barrier is formed by tight junctions between adjacent Sertoli cells, creating a
physical barrier which compartmentalises seminiferous epithelium into the basal and adluminal
compartments (Bardin et al. 1993; Basu 2011; Assi et al. 2017). Functionally, this barrier limits the
para-cellular movement of substances, such as water, electrolytes, ions, nutrients, hormones,
paracrine factors, and biological molecules, across the into the adluminal compartment (Chen and
Mruk 2012; Assi et al. 2017). Furthermore, this barrier regulates the movement of potentially
harmful substances, such as drugs, environmental toxicants and chemicals, into the adluminal
compartment (Chen and Mruk 2012), and in this manner creating a unique microenvironment for
post-meiotic spermatid development (Basu 2011; Chen and Mruk 2012; Assi et al. 2017).

Specifically, the key feature of this unique environment is the creation of an physiological and
immunologic barrier (Bardin et al. 1993), thereby isolating spermatocytes and spermatids from the
immune system (Basu 2011; Assi et al. 2017; Mohanty and Singh 2017). Without this absolute
isolation, the production of anti-sperm antibodies becomes a likely scenario, in turn leading to an
autoimmune response and sperm cell destruction (Bardin et al. 1993; Basu 2011; Assi et al. 2017).
An autoimmune response of this nature can lead to male infertility (Bardin et al. 1993; Basu 2011,
Assi et al. 2017; Mohanty and Singh 2017). In addition to this barrier, Sertoli cells have been shown
to secrete immunosuppressive molecules to block immune responses, to transiently expressed auto-
antigens in developing germ cells, thereby working to maintain the immune-privileged nature of the

testis (Chen and Mruk 2012; Mohanty and Singh 2017).

1.4.2.2 Leydig cells

Leydig cells are the primary cells of the interstitium, located adjacent to the seminiferous tubules.
These cells are characteristically rich in smooth endoplasmic reticulum and mitochondria
(Weinbauer et al. 2010; Assi et al. 2017) and a number of important cytoplasmic components,

namely lipofuscin granules and lipid droplets, which are the final product of endocytosis and
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lysosomal degradation and contain intermediate products of the testosterone synthesis, respectively
(Weinbauer et al. 2010; Assi et al. 2017; Mohanty and Singh 2017). Moreover, Leydig cells often
contain Reinke’s crystals, which are special formations thought to be subunits of globular proteins

(Weinbauer et al. 2010; Assi et al. 2017; Mohanty and Singh 2017).

Leydig cells have a characteristically low rate of proliferation, which occurs under the influence of
luteinizing hormone (LH) (Weinbauer et al. 2010; Basu 2011; Assi et al. 2017; Mohanty and Singh
2017). Additionally, when Leydig cells are under the influence of LH, they act as the central site of
testosterone production via the hypothalamic-pituitary-gonadal (HPG) axis (Ge et al. 2008;
Weinbauer et al. 2010; Basu 2011; Assi et al. 2017). More specifically, secretions from the
hypothalamus, namely gonadotropin-releasing hormone (GnRH), cause the anterior pituitary to
produce LH and follicle stimulating hormone (FSH) (Weinbauer et al. 2010; Assi et al. 2017;
Mohanty and Singh 2017). LH stimulates Leydig cells to synthesise testosterone, which in turn
creates a negative feedback loop in which testosterone inhibits the frequency and amplitude of
hypothalamic and anterior pituitary secretions (Weinbauer et al. 2010; Assi et al. 2017; Mohanty

and Singh 2017).

Testosterone is an androgen pivotal to maintaining fertility in men, as it is the primary driver of
spermatogenesis, and to maintain secondary male characteristics (Ge et al. 2008; Basu 2011).
Testosterone deficiency is commonly associated with men over the age of 40 (Feldman et al. 2002;
Wu et al. 2010; Davidiuk and Broderick 2016; Dudek et al. 2017). Termed late-onset
hypogonadism, sometimes androgen-deficiency syndrome, (Wu et al. 2010; Davidiuk and
Broderick 2016; Dudek et al. 2017), is the age-associated decrease in testosterone is considered an
indicator of natural male ageing, accounting for a decrease of the serum testosterone concentration
of about 1% each year (Feldman et al. 2002; Davidiuk and Broderick 2016). Late-onset
hypogonadism can occur as the result of primary or secondary causes, or as a combination of the

two, particularly in men with long-term systemic diseases such as cirrhosis or chronic kidney
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disease (Wu et al. 2010; Dudek et al. 2017) and is associated with deleterious consequences. These
include; a decrease in lean muscle mass, a sharp increase in total body fat mass, and a decrease in
muscle strength (Taher 2005; Snyder 2009; Davidiuk and Broderick 2016; Dudek et al. 2017).

However, testosterone therapy has been shown to be effective in treating those suffering from late-
onset hypogonadism (Hohl et al. 2009; Snyder 2009; Morgentaler et al. 2011; Davidiuk and
Broderick 2016). This therapy is aimed at raising testosterone concentrations to approximate natural
levels with the ultimate goal of improving quality of life (Bassil et al. 2009; Ullah et al. 2014,
Corona et al. 2017; Elliott et al. 2017; Tsametis and Isidori 2018). Conventionally, several types of
testosterone replacement therapy exist, namely tablets, injections, transdermal systems, pellets, and
buccal preparations of testosterone (Bassil et al. 2009; Ullah et al. 2014; Elliott et al. 2017).
Unfortunately, the high cost and large number of adverse effects attributed to conventional
testosterone replacement therapy, including an increased risk of prostate cancer, worsening of
symptoms of benign prostatic hyperplasia, liver toxicity, sleep apnoea, congestive heart failure,
gynecomastia and skin disease, highlight the necessity for cheaper, more accessible, and safer
methods of testosterone replacement therapy (Bassil et al. 2009; Ullah et al. 2014; Corona et al.

2017; Tsametis and Isidori 2018).

1.4.3 The prostate gland

Typically, the prostate gland develops during the third month of gestation from epithelial
invaginations derived from the posterior urogenital sinus, and under the influence of the underlying
mesenchyme and the hormone dihydrotestosterone (DHT) (Hammerich et al. 2008). DHT is
synthesised from foetal testosterone by the action of the 5a-reductase localised in the urogenital
sinus and external genitalia, and without which abnormal genital and prostatic development would

occur (Hammerich et al. 2008). Following foetal development, the prostate remains relatively
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unchanged until puberty, during which time certain morphological changes occur yielding the adult

phenotype (Hammerich et al. 2008).

Being triangular in shape, the adult prostate is often described as having a walnut-like appearance,
with an approximate weight of 20 grams in healthy males between 25-30 years of age (Hammerich
et al. 2008; Aaron et al. 2016). It is located in the abdominal cavity around the neck of the urinary
bladder and consists of four regions; namely the peripheral zone, central zone, transitional zone,
and the anterior fibromuscular stroma (Figurel.2) (Burden et al. 2006; Hammerich et al. 2008;

Aaron et al. 2016).

Proximal urethra

Peripheral zone

Central zone

Figure 1.2: Zonal anatomy of the prostate gland showing the ejaculatory ducts (ED), seminal
vesicles (SV), anterior fibromuscular stroma (AFS), peripheral zone, central zone and transitional

zone. Image generated by and excerpted from (Bhavsar and Verma 2014)
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The base of the prostate is located at the neck of the bladder, and the apex at the urogenital
diaphragm (Burden et al. 2006), thus the urethra passes through the prostate prior to entering the
penis. Moreover, a thin layer of tissue, known as Denovilliers fascia, separates the prostate and
attached seminal vesicles from the rectum (Martinez-Pifieiro 2007).

Functionally, the prostate plays a role in controlling urine output from the bladder and seminal fluid
during the process of ejaculation, in addition to contributing to seminal secretions (Burden et al.
2006). Secretions from the prostate are a highly complex, heterogeneous mixture of organic and
inorganic compounds, accounting for approximately 20-30% of the seminal volume (Grayhack et
al. 2002; Aaron et al. 2016). Prostatic fluid has previously been described as clear in appearance
and slightly acidic in nature. It is the primary source of various seminal fluid components, such as
zinc, magnesium, calcium and citrate, in addition to prostatic phosphatase and prostate specific
antigen (Grayhack et al. 2002). In the healthy prostate, zinc tends to exist in particularly high
amounts with concentrations ranging from 140-1000 mg/ml (Grayhack et al. 2002).

Functionally, prostatic zinc is important for a number of fertility parameters, including sperm
motility, acrosome reaction, capacitation, and stabilizing cell membrane and nuclear chromatin of
spermatozoa (Ali et al. 2007), along with preventing degeneration in the testis and acting as an
antimicrobial agent (Ali et al. 2007; Kelleher et al. 2011).Various other compounds found in
prostatic fluid include the polyamines, spermine and spermidine (Grayhack et al. 2002), whose
enzymatic degradation produces reactive aldehydes, resulting in the characteristic odour associated
with semen (Grayhack et al. 2002). Furthermore, these polyamines have also been shown to serve
as antimicrobial agents (Grayhack et al. 2002). Additionally, phospholipids and cholesterol are also
found in prostatic secretions with concentrations of about 180 mg/dl and 80 mg/ml, respectively
(Grayhack et al. 2002). Another component of prostatic fluid are the glycoproteins prostatic acid

phosphatase and prostate specific antigen, which secreted by epithelial cells, and are commonly
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used as biomarkers in the characterisation of prostate-related diseases (Grayhack et al. 2002; White
et al. 2009).

As previously mentioned, the prostate is an androgen-dependent organ, with androgens regulate the
normal growth, maintenance, and secretory function of the prostate (Burden et al. 2006; Walters et
al. 2010; Steers 2011). Cessation of androgen secretion, particularly via castration, has previously
been shown to reduce prostatic size, prostatic secretion volume, muscarinic receptor expression,
and noradrenergic innervation of the prostate (Steers 2011).

The primary hormone governing the regulation of normal prostate function and growth is
dihydrotestosterone (Burden et al. 2006; Walters et al. 2010; Steers 2011). Within the prostate, the
dihydrotestosterone concentration is up to 5 times higher than that of testosterone. This hormone is
synthesized from testosterone mainly by the action of type-II Sa-reductase (Steers 2011). In addition
to dihydrotestosterone, estrogens and adrenal steroids also influence prostate function and growth.
More specifically, testosterone can be converted to estradiol and estrone by the aromatase enzyme
(Steers 2011). Additionally, zinc metabolism, citrate and fructose production, and androgen uptake
and metabolism, can be regulated by prolactin (Steers 2011). Estrogens combined with the effect of

prolactin are thought to play a role in the development of benign prostatic hyperplasia (Steers 2011).

1.4.3.1 Histology of the prostate

The prostate is highly structured with large peripheral ducts in the glandular portion of the gland,
possessing bi-layered epithelial acini and fibro-muscular stroma, separated from each other by a
basement membrane (Burden et al. 2006). This epithelial bi-layer yields three distinct cell types,
namely basal cells, luminal cells and neuro-endocrine cells (Burden et al. 2006). Characteristically,
basal cells are classified as flattened, cuboidal cells found at the periphery of the gland (Burden et

al. 2006; Walters et al. 2010). Furthermore, these cells are contractile, generate many growth factors
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needed for regulation of the gland and are regarded to act as stem cells that replenish the secretory

cell layer (Burden et al. 2006; Walters et al. 2010).

Above the basal cell layer exist neuro-endocrine cells (Burden et al. 2006; Walters et al. 2010).
Although these cells are not particularly common, they have been found to exist among a vast
number of secretory epithelial cells (Burden et al. 2006; Walters et al. 2010). While the specific
function of these cells remains unclear, they are suggested to play a role in the regulation of growth
and development in an endocrine-paracrine fashion, similar to that of neuro-endocrine cells in other
organs (Burden et al. 2006; Walters et al. 2010). Production of prostatic secretions, as well
expression of androgen receptors, is present with the luminal cells. These cells, however, have no

proliferative potential (Burden et al. 2006; Walters et al. 2010).

1.4.3.2 Age related changes in the prostate

Previously, the prostate gland has been shown to undergo two growth spurts (Xia et al. 2002);
particularly a rapid growth phase between the ages of 10-30, followed by a slow growth phase
between ages between 30-90 (Xia et al. 2002). Along with this, the rate at which testosterone is
converted to dihydrotestosterone in the prostate also increases; leading to a greater build of
dihydrotestosterone and thereby an increase in cell growth (Grayhack et al. 2002). Subsequently,
men begin to experience a few characteristic symptoms as the prostate enlarges, including difficulty
emptying the bladder, increased frequency of night time urination, incontinence, and impotence
(Grayhack et al. 2002; Schenk et al. 2009; Lim 2017). Additionally, a few diseases are associated
with the increased growth of the prostate that occurs as men age; namely prostatitis, benign prostatic

hyperplasia and prostate cancer (Grayhack et al. 2002; Schenk et al. 2009; Lim 2017).

1.4.3.3 Prostatitis
Prostatitis, classified as an inflammatory prostate disease, is a common urological occurrence in

men under the age of 50. Although not always serious, it is a challenge that greatly diminishes
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quality of life; characterised by the occurrence of voiding frequency, reduced urinary flow, perineal
pain, and often severe pelvic discomfort and pain (Prezioso et al. 2006; Macaluso 2007; Khan et al.
2017). Moreover, it is the third most commonly occurring prostatic disease after benign prostatic
hyperplasia and prostate cancer, and reportedly accounts for approximately 25% of all urological
clinic visits on global scale. Unlike prostate cancer and benign prostatic hyperplasia, prostatitis has
been found to affect men of all ages, rather than elderly men specifically(Khan et al. 2017). Present
treatment options for prostatitis is usually guided by the category into which it falls, and often
includes the use of antimicrobial therapy, urinary drainage, alpha blockers, anti-inflammatory
medications and hormone therapy (Anothaisintawee et al. 2011; Khan et al. 2017). However, the
efficacy of these treatments remains controversial, as clinical evaluation of these treatment options

are limited (Anothaisintawee et al. 2011, Khan et al. 2017).

1.4.3.4 Benign prostatic hyperplasia

Benign prostatic hyperplasia is a condition characterized by the enlargement of the prostate, along
with lower unitary tract symptoms (Schenk et al. 2009; Lim 2017). Arising in the peri-urethral and
transitional zones, benign prostatic hyperplasia has been described as an inescapable phenomenon
for aging males, with the prevalence increasing after age 40, affecting approximately 60% of men

by the age of 90 (Schenk et al. 2009; Lim 2017).

Histologically, benign prostatic hyperplasia is characterised by hyper-proliferation of stromal and
epithelial regions of the prostate, yielding a number of lower unitary tract symptoms which often
prompt men to seek medical attention (Schenk et al. 2009). While the pathogenesis of benign
prostatic hyperplasia remains poorly understood, it has been suggested that inflammation plays a
role in its development and progression, as evidence of acute and chronic inflammation is found in

prostate biopsies of benign prostatic hyperplasia patients (Schenk et al. 2009; Lim 2017).
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It has previously been hypothesized that tissue damage due to infection, autoimmune response,
along with obesity and increased abdominal fat may be attributed to the associated inflammation
(Carson and Rittmaster 2003; Schenk et al. 2009; Lim 2017).Selective and non-selective a-blockers
are generally involved in the treatment of benign prostatic hyperplasia, which often alleviate the
associated symptoms by relaxing the smooth muscle in the prostate and bladder neck, resulting in
urethral lumen widening, and thereby improving urinary flow (Carson and Rittmaster 2003;
Briganti et al. 2009; Vasanwala et al. 2017; Jiwrajka et al. 2018). However, while effective at
alleviating symptoms, a-blockers do not decrease the prostatic size, and pose a number of adverse
effects such as ejaculatory dysfunction, retrograde ejaculation, erectile dysfunction hypotension and
tachycardia (Carson and Rittmaster 2003; Briganti et al. 2009; Vasanwala et al. 2017; Jiwrajka et

al. 2018).

Additionally, 5a-reductase inhibitors are also used in the treatment of benign prostatic hyperplasia,
as these inhibitors inhibit the conversion of testosterone to dihydrotestosterone in the prostate,
thereby halting the progression of the disease, alleviating the associated symptoms, and reducing
the overall size of the prostate by approximately 20-30% (Carson and Rittmaster 2003; Briganti et
al. 2009; Vasanwala et al. 2017; Jiwrajka et al. 2018). However, while this may be promising, side
effects often including erectile dysfunction, decreased libido, ejaculation disorders and lowered
semen count. Furthermore, these debilitating side effects associated with Sa-reductase inhibitors
may be irreversible (Carson and Rittmaster 2003; Briganti et al. 2009; Vasanwala et al. 2017;
Jiwrajka et al. 2018). Surgically intervention for benign prostatic hyperplasia often involves
transurethral re-sectioning to remove obstructing portions of the prostate (Carson and Rittmaster

2003; Briganti et al. 2009; Vasanwala et al. 2017; Jiwrajka et al. 2018).
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1.4.3.5 Prostate cancer

Prostate cancer is an adenocarcinoma and the most commonly reported cancer among ageing men.
It is the second leading cause of cancer-related deaths in men. In 2008, a prevalence of 14% of the
total new cases and 6% of the total cancer deaths in men was reported (Jemal et al. 2011). In 2018,
prostate cancer was reported to account for an estimated 1.3 million new cancer cases, and
approximately 359 000 associated deaths on a global scale. Furthermore, worldwide incidence rates
were found to be variable, with the highest rates found in developed countries such as Australia,
New  Zealand, Northern  and  Western Europe, and Northern ~ America
(Figure 1.3) (Bray et al. 2018). Mortality rates, however, do not follow the same trend, and were
reported to be higher in developing countries such as South Africa, Zambia, Zimbabwe, Jamaica

and Haiti (Bray et al. 2018).

Prostate cancer generally occurs in the peripheral zone of the prostate, arising when the normal
prostatic cells undergo mutation into cancerous cells (Burden et al. 2006; Lee and Shen 2015). Once
mutated and cancer of the prostate arises, metastasis frequently follows in lymph nodes, distant sites
and in the surrounding bony structures. Prostate cancer is commonly accepted to be linked to any
one or a combination of different factors including a poor diet, genetic susceptibility, inflammation,
age or infectious agents (Nelson et al. 2003; Stangelberger et al. 2008; Peisch et al. 2017).
Additionally, prostate cancer was one of the first cancers previously shown to be hormone-
dependent, with particular regard to androgens. Hence, raising the concern of increased serum

testosterone levels feeding the cancer itself (Snyder 2009; Nelles et al. 2011; Banerjee et al. 2018).
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Figure 1.3: Region-specific incidence and mortality of prostate cancer in 2018. Image generated

by and excerpted from(Bray et al. 2018).

The concern regarding testosterone levels and prostate cancer was based on the observed regression
of prostate cancer in androgen-deprived males that was reflected by lowered PSA levels, followed
by the subsequent increase in PSA levels when testosterone levels were normalised (Huggins et al.,
1941; Hohl et al., 2009; Morgentaler, 2009; Morgentaler et al., 2011). However, the relationship
between prostate cancer and increased testosterone levels has since been question, with a multitude
of conflicting results being reported (Morgentaler 2006; Morgentaler 2009; Chuu et al. 2011). For

example, Morgentaler (2006) clearly outlined contradictions in the available literature, stating that
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administration of testosterone to men with, or suspected of having prostate cancer may not be
contraindicated, as previously believed. An example used by Morgentaler was the rare occurrence
of prostate cancer during the peak testosterone years of the early 20’s, despite the common presence
of microfocci in these young men (Morgentaler 2006). Subsequently, a review by Rhoden and
Averbeck (2009) also clearly outlined that no compelling scientific evidence supported the belief
that higher testosterone levels worsened the occurrence of prostate cancer. Nevertheless, higher
testosterone levels, worsening the occurrence of prostate cancer, remains a concern. Therefore,
testosterone replacement therapy for the treatment of ageing male symptoms is largely thought to
be an absolute contraindication if prostate cancer is present (Bhasin et al. 2010; Bell et al. 2018).
Historically, patients with prostate cancer were categorized based on the stage of the cancer and
whether or not they were candidates for surgery (Marciscano et al. 2012). Thus, the term “localized
prostate cancer” refers to prostate cancer that is manageable with local therapy, such as surgery,
radiotherapy or active surveillance (Marciscano et al. 2012; Schulman and Polascik 2017).
Following local therapy however, patients often exhibit increasing PSA levels in a condition known
as biochemical recurrence, which often precedes metastasis and eventual death (Rosenberg et al.
2010; Schulman and Polascik 2017).

The classic model of cancer metastasis, including prostate cancer, is guided by the “seed and soil”
hypothesis first proposed by Stephen Paget in 1889. In this model, the “seeds” (tumour cells)
metastasize only to “soil” (specific organ) well suited to tumour growth (Jin et al. 2011). Metastasis
of the prostate specifically involves multiple steps, namely angiogenesis, local migration, invasion,
extravasation, circulation and extravasation of tumour cells, followed by angiogenesis and
colonization in new sites (Jin et al. 2011). Often, the bone is the common site of metastasis in

prostate cancer and is the leading cause of death in advanced prostate cancer (Jin et al. 2011).
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1.4.3.6 Treatment of prostate cancer

Increasing the rates of PSA screening has allowed prostate cancer to be detected much earlier than
previously possible. Thus, allowing for earlier medical intervention and thereby greatly improving
survival outcomes (Wallace et al. 2014). Three broad intervention categories exist, namely
intervention with curative intent, intervention with palliative intent, and the monitoring of the
disease and providing treatment when progression is evident (Hegarty et al. 2010; Wallace et al.
2014). Curative intent is comprised of a number of procedures, namely radical prostatectomy,
radiotherapy, cryo-therapy, or high-intensity ultrasound therapy (Hegarty et al. 2010; Wallace et al.
2014; Teo et al. 2019). Radical prostatectomy involves the removal of the entire prostate gland and
some surrounding tissue (Hegarty et al. 2010; Teo et al. 2019). While this procedure yields a number
of benefits including a diminished risk of mortality, cancer progression or metastasis, the associated
side effects affects up to 60% of men undergoing this procedure, and include sexual dysfunction
and urinary incontinence, and drastically lowers quality of life in patients (Hegarty et al. 2010;

Marzorati et al. 2019).

External-beam radiation therapy employs high-speed electrons to split water molecules, yielding
hydroxyl radicals which damage tumour cell DNA (Torres-Roca 2006). This techniques carries two
substantial advantages, such as the absence of pain during the procedure and a low rate of clinical
failure (15% when measured after 2.5 years) (Torres-Roca 2006). Despite the advantages, the
associated side effects vastly outweighs the positive aspects of this technique, such haemorrhoids
and diarrhoea due to inflammation of the rectum, altered frequency in urination due to inflammation
of the bladder, fatigue and sexual dysfunction (Mongra et al. 1999; Torres-Roca 2006; Gay and
Michalski 2018). Additionally, the implantation of a radioactive sources directly into the tumour,
known as interstitial brachytherapy is a common alternative (Koukourakis et al. 2009; Gay and

Michalski 2018). Although shown to be an excellent treatment option for localized prostate cancer,
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there are issues that remain to be further addressed, such as the ideal radiation dose and side effects
such as disturbances in urinary function (Koukourakis et al. 2009; Gay and Michalski 2018).
Cryo-therapy involves the use of gasses and probes to rapidly freeze and thaw tumour tissue (Wilt
et al. 2008). Currently, cryo-therapy is indicated in low-risk patients as an alternative to radical
prostatectomy or radiotherapy. In higher-risk groups, cryo-therapy is used as primary therapy, and
in patients who have not responded well to radiation therapy (Simoneau 2006; Gao et al. 2016). A
number of complications have been associated with cryo-therapy, such as urethral sloughing, rectal
fistula, incontinence, and erectile dysfunction (Simoneau 2006; Gao et al. 2016). High intensity
ultrasound therapy is a non-invasive technique capable of inducing instantaneous, but irreversible,
coagulative necrosis in tissue by thermal effects (Mearini and Porena 2010; Hsiao et al. 2016). It is
an attractive approach for the treatment of localized prostate cancer in patients who have a life
expectancy of less than 10 years, but who wish to avoid the potential risk associated with radical
prostatectomy (Mearini and Porena 2010; Hsiao et al. 2016). Unfortunately, unwanted side effects
such as prostate swelling and thereby urinary retention, dysuria due to sloughing of necrotic tissue,
bladder neck or prostatic urethra constriction, impotence and rectal fistula often occur (Mearini and
Porena 2010; Hsiao et al. 2016).

These serious side effects resulting from conventional forms medical intervention led to increased
interest in alternative and complimentary medicine, with the hope of obtaining viable forms of
treatments, that limit or eliminate serious side effects (Klempner and Bubley 2012). To this end, a
number of herbs and their extract derivatives have been scientifically investigated (Klempner and
Bubley 2012). These include the polyphenols found in green tea, epicatechin, epigallocatechin,
epicatechin-3-gallate, and epigallocatechin-3-gallate (ECGC), the soy isoflavones, Scutellaria
baicalensis, p-carotene and lycopene, to name a few (Klempner and Bubley 2012; Yin et al. 2013).
Recently, investigators demonstrated that extracts from the plant Ficus deltoidea, along with

isolated active compounds, were capable of inducing cell death via the activation of apoptosis in
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both LNCaP and PC-3 cells, while exhibiting no toxicity toward non-cancerous HDFa human
fibroblast cells.(Hanafi et al. 2017). Thus, plant extracts, and their associated active compounds,

clearly have potential in the treatment of prostate cancer.

1.5 Traditional medicine

According to the World Health Organisation (WHO), traditional medicine (TM) is defined as “the
knowledge, skills and practices based on the theories, beliefs and experiences indigenous to
different cultures, used in the maintenance of health and in the prevention, the diagnosis, the
improvement or also in the treatment of physical and mental illness (WHO 2005). A multitude of
traditional medicine modalities exist, namely traditional Chinese medicine, Ayurveda, Unani, and
Kampo. Each modality follows philosophies and practices based on the environment through which
they originated (WHO 2005b; Yuan et al. 2016; Shaheen et al. 2017), and share an emphasis on
health, rather than disease, in relation to the body and mind (Yuan et al. 2016). Particularly, a more
holistic approach is taken to individual health, which is achieved through the use of herbs and

natural products (Schmidt et al. 2008;.Yuan et al. 2016; Shaheen et al. 2017).

With the industrial revolution and advances in medical science, the ability to chemically synthesize
and mass produce drugs arose, which greatly improved the health care system (WHO 2005b).
Typically, people living in rural communities have limited access to this type of medicine, but
generally live in environments surrounded by cheap and easily accessible herbs (Thorsen and
Pouliot 2016; Shaheen et al. 2017). Furthermore, the extreme poverty often present in developing
countries leave people unable to afford conventional medicine as their primary form of healthcare
(Pal and Shukla 2003; Thorsen and Pouliot 2016; Shaheen et al. 2017). While poverty in the
developing world is a multifaceted topic, the lack of conventional healthcare is often due to the
inability to cope with the rapidly growing urban population, and thereby being unable to provide

the appropriate healthcare. Thus, traditional medicine is the primary method of healthcare in these
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counties (Pal and Shukla 2003; Thorsen and Pouliot 2016; Shaheen et al. 2017). From a global
perspective, it is reported that about 80% of the population has to rely on traditional remedies for
their primary health care (Ekor 2014).

Studies have shown that when patients were asked for their reason for traditional medicine usage,
15% said that herbs were more effective than conventional medicine, while 6% associated it with
fewer side effects (Pal and Shukla 2003). Particularly, 35% of patients in Peru using traditional
medicine stated that they used it more frequently than Western medicine (Pal and Shukla 2003;
Andel and Carvalheiro 2013). Similarly, up to 67% of the Nigerian population is estimated to use
traditional medicine (Pal and Shukla 2003). Subsequently, this high prevalence of traditional
medicine has been hypothesized to be the result of large rural-to-urban migration, cultural influence,
social surroundings, and the growing belief that natural products pose no risks (Pal and Shukla

2003; Andel and Carvalheiro 2013; Thorsen and Pouliot 2016).

1.5.1 Traditional medicine in Southern Africa

In Southern Africa, approximately 70-80% of the population has been reported to use traditional
medicine as a primary source of health care, or in conjunction with conventional medicine
(Chitindingu et al. 2014; James et al. 2018). This is particularly linked to the close proximity of
traditional healers to their communities, making traditional medicine more readily available,
particularly in rural communities (Chitindingu et al. 2014; James et al. 2018).

Traditional medicine in South Africa is governed by the Traditional Healers Council, which has
worked to integrate traditional medicine into the health legislative framework (Chitindingu et al.
2014; James et al. 2018). Moreover, the Traditional Practitioners Act of 2007 was passed to monitor
and regulate traditional medicine, with an absolute focus on ensuring the efficacy, safety and control

of traditional healthcare services (Chitindingu et al. 2014; James et al. 2018).
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South Africa has an array of indigenous plants that have previously been investigated scientifically
for their medicinal benefits. These include Cussonia spicata, Typha capensis, Sutherlandia
frutescens, Cussonia paniculata, and Bulbine natalensis to name a few that have shown abilities
ranging from strong antiviral effects (Mehrbod et al. 2018), affecting sperm function (Henkel et al.
2012), acting as an antioxidant (Katerere and Eloff 2005), boosting testosterone production (Yakubu
and Afolayan 2008), treating Alzheimer’s disease (Thakur et al. 2019), and having the potential as
anti-cancer agents (Chinkwo 2005; Saeed et al. 2016). Furthermore, the growing interest in
traditional medicinal plants, and subsequently their active compounds has led to the identification
of novel plant-derived pharmaceuticals, accounting for an estimated 122 drugs from 94 plant species
(Chitindingu et al. 2014).

However, despite ongoing scientific investigation, the vast majority of plants used in South African
traditional medicine remain unevaluated for their reported medicinal benefit, or indeed their safety.
Particularly, information regarding the potential geno-toxic effects following long-term use does
not exist for most of these plants (Chitindingu et al. 2014). Potential for interaction between
compounds found in these medicinal plants with pharmaceutical drugs also exists, which may
diminish the effectiveness of conventional medicine, and carry the risks of toxicity, geno-toxicity

and chromosomal damage (Fennell et al. 2004; Chitindingu et al. 2014).

1.6 Typha capensis

The Typhaceae family, commonly known as the cattail family, consists of 2 genera, namely Typha
and Sparganium, and have approximately 30 different collective species which are global in their
distribution (Sulman et al. 2013; Zhou et al. 2018). Members of the Typhaceae family are
distinctively perennial, rhizomatous, monoecious plants, commonly found growing in ponds,
ditches, marshes and wet-land areas (Marloth 1915; Simpson 2010). Two species of Typha are

commonly found growing throughout South Africa, namely Typha capensis (T. capensis) which is
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thought to be closely related to the European species Typha latifolia, along with Typha australis
which is thought to be closely related to the European species Typha angustifolia (Marloth 1915;
Simpson 2010).

Throughout South Africa, T. capensis (Figure 1.4) is commonly found in seasonally wet areas, and
is known by many different names in different cultures such as bulrush (English), papkuil
(Afrikaans) and ibuma (Zulu) (Masoko et al. 2008; Henkel et al. 2012a). Typically, T. capensis is
described as having a reed-like appearance, growing up to 3 meters in height and having thick,
spongy, horizontally growing rhizomes (Marloth 1915; Vlotman 2003; Simpson 2010). Moreover,
stems protrude vertically from the rhizomes, exhibiting strappy, hairless leaves, along with sparse
male flowers located towards the tip and the more densely packed, brown female flowers located

below it (Marloth 1915; Vlotman 2003; Simpson 2010).

Figure 1.4: Images of Typha capensis depicting the characteristic spongy flowers (A) and the

spongy rhizomes (B).

Traditionally, T. capensis has been used within indigenous cultures for various purposes, ranging
from using the leaves for weaving and thatching for huts, baskets, mats and making brooms

(Marloth 1915; Masoko et al. 2008), to using the rhizomes and pollen as a food source providing
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starch and protein (Gott 2008; Masoko et al. 2008). More importantly, the rhizomes are commonly
used for medicinal preparations (Masoko et al. 2008). In traditional medicine, the rhizomes are
infused in water to prepare a decoction that is taken for up to a week, and is thought to have a variety
of medicinal applications (Della Greca et al. 1990). More specifically, these decoctions have been
used to ease delivery during pregnancy, as a treatment for infertility, dysmenorrhea, dysentery,
diarrhoea, venereal disease, to improve circulation and most commonly to boost libido in men
(Steenkamp 2003; Masoko et al. 2008; Abdillahi and Van Staden 2012;).

Previously scientific investigation demonstrated that T. capensis extracts indeed possessed
medicinal value as it was reported to inhibit bacterial growth (Masoko et al. 2008), and act as a
powerful antioxidant in vitro, scavenging away both reactive oxygen and reactive nitrogen species
(Henkel et al. 2012). Furthermore, it was also proposed that T. capensis extracts may possess anti-
cancer capabilities (Henkel et al. 2012). Subsequently, a more recent investigation subjected
seasonally produced extracts to in vitro testing and HPLC analysis (lIfergane 2016). Particularly,
extracts produced from summer harvest were reported to be the most bioactive, having the ability
to reduce cell viability, induce DNA fragmentation and apoptosis in the prostate cancer LNCaP cell
line, while remaining virtually non-toxic toward the non-cancerous TM3 Leydig and PWR-1E
benign prostatic hyperplasia cell lines (Ilfergane 2016). In addition to being non-toxic, it was further
reported that these extracts boosted testosterone synthesis in TM3 Leydig cells. Consequently, two
phenolic compounds, namely naringenin and quercetin, were isolated and were attributed with the
reported effects (Figure 1.5). Finally, llfergane (2016) concluded that the summer rhizome extracts,
and particularly the identified bioactive compounds quercetin and naringenin, have medicinal

applications in improving male reproductive health and in the treatment of prostate cancer.
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Figure 1.5: Chemical structure and molecular formula for quercetin (A) and naringenin (B). Images

generated by and excerpted from Ilfergane (2016).

However, it must be mentioned that while quercetin and naringenin may have been reported to yield
promising results in vitro, their usage in humans is limited. Both compounds have notoriously poor
water solubility (Goncalves et al. 2015; Gera et al. 2017), variable oral bioavailability depending
the method of delivery (Graefe et al. 2001; Shulman et al. 2011; Kasikc1 and Bagdatlioglu 2016;
Gera et al. 2017), along with rapid metabolism in the gut in the case of quercetin (Goncalves et al.
2015). Thus, to fully utilise these compounds medicinally, these inherent limitations must be
overcome.

While the observations reported by the study conducted by llfergane (2016) were largely attributed
to quercetin and naringenin, T. capensis extracts have also been shown to be a source of several
other flavones, phenolic compounds, long chain hydrocarbons and various triperpenoids.
Specifically, T. capensis extracts have been found to contain afzelechin, epiafzelechin, catechin,
epicatachin, along with the two novel phenolic compounds known as typharin and typhaphthalide

(Figure 1.6 ) (Shode et al. 2002).
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Figure 1.6: Chemical structures of compounds isolated from Typha capensis. Typhaphthalide (1),
typharin (2), afzelechin (3), epiafzelechin (4), (+)-catechin (5), (-)-epicatechin (6), afzelechin
tetraacetate  (7), epiafzelechin'  tetraacetate (7), catechin pentaacetate  (9),
epicatechin pentaacetate (10). Hydroxyl-3-benzylphthalide (11) and 8E-hydroxy-3-[2-
(phenyl)ethenyl]dihydro-isocoumarin (12) were used for spectral data comparison in the
identification of Typhaphthalide and typharin. Image generated by and excerpted from (Shode et al.

2002).

Many phytochemicals with strong antioxidant capabilities, such as catechin and epicatachin, were
previously shown to be particularly useful in studies investigating green nanoparticle synthesis
using plant extracts, often playing dual roles as both reducing and stabilising agents during the

synthesis procedure (Nune et al. 2009b; Choi et al. 2014; Biao et al. 2018). Considering that T.
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capensis extracts have been shown to contain an array of compounds, including catechin and
epicatechin (Shode et al. 2002), and possesses strong antioxidant capabilities (Henkel et al. 2012),
it can be hypothesized that gold nanoparticles encapsulated with a cocktail of phytochemicals,
including quercetin and naringenin, may be synthesised from T. capensis extracts. Furthermore, it
may also be hypothesised that these nanoparticles could maintain, or potentially improve, the anti-
cancer effects reported by llfergane (2016), while simultaneously overcoming the previously
mentioned limitations associated with quercetin and naringenin. However, no scientifically
documented information regarding the application of T. capensis toward these parameters exist.

Thus, the present study aimed to investigate these possible effects.

1.7. Aims of the study:
T. capensis is a widely used plant in South African traditional medicine that has been shown to act
as a potent antioxidant, possess an array of phytochemicals, and shown promising results in the
treatment of prostate cancer and male reproductive health. However, no information regarding its
application toward green nanotechnology exist.
Therefore, this study aims to investigate:

e The ability of T. capensis extracts to synthesise gold nanoparticles

e The synthesis of gold nanoparticles from previously identified bioactive compounds

e Characterisation of newly synthesised gold nanoparticles.

e The effect of newly synthesised gold nanoparticles toward prostate cancer LNCaP and PC-

3 cell lines, along with pancreatic cancer PANC-1 cells and human aortic HAEC cells.
e The effect of newly synthesised gold nanoparticles toward SCID-mice bearing prostate

tumour xenografts.
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Chapter 2

Materials and Methods

2.1 Chemical Supply

The chemicals used in the current study were of the highest possible quality, and were purchased

from the following companies:

Acros Organics, Geel, Belgium:

Gum Arabic

Histidine

American Type Cell Culture (ATCC), Manassas, USA:

Prostate cancer cell line LNCaP

Prostate cancer cell line PC-3

Pancreatic cancer PANC-1

Human aortic endothelial cells HAEC

Benign prostatic hyperplasia cell line PWR-1E

Leydig cell line TM3

Baxter, Columbia MO, USA:

Injectable water

Bio-Rad, Hercules CA, USA:

DC protein assay reagent A and reagent B
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Corning incorporated, New York, USA:
e Tissue culture flasks (25 cm?, 75 cm?)
e Eppendorf vials
e Pipette Tips 1000 pl, 200 pl, 10 pl

e Serological pipettes (10ml)

Culligan International, Illinois, USA:

e Distilled water

Electron Microscopy Sciences, Hatfield PA, USA:

e Copper gilder grid

Eppingdust, Cape Town, South Africa:
Ethanol absolute (100%)
Gibco Invitrogen, Karlsruhe, Germany:
e Roswell Park Memorial Institute (RPMI 1640) Medium
e Kaighn’s modification of Ham’s F-12 medium (F-12K)
e Dulbecco’s Modified Eagle Medium / Nutrient Mixture F12 Ham (DMEM/F12, 1:1
mixture)
e Keratinocyte serum free medium (K-SFM)
e Fetal Bovine Serum (FBS)
e Trypsin/Ethyl Diamine Tetra Acetic acid (EDTA) (0.25%)

e Formaldehyde (37%)

Greiner Bio-One, Frickenhausen, Germany:
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e Tissue culture plates (6-, 24- and 96-well plates)

e Test tubes (15 ml and 50 ml)

Kimtech

e Kimwipes

Knittel Glaser, Braunschweig, Germany:
e Coverslips (22 x 22 mm)
e Microscope slides (76 x 26 mm)

e Superfrost slides

Lasec, Cape Town, South Africa:

e Syringes (5, 10 and 25 ml)

Malvern Panalytical, Worstershire, UK:
e 20 ml scintillation vials

e Folded-capillary cell

Merck, Wadeville Gauteng, South Africa:

e Sodium hydroxide (NaOH)

Promega, Madison, USA:

The DeadEnd™ Colorimetric TUNEL System kit
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Oxoid, Basingstoke, Hampshire, RG24 SPW, England:

Phosphate Buffered Saline (PBS) with Ca?*Mg?*

Sigma-Aldrich, Steinheim, Germany:

Dimethylsulphoxide (DMSO) for freezing medium
Penicillin

Streptomycin

3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromine (MTT)
Naringenin natural 98%

Quercetin > 95%

Trypan Blue (TB)

Triton X-100

Millex syringe filter units (0.22 pum, 0.45 pm)
Bovine serum albumin (BSA)

Human Serum Albumin (HSA)

Semi-micro polystyrene cuvette

Gallic acid

Cystein

Sodium tetrachloroaurate (I11) dehydrate (NaAuCla)

Whatman, Maidstone, UK:

Indicator paper pH 0-14
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2.2 Equipment and supply

ELISA-reader

e GloMax Multi Detection System plate reader (Promega Corporation, Madison, USA)

e Labtech System LT 4000 microplate reader (Lasec, Cape Town, South Africa)

e Spectramax M2 (Molecular devices, San Jose CA, USA)

Laminar Flow

e LN Series (Nuve, Ankara, Turkey)

Incubator

e Series 2000 (Lasec, Cape Town, South Africa)

Scale

e WAS 160/X (Lasec, Cape Town, South Africa)

Plate shaker

e 96-well flat bottomed plate (Greiner Bio-One, Frickenhausen, Germany).

Centrifuge
e Hermle Z200a (Labortechnik, Wehingen, Germany)

e Accuspin Micro 17R (Thermofisher, Waltham MA, USA)

Microscope
e Inverted System Microscope (Lasec, Cape Town, South Africa)

e Joel 1400 Transmission Electron Miscroscope (Peabody MA, USA)
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e CytoViva’s hyperspectral dark field microscope (CytoViva Inc, Auburn AL, USA)

Magnetic stir stage

e Isotemp (Thermofisher, Waltham MA, USA)

Zeta-Sizer

e Nano-series (Malvern Panalytical, Worstershire, UK)

Spectrophotometer

e Cary 60 UV-Vis (Agilent Technologies, Santa Clara CA, USA)

2.3 Study design.

2.3.1 Part A: Gold nanoparticle Synthesis and Characterisation

First, aqueous extracts of T. capensis were produced from plants harvested during the beginning
and the middle-end of summer, namely January and March months, respectively. Next, the ability
of each extract to reduce gold salt to gold nanoparticles (AuNP’s) was investigated. Hereafter, the
known active compound naringenin found within T. capensis was investigated for AUNP synthesis.

Following this, each AuNP formulation was characterised on both physical and chemical basis.

2.3.2 Part B: In vitro studies
Gold nanoparticle formulations were subjected to in vitro testing for toxicity toward four different
cell lines, namely the LNCaP and PC-3 prostate cancer cell lines, the Pancl pancreatic cancer cell

lines, and the non-cancerous HAEC human aortic endothelial cell line. Hereafter, possible cell
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internalisation was investigated using selected nanoparticle formulations in LNCaP and PC-3 cells
by means of dark-field microscopy. Next, cell internalisation of select nanoparticle formulations

was further investigated in PC-3 cells by means of TEM imaging.

2.3.3 Part C: In vivo study

The potential therapeutic effects of select gold nanoparticle formulations towards prostate cancer
was investigated further using SCID-mice bearing PC-3 prostate cancer tumor xenografts by
investigating the effects towards bodyweight and health scores, tumor volume, tumor weight and

blood analysis.

2.4 Plant extract

2.4.1 Rhizome collection

Rhizomes of T. capensis were collected during the summer months, January and March, on the
Cape Nature Reserve, located in the suburb of Belhar in the Western Cape province of South Africa.
Once collected, the rhizomes were washed thoroughly, chopped into 1-2 cm pieces and allowed to
dry at 25°C in an air oven. Thereafter, the dried rhizomes were milled into a fine powder and stored

in air-tight containers prior to the extraction process.

2.4.2 Extract preparation

To prepare an aqueous rhizome extracts of T. capensis, the powdered rhizomes were infused in
distilled water that was heated to approximately 70-75°C. The resulting mixture was allowed to
stand at room temperature for 1 hour, after which it was filtered. The filtrate was then frozen at -
80°C and finally freeze-dried under the supervision of Mr. Andre Braaf, Department of Medical

Bioscience, using a Zirbus freeze drier to yield the water-soluble extract. This procedure was
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performed for samples collected in January and in March, yielding two distinct extracts, labelled T.

capensis extract sample 1 and sample 2, respectively.

2.5 Gold nanoparticle synthesis

2.5.1 T. capensis extract-Sample 1 gold nanoparticles (S1-AuNP’s and S1x2-AuNP’s).

To prepare the reaction mixture, 3 mg of Gum Arabic was added to a glass scintillation vial and
dissolved in 3 ml of distilled water. Next, the mixture placed on magnetic stage and stirred
continuously for 30 minutes, at a temperature of 50°C. Hereafter, the temperature was reduced to
ambient temperature and 4 mg of the sample-1 extract was added to vial and allowed to dissolve for
10 minutes. Finally, 50 pl of a 0.1 M sodium tetrachloroaurate (NaAuCls) solution was to the vial
in a drop-wise fashion, and the mixture was allowed to stir continuously for 24 hours. The resulting
gold nanoparticles were labelled S1-AuNP’s.

In an attempt to concentrate as many plant phytochemical onto the gold nanoparticle as possible,
the same procedure was followed using double the amount of the sample-1 extract, whereby 8 mg
of the extract was added to the glass vial containing 3 mg Gum Arabic and 3 ml distilled water. The

resulting gold nanoparticles were labelled S1x2-AuNP’s

2.5.2 T. capensis extract-Sample 2 gold nanoparticles (S2-AuNP’s and S2x2-AuNP’s).

To prepare the reaction mixture, 3 mg of Gum Arabic was added to a glass scintillation vial and
mixed with 3 ml of distilled water. Next, the mixture placed on stage and stirred continuously for
30 minutes, at a temperature of 50°C. Hereafter, the temperature was reduced to ambient
temperature and 4 mg of the sample-2 extract was added to vial and allowed to dissolve for 10
minutes. Finally, 50 pl of a 0.1 M NaAuCls solution was added to the vial in a drop-wise fashion,
and the mixture allowed to stir continuously for 24 hours. The resulting gold nanoparticles were

labelled S2-AuNP’s.
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In an attempt to concentrate as many plant phytochemical onto the gold nanoparticle as possible,
the same procedure was followed using double the amount of the Sample-2 extract, whereby 8 mg
of the extract was added to the glass vial containing 3 mg Gum Arabic and 3 ml distilled water. The

resulting gold nanoparticles were labelled S2x2-AuNP’s.

2.5.3 Naringenin gold nanoparticles (Ng-AuNP’s pH7 and Ng-AuNP’s pHS).

To prepare the reaction mixture, 3 mg of naringenin was added to a glass scintillation vial and
combined with 3 ml of distilled water. Next, a stir bar was added, the mixture placed on magnetic
stage and stirred continuously at ambient temperature. Finally, 50 pl of a 0.1 M NaAuCl4 solution
prepared at pH 7 was to the vial in a drop-wise fashion, and the mixture was allowed to stir
continuously for 24 hours. The resulting gold nanoparticles were labelled Ng-AuNP’s pH 7. This
procedure was repeated using a 0.1 M NaAuCls solution prepared at pH 8, yielding

Ng-AuNP’s pH 8.

2.6 Gold nanoparticle characterization

2.6.1 Spectrophotometry

Spectrophotometric analysis of each nanoparticle formulation was conducted to confirm the
reduction of the NaAuCl,4 gold salt to gold nanoparticles, by observing the characteristic absorption
maxima in the 500-600 nm range. To achieve this, 200 pl of each gold nanoparticle formulation
was diluted in 800 pl of distilled water and transferred into a disposable cuvette. Next, spectral
analysis was performed using a spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, Santa

Clara CA, USA) and absorption maxima measured.
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2.6.2 Dynamic light scattering

Dynamic light scattering (DLS) is a widely accepted characterisation technique used to determine
the size and dispersity of various forms of nanoparticles (Clayton et al. 2016; Stetefeld et al. 2016).
In the present study, DLS was used to characterise the various gold nanoparticle formulations and
was performed on a Zetasizer NanoZs (Malvern Panalytical, Worstershire, UK). In short, 200 pl of
each respective nanoparticle formulation were diluted in 800 pl of distilled water, to a final volume
of 1 ml, and samples were transferred into a disposable cuvette. Following this, samples were

analysed using the Zetasizer NanoZs and the average of 3 measurements were taken.

2.6.3 Zeta potential

Zeta-potential provides a valuable insight regarding the interaction between colloidal particles in
solution, and is a strong predictor of particle stability (Deryabin et al. 2015). When particles in
suspension carry a sufficient positive or negative charge, typically around +30 mV or -30 mV,
respectively, they will tend to repel one another, diminishes the possibility of particle aggregation,
and thereby creating stability (Saeb et al. 2014). Without these repulsive forces, particles will form
large aggregates and stability will have been lost.

The zeta-potential of the various gold nanoparticle formulations used in the present study was
measured using the Zetasizer NanoZs. In short, 200 ul of each respective nanoparticle formulation
was diluted in 800 pl of distilled water and transferred into a disposable folded-capillary cell.
Samples were then placed into the instrument (Zetasizer) and zeta-potential measured, where

average of 3 measurements were taken.
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2.6.4 Transmission Electron Microscopy (TEM) and size distribution.

Transmission electron microscopy (TEM) is a widely used technique used to reveal valuable
information regarding nanoparticle presence, size and shape (Costanzo et al. 2017). Thus, TEM was
used to visualise each gold nanoparticle formulation reported in the present study.

In short, gold nanoparticle samples were synthesised according to the previously mentioned
protocols and purified by centrifugation. Hereafter, 20 ul of each respective sample were placed
onto a copper gilder grid (Electron Microscopy Sciences) and allowed to air-dry. Finally, grids were
viewed at the Electron Microscopy Core Facility (EMC) and office of research, at the University of
Missouri, Columbia MO, using a Joel 1400 transmission electron microscope.

Thereafter, images of gold nanoparticles were analysed using the java-based processing software
ImageJ version 1.8.0 (National Institutes of Health, USA) to measure individual particle size.
Subsequently, size distribution histograms were generated and the average particle size was

calculated.

2.6.5 Total polyphenolic quantification

Polyphenolic quantification of the various gold nanoparticles formulations was achieved by means
of the widely used Folin-ciocalteu phenol (FC) method. The FC method is based on the reduction
of the Folin-ciocalteu reagent, which is a mixture of phosphomolybdate and phosphotungstate, by
phenolic compounds and phenolic antioxidants to a highly coloured blue dye (Ahmad et al. 2015a;
Abdelhady et al. 2016; Madhanraj et al. 2017).

To measure polyphenolic concentration of the gold nanoparticles produced in the current study, 1
ml of each respective sample was transferred to a 2 ml Eppendorf tube and centrifuged at 15xg for
15 minutes to yield a pellet. Once pelleted, the supernatants were removed from each tube and 500
pl of the Folin-ciocalteu phenol reagent, diluted 1:10 in distilled water, was added to each pellet,

followed by 1 ml of a 7.5 % (w/v) sodium carbonate solution, yielding a final volume of 1.5 ml.
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Hereafter, samples were briefly mixed and incubated at 30°C for 30 minutes. After incubation, 200
pl of each sample were transferred to a 96-well plate and absorbance was determined at 760 nm
using an ELISA plate reader (GloMax Multi Detection System). Finally, the absorbance was
compared to a standard curve established using Gallic acid under the same conditions, and the total

polyphenolic concentration was expressed as pg/ml, equivalent to Gallic acid.

2.6.5.1 Gallic acid standard curve

A stock solution of 1000 pg/ml of Gallic acid was prepared by dissolving it in 1 ml of distilled water
and further serial diluted into concentrations of 500, 250, 125, 62.5, 31.25, 15.62, 7.18, 3.9 and 1.95
pg/ml. The blank was distilled water. Thereafter, the Folin-cicalteu phenol method was performed,
a standard curve (Figure 2.1) was calculated and the results used to determine the total polyphenolic

concentration of the various gold nanoparticle samples.
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Figure 2.1: Gallic acid standard curve for total polyphenolic concentration determination.
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2.6.6 LC-MRM analysis of extracts and nanoparticles

2.6.6.1 Sample preparation and standard curve

Samples were dissolved with 1ml of a solution consisting of 50% methanol, 50% water, 0.01%
formic acid and containing 25ng/ml chloramphenicol. Once dissolved, samples were vortexed for
5 minutes, then centrifuged 16000 x g, and finally 200 pl transferred into autosampler vials.
Supernatants were diluted 1:10, 1:1000 and 1:1000 with chloramphenicol. Next, standards were
diluted in methanol to yield a 500 pg/ml working solution. Following this, standards were serial
diluted 1:1 to concentrations ranging from 200 pg/ml to 1.5625 pg/ml. Finally, standard curves

were generated for naringenin (Figure 2.2 A), and quercetin (Figure 2.2 B).
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Figure 2.2: Standard curves for the determination of naringenin (A) and quercetin (B).
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2.6.6.2 Analytical method

The S1 and S2 extracts, S1-AuNPs, S2-AuNP’s and Ng-AuNP’s pH8 were analysed using a Xevo
TQS mass spectrometer (Waters, Milford MA, USA) with chloramphenicol as internal standard.
Quercetin and naringenin were used as standards.

The Xevo TQS was operated in negative-ion mode and a client specific tune file saved for future
analyses. Two transitions were used for each molecule, based on optimized cone and collision
generated by the Xevo instrument: transitions (0.025 s dwell time) were 301.1>150.9 (quantifying
Quercetin, cone=54V, CE=18), 301.1>179.0 (Quercetin, cone=54V, CE=16); 271.0>150.9
(quantifying Naringenin, cone=50V, CE=16), 271.0>119.1 (Naringenin, cone=50V, CE=18); and
321.0>257.3 (quantifying Chloramphenicol, internal standard, cone=30V, CE=10), 321.0>152.6
(Chloramphenicol, cone=30V, CE=20).

Separation was carried out using an Acquity H-class UPLC (Waters) on a Waters BEH C18 column
(2.7 pm, 5 cm x 2.1 mm) by gradient delivery (0.4 mL/min) of solvent. Solvent A: 0.01% formic
acid in water. Solvent B: 0.01% FA in acetonitrile. Initial conditions were 2%B followed by a
0.25min ramp to 30%B, 1min gradient to 60%B, 0.25min ramp to 98%B, hold at 98%B for 1.25min,
0.2min ramp to 2%B, and hold at 2%B for 1.3min. Total run time was 4min. The column was

heated to 45 °C and the samples cooled to 20 °C in the autosampler.

2.6.6.3 Quantification of quercetin and naringenin

TargetLynx version 4.1 (Waters, Milford MA, USA) was used to calculate the area under the curve
(AUC) and reported as both a response (AUC-compound/AUC-internal standard) and as ng/ml. To
quantify Quercetin and Naringenin, the linear response function was calculated and the line equation

was used to calculate ng/mL from the peak integration data exported from TargetLynx.
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2.6.7 Gold content analysis

Inductively coupled plasma mass spectrometry (ICP-MS) is a widely used technique for the
determination of major, minor and trace elemental constituents in metals and related materials (Boss
and Fredeen 2004), making it a well suited technique for gold nanoparticle characterisation by
determining gold (Au) content (Yu 2012; Gadogbe et al. 2013). Thus, ICP-OES was used to
investigate the Au content of selected gold nanoparticle formulations, namely the S1-AuNP’s, S2-
AuNP’s and Ng-AuNP’s pH 8.

Gold nanoparticles were prepared according to the previously mentioned protocols and purified by
centrifugation. Hereafter, 1 ml of each sample was submitted to the Experimental Station Chemical
Laboratories, at the University of Missouri, Columbia MO, for ICP-OES analysis under the

supervision of Dr. James K. Waters.

2.7 Gold nanoparticle stability in challenging media

Nanoparticle stability was investigated by combining 200 pl of each nanoparticle formulation and
800 pl of each challenging medium, specifically 1% Sodium chloride, 0.2% Histidine, 0.5% Human
Serum Albumin, 0.5% Bovine Serum Albumin, 0.5% Cysteine and Phosphate Buffered Saline
solution, to a final volume of 1 ml, respectively. Controls were combined with distilled water. Each
mixture was then incubated for 0, 1 and 48-hour periods. Additionally, nanoparticles were also
incubated in each challenging medium for 7 day. Once incubated for each of the respective time
intervals, nanoparticles were screened visually for agglomeration, transferred to a disposable

cuvette and absorption maxima’s were measured using a spectrophotometer (Cary 60 UV-Vis).
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2.8 In vitro studies

2.8.1 Cell culture

The LNCaP and PC-3 prostate cancer, PANC 1 pancreatic cancer, and HAEC primary human aortic
endothelial cell lines were used for the purpose of the study. They were cultivated at 37°C in 95%
air and 5% CO», following standard aseptic work procedures. LNCaP and PC-3 cells were cultured
in complete RPMI 1640 growth medium, supplemented with 10% fetal bovine serum, 1% penicillin
(100 1U/ml) and streptomycin (100 pg/ml), in 75 cm? culture flasks. PANC 1 cells were cultured in
75 cm? culture flasks, using complete DMEM supplemented with 10% fetal bovine serum, 1%
penicillin (100 1U/ml) and streptomycin (100 pg/ml). HAEC cells were cultured in complete
Vascular Cell Basal Medium supplemented with the Endothelial Cell Growth Kit-VEGF (ATCC),
according to table 2.1, along with 1% penicillin (100 1U/ml) and streptomycin (100 pg/ml) in 75

cm? culture flasks.

Table 2.1: Supplementation of Basal Cell Vascular Medium using the Endothelial Cell Growth Kit-

VEGF (ATCC).
Component Volume Final concentration
rh VEGF 0.5 ml 5 ng/ml
rh EGF 0.5 mil 5 ng/ml
rh FGF basic 0.5 mil 5 ng/ml
rh IGF-1 0.5 mil 15 ng/ml
L-glutamine 25 ml 10 nM
Heparin sulfate 0.5ml 0.75 Units/ml
Hydrocortisone hemi succinate 0.5ml 1 pg/ml
Fetal bovine serum 10 ml 2%
Ascorbic acid 0.5 mi 50 pg/ml

http://etd.uwc.ac.za/ >4



2.8.1.1 LNCaP prostate cancer cell line

LNCaP is a human prostate cancer cell line derived from a needle aspirate biopsy in 1977 from a
50-year old male, diagnosed with stage D prostate cancer (Horoszewicz et al. 1980). These cells
express a mutated form of the androgen receptor, resulting in some differences in androgenic
response (Horoszewicz et al. 1983). Most prostate cancer cell lines express little to no androgen
receptor, making LNCaP the ideal model for investigating early prostate cancer (Horoszewicz et al.

1983).

2.8.1.2 PC-3 prostate cancer cell line

PC-3 is a human prostate cancer cell line established from bone metastasis in a 62-year old male
(Kaighn et al. 1979). PC-3 cells do not express prostate specific antigen (PSA), and do not express
prostate specific membrane antigen (PSMA) (Kaighn et al. 1979). Additionally, these cells are not
androgen responsive, making them ideal models for investigating androgen independent prostate

cancer (Kaighn et al. 1979).

2.8.1.3 PANC 1 pancreatic cancer cell line

PANC 1 is human pancreatic cell line derived from a ductal-origin pancreatic carcinoma isolated
from a 56-year old male (Lieber et al. 1975). These cells were found to possess the type B phenotype
for G6PD, and serve as a representation of genetic instability in cancer cells by absence of the Y
chromosome (Lieber et al. 1975). Additionally, these cells possess SSTR2 receptors and exhibit
neuroendocrine differentiation, making them ideal models for studying pancreatic cancer
neuroendocrine chemotherapy, along with peptide receptor radionuclide therapy (Gradiz et al.

2016).
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2.8.1.4 HAEC human aortic endothelial cell line

HAEC is a primary human aortic endothelial cell line derived from an aorta on a batch-specific
basis. These cells present with a characteristic cobblestone appearance with large dark nuclei, and
are commonly used for as a model for cardiovascular-based research, including arteriolosclerosis,

hypertension and arterial disease (http://www.lgcstandards-atcc.org/Products/All/PCS-100-

011.aspx?geo country=za#generalinformation).

2.8.2 Culture of LNCaP cells

Cells were cultured in 75 cm? flasks, allowed to grow to 80% confluency and finally passaged once
this was reached. To remove compounds that may interfere with the actions of trypsin, the growth
medium was discarded and the cells rinsed with 5 ml sterile PBS. Subsequently, 1-2 ml of 0.25%
trypsin were added, allowed to cover the surface of the flask, and incubated at 37°C until cells began
to detach. This took approximately 5 minutes and was performed under intermittent visual control.
Once cells detached, 2 ml of complete growth medium was added to neutralize the action of the
trypsin. Cells were then carefully re-suspended by repeated aspiration and then finally transferred
to a 15 ml conical tube to be centrifuged at 125 x g for 5-10 minutes. Following this, the supernatant
was removed and the cell pellet re-suspended in 5 ml complete growth medium. Thereafter, 1 ml of
the resulting suspension was transferred into a new 75 cm? flask, containing complete growth
medium, and the passage was recorded to track the age and physiology of the cells. Additionally,

cell morphology was observed and compared with cell viability.

2.8.3 Culture of PC-3 cells
Cells were cultured in 75 cm? flasks, allowed to grow to 80% confluency and finally passaged once
this was reached. To remove compounds that may interfere with the actions of trypsin, the growth

medium was discarded and the cells rinsed with 5 ml sterile PBS. Subsequently, 1-2 ml of 0.25%
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trypsin were added, allowed to cover the surface of the flask, and incubated at 37°C until cells began
to detach. This took approximately 5-10 minutes and was performed under intermittent visual
control.

Once cells detached, 2-5 ml of complete growth medium was added to neutralize the action of the
trypsin. Cells were then carefully re-suspended by repeated aspiration and then finally transferred
to a 15 ml conical tube to be centrifuged at 125 x g for 5-10 minutes. Following this, the supernatant
was removed and the cell pellet re-suspended in 5 ml complete growth medium. Thereafter, 1 ml of
the resulting suspension was transferred into new 75 cm? flasks, containing complete growth
medium, and the passage was recorded to track the age and physiology of the cells. Additionally,

cell morphology was observed and compared with cell viability.

2.8.4 Culture of PANC 1 cells

Cells were cultured in 75 cm? flasks, allowed to grow to 80% confluency and finally passaged once
this was reached. To remove compounds that may interfere with the actions of trypsin, the growth
medium was discarded and the cells rinsed with 5 ml sterile PBS. Subsequently, 1-2 ml of 0.25%
trypsin were added, allowed to cover the surface of the flask, and incubated at 37°C until cells began
to detach. This took approximately 5-10 minutes and was performed under intermittent visual
control. Hereafter, 2-5 ml of complete growth medium was added to neutralize the action of the
trypsin. Cells were then carefully transferred to a 15 ml conical tube to be centrifuged at 125 x g for
10 minutes. Following this, the supernatant was removed and the cell pellet re-suspended in 5 ml
complete growth medium. Thereafter, 1 ml of the resulting suspension was transferred into new 75
cm? flasks, containing complete growth medium, and the passage was recorded to track the age and
physiology of the cells. Additionally, cell morphology was observed and compared with cell

viability.
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2.8.5 Culture of HAEC cells

Cells were cultured in 75 cm? flasks, allowed to reach 80% confluency and finally passaged once
this was reached. To remove compounds that may interfere with the actions of trypsin, the growth
medium was discarded and cells washed with 5 ml sterile PBS. Following this, 1-2 ml of 0.25%
trypsin was added, allowed to cover the surface of the flash and incubated at 37°C until cells
detached. This took approximately 10 minutes and was performed with intermittent visual control.
To neutralize the trypsin, 2 ml of complete growth medium was added, the cells re-suspended and
finally transferred to a 15 ml conical tube to be centrifuged at 125 x g for 5 minutes. Thereafter, the
supernatant was removed, the cell pellet re-suspended in 5 ml complete growth medium and 1 ml
of the resulting suspension was transferred-into a new 75 cm? flask, containing complete growth
medium. Passage numbers were recorded to track the age and physiology of the cells. Additionally,

cell morphology was observed and compared with cell viability.

2.8.6 Cell counting and seeding

Following the detachment of the cells with trypsin and re-suspension in fresh growth medium, cell
counts were performed using a hemocytometer so that a specific cell concentration could be reached
in 6-well plates or 96-well plates. This was achieved by combining 50 pl of cell suspension with an
equal volume of 2% trypan blue and transferring 10 ul of this mixture to a hemocytometer counting
chamber. The chamber was viewed under a microscope and the total cell count for each experiment
was calculated according to equation 1. Following this, a dilution of cells was made according to

the final cell number needed for each experiment as needed.

Equation 1: Volume of cells required (ul) = Number of cells needed x100
Total number of cells counted
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2.8.7 Cell freezing

2.8.7.1 LNCaP cells

Cells were grown to 80% confluency prior to cell freezing. To remove compounds that may interfere
with the actions of trypsin, the growth medium was discarded and cells rinsed with 5 ml sterile PBS.
Subsequently, 1-2 ml of 0.25% trypsin were added, allowed to cover the surface of the flask, and
incubated at 37°C until cells began to detach. This took approximately 5 minutes and was performed
under intermittent visual control.

Once cells detached, 2 ml of complete growth medium was added to neutralize the action of the
trypsin. Cells were then carefully re-suspended by repeated aspiration, counted and then finally
transferred to a 15 ml conical tube to be centrifuged at 125 x g for 5-10 minutes. Following this, the
supernatant was removed, the cell pellet re-suspended in 5 ml freezing medium (85% RPMI 1640,
10% FBS and 5% DMSO), dispensed into cryogenic vials and immediately frozen at -80°C for 24

hours. Thereafter, the vials were transferred to liquid nitrogen for long-term storage.

2.8.7.2 PC-3 cells

Cells were grown to 80% confluency prior to cell freezing. To remove compounds that may interfere
with the actions of trypsin, the growth medium was discarded and cells rinsed with 5 ml sterile PBS.
Subsequently, 1-2 ml of 0.25% trypsin were added, allowed to cover the surface of the flask, and
incubated at 37°C until cells began to detach. This took approximately 5 minutes and was performed
under intermittent visual control.

Once cells detached, 2 ml of complete growth medium was added to neutralize the action of the
trypsin. Cells were then carefully re-suspended by repeated aspiration, counted and then finally
transferred to a 15 ml conical tube to be centrifuged at 125 x g for 5-10 minutes. Following this, the

supernatant was removed, the cell pellet re-suspended in 5 ml freezing medium (85% RPMI 1640,

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



10% FBS and 5% DMSO), dispensed into cryogenic vials and immediately frozen at -80°C for 24

hours. Thereafter, the vials were transferred to liquid nitrogen for long-term storage.

2.8.7.3 PANC 1 cells

Cells were grown to 80% confluency prior to cell freezing. To remove compounds that may interfere
with the actions of trypsin, the growth medium was discarded and cells rinsed with 5 ml sterile PBS.
Subsequently, 1-2 ml of 0.25% trypsin were added, allowed to cover the surface of the flask, and
incubated at 37°C until cells began to detach. This took approximately 5 minutes and was performed
under intermittent visual control.

Once cells detached, 2 ml of complete growth medium were added to neutralize the action of the
trypsin. Cells were then carefully re-suspended by repeated aspiration, counted and then finally
transferred to a 15 ml conical tube to be centrifuged at 125 x g for 5-10 minutes. Following this, the
supernatant was removed, the cell pellet re-suspended in 5 ml freezing medium (85% DMEM, 10%
FBS and 5% DMSO0), dispensed into cryogenic vials and immediately frozen at -80°C for 24 hours.

Thereafter, the vials were transferred to liquid nitrogen for long-term storage.

2.8.7.4 HAEC cells

Cells were grown to 80% confluency prior to cell freezing. To remove compounds that may interfere
with the actions of trypsin, the growth medium was discarded and the cells rinsed with 5 ml sterile
PBS. Subsequently, 1-2 ml of 0.25% trypsin were added, allowed to cover the surface of the flask,
and incubated at 37°C until cells began to detach. This took approximately 5 minutes and was
performed under intermittent visual control.

Once cells detached, 2 ml of complete growth medium was added to neutralize the action of the
trypsin. Cells were then carefully re-suspended by repeated aspiration, counted and then finally

transferred to a 15 ml conical tube to be centrifuged at 125 x g for 5-10 minutes.
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Hereafter, the supernatant was removed and the cell pellet was re-suspended in 10 ml freezing
medium (95% Vascular Cell Basal Medium and 5% DMSOQO), aliquoted into cryogenic vials and
immediately frozen at -80°C for 24. Thereafter, the vials were transferred to liquid nitrogen for long-

term storage.

2.8.8 Cell thawing

2.8.8.1 LNCaP cells

To propagate the cells, the vial containing the frozen LNCaP cells was placed into a water bath
heated to 37°C to thaw the cells rapidly. Once thawed, the cells were transferred to a 15 ml conical
tube containing 10 ml RPMI 1640 medium supplemented with penicillin, streptomycin, and FBS.
The suspension was then centrifuged at 125 x g for 5 minutes, after which the supernatant was
aseptically removed, the pellet re-suspended in 10 ml fresh RPMI 1640 and finally transferred to a

75 cm? culture flask and placed into the incubator.

2.8.8.2 PC-3 cells

To propagate the cells, the vial containing the frozen PC-3 cells was placed into a water bath heated
to 37°C to thaw the cells rapidly. Once thawed, the cells were transferred to a 15 ml conical tube
containing 10 ml RMPI1 1640 medium supplemented with penicillin, streptomycin, and FBS. The
suspension was then centrifuged at 125 x g for 5 minutes, after which the supernatant was aseptically
removed, the pellet re-suspended in 10 ml fresh RPMI 1640 and finally transferred to a 75 cm?

culture flask and placed into the incubator.

2.8.8.3 PANC 1 cells
To propagate the cells, the vial containing the frozen PANC 1 cells was placed into a water bath

heated to 37°C to thaw the cells rapidly. Once thawed, the cells were transferred to a 15 ml conical
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tube containing 10 ml DMEM medium supplemented with penicillin, streptomycin, and FBS. The
suspension was then centrifuged at 125 x g for 5 minutes, after which the supernatant was aseptically
removed, the pellet re-suspended in 10 ml fresh DMEM and finally transferred to a 75 cm? culture

flask and placed into the incubator.

2.8.8.4 HAEC cells

To propagate the cells, the vials containing the frozen HAEC cells were placed into a water bath
heated to 37°C to thaw the cells rapidly. Once thawed, the cells were transferred to a 15 ml conical
tube containing 10 ml Vascular Cell Basal Medium supplemented with the Endothelial Cell Growth
kit-VEGF (ATCC), along with penicillin and streptomycin. The suspension was then centrifuged at
125 x g for 5 minutes, after which the supernatant was aseptically removed and the pellet was re-
suspended in 10 ml fresh Vascular Cell Basal Medium. The cells were then transferred to a 75 cm?

flask and left undisturbed in the incubator for 48 hours.

2.8.9 Test parameters

2.8.9.1 Determination of cell viability

Cell viability was determined using the 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
bromine (MTT) assay. This is a colorimetric assay, which allows for the detection of viable and
dead cells. The detection of viable and dead cells is achieved by measuring cellular metabolic
activities, such as the reduction of the yellow MTT salt to a highly coloured purple formazan dye
(van Meerloo et al. 2011). The reduction of tetrazolium salts to the formazan dye occurs due to the
action of mitochondrial reductases. These enzymes are only present in viable cells as they become
deactivated shortly after cell death (Roehm et al. 1991; van Meerloo et al. 2011). Therefore, the
degree in the colour change, and consequently the amount of formazan dye being produced, is

proportional to the number of viable cells in the sample.
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In short, cultures were removed from the incubator at the appropriate times and the MTT working
solution was prepared by dissolving the MTT salt in PBS at a concentration of 5 mg/ml. If sediment
appeared, the solution was heated to 37°C and swirled until no longer opaque. Then, 10 pl of this
solution were added to each well and placed into the incubator for 4 hours. Next, the growth medium
and MTT was removed and DMSO was added to each well in order to solubilise the remaining
crystals. Finally, the absorbance was read at 570 nm Glomax Multi Detection System plate-reader
(Promega Corperation, Madison, U.S.A) and results were expressed as percentage viability. This
was calculated according to the absorbance of treated cells versus the absorbance of the controls,

according to equation 3.

Equation 2: Percentage viability = ABSORBANCE sample X 100
ABSORBANCE control

2.8.9.2 LNCaP cell viability

LNCaP cells were grown to 80% confluency and were then trypsinated with 1-2 ml 0.25% trypsin.
Thereafter, the trypsin was inactivated by adding 2 ml of complete growth medium and a cell count
was performed. Following this, cells were seeded into sterile 96-well plates at 5x10° cells/well in
100 pl of complete growth medium. After exposing cells to various concentrations of the aqueous
T. capensis rhizome extracts and various gold nanoparticles for 24 hours, 48 hours and 72 hours,
respectively, 10 pl of MTT were added to each well. The plates were incubated at 37°C for an
additional 4 hours. Subsequently, the growth medium and MTT was removed from each well and
the remaining crystals solubilised with 200 pl of DMSO. Finally, the absorbance of the samples

was measured at 570 nm with an ELISA reader (GloMax Multi Detection System).
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2.8.9.3 PC-3 cell viability

PC-3 cells were grown to 80% confluency and were then trypsinated with 1-2 ml 0.25% trypsin.
Thereafter, the trypsin was inactivated by adding 2 ml of complete growth medium and a cell count
was performed. Following this, cells were seeded into sterile 96-well plates at 5x10° cells/well in
100 pl of complete growth medium. After exposing cells to various concentrations of the aqueous
T. capensis rhizome extracts and various gold nanoparticles for 24 hours, 48 hours and 72 hours,
respectively, 10 pl of MTT were added to each well. The plates were incubated at 37°C for an
additional 4 hours. Subsequently, the growth medium and MTT was removed from each well and
the remaining crystals solubilised with 200 pl of DMSO. Finally, the absorbance of the samples

was measured at 570 nm with an ELISA reader (GloMax Multi Detection System).

2.8.9.4 PANC 1 cell viability

PANC 1 cells were grown to 80% confluency and were then trypsinated with 1-2 ml 0.25% trypsin.
Thereafter, the trypsin was inactivated by adding 2 ml of complete growth medium and a cell count
was performed. Following this, cells were seeded into sterile 96-well plates at 3x10° cells/well in
100 pl of complete growth medium. After exposing cells to various concentrations of the aqueous
T. capensis rhizome extracts and various gold nanoparticles for 24 hours, 48 hours and 72 hours,
respectively, 10 pl of MTT were added to each well. The plates were incubated at 37°C for an
additional 4 hours. Subsequently, the growth medium and MTT was removed from each well and
the remaining crystals solubilised with 200 pl of DMSO. Finally, the absorbance of the samples

was measured at 570 nm with an ELISA reader (GloMax Multi Detection System).

2.8.9.5 HAEC cell viability
HAEC cells were grown to 80% confluency and were then trypsinated with 1-2 ml 0.25% trypsin.

Thereafter, the trypsin was inactivated by adding 2 ml of complete growth medium and a cell count
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was performed. Following this, cells were seeded into sterile 96-well plates at 3x10° cells/well in
100 pl of complete growth medium. After exposing cells to various concentrations of the aqueous
T. capensis rhizome extracts and various gold nanoparticles for 24 hours, 48 hours and 72 hours,
respectively, 10 pl of MTT were added to each well. The plates were incubated at 37°C for an
additional 4 hours. Subsequently, the growth medium and MTT was removed from each well and
the remaining crystals solubilised with 200 pl of DMSO. Finally, the absorbance of the samples

was measured at 570 nm with an ELISA reader (GloMax Multi Detection System).

2.8.10 Cell internalisation of nanoparticles by hyperspectral dark field microscopy

CytoViva’s patented darkfield-based microscope utilises hyperspectral imaging technology
specifically designed for the quantitative spectral analysis of various forms of nano-scale materials,
including nanoparticles, bacteria, viruses and liposomes. An array of valuable information can be
gathered using this technology, such as mapping the presence and location of nanomaterials in a
variety of environments, along with characterising surface chemistry and functional groups

(https://schaefer-tec.com/en/products/nanoparticles-cytoviva/). This technology was used to

investigate the possible cell internalisation of gold nanoparticles generated in the present study.

In short, cultures were removed from the incubator at the appropriate times, washed with PBS and
fixed in 4% paraformaldehyde. Once fixed, cells were washed and mounted in DAPI (stain nuclear)
on glass slides. Finally, slides were viewed using CytoViva’s patented dark field hyperspectral
microscope (CytoViva Inc, Auburn AL, USA), where the presence of gold nanoparticles was
observed as yellow-gold coloured particulates or agglomerates found covering or surrounding the

blue stained cells (Figure 2.3).
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Untreated cells

Figure 2.3: Determination of possible gold nanoparticle cell internalisation by hyperspectral dark
field microscopy. Cells considered negative for possible internalisation are shown in untreated cells.
Cells considered positive for internalisation are shown. in treated cells, where red arrows show the

presence of gold nanoparticles.

2.8.10.1 LNCaP cell internalisation by Dark-field microscopy

LNCaP cells were grown to 80% confluency and were then trypsinated with 1-2 ml 0.25% trypsin.
Thereafter, the trypsin was inactivated by adding 2 ml of complete growth medium and a cell count
was performed. Following this, cells were seeded over cover slips in sterile 6-well plates at 5x10°
cells/well in 2 ml of complete growth medium. Cells were exposed to 50 and 100 pg/ml
concentrations of the S1-AuNP’s, S2-AuNP’s and the Ng-AuNP’s pHS8, over 4, 6 and 24-hour
periods, respectively. Hereafter, cells were washed 10 times with PBS and fixed 4%
paraformaldehyde for 15 minutes at room temperature. The fixative was then removed and cells
washed 3 times with PBS. To prepare the slides, cover slips were removed from the 6-well plates,
inverted, mounted with DAPI (stain nuclear) on glass slides and allowed to incubate at room
temperature for 10 minutes. Finally, staining was observed using a dark field microscope capable

of hyperspectral imaging technology (CytoViva).
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2.8.10.2 PC-3 cell internalisation by Dark-field microscopy

PC-3 cells were grown to 80% confluency and were then trypsinated with 1-2 ml 0.25% trypsin.
Thereafter, the trypsin was inactivated by adding 2 ml of complete growth medium and a cell count
was performed. Following this, cells were seeded over cover slips in sterile 6-well plates at 5x10°
cells/well in 2 ml of complete growth medium. Cells were exposed cells to 50 and 100 pg/ml
concentrations of the S1-AuNP’s, S2-AuNP’s and the Ng-AuNP’s pHS8, over 4, 6 and 24-hour
periods, respectively. Hereafter, cells were washed 10 times with PBS and fixed 4%
paraformaldehyde for 15 minutes at room temperature. The fixative was then removed and cells
washed 3 times with PBS. To prepare the slides, cover slips were removed from the 6-well plates,
inverted, mounted with DAPI (stain nuclear) on glass slides and allowed to incubate at room
temperature for 10 minutes. Finally, staining was observed using a dark field microscope capable

of hyperspectral imaging technology (CytoViva).

2.8.11 Cell internalisation of nanoparticles by transmission electron microscopy (TEM)
Transmission electron microscopy was used to further investigate the cell internalisation of gold
nanoparticles generated in the present study in PC-3 prostate cancer cells.

PC-3 cells were grown to 80% confluency and were then trypsinated with 1-2 ml 0.25% trypsin.
Thereafter, the trypsin was inactivated by adding 2 ml of complete growth medium and a cell count
was performed. Following this, cells were seeded over cover slips in sterile 6-well plates at 5x10°
cells/well in 2 ml of complete growth medium. Cells were exposed to 50 and 100 pg/ml
concentrations of the S1-AuNP’s, S2-AuNP’s and the Ng-AuNP’s pHS, over 6 and 24-hour periods,
respectively. Hereafter, cells were washed 10-12 times with PBS and dislodged with 300 pl of
0.25% trypsin. The trypsin was inactivated by adding 500 pl of complete growth medium, cells
transferred to 2 ml Eppendorf tubes and centrifuged at 125 x g to form a pellet. Next, supernatants

were removed, cell pellets were washed with PBS and centrifuged once more at 125 x g.
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Subsequently, the PBS was removed and carefully replaced with TEM fixative (100mM sodium
cacodylate, 2% glutaraldehyde and 2% paraformaldehyde), without disturbing the cell pellet and
stored at 4°C. Finally, the fixed cell pellets were submitted to the Electron Microscopy Core Facility
(EMC) at the University of Missouri, Columbia MO for grid preparation and viewed using a

transmission electron microscope (Joel 1400).

2.9 In vivo experiments

2.9.1 Prostate cancer tumour xenograft studies

Preclinical prostate cancer mouse models provide an essential tool to improve our understanding of
prostate cancer progression and development. These include xenografts mouse models, allografts
mouse models, genetically engineered mouse models and knockout models. For the purpose of this
study, the xenograft mouse model was used (Rea et al. 2016).

Clearance to perform the present animal study was obtained from the Institutional Animal Care and
Use Committees (IACUC) of the Harry S. Truman Memorial Veterans Hospital and the University
of Missouri, and was performed according to the Guide for the Care and Use of Laboratory Animals.
For tumour studies, 49 male imprinting control region-severe combined immunodeficiency (SCID)
mice (Taconic Farms, Hudson, New York) were inoculated on the right flank with PC-3 prostate
cancer cells at a concentration of 10x10° cells/ mouse, and tumours were allowed to develop for 4
weeks prior to first treatment. Hereafter, the mice were divided into 7 groups and randomised to
achieve a comparable body weight (Table 2.2). Once randomised, the mice were treated twice
weekly with the various samples at a concentration of 0.5 mg or 1.5 mg of gold/extract per kg of
body weight by intra peritoneal (IP) injection, according to table#. Prior to each treatment, mice
were weighed and bodyweight was recorded, tumours were measured using digital callipers for
tumour volume calculations, and body condition scores were determined. Individual mice were

removed from the study when body condition scores and body weight fell too low. The study was
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continued until a sample size of 6 animals per group could no longer be maintained. Once the study
had concluded, the mice were sacrificed by cervical-dislocation, blood samples were collected and
tumours were excised and weighed. White blood cell counts, red blood cell and platelet parameters

were measured using a haematological analyser (Hemavet 950FS)

Table 2.2: Dose design for in vivo study. Dosages ranged from 0.5 mg to 1.5 mg of extract or gold
nanoparticle per kilogram bodyweight (0.5-1.5 mg/kg bw). Doses for gold nanoparticles was

calculated based on total gold content, as determined by ICP-MS analysis.

Group Animals  Sample Dose Dose per Treatments Mode of
per (mg/kg bw). - treatment per week Administration
group
Group 1 7 Injectable Tumour a 2 IP
water only

Group 2-7: tumour+ treatment

Group 2 7 S1-AuNP 0.5 1 2 IP

Group 3 7 S1-AuNP 15 1 2 IP

Group 4 7 Ng-AuNP 0.5 1 2 IP
pH 8

Group 5 7 Ng-AuNP 1.5 1 2 IP

Group 6 7 Naringenin 0.5 1 2 IP

Group 7 7 S1 0.5 1 2 IP
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2.10 Statistical Analysis

Data generated in the present study were recorded and analysed statistically using MedCalc for
Windows, version 19 (MedCalc Software, Mariakerke, Belgium). Experiments were run in
triplicate and sample sizes were kept to 10. After calculating the summary stats, including the
Kolmogorov-Smirnov test for normal distribution, data were analysed by means of the independent
t-test if normally distributed. If the samples were not normally distributed, the Mann-Whitney test
was used. To test for a trend between parameters, the repeated measures and one-way ANOVA was

performed. A P-value of less than 0.05 was considered significant
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Chapter 3
Results

3.1 Gold nanoparticle characterisation

3.1.1 Gold nanoparticle synthesis

Upon completion of each respective gold nanoparticle synthesis, images were taken to record their
characteristic colours (Figure 3.1). Each of the extract-derived gold nanoparticles, namely the S1-
AuNP’s, S1x2-AuN’s, S2-AuNP’s and S2x2-AuNPs (A-D), were found to have a very deep-ruby
colour. Conversely, the naringenin-derived gold nanoparticles (E-F) were found to have slightly
varying colours, where the Ng-AuNP’s pH 7 (E) were ruby-red in colour, and the Ng-AuNP’s pH

8 (F) were found to be wine-red in colour.

Figure 3.1: Characteristic colours of the S1-AuNP’s (A), S1x2-AuNP’s (B), S2-AuNP’s (C), S2x2-
AuNP’s (D), Ng-AuNP’s pH 7 (E) and Ng-AuNP’s pH 8 (F). Extract-derived gold nanoparticles
were deep-ruby in colour (A-D), while the Ng-AuNP’s pH 7 were ruby-red in colour (E), and the

Ng-AuNP’s pH 8 were wine-red colour (F).
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3.1.2 Ultraviolet spectroscopy

Spectrophotometric analysis was performed for each formulation (A-F) as the first step to confirm
the presence of gold nanoparticles (Figure 3.2). UV-vis spectrometry yielded an absorption
maximum consistent with the presence of gold nanoparticle for each formulation, specifically
observed at 540 nm for the S1-AuNPs (A), 535 nm for the S1x2-AuNPs (B), 534 nm for the S2-
AUNPs (C), 540 for the S2x2-AuNPs (D), 535 nm for the Ng-AuNPs pH 7 (E), and finally at 540

nm for the Ng-AuNPs pH 8 (F), respectively.
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Figure 3.2: Spectrophotometric analysis of gold nanoparticles displaying the absorption maximums
for S1-AuNP’s (A), S1x2-AuNP’s (B), S2-AuNP’s (C), S2x2-AuNP’s (D), Ng-AuNP’s pH 7 (E)

and Ng-AuNP’s pH 8 (F).
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3.1.3 Dynamic light scattering (DLS)

3.1.3.1 S1-nanoparticles

DLS was used to determine the hydrodynamic size and polydispersity index (PDI) for the S1-
AUNPs and S1x2-AuNPs (Figure 3.3). Measurements of the S1-AuNPs (A) yielded an average
hydrodynamic size of 88.36 nm with a PDI of 0.284, indicating a more monodispersed solution
(Table 3.1). Measurements of S1x2-AuNPs (B) yielded an average hydrodynamic size of 160.86

nm, along with a PDI of 0.265 (Table 3.1).
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Figure 3.3: Hydrodynamic size measurements for the S1-AuNPs (A) with an average size of 88.36

nm, and S1x2-AuNPs (B) with an average size of 160.86 nm.
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3.1.3.2 S2-nanoparticles

DLS was used to measure the hydrodynamic size and polydispersity index (PDI) for the S2-AuNPs
and S2x2-AuNPs (Figure 3.4). Measurements of the S1-AuNPs (A) yielded an average
hydrodynamic size of 96.73 nm with a PDI of 0.393, indicating a more monodispersed solution.
Measurements of S2x2-AuNPs (B) yielded an average hydrodynamic size of 200.3 nm, along with

a PDI of 0.223, indicating a higher degree of monodispersity.

Size Distribution by Intensity A
15 ............................................................................................
E
(7]
£ 10
g
Z
e 5
@
E
0
0.1
Size (d.nm)
Record 4: 4 mg/3mi S2 +3 mg GA at S0C1 Record S:-4 mg/3ml S2 +3 mg GA at 50'C 2
Record 6: 4 mg/3ml S2 +3 mg GA at S0'C 3
Size Distribution by Intensity B
15 ............
E
o
g (1 R R R R SR
D
Ery
B Bl e e e e e e e e e T e e R e
o
E
0 |
0.1 10000
Size (d.nm)
Record 19: 8 mg/3ml S2 +3 mg GA at 50'C 1 —— Record 20: 8 mg/3ml S2 +3 mg GA at S0'C 2
Record 21: 8 mg/3ml S2 +3 mg GA at S0'C 3

Figure 3.4: Hydrodynamic size measurements for the S2-AuNPs (A) with an average size of 96.73

nm, and S2x2-AuNPs (B) with an average size of 200.3 nm.
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3.1.3.3 Naringenin-nanoparticles

DLS was measured to determine the hydrodynamic size and polydispersity index (PDI) for the
NgAuUNPs pH 7 and Ng-AuNPs pH 8 (Figure 3.5). Measurements of the Ng-AuNPs pH 7 (A)
yielded an average hydrodynamic size of 27.1 nm with a PDI of 0.268, indicating a more
monodispersed solution. Measurements of Ng-AuNPs pH 8 (B) yielded an average hydrodynamic

size of 29.28 nm, along with a PDI of 0.685, indicating a more polydispersed solution.
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Figure 3.5: Hydrodynamic size measurements for the Ng-AuNPs pH 7 (A) with an average size of
27.1 nm, and Ng-AuNPs pH 8 (B) with an average size of 29.28 nm.
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3.1.3.4 DLS and PDI summary

Table 3.1: Hydrodynamic size measurements and polydispersity index (PDI) measured for the S1-

AuNP’s, S1x2-AuNP’s, S2-AuNP’s, S2x2-AuNP’s, Ng-AuNP’s pH 7, and Ng-AuNP’s pH 8.

Sample DLS (nm) Std Dev PDI

S1-AuNP 88.36 1.410 0.284
S1x2-AuNP 160.9 1.716 0.265
S2-AuNP 95.73 1.935 0.393
S2x2AuUNP 200.3 1.308 0.223
Ng-AuNP pH 7 2™ 0.680 0.264
Ng-AuNP pH 8 29.28 0.096 0.685
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3.1.4 Zeta potential

3.1.4.1 S1-nanoparticles

Zeta potential was measured to determine the surface forces, and thereby stability, of the S1-AuNPs

and S1x2-AuNPs (Figure 3.6). Measurements of the S1-AuNPs (A) yielded an average zeta

potential of -21.1 mV, and the S1x2-AuNPs (B) yielded an average zeta potential of -26.2 mV,

conferring acceptable colloidal stability for both formulations.
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Figure 3.6: Zeta-potential measurements for the S1-AuNPs (A) with an average charge of -21.1

mV, and S1x2-AuNPs (B) with an average charge of -26.2 mV.
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3.1.4.2 S2-nanoparticles

Zeta potential was measured to determine the surface forces, and thereby stability, of the S2-AuNPs

and S2x2-AuNPs (Figure 3.7). Measurements of the S1-AuNPs (A) yielded an average zeta

potential of -29.3 mV, and the S1x2-AuNPs (B) yielded an average zeta potential of -26.7 mv,

conferring a high

degree of stability for both formulations.
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Figure 3.7: Zeta-potential measurements for the S2-AuNPs (A) with an average charge of -29.3

mV, and S2x2-AuNPs (B) with an average charge of -26.7 mV.
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3.1.4.3 Naringenin nanoparticles

Zeta potential was measured to determine the surface forces, and thereby stability, of the Ng-AuNPs

pH 7 and Ng-AuNPs pH 8 (Figure 3.8). Measurements of the Ng-AuNPs pH 7 (A) yielded an

average zeta potential of -41.0 mV, and the Ng-AuNPs pH 8 (B) yielded an average zeta potential

of -33.3 mV, conferring a high degree of stability for both formulations.
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Figure 3.8: Zeta-potential measurements for the Ng-AuNPs pH 7 (A) with an average charge of -

41.0 mV, and Ng-AuNPs pH 8 (B) with an average charge of --33.3 mV.
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3.1.4.4 Zeta potential summary
Table 3.2 Zeta-potential measurements for the S1-AuNP’s, S1x2-AuNP’s, S2-AuNP’s, S2x2-

AuNP’s, Ng-AuNP’s pH 7, and Ng-AuNP’s pH 8.

Sample Zeta potential (mV) Std Dev
S1-AuNP -27.1 0.200
S1x1-AuNP -26.2 0.781
S2-AuNP -29.3 0.808
S2x2-AuNP -26.7 0.256
Ng-AuNP pH 7 -41.0 3.17
Ng-AuNP pH 8 -33.3 1.31

3.1.5 Transmission electron microscopy
Transmission electron microscopy (TEM) imaging was used to visualise and definitively confirm

the presence of gold nanoparticles in each formulation (A-F) (Figure 3.9).

Observably, S1-AuNPs (A) consisted of a majority spherically shaped nanoparticles, along with a
small proportion of triangle shaped nanoparticles, of variable size. S1x2-AuNPs (B) presented with
a uniformly spherical shape, along with low observable particle size variation. S2-AuNPs (C) a
majority spherically shaped nanoparticles, along with a small proportion of triangle shaped
nanoparticles, with moderate observable particle size variation. S2x2-AuNPs (D) consisted of
spherically shaped nanoparticles of a consistent observable size. Similarly, both Ng-AuNPs pH 7

(E) and Ng-AuNPs pH 8 (F) were spherically shaped with a consistent observable size.
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Figure: 3.9: Transmission electron microscopy (TEM) imaging depicting the S1-AuNP’s (A),
S1x2-AuNP’s (B), S2-AuNP’s (C), S2x2-AuNP’s (D), Ng-AuNP’s pH 7 (E), and Ng-AuNP’s pH
8 (F).
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3.1.6 Size distribution histograms

3.1.6.1 S1-nanoparticles

Size distribution histograms yielded a particle size range between 6 nm and 60 nm for S1-AuNPs
(A) with a calculated average particle size of 28.29 nm, along with particle sizes ranging between

6 nm to24 nm for S1x2-AuNPs (B), with a calculated average size of 13.05 nm (Figure 3.10).

70 A

sok 2 8,2911111

50 ! /
40 -_
30 i
2ol
10 i
0 - T | 1 1
17 28 3

8 49 60
Diameter (nm)

Frequency

—

]

o]
I

B

Frequency

o0l
<ol 13.05 nm
70
60
sof
a0
30l
201
10F

1 1
20 24
Diameter (nm)

Figure 3.10: Size distribution histograms for the S1-AuNP’s (A) with an average particles size of

28.29 nm, and the S1x2-AuNP’s (B) with and average particles size of 13.05 nm.

http://etd.uwc.ac.za/ 82



3.1.6.2 S2-nanoparticles
Particle sizes ranging between 7 nm and 35 nm was observed for S2-AuNPs (A) with a calculated
average particle size of 18.99 nm. Furthermore, particle sizes ranging between 3 nm to 35 nm was

observed for S2x2-AuNPs (B), with a calculated average size of 13.02 nm (Figure 3.11).

60

I
>

Frequency

50

40

20

10

0 g 13 20 27 33 40
Diamter (nm)

100
[ 13.02 nm B
90 B A

Frequency

[#22]
a]
T

70
60 |-

soF

a0

301

2]

10}

o L - | | !
12 18

1 I 1
0 6 23 29 35

Diameter (nm)

Figure 3.11: Size distribution histograms for the S2-AuNP’s (A) with an average particles size of

18.99 nm, and the S2x2-AuNP’s (B) with and average particles size of 13.02 nm.
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3.1.6.3 Naringenin-nanoparticles

Size distribution histograms yielded a particle size range between 2 nm and 26 nm for Ng-AuNPs

pH 7 (A) with a calculated average particle size of 15.71 nm, along with particle sizes ranging

between 2 nm to 30 nm for Ng-AuNPs pH 8 (B), with a calculated average size of 12.53 nm

(Figure 3.12).
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Figure 3.12: Size distribution histograms for the Ng-AuNP’s pH 7 (A) with an average particles

size of 15.71 nm, and the Ng-AuNP’s pH 8 (B) with and average particles size of 12.53 nm.
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3.1.7 Total polyphenolic quantification

As determined by the Folin-ciocalteu phenol (FC) method, the calculated total polyphenolic
concentration, equivalent to Gallic acid, was 447 pg/ml for S1-AuNPs, 694 pg/ml for S1x2-AuNPs,
487 pg/ml for S2-AuNPs, 738 pg/ml for S2x2-AuNPs, 423 pg/ml for Ng-AuNPs pH 7, and 288

pag/ml for Ng-AuNPs pH 8, respectively (Table 3.3).

Table 3.3: Total polyphenol calculations for the S1-AuNP’s, S1x2-AuNP’s, S2-AuNP’s, S2x2-

AuNP’s, Ng-AuNP’s pH 7, and Ng-AuNP’s pH 8, as measured by the FC pholin method.

Sample Absorbance at 760 nm Calculated concentration

(g/ml) Gallic acid eq.

S1-AuNP 0.3038 447
S1x2-AuNP 0.4523 694
S2-AuNP 0.3278 487
S2x2-AuNP 0.4786 738
Ng-AuNP pH 7 0.2503 423
Ng-AuNP pH 8 0.1817 288
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3.1.8 LC-MRM analysis
Levels of naringenin were quantified in each T. capensis extract using LC-MRM analysis
(Figure 3.13). Naringenin was found to be higher in the S1 extract and lower in the S2 extract (A),

while quercetin was found to be lower in the S1 extract and higher in the S2 extract (B).
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Figure 3.13: Naringenin and quercetin content of the S1 and S2 extract analysed by LC-MRM.
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3.1.9 Gold content analysis

Gold content of samples considered to be candidates for in vitro study was analysed by ICP-MS
(Table 3.4), and was later used to calculate the appropriate dosages. A gold content of 336 ppm was
observed for S1-AuNPs, 318 ppm observed for S2-AuNPs, and finally 185 ppm observed for

Ng-AuNPs pH 8.

Table 3.4: Gold content analysis for gold nanoparticle formulation by ICP-MS.

Sample Gold content (ppm)
S1-AuNP 336
S2-AuNP 318
Ng-AuNP pH 8 185

3.1.10 Gold nanoparticle stability in challenging media

3.1.10.1 S1-AuNP’s and S1x2-AuNP’s

The S1-AuNP’s (Figure 3.14) and S1x2-AuNP’s (Figure 3.15) were incubated with various blood
mimicking components, namely sodium chloride (NaCl), cysteine, histidine, human serum albumin
(HSA), bovine serum albumin (BSA), and phosphate buffered saline (PBS), over 0 (A), 1 (B), 24

(C) and 48 (D) hour periods, as well as over a 7 day period (E).

The S1-AuNP’s exhibited slight increases in absorption maxima was observed at each time point
(A-E) following incubation with each medium, without the occurrence of peak widening between
0 and 48 hour incubation periods. Following 7 days of incubation (E), slight peak widening was
observed for nanoparticles incubated with BSA, along with a slight decrease in absorption maxima
for nanoparticle incubated with PBS. The S1x2-AuNP’s exhibited no notable changes toward

absorption maxima or peak width were observed for each medium used between 0 and 24 incubation
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periods (A-C), followed by a slight decrease in absorption maxima for nanoparticles treated with

PBS over 48 hour (D) and 7 day incubation periods (E).
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Figure 3.14: Stability of the S1-AuNP’s in various blood mimicking components, over a 0 hour

(A), 1 hour (B), 24 hour (C), 48 hour (D), and 7 day (E) incubation period.
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Figure 3.15: Stability of the S1x2-AuNP’s in various blood mimicking components, over a 0 hour

(A), 1 hour (B), 24 hour (C), 48 hour (D), and 7 day (E) incubation period.
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3.1.10.2 S2-AuNP’s and S2x2-AuNP’s

The S2-AuNP’s (Figure 3.16) and S2x2-AuNP’s (Figure 3.17) were incubated with various blood
mimicking components, namely sodium chloride (NaCl), cysteine, histidine, human serum albumin
(HSA), bovine serum albumin (BSA), and phosphate buffered saline (PBS), over 0 (A), 1 (B), 24
(C) and 48 (D) hour periods, and over a 7 day period (E). Only S2-AuNP’s treated with BSA
exhibited slight increases in absorption maxima between 0 and 24 hour incubation periods (A-C),
followed by histidine, cysteine and NaCl over 48 hour (D) and 7 day incubation periods (E). No
notable peak widening was noted at each time point. The S2x2-AuNP’s exhibited absorption
maxima and peak widths relatively similar to control following incubation with each medium
between 0 and 48 hour periods (A-D). Hereafter (E), slight increases in absorption maxima were
exhibited by nanoparticles treated with NaCl, histidine, BSA and HAS, along with slight decreases

exhibited by PBS and cysteine.
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Figure 3.16: Stability of the S2-AuNP’s in various blood mimicking components, over a 0 hour

(A), 1 hour (B), 24 hour (C), 48 hour (D), and 7 day (E) incubation period.
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Figure 3.17: Stability of the S2x2-AuNP’s in various blood mimicking components, over a 0 hour

(A), 1 hour (B), 24 hour (C), 48 hour (D), and 7 day (E) incubation period.
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3.1.10.3 Ng-AuNPs pH 7 and Ng-AuNP’s pH 8

The Ng-AuNP’s pH 7 (Figure 3.18) and Ng-AuNP’s pH 8 (Figure 3.19) were incubated with various
blood mimicking components, namely sodium chloride (NaCl), cysteine, histidine, human serum
albumin (HSA), bovine serum albumin (BSA), and phosphate buffered saline (PBS), over 0 (A), 1
(B), 24 (C) and 48 (D) hour periods, and over a 7 day period (E). Slight, but progressive decreases
in absorption maxima was observed for between O hours and 7 days of incubation (A-E), for
nanoparticles treated with NaCl, histidine, PBS, cysteine and HAS. Despite the slightly decreasing
absorption maxima, peak widths remained comparable to control between O hours and 7 days of
incubation (A-E). Upon analysis of the Ng-AuNP’s pH 8, each medium yielded absorption maxima
and peak widths comparable to control between 0 and 24 hours of incubation (A-B), followed by
decreased absorption maximaand increased peak width for nanoparticles treated with NaCl between
24 hours and 7 days of incubation (C-E). Additionally, PBS yielded decreased absorption maxima

following 7 days of incubation (E).
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Figure 3.18: Stability of the Ng-AuNP’s pH 7 in various blood mimicking components, over a 0

hour (A), 1 hour (B), 24 hour (C),

48 hour (D), and 7 day (E) incubation period.
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Figure 3.19: Stability of the Ng-AuNP’s pH 8 in various blood mimicking components, over a 0

hour (A), 1 hour (B), 24 hour (C), 48 hour (D), and 7 day (E) incubation period.
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3.2 Cell Viability

3.2.1 PC-3 cell viability

3.2.1.1 S1-AulNP’s and S1 extract

After being exposed to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s (G-L) over
24 hours, cell morphology was observed and recorded (Figure 3.20). No observable change in the
flat, polygonal morphology had occurred between the control and 200 pg/ml of the extract (A-F).
At the highest concentration (F), cells became more sparely spaced. Similarly, no observable change
in morphology was observed between the control and 12.5 pug/ml of the AuNP’s (G-H). At higher
concentrations (1-J) cells became more sparely spaced, atypically rounded, along with showing

signs of cell stress (K) and cell death (L).

Following 48 hours of exposure to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s
(G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.21). The flat and
polygonal morphology remained unchanged between the control and 50 pug/ml of the extract (A-E),
while showing signs of cell rounding at the highest concentration (F). Similarly, no observable
change in morphology was observed between the control and 25 pg/ml of the AuNP’s (G-I). At
higher concentrations (I-L), cells became progressively sparely spaced, atypically rounded, and

displayed signs of cell stress (K) and cell death (L).

Post 72-hour exposure to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s (G-L),
cell morphology was observed and recorded (Figure 3.22). Cell morphology remained relatively
unchanged between the control and 200 pg/ml of the extract (A-F). Slightly fewer cells were
observed at the highest concentration (F). Similarly, cell morphology remained unchanged between
the control and lower concentrations of the AuNP’s (G-J). Between 25-200 pg/ml, cells became
progressively sparsely spaced, in addition to displaying atypical cell rounding at 100 pg/ml and

signs of cell death at 200 pg/ml.
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Figure 3.20: PC-3 cell morphology after being exposed to increasing concentrations of the S1

Extract and S1-AuNPs over a 24-hour period. The extract yielded no change in morphology, with
slightly less observable cells at 200 ug/ml (F), whereas the AuNP’s yielded cell rounding (K) and

signs of cell death (L), at higher concentrations.
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Figure 3.21: PC-3 cell morphology after being exposed to increasing concentrations of the S1
Extract and S1-AuNPs over a 48-hour period. The extract yielded no change in morphology at lower
concentrations (A-E), with slight rounding at the highest concentration (F). The AuNP’s yielded

cell rounding and signs of death at higher concentrations (K-L).
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Figure 3.22: PC-3 cell morphology after being exposed to increasing concentrations of the S1
Extract and S1-AuNPs over a 72-hour period. The extract yielded no change in morphology between
the control and highest concentrations (A-F), with slight fewer observed cells at 200 pg/ml. The

AuNP’s yielded cell rounding at 1000 pg/ml and signs of death at 200 ug/ml.
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After 24-hours of exposure to both the extract and AuNP’s (Figure 3.23 A), the MTT assay revealed
dose-depended decreases in cell viability between the control and 200 pg/ml with the AuNP’s
yielding sharper decreases between 50 pg/ml and 200 pg/ml. Significant (P=0.03, P=0.0001,
P=0.0001) differences in the reduction of cell viability were observed between the extract and
AuNP’s at 50 ug/ml, 100 png/ml and 200 pg/ml. The repeated measures ANOVA yielded a significant
(P<0.0001, P<0.0001) trend for both the extract and AuNP’s, respectively, between the control and
200 pg/ml. Similarly, one-way ANOVA revealed a significant (P<0.001, P<0.001) trend between the

control and 200 pg/ml, for both the extract and AuNP’s.

Similarly, 48-hours of exposure (Figure 3.23 B) yielded dose-depended decreases in cell viability
between the control and 200 pg/ml, with the AuNP’s yielding a greater reduction in cell viability at
each concentration. Significant (P=0.0408, P=0.0012, P=0.0045, P<0.0001, P=0.0004) differences in
the reduction of cell viability were observed between the extract and AuNP’s at 12.5 pg/ml, 25 pg/ml,
50 pg/ml, 100 pg/ml and 200 pg/ml. The repeated measures ANOVA vyielded a significant
(P=0.0001, P<0.0001) trend for the extract and AuNP’s between the control and 200 pg/ml.
Similarly, one-way ANOVA revealed a significant (P<0.001 and P<0.001) trend between the control

and 200 pg/ml, for the extract and AuNP’s.

Equally, 72-hours of exposure yielded dose-depended decreases in cell viability between the control
and 200 pg/ml, with the AuNP’s yielding a notably greater reduction in cell viability at each
concentration (Figure 3.23 C). Significant (P<0.0001, P=0.0001, P<0.001, P<0.0001, P<0.0001)
differences in the reduction of cell viability were observed between the extract and AuNP’s at 12.5
pg/ml, 25 pg/ml, 50 pg/ml, 100 pg/ml and 200 pg/ml, along with repeated measures ANOVA
yielding a significant (P<0.0001, P<0.0001) trend for the extract and AuNP’s between the control
and 200 pg/ml. Similarly, one-way ANOVA revealed a significant (P<0.001 and P<0.001) trend

between the control and 200 pg/ml, for the extract and AuNP’s, respectively.
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Figure 3.23: PC-3 cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S1 Extract and S1-AuNP’s, respectively. Significant (P=0.03, P=0.0001,
P=0.0001) differences between the extract and AuNP’s were observed between 50-200 pg/ml over
24 hours, significant (P=0.0408, P=0.0012, P=0.0045, P<0.0001, P=0.0004) differences between
12.5-200 pg/ml after 48 hours, and finally significant (P<0.0001, P=0.0001, P<0.001, P<0.0001,

P<0.0001) differences between 12.5-200 pg/ml after 72 hours of exposure.
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3.2.1.2 S1x2-AuNP’s and S1 extract

After being exposed to increasing concentrations of the S1 extract (A-F) and S1x2-AuNP’s (G-L)
over 24 hours, cell morphology were observed and recorded (Figure 3.24). No observable change
in the flat, polygonal morphology had occurred between the control and 200 pg/ml of the extract
(A-F). At the highest concentration (F), cells became more sparely spaced. Similarly, no observable
change in morphology were observed between the control and 50 pg/ml of the AuNP’s (G-J). At

higher concentrations (K-L) cells appeared slightly rounded, and slightly more sparely spaced.

Following 48 hours of exposure to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s
(G-L) over 48 hours, cell morphology were observed and recorded (Figure 3.25). The flat and
polygonal morphology remained unchanged between the control and 50 pg/ml of the extract (A-E),
while showing signs of cell rounding at the highest concentration (F). A slight reduction in overall
cell number was observed between the control and 100 pg/ml of the AuNP’s (G-K), while the cell
morphology remained observably unchanged. At the highest concentration (K), cells became more

sparely spaced and displayed signs of slight rounding.

Post 72-hour exposure to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s (G-L),
cell morphology were observed and recorded (Figure 3.26). Cell morphology remained relatively
unchanged between the control and 200 pg/ml of the extract (A-F). Slightly fewer cells were
observed at the highest concentration (F). Cells became observably fewer between the control and
100 pg/ml of the AuNP’s (G-K), while cell morphology remained unchanged. Between 100 pg/ml
and 200 pg/ml, cells became more notably sparsely spaced, in addition to displaying a slightly

rounded appearance at 200 pg/ml.
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Figure 3.24: PC-3 cell morphology after being exposed to increasing concentrations of the S1
Extract and S1x2-AuNPs over a 24-hour period. The extract yielded no change in morphology, with
slightly less observable cells at 200 pg/ml (F), whereas the AuNP’s yielded slight cell rounding at

higher concentrations (K-L).
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Figure 3.25: PC-3 cell morphology after being exposed to increasing concentrations of the S1

Extract and S1-AuNPs over a 48-hour period. The extract yielded no change in morphology at lower
concentrations (A-E), with slight rounding at the highest concentration (F). The AuNP’s, yielded

slight cell rounding at the highest concentration (L).
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Figure 3.26: PC-3 cell morphology after being exposed to increasing concentrations of the S1

Extract and S1-AuNPs over a 72-hour period. The extract yielded no change in morphology between
the control and highest concentrations (A-F), with slight fewer observed cells at 200 pug/ml. The

AuNP’s yielded fewer cells between control and at 100 pg/ml and cell rounding at 200 pg/ml.
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After 24-hours of exposure to both the extract and AuNP’s (Figure 3.27 A), the MTT assay revealed
a dose-depended decreases in cell viability between the control and 200 pg/ml, with the AuNP’s
exhibiting greater decreases between 12.5 pg/ml and 100 pg/ml. Significant (P=0.0002, P=0.0005,
P=0.0433, P=0.0031) differences in the reduction of cell viability were observed between the extract
and AuNP’s at 12.5 pg/ml, 25 pg/ml, 100 pg/ml and 200 pg/ml. The repeated measures ANOVA
yielded a significant (P<0.0001, P=0.001) trend for the extract and AuNP’s, respectively, between
the control and 200 pg/ml. One-way ANOVA revealed significant (P<0.001, P<0.001) trends

between the control and 200 pg/ml, for the extract and AuNP’s.

Similarly, 48-hours of exposure (Figure 3.27 B) yielded dose-depended decreases in cell viability
between the control and 200 pg/ml, with the AuNP’s yielding a notable reduction in cell viability
between 12.5 pg/ml and 100 pg/ml. Significant (P=0.0034, P=0.0003, P=0.0102) differences in the
reduction of cell viability were observed between the extract and AuNP’s at 12.5 pg/ml, 25 pg/ml
and 50 pg/ml. The repeated measures ANOVA vyielded significant (P=0.0001, P<0.0001) trends for
the extract and AuNP’s between the control and 200 pg/ml. One-way ANOVA revealed a
significant (P<0.001, P<0.001) trend between the control and 200 ug/ml, for the extract and

AuNP’s.

Equally, 72-hours of exposure yielded dose-depended decreases in cell viability between the control
and 200 pg/ml, with the AuNP’s yielding considerably greater reductions in cell viability between
12.5 pg/ml and 100 pg/ml (Figure 3.27 C). Significant (P<0.0001, P<0.0001, P<0.001, P=0.018)
differences in the reduction of cell viability were observed between the extract and AuNP’s at 12.5
pg/ml, 25 pg/ml, 50 pg/ml and 100 pg/ml, respectively, along with the repeated measures ANOVA
yielding a significant (P<0.0001, P<0.0001) trend for the extract and AuNP’s between control and
200 pg/ml. One-way ANOVA revealed significant (P<0.001, P<0.001) trends between the control

and 200 pg/ml, for the extract and AuNP’s.
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Figure 3.27: PC-3 cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)

hour exposure to the S1 Extract and S1-AuNP’s, respectively. Significant (P=0.0002, P=0.0005,

P=0.0433, P=0.0031) differences were observed between the extract and AuNP’s between 12.5-200

pg/ml over 24 hours, along with significant (P=0.0034, P=0.0003, P=0.0102) differences observed

between 12.5-50 pg/ml, after 48 hours, and finally significant (P<0.0001, P<0.0001, P<0.001,

P=0.018) from 12.5 -00 pg/ml after 72 hours of exposure.
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3.2.1.3 S2-AuNP’s and S2 extract

After being exposed to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s (G-L) over
24 hours, cell morphology was observed and recorded (Figure 3.28). No observable change in the
flat, polygonal morphology had occurred between the control and 50 pg/ml of the extract (A-D). At
higher concentrations (E-F), cells became marginally more sparely spaced and appeared
progressively rounded. Similarly, no observable change in morphology was observed between the
control and 100 pg/ml of the AuNP’s (G-K). At highest concentration (L) cells appeared slightly

rounded, and slightly more sparely spaced.

Following 48 hours of exposure to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s
(G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.29). Cells appeared
slightly more sparely spaced between the control and 100 pg/ml of the extract (A-E), however the
typical flat and polygonal morphology remained unchanged. At 200 pg/ml (F), cells became visibly
rounded and notably fewer. Similarly, a progressive reduction in observable cell number was noted
between the control and 200 ug/ml of the AuNP’s (G-L), without the presence of morphological
changes up until 50 pg/ml (J). At higher concentrations (K-L), cells became more sparely spaced

and progressively rounded.

Post 72-hour exposure to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s (G-L),
cell morphology was observed and recorded (Figure 3.30). Cell morphology remained unchanged
between the control and 200 pg/ml of the extract (A-F), with slightly fewer observable cells at 200
pg/ml (F). Similarly, no morphological changes were observed between the control and 50 pg/ml
of the AuNP’s (G-K), with cells becoming progressively fewer between 50 pg/ml and 200 pg/ml
(J-L).At higher concentrations (K-L), cells appeared progressively rounded and displayed signs

consistent with cell stress at (L).
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Figure 3.28: PC-3 cell morphology after being exposed to increasing concentrations of the S2
Extract and S2-AuNPs over a 24-hour period. The extract yielded no change in morphology at lower
concentrations (A-D), with slight rounding at the higher concentrations (E-F). The AuNP’s, yielded

slight cell rounding at the highest concentration (L).
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Figure 3.29: PC-3 cell morphology after being exposed to increasing concentrations of the S2

Extract and S2-AuNPs over a 48-hour period. The extract yielded no change in morphology at lower
concentrations (A-E), with visible rounding at the highest concentration (F). Similarly, the AuNP’s,

yielded notable cell rounding at the highest concentration (L).
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Figure 3.30: PC-3 cell morphology after being exposed to increasing concentrations of the S2
Extract and S2-AuNPs over a 72-hour period. The extract yielded no change in morphology between

the control and highest concentrations (A-F), with slight fewer observed cells at 200 pg/ml (F). The

AuNP’s yielded progressive cell rounding between 100 pug/ml and 200 pg/ml, with signs of cell

stress.
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Following 24, 48 and 72 -hours of exposure the MTT assay was performed (Figure 3.31). The
extract yielded a dose-depended increase in cell viability between the control and 100 pg/mi,
followed by a sharp decrease at 100 pg/ml, whereas the AuNP’s exhibiting a dose-dependent
reduction between the control and 200 pg/ml (Figure 3.31 A). Significant (P=0.0006, P=0.0319)
differences in the reduction of cell viability were observed between the extract and AuNP’s at 100
pg/ml and 200 pg/ml, receptively. The repeated measures ANOVA vyielded a significant (P<0.0103,
P<0.0001) trend for the extract and AuNP’s, respectively, between the control and 200 pg/ml. One-
way ANOVA revealed significant (P=0.001, P<0.001) trends between the control and 200 pug/ml,

for the extract and AuNP’s.

Over 48-hours of exposure (Figure 3.31 B) dose-depended decreases in cell viability were observed
between the control and 200 pg/ml for extract and AuNP’s, with AuNP’s yielding a greater
reduction in cell viability at each concentration. Significant (P=0.0029, P=0.0035, P<0.0001,
P=0.0001, P=0.0006) differences in the reduction of cell viability were observed between the extract
and AuNP’s at 12.5 pg/ml, 25 pg/ml and 50 ug/ml, 100 pg/ml and 200 pg/ml. The repeated
measures ANOVA yielded significant (P<0.0001, P<0.0001) trends for the extract and AuNP’s,
respectively, between the control and 200 pg/ml, along with one-way ANOV A revealing significant

(P<0.001, P<0.001) trends between the control and 200 pg/mi.

Equally, 72-hours of exposure (Figure 3.31 C) exhibited dose-depended decreases in cell viability
between the control and 200 pg/ml for both extract and AuNP’s, with AuNP’s yielding a greater
reduction in cell viability at each concentration. Significant (P=0.0021, P=0.0001, P=0.0004,
P<0.0001, P=0.0003) differences in the reduction of cell viability were observed between the extract
and AuNP’s at 12.5 pg/ml, 25 pg/ml, 50 pg/ml, 100 pg/ml and 200 pg/ml, respectively. The
repeated measures ANOVA vyielded significant (P<0.0001, P<0.0001) trends for the extract and
AuNP’s between control and 200 pug/ml, along with one-way ANOVA revealing significant

(P<0.001, P<0.001) trends between the control and 200 pg/ml.
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Figure 3.31: PC-3 cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S2 Extract and S2-AuNP’s, respectively. Significant (P=0.0006, P=0.0319)
differences were observed between the extract and AuNP’s from 100-200 pg/ml over 24 hours,
along with significant (P=0.0029, P=0.0035, P<0.0001, P=0.0001, P=0.0006) differences from
12.5-200 pg/ml after 48 hours, and finally significant (P=0.0021, P=0.0001, P=0.0004, P<0.0001,
P=0.0003) differences from 12.5-200 pg/ml after 72 hours of exposure.
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3.2.1.4 S2x2-AuNP’s and S2 extract

After being exposed to increasing concentrations of the S2 extract (A-F) and S2x2-AuNP’s (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.32). No observable change in
the flat, polygonal morphology had occurred between the control and 50 pug/ml of the extract (A-
D). At higher concentrations (E-F), cells became marginally more sparely spaced and appeared
progressively rounded. Similarly, no observable change in morphology or observable cell number

was noted between the control and 200 pg/ml of the AuNP’s (G-L).

Following 48 hours of exposure to increasing concentrations of the S2 extract (A-F) and S2x2-
AuNP’s (G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.33). Cells
appeared slightly more sparely spaced between the control and 100 pg/ml of the extract (A-E),
however the typical morphology remained unchanged. At 200 pg/ml (F), cells became visibly
rounded and markedly fewer. A marginal reduction in cell number was noted between the control

and 200 pg/ml of the AuNP’s (G-L), without notable morphological changes.

Post 72-hour exposure to the S2 extract (A-F) and S2x2-AuNP’s (G-L), cell morphology was
observed and recorded (Figure 3.34). Cell morphology remained unchanged between the control
and 200 pg/ml of the extract (A-F), with slightly fewer observable cells at 200 pug/ml (F). Similarly,
no morphological changes were observed between the control and 50 ug/ml of the AuNP’s (G-K),
with cells becoming slightly, but progressively fewer between 50 pg/ml and 200 pg/ml (J-L). At
higher concentrations (K-L), cells exhibited signs consistent with stress, and appeared slightly

rounded at 200 pg/ml (L).
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Figure 3.32: PC-3 cell morphology after being exposed to increasing concentrations of the S2
Extract and S2x2-AuNPs over a 24-hour period. The extract yielded no change in morphology at
lower concentrations (A-D), with slight rounding at the higher concentrations (E-F).Similarly, the
AuNP’s, yielded no morphological changes, reduction in observable cell number, between the

control and highest concentration (G-L).
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Figure 3.33: PC-3 cell morphology after being exposed to increasing concentrations of the S2
Extract and S2x2-AuNPs over a 48-hour period. The extract yielded no change in morphology at
lower concentrations (A-E), with visible rounding at the highest concentration (F). Similarly, the
AuNP’s, exhibited no morphological changes between the control and highest concentration (G-L),

along with marginal decreases the observed cell number.
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Figure 3.34: PC-3 cell morphology after being exposed to increasing concentrations of the S2
Extract and S2x2-AuNPs over a 72-hour period. The extract yielded no change in morphology
between the control and highest concentrations (A-F), with slight fewer observed cells at 200 pg/ml

(F). The AuNP’s yielded cell stress and rounding at higher concentrations (K-L).
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Following 24, 48 and 72 -hours of exposure the MTT assay was performed (Figure 3.35). The
extract yielded a dose-depended increase in cell viability between the control and 100 pg/ml,
followed by a decrease at 100 pg/ml, whereas the AuNP’s exhibited a uniform reduction between
the control and 200 pg/ml (Figure 3.35 A). Significant (P=0.0181, P=0.0147, P=0.0335, P=0.0011)
differences in the reduction of cell viability were observed between the extract and AuNP’s at 12.5
pg/ml, 25 pg/ml, 50 pg/ml and 100 pg/ml, respectively. The repeated measures ANOVA yielded a
significant (P<0.0103, P=0.0081) trend for the extract and AuNP’s, respectively, between the
control and 200 pg/ml. One-way ANOVA revealed significant (P=0.001, P=0.004) trends between

the control and 200 pg/ml, for the extract and AuNP’s.

Over 48-hours of exposure (Figure 3.35 B) dose-depended decreases in cell viability were observed
between the control and 200 pg/ml for extract and AuNP’s, with AuNP’s yielding a greater
reduction in cell viability between control and 100 pg/ml. Significant (P<0.0001, P=0.0027,
P=0.0002, P=0.002) differences in the reduction of cell viability were observed between the extract
and AuNP’s at 12.5 pg/ml, 25 pg/ml and 50 ug/ml and 100 pg/ml. The repeated measures ANOVA
yielded significant (P<0.0001, P<0.0001) trends for the extract and AuNP’s, respectively, between
the control and 200 pg/ml, along with one-way ANOVA revealing significant (P<0.001, P<0.001)

trends between the control and 200 pg/ml.

Equally, 72-hours of exposure (Figure 3.35 C) exhibited dose-depended decreases in cell viability
between the control and 200 pg/ml for both extract and AuNP’s, with AuNP’s yielding a greater
reduction in cell viability between the control and 100 pg/ml. Significant (P<0.0001, P<0.0001,
P=0.0006, P<0.0001) differences in the reduction of cell viability was observed between the extract
and AuNP’s at 12.5 pg/ml, 25 pg/ml, 50 ug/ml and 100 pg/ml, respectively. The repeated measures
ANOVA yielded significant (P<0.0001, P<0.0001) trends for the extract and AuNP’s between
control and 200 pg/ml, along with one-way ANOVA revealing significant (P<0.001, P<0.001)

trends between the control and 200 pg/ml.
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Figure 3.35: PC-3 cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S2 Extract and S2x2-AuNP’s, respectively. Significant (P=0.0181, P=0.0147,
P=0.0335, P=0.0011) differences were observed between the extract and AuNP’s from 12.5-100
pg/ml over 24 hours, along with significant (P<0.0001, P=0.0027, P=0.0002, P=0.002) differences
from 12.5-100 pg/ml after 48 hours, and finally significant (P<0.0001, P<0.0001, P=0.0006,

P<0.0001) differences from 12.5-100 pg/ml after 72 hours of exposure.
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3.2.1.5 Ng-AuNP’s pH 7 and naringenin

After being exposed to increasing concentrations of the naringenin (A-F) and Ng-AuNP’s pH 7 (G-
L) over 24 hours, cell morphology was observed and recorded (Figure 3.36). Morphology was
unchanged between the control and 25 pg/ml of naringenin (A-C). At higher concentrations (D-F),
cells were more sparely spaced, rounded and exhibited signs of cell stress at (F). Similarly,
morphology remained unchanged between the control and 200 ug/ml of the AuNP’s (G-L), along

with a reduction in observable cells between 50 pug/ml and 200 pg/ml (J-L).

Following 48 hours of exposure to increasing concentrations of naringenin (A-F) and
Ng-AuNP’s pH 7 (G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.37).
Cells appeared progressively rounded and sparely spaced between the control and 200 pg/ml of
naringenin (A-E), and exhibited signs consistent with cell stress (E) and death (F) at higher
concentrations. A progressive reduction in cell number was noted between the control and 200
pg/ml of the AuNP’s (G-L), without morphological changes up until 100 pg/ml (K). At a

concentration of 200 pg/ml, cells appeared rounded and exhibited signs consistent with cell stress

(L).

Post 72-hour exposure to naringenin (A-F) and Ng-AuNP’s pH 7 (G-L), cell morphology was
observed and recorded (Figure 3.38). Cell became notably fewer, and progressively rounded
between the control and 200 pg/ml of naringenin (A-F), in addition to showing signs consistent with
cell stress (E) and death (F), at higher concentrations. No morphological changes were observed
between the control and 25 pg/ml of the AuNP’s (G-1), with cells becoming progressively sparely
spaced between 50 pg/ml and 100 pg/ml (J-K), and appearing rounded with signs consistent with

cell stress at the highest concentration (L).
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Figure 3.36: PC-3 cell morphology after being exposed to increasing concentrations of the
naringenin and Ng-AuNP’s pH 7 over a 24-hour period. Naringenin yielded no change in
morphology at lower concentrations (A-C), with rounding and stress at the higher concentrations
(E-F). The AuNP’s yielded no morphological changes between the control and highest

concentration (G-L), along with a reduction in cell number between 50 pg/ml and 200 pg/ml (J-L)
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Figure 3.37: PC-3 cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 7 over a 48-hour period. Naringenin yielded progressive cell rounding and sings
of stress between the control and the highest concentration (A-F). The AuNP’s, exhibited no
morphological changes between the control and 100 pg/ml (G-K), along a consistent reduction in

the observed cell number between the control and 200 pg/ml (G-L).
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Figure 3.38: PC-3 cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 7 over a 72-hour period. Naringenin yielded progressive rounding between the
control and highest concentrations (A-F), with signs consistent with cell stress and death at higher
concentrations (E-F). Similarly, the AuNP’s yielded signs consistent with cell stress at the highest

concentration (L).
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Following 24, 48 and 72 -hours of exposure the MTT assay was performed (Figure 3.39). Both
naringenin and the AuNP’s yielded a dose-depended decrease in cell viability between the control
and 200 pg/ml, where naringenin exhibited greater decreases between 25 pg/ml and 200 pg/ml
(Figure 3.39 A). Significant (P<0.0001, P=0.0001, P=0.0207) differences in the reduction of cell
viability was observed between naringenin and AuNP’s at 50 pg/ml, 100 pg/ml and 200 pg/ml,
respectively. The repeated measures ANOVA vyielded a significant (P<0.0001, P<0.0001) trend for
naringenin and AuNP’s, respectively, between the control and 200 pg/ml. One-way ANOVA
revealed significant (P<0.001, P<0.001) trends between the control and 200 pg/ml, for naringenin

and AuNP’s.

Over 48 hours of exposure (Figure 3.39 B), dose-depended decreases in cell viability were observed
between the control and 200 pg/ml for both naringenin and the AuNP’s. Naringenin yielded greater
reductions in cell viability at each concentration, where a significant (P=0.0043) differences in the
reduction of cell viability were observed between naringenin and AuNP’s at 100 pg/ml. The
repeated measures ANOVA vyielded significant (P<0.0001, P<0.0001) trends for naringenin and
AuNP’s, respectively, between the control and 200 pg/ml, along with one-way ANOVA revealing

significant (P<0.001, P<0.001) trends between the control and 200 pg/ml.

Equally, 72 hours of exposure (Figure 3.39 C) exhibited dose-depended decreases in cell viability
between the control and 200 pg/ml for both naringenin and the AuNP’s, whereby naringenin
exhibited a greater reduction in cell viability at each concentration. Significant (P=0.0001,
P<0.0001, P<0.0001) differences in the reduction of cell viability were observed between
naringenin and the AuNP’s at 25 pg/ml, 50 pg/ml and 100 pg/ml, respectively. The repeated
measures ANOVA yielded significant (P<0.0001, P<0.0001) trends for naringenin and the AuNP’s
between control and 200 pg/ml, along with one-way ANOVA revealing significant (P<0.001,

P<0.001) trends between the control and 200 pg/ml.
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Figure 3.39: PC-3 cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to naringenin and Ng-AuNP’s pH 7, respectively. Significant (P<0.0001, P=0.0001,
P=0.0207) differences were observed between naringenin and AuNP’s at 50 ug/ml. 100 pg/ml and
200 pg/ml over 24 hours, along with a significant (P=0.0043) difference at 100 pg/ml after 48 hours,

and finally significant (P=0.0001, P<0.0001, P<0.0001) differences at 25 pg/ml, 50 pg/ml and 100

pag/ml after 72 hours of exposure.

Ng -AuNP's pH 7 vs. Naringenin (ug/ml)
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3.2.1.6 Ng-AuNP’s pH 8 and naringenin

After being exposed to increasing concentrations of the naringenin (A-F) and Ng-AuNP’s pH 8
(G-L) over 24 hours, cell morphology was observed and recorded (Figure 3.40). Morphology was
unchanged between the control and 25 pg/ml of naringenin (A-C). Higher concentrations (D-F)
yielded fewer and rounded cells, which exhibited signs of stress (F). Morphology remained
unchanged between the control and 50 pg/ml of the AuNP’s (G-L), and higher concentrations (E-
F) yielded cell rounding and e signs of stress at 200 pug/ml (F). Additionally, cells were observably

fewer between 50 pug/ml and 200 pg/ml (J-L).

Following 48 hours of exposure to increasing concentrations of naringenin (A-F) and
Ng-AuNP’s pH 8 (G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.41).
Cells appeared progressively rounded and sparely spaced between the control and 200 pg/ml of
naringenin (A-E), exhibiting signs of with cell stress (E) and death (F) at higher concentrations. A
progressive reduction in cell number was noted between the control and 200 pg/ml of the AuNP’s
(G-L), without morphological changes until 50 pg/mi (K). Between 100 pg/ml and 200 pg/ml, cells

appeared rounded and exhibited signs of cell stress (L).

Post 72-hour exposure to naringenin (A-F) and Ng-AuNP’s pH 8 (G-L), cell morphology was
observed and recorded (Figure 3.42). Cell became notably fewer, and progressively rounded
between the control and 200 pg/ml of naringenin (A-F), in addition to showing signs consistent with
cell stress (E) and death (F), at higher concentrations. No morphological changes were observed
between the control and 50 pg/ml of the AuNP’s (G-I), with cells becoming increasingly sparely
spaced between 50 pg/ml and 100 pg/ml (J-K), and appearing rounded with signs consistent with

cell stress at the highest concentration (L).
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Figure 3.40: PC-3 cell morphology after being exposed to increasing concentrations of the
naringenin and Ng-AuNP’s pH 8 over a 24-hour period. Both, naringenin and the AuNP’s exhibited
no change in morphology at lower concentrations (A-C) and (G-L), respectively, along with cell

rounding and stress at the higher concentrations (D-F) and (E-F), respectively.
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Figure 3.41: PC-3 cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 8 over a 48-hour period. Naringenin yielded progressive cell rounding and sings
of stress between the control and the highest concentration (A-F). The AuNP’s, exhibited no
morphological changes between the control and 50 pug/ml (G-K), along a consistent reduction in the

observed cell number between the control and 200 pg/ml (G-L).
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Figure 3.42: PC-3 cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 8 over a 72-hour period. Naringenin yielded progressive rounding between the
control and highest concentrations (A-F), with signs consistent with cell stress and death at higher
concentrations (E-F). Similarly, the AuNP’s yielded signs consistent with cell stress at the highest

concentration (L).
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Following 24, 48 and 72 -hours of exposure the MTT assay was performed (Figure 3.43).
Naringenin and AuNP’s yielded dose-depended decreases in cell viability between the control and
200 pg/ml (Figure 3.43 A), where naringenin exhibited greater decreases between 25 pg/ml and
200 pg/ml, and AuNP’s exhibiting greater decreases at 200 pg/ml. Significant (P=0.008, P<0.0001,
P=0.0069, P=0.0009) differences were observed between naringenin and AuNP’s at 25 pg/ml, 50
pg/ml; 100 pg/ml and 200 pg/ml, respectively. The repeated measures ANOVA vyielded a
significant (P<0.0001, P<0.0001) trend for naringenin and AuNP’s, respectively, between the
control and 200 pg/ml. One-way ANOVA revealed significant (P<0.001, P<0.001) trends between

the control and 200 pg/ml, for naringenin and AuNP’s.

Over 48 hours of exposure (Figure 3.43 B), dose-depended decreases in cell viability were observed
between the control and 200 pg/ml for both naringenin and the AuNP’s. Naringenin yielded
marginally greater reductions in cell viability between control and 100 pg/ml, followed by a notably
greater decrease exhibited by the AuNP at 200 pg/ml that differed significantly (P=0.0002) from
naringenin. The repeated measures ANOVA yielded significant (P<0.0001, P<0.0001) trends for
naringenin and AuNP’s, respectively, between the control and 200 pg/ml, along with one-way

ANOVA revealing significant (P<0.001, P<0.001) trends between the control and 200 pg/ml.

Equally, 72 hours of exposure (Figure 3.43 C) exhibited comparable dose-depended decreases in
cell viability between the control and 200 pg/ml for both naringenin and the AuNP’s, whereby
naringenin exhibited greater reductions in cell viability between control and 100 ug/ml, and AuNP’s
exhibiting greater reductions at 200 pg/ml. Significant (P=0.0199, P<0.0125) differences between
naringenin and the AuNP’s were observed at 100 pg/ml and 200 pg/ml, respectively. The repeated
measures ANOVA yielded significant (P<0.0001, P<0.0001) trends for naringenin and the AuNP’s
between control and 200 pg/ml, along with one-way ANOVA revealing significant (P<0.001,

P<0.001) trends between the control and 200 pg/ml.
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Figure 3.43: PC-3 cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to naringenin and Ng-AuNP’s pH 8, respectively. Significant (P=0.008, P<0.0001,
P=0.0069, P=0.0009) differences were observed between naringenin and AuNP’s at 25 pg/ml, 50
pg/ml, 100 pg/ml and 200 pg/ml over 24 hours, along with a significant (P=0.0002) difference
observed at 200 pg/ml after 48 hours, and finally significant (P=0.0199, P<0.0125) differences at

100 pg/ml and 200 pg/ml after 72 hours of exposure.
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3.2.2 LNCaP cell viability

3.2.2.1 S1-AuNP’s and Extract

After being exposed to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s (G-L) over
24 hours, cell morphology were observed and recorded (Figure 3.44). Cells appeared increasingly
sparely spaced and rounded between the control and 100 pg/ml of the extract, with signs indicative
of cell stress (D) and death (E-F) at higher concentrations. Similarly, cells appeared progressively
sparely spaced between the control and 200 pg/ml of the AuNP’s (G-K), exhibiting rounding and

cell stress at higher concentrations (J-L).

Following 48 hours of exposure to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s
(G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.45). Cells appeared
increasingly sparely spaced and atypically rounded between the control and 200 pg/ml of the extract
(A-E), showing signs consistent with stress(D-E) and death (F), at higher concentrations. Similarly,
cells appeared increasingly sparely spaced between control and 200 pg/ml of the AuNP’s, with

signs indicative of stress and death increasingly appearing between 50 pug/ml and 200 pg/ml (J-L).

Post 72-hour exposure to S1 extract (A-F) and S1-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.46). Cell became notably fewer and progressively rounded between the
control and 200 pg/ml of the extract (A-F), in addition to showing signs consistent with cell stress
(D-E) and death (F), at higher concentrations. A progressive decrease in observable cell number
was apparent between the control and 200 pg/ml of the AuNP’s (G-L), with morphology remaining
comparable to the control until 50 ug/ml of the AuNP’s (G-I). At higher concentrations (K-L), cells

displayed signs consistent with cell stress (K) and death (L).
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Figure 3.44: LNCaP cell morphology after being exposed to increasing concentrations of S1 extract
and S1-AuNP’s over a 24-hour period. The extract (A-F) and AuNP’s (G-L) yielded progressive

cell rounding, followed by stress at higher concentrations, respectively.
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Figure 3.45: LNCaP cell morphology after being exposed to increasing concentrations of S1 extract

and S1-AuNP’s over a 48-hour period. The extract (A-F) and AuNP’s (G-L) yielded progressive

cell rounding at lower concentrations, followed by signs of stress and cell death at higher

concentrations, respectively.
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Figure 3.46: LNCaP cell morphology after being exposed to increasing concentrations of S1 extract
and S1-AuNP’s over a 72-hour period. Cells appeared progressively rounded between control and

200 pg/ml of the extract,
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hours, respectively. After
24-hours (Figure 3.47 A), the extract exhibited increases in cell viability between the control and
12.5 pg/ml, followed by decreases between 12.5-200 pg/ml. AuNP’s yielded decreases between the
control and 200 pg/ml, differing significantly from the extract (P=0.0048, P=0.0056, P=0.0004,
P=0.0123) at 12.5 and 50-200 pg/ml, respectively. For the extract, the repeated measures ANOVA
yielded a significant (P=0.0352) positive trend between control and 12.5 pg/ml, followed by a
significant (P<0.0001) negative trend between 12.5-200 pg/ml, and a significant (P<0.0001) trend
between control and 200 pg/ml for the AuNP’s. One-way ANOVA yielded significant (P<0.001)

trends between control-200 pg/ml, for the extract and AuNP’s.

Following 48 hours of exposure (Figure 3.47 B), the extract increased cell viability between the
control and 12.5 pg/ml, followed by a steady decreases. AuNP’s yielded decreases in cell viability,
differing from the extract significantly (P=0.0115, P=0.005, P<0.0001) at 12.5-25 and 100 pg/ml,
respectively. For the extract, the repeated measures ANOVA vyielded a significant (P=0.0007)
positive trend between control and 12.5 pg/ml, followed by a significant (P<0.0001) negative trend
between 12.5-200 pg/ml, and a significant (P<0.0001) trend between control and 200 pg/ml for the
AuNP’s. One-way ANOVA yielded significant (P<0.001) trends between control and 200 pg/ml,

for the extract and AuNP’s, respectively.

After 72 hours of exposure (Figure 3.47 C), the extract increased cell viability between control and
12.5 pg/ml, followed by decreases hereafter, whereas the AuNP’s progressively decreased cell
viability, differing from the extract significantly (P=0.0001, P=0.0068, P=0.0001 P=0.0033) at
12.5-25 and 100-200 pg/ml, respectively. For the extract, the repeated measures ANOVA vyielded
a significant (P=0.0007) positive trend between control and 12.5 pg/ml, followed by a significant
(P<0.0001) negative trend between 12.5-200 pg/ml, and a significant (P<0.0001) trend was
observed between control and 200 pg/ml for the AuNP’s. One-way ANOVA vyielded significant

(P<0.001) trends between the control and 200 pg/ml, for the extract and AuNP’s.
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Figure 3.47: LNCaP cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S1 extract and S1-AuNP’s respectively. Significant (P=0.0048, P=0.0056,
P=0.0004, P=0.0123) differences were observed between the extract and AuNP’s at 12.5 pg/ml, 50
pg/ml, 100 pg/ml and 200 pg/ml over 24 hours, along with a significant (P=0.0115, P=0.005,
P<0.0001) difference observed at 12.5 pg/ml, 25 pg/ml and 100 pg/ml after 48 hours, and finally
significant (P=0.0001, P=0.0068, P=0.0001 P=0.0033) differences at 12.5 pg/ml, 25 pug/ml and 100

pg/ml after 72 hours of exposure.
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3.2.2.2 S1x2-AuNP’s and Extract

After being exposed to increasing concentrations of the S1 extract (A-F) and S1x2-AuNP’s (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.48). Cells appeared
increasingly sparely spaced and rounded between the control and 100 pg/ml of the extract, with
signs indicative of cell stress (D) and death (E-F) at higher concentrations. Similarly, cells appeared
marginally, but progressively, sparely spaced between the control and 200 pg/ml of the AuNP’s (G-

K), exhibiting rounding and signs consistent with cell stress at 200 pg/ml (L).

Following 48 hours of exposure to increasing concentrations of the S1 extract (A-F) and S1x2-
AuNP’s (G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.49). Cells
appeared increasingly sparely spaced and atypically rounded between the control and 200 pg/ml of
the extract (A-E), showing signs consistent with stress(D-E) and death (F), at higher concentrations.
Similarly, cells appeared slightly, yet increasingly rounded and sparely spaced between control and
200 ng/ml of the AuNP’s, with signs indicative of stress increasingly appearing between 100 pg/ml

and 200 pg/ml (K-L).

Post 72-hour exposure to S1 extract (A-F) and S1x2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.50). Cell became notably fewer and progressively rounded between the
control and 200 pg/ml of the extract (A-F), in addition to showing signs consistent with cell stress
(D-E) and death (F), at higher concentrations. A slight, yet fairly consistent decrease in observable
cell number occurred between the control and 100 pg/ml of the AuNP’s (G-K), without distinct
morphological changes. At the highest concentration (L), cells appeared rounded and displayed

signs consistent with cell stress (L)
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Figure 3.48: LNCaP cell morphology after being exposed to increasing concentrations of S1 extract
and S1x2-AuNP’s over a 24-hour period. The extract (A-F) yielded progressive cell rounding at
lower concentrations, followed by stress at higher concentrations. AuNP’s exhibited marginal
decreased in the overall observed cell number (G-L), along with signs of rounding and cell stress at

the highest concentration (L).
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Figure 3.49: LNCaP cell morphology after being exposed to increasing concentrations of S1 extract
and S1x2-AuNP’s over a 48-hour period. The extract (A-F) progressive cell rounding at lower

concentrations, followed by signs of stress and cell death at higher concentrations, respectively. The

AuNP’s exhibited marginal decreased in the overall observed cell number (G-L), along with signs

of rounding and cell stress at the higher concentrations (K-L).
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Figure 3.50: LNCaP cell morphology after being exposed to increasing concentrations of S1 extract
and S1x2-AuNP’s over a 72-hour period. Cells appeared progressively rounded between control
and 200 pg/ml of the extract, displaying signs consistent with cell stress and death at higher
concentrations (D-F). AuNP’s exhibit slight reduction in overall observed cell number, with the

presence of cell stress at the highest concentration (L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. After 24-hours (Figure 3.51 A), the extract exhibited increases in cell viability from
control-12.5 pg/ml, followed by decreases between 12.5-200 pg/ml. The AuNP’s yielded decreases
in cell wviability from control-200 pg/ml, differing significantly from the extract
(P=0.0325, P=0.0004, P=0.0001) at 12.5 and 100-200 pg/ml, respectively. For the extract, the
repeated measures ANOVA yielded a significant (P=0.0352) positive trend fromcontrol-12.5 pg/ml,
followed by a significant (P<0.0001) negative trend between 12.5-200 pg/ml, along with a
significant (P=0.0002) trend from control-200 ug/ml for the AuNP’s. One-way ANOVA yielded

significant (P<0.001, P=0.004) trends from control-200 pg/ml, for the extract and AuNP’s.

Following 48-hours (Figure 3.51 B) the extract increased cell viability from control-12.5 pg/ml,
followed by a steady decreases, while AuNP’s yielded decreases in cell viability from control-200
pg/ml. AuNP’s differed from the extract significantly (P=0.0007 and P<0.0001) at 12.5 pg/ml and
100-200 pg/ml. The repeated measures ANOVA vyielded a significant (P=0.0007) positive trend
from control-12.5 pg/ml, followed by a significant (P<0.0001) negative trend between 12.5-200
pa/ml for the extract, along with a significant (P=0.0019) trend from control-200 pg/ml for the
AuNP’s. One-way ANOVA vyielded significant (P<0.001, P=0.001) trends from control-200 pg/ml,

for the extract and AuNP’s.

After 72-hours (Figure 3.51 C) the extract increased cell viability from control-12.5 pg/ml, followed
by steady decreases hereafter. The AuNP’s steadily decreased cell viability, differing from the
extract significantly (P<0.0001, P=0.0001 and P<0.0001) at 12.5-25 and 100-200 pg/ml,
respectively. The repeated measures ANOVA yielded a significant (P=0.0007) positive trend from
control-12.5 pg/ml, followed by a significant (P<0.0001) negative trend between 12.5-200 pg/ml
of the extract, along with a significant (P<0.0001) trend from control-200 pg/ml of the AuNP’s.
One-way ANOVA vyielded significant (P<0.001) trends between the control and 200 pg/ml, for the

extract and AuNP’s, respectively
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Figure 3.51: LNCaP cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S1 extract and S1x2-AuNP’s respectively. Significant (P=0.0325, P=0.0004,
P=0.0001) differences were observed between the extract and AuNP’s at 12.5 pg/ml,100 pg/ml and
200 pg/ml over 24 hours, along with a significant (P=0.0007, P<0.0001 and P<0.0001) difference
observed at 12.5 pg/ml, 100 pg/ml and 200 pg/ml after 48 hours, and finally (P<0.0001, P=0.0001
and P<0.0001) differences at 12.5 pg/ml, 25 pg/ml, 100 pg/ml and 200 pg/ml after 72 hours of

exposure.
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3.2.2.3 S2-AulNP’s and S2 Extract

After being exposed to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s (G-L) over
24 hours, cell morphology was observed and recorded (Figure 3.52).Between the control and 200
pg/ml (A-F), cells appeared progressively sparely spaced, rounded, and displayed signs indicative
of cell stress (B-D) and cell death (E-F). Conversely, cells appeared marginally, but progressively
sparely spaced between the control and 200 pg/ml of the AuNP’s (G-K), without obvious
morphological changes up until 50 pg/ml (J). At higher concentrations (K-L), cells became

progressively rounded, exhibiting signs indicative of cell stress.

Following 48 hours of exposure to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s
(G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.53). Cells were notably
fewer between the control and 200 pg/ml of the extract (A-E), exhibiting sings consistent with cell
stress (B) and death (C-F) at the higher concentrations. Conversely, cells appeared slightly sparely
spaced between control and 200 pg/ml of the AuNP’s, with no signs of morphological changes until
100 pg/ml (K). At 200 pg/mi (L), cells appeared to be observably fewer than at lower concentrations

(G-K), and had a slightly rounded appearance.

Post 72 hour exposure to S2 extract (A-F) and S2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.54). Cells were markedly fewer between the control and 200 pg/ml of the
extract (A-E), exhibiting slight rounding (B), along with signs consistent with cell stress (C) and
cell death (D-F) at the higher concentrations. Conversely, cells appeared marginally sparely spaced
between control and 200 pg/ml of the AuNP’s, with no obvious signs of morphological changes
until 100 pg/ml (K). At 200 pg/ml (L), cells were observably fewer than lower concentrations (G-

K), with signs consistent with cell stress.
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Figure 3.52: LNCaP cell morphology after being exposed to increasing concentrations of S2 extract
and S2-AuNP’s over a 24-hour period. The extract (A-F) yielded progressive cell rounding and
signs of stress and death at higher concentrations, while AuNP’s exhibited slight decreases in

observed cell number (G-L), with signs of cell stress at the highest concentration (L).

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




Zy ng/mi

4

Figure 3.53: LNCaP cell morphology after being exposed to increasing concentrations of S2 extract
and S2-AuNP’s over a 48-hour period. The extract (A-F) exhibited notably fewer cells at each
concentration, along with signs of stress and cell death at the higher concentrations. The AuNP’s
exhibited marginal decreased in the overall observed cell number (G-L), along with marginal signs

of rounding at the highest concentration (L).
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Figure 3.54: LNCaP cell morphology after being exposed to increasing concentrations of S2 extract
and S2-AuNP’s over a 72-hour period. Cells were observably fewer between control and 200 pg/ml
of the extract, displaying signs consistent with cell stress and death at higher concentrations (D-F).

AuNP’s exhibit slight reduction in overall observed cell number, with the presence of cell stress at

the highest concentration (L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. After 24-hours (Figure 3.55 A), both the extract and AuNP’s exhibited steady
decreases in cell viability between the control and 200 pg/ml. The extract yielded the greatest
reduction in viability at each concentration, differing from the AuNP’s significantly (P=0.0001 and
P<0.0001) at 25 pg/ml and 50-200 pg/ml, respectively. For the extract, the repeated measures
ANOVA revealed a significant (P<0.0001) negative trend from control-200 pg/ml, along with the
AUNP’s yielding a significant (P=0.0001) trend from control-200 pg/ml. One-way ANOVA yielded

significant (P<0.001) trends from control-200 pg/ml, for both the extract and AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.55 B), both the extract and AuNP’s yielded progressive
decreases in cell viability between the control and 200 pg/mi. Notably, the extract yielded a greater
reduction in cell viability at each concentration, differing from the AuNP’s significantly (P=0.0012,
P=0.0001 and P<0.0001) at 25 pg/ml, 50 pg/ml and 100-200 pg/ml, respectively. The repeated
measures ANOVA revealed a significant (P<0.0001) negative trend from control-200 pg/ml when
exposed to the extract, along with the AuNP’s yielding a significant (P=0.0001) trend from control-
200 pg/ml. One-way ANOVA revealed significant (P<0.001) trends from control-200 pg/ml, for

both the extract and AuNP’s, respectively.

After 72-hours (Figure 3.55 C) both the extract and AuNP’s yielded consistent, and progressive,
decreases in cell viability between the control and 200 pg/ml. The extract yielded markedly greater
reductions in cell viability at each concentration, differing from the AuNP’s significantly (P=0.0001
and P<0.0001) at 25 pg/ml and 50-200 pg/ml, respectively. The repeated measures ANOVA
revealed a significant (P<0.0001) negative trend from control-200 pg/ml when cells were treated
with the extract, along with the AuNP’s yielding a significant (P=0.0001) trend from control-200
pg/ml. One-way ANOVA revealed significant (P<0.001) trends from control-200 pg/ml, for both

the extract and AuNP’s, respectively.
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Figure 3.55: LNCaP cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S2 extract and S2-AuNP’s respectively. Significant (P=0.0001 and P<0.0001)
differences were observed between the extract and AuNP’s from 25-200 pg/ml, respectively, over
24 hours, along with a significant (P=0.0012, P=0.0001 and P<0.0001) difference from 25 pg/ml
and 50-200 pg/ml after 48 hours, and finally significant (P=0.0001 and P<0.0001) differences at 25

pg/ml and 50 pg/ml, 100 pg/ml and 200 pg/ml after 72 hours of exposure
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3.2.2.4 S2x2-AuNP’s and S2 Extract

After being exposed to increasing concentrations of the S2 extract (A-F) and S2x2-AuNP’s (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.56). Between the control and
200 pg/ml (A-F), cells appeared progressively sparely spaced, rounded, and displayed signs
indicative of cell stress (B-D) and cell death (E-F). Conversely, cells appeared marginally sparely
spaced between the control and 12.5 pg/ml of the AuNP’s (G-H), while appearing more notably
fewer in number between 25 pg/ml and 200 pg/ml (J-L). Cell morphology remained comparable to

control at each concentration of the AuNP’s.

Following 48 hours of exposure to increasing concentrations of the S2 extract (A-F) and S2x2-
AuNP’s (G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.57). Cells were
notably fewer between the control and 200 pg/ml of the extract (A-E), exhibiting sings consistent
with cell stress (B) and death (C-F) at the higher concentrations. Conversely, cells appeared
progressively sparely spaced between control and 200 pg/ml of the AuNP’s, with no signs of
morphological changes until 50 pg/ml (J). At higher concentrations (K-L) cells appeared

progressively rounded, and exhibited signs indicative of cell stress (L)

Post 72-hour exposure to S2 extract (A-F) and S2x2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.58). Cells were markedly fewer between the control and 200 pg/ml of the
extract (A-E), exhibiting slight rounding (B), along with signs consistent with cell stress (C) and
cell death (D-F) at the higher concentrations. Conversely, cells appeared marginally, but
progressively sparely spaced between control and 100 ug/ml of the AuNP’s, along with no obvious
signs of morphological changes. At 200 pg/ml (L) cells were observably fewer and appeared

slightly rounded with signs consistent with cell stress.
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Figure 3.56: LNCaP Cell morphology after being exposed to increasing concentrations of S2

extract and S2-AuNP’s over a 24-hour period. The extract (A-F) yielded progressive cell rounding

and signs of stress and death at higher concentrations, while AuNP’s exhibited slight decreases in

cell number at low concentrations (G-H), and notable decreases at higher concentrations (I-L).

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




q “ontrol 9

Ve

\
200 pg/m

Figure 3.57: LNCaP cell morphology after being exposed to increasing concentrations of S2 extract
and S2x2-AuNP’s over a 48-hour period. The extract (A-F) exhibited notably fewer cells at each
concentration, along with signs of stress and cell death at the higher concentrations. The AuNP’s
exhibited progressive decreases in the overall observed cell number (G-L), along with signs of

rounding and stress at the higher concentration (K-L).
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Figure 3.58: LNCaP cell morphology after being exposed to increasing concentrations of S2 extract
and S2x2-AuNP’s over a 72-hour period. Cells were observably fewer between control and 200
pg/ml of the extract, displaying signs consistent with cell stress and death at higher concentrations
(D-F). AuNP’s exhibit slight reduction in overall observed cell number, with the presence of cell

stress at the highest concentration (L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. After 24-hours (Figure 3.59 A), both the extract and AuNP’s exhibited progressive
decreases in cell viability between the control and 200 pg/ml. The extract yielded greater reductions
in cell viability, differing significantly (P=0.003 and P<0.0001) from the AuNP’s at 25 pg/ml and
50-200 pg/ml, respectively. For the extract, the repeated measures ANOVA revealed a significant
(P<0.0001) negative trend from control-200 pg/ml, along with the AuNP’s yielding a significant
(P<0.0001) negative trend from control-200 pg/ml. One-way ANOVA vyielded significant

(P<0.001) trends from control-200 pg/ml, for both the extract and AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.59 B), both the extract and AuNP’s yielded progressive
decreases in cell viability between the control and 200 pg/mi. Notably, the extract yielded a greater
reduction in cell viability at each concentration used, differing from the AuNP’s significantly
(P<0.0001) at 25 pg/ml, 50 pg/ml, 100 pg/ml and 200 pg/ml, respectively. The repeated measures
ANOVA revealed a significant (P<0.0001) negative trend from control-200 pg/ml when exposed
to the extract, along with the AuNP’s yielding a signiticant (P<0.0001) negative trend from control-
200 pg/ml. One-way ANOVA revealed significant (P<0.001) trends from control-200 pg/ml, for

both the extract and AuNP’s, respectively.

After 72-hours (Figure 3.59 C) both the extract and AuNP’s yielded consistent, and progressive,
decreases in cell viability between the control and 200 pg/ml. The extract yielded markedly greater
reductions in cell viability at each concentration, differing from the AuNP’s significantly
(P=0.0344, P=0.0002, P<0.0001 and P=0.0001) at 25-200 pg/ml, respectively. The repeated
measures ANOVA revealed a significant (P<0.0001) negative trend from control-200 pg/ml when
cells were treated with the extract, along with the AuNP’s yielding a significant (P=0.0234) trend
from control-200 pg/ml. One-way ANOVA revealed a significant (P<0.001) trends between the

control and 200 pg/ml, for the extract
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Figure 3.59: LNCaP cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S2 extract and S2x2-AuNP’s respectively. Significant (P=0.003 and P<0.0001)
differences were observed between the extract and AuNP’s from 25-200 pg/ml, respectively, over
24 hours, along with a significant (P<0.0001) difference from 25-200 pg/ml after 48 hours, and
finally significant (P=0.0344, P=0.0002, P<0.0001 and P=0.0001) differences from 25-200 pg/ml,

respectively, after 72 hours of exposure
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3.2.2.5 Ng-AuNP’s pH 7 and naringenin

After being exposed to increasing concentrations of naringenin (A-F) and Ng-AuNP’s pH 7 (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.60). Between the control and
200 pg/ml (A-F), cells appeared progressively sparely spaced and rounded, displayed signs
consistent with cell stress (C-D) and cell death (E-F). Similarly, cells appeared progressively sparely
spaced between the control and 200 pg/ml of the AuNP’s (G-L), while appearing more notably

fewer in number, with signs consistent with cell stress, between 100 pg/ml and 200 pg/ml.

Following 48 hours of exposure to increasing concentrations of naringenin (A-F) and Ng-AuNP’s
pH 7 (G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.61). Cells
appeared progressively fewer between the control and 200 pg/ml of naringenin (A-E), exhibiting
sings consistent with cell stress (C-E) and death (F). Similarly, cells appeared progressively sparely
spaced between control and 200 pg/ml of the AuNP’s, with morphology comparable to control up

until 100 pg/ml (K). At the highest concentration (L) cells exhibited signs indicative of cell stress.

Post 72-hour exposure to naringenin (A-F) and Ng-AuNP’s pH 7 (G-L), cell morphology was
observed and recorded (Figure 3.62). Cells appeared progressively fewer between the control and
200 pg/ml of naringenin (A-F), exhibiting signs consistent with cell stress (D-E) and cell death (F)
at the higher concentrations. Similarly, cells appeared progressively sparely spaced between control
and 200 pg/ml of the AuNP’s, however, without any distinct morphological changes up until 100
pg/ml (K). At the highest concentration (L) cells appeared rounded, and exhibited signs indicative

of cell death.
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Figure 3.60: LNCaP Cell morphology after being exposed to increasing concentrations of

naringenin and Ng-AuNP’s pH 7 over a 24-hour period. Naringenin (A-F) yielded progressive cell

rounding and signs of stress and death at higher concentrations, while the AuNP’s exhibited notable

decreases in cell number at higher concentrations (I-L), along with cell stress (L).
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Figure 3.61: LNCaP cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 7 over a 48-hour period. Naringenin (A-F) yielded progressively
fewer cells at each concentration, along with signs of stress and cell death at the higher
concentrations. The AuNP’s (G-L) exhibited progressive decreases in the observed cell number
between the control and 200 pg/ml, with signs consistent with cell stress at the highest concentration
(L)
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Figure 3.62: LNCaP cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 7 over a 72-hour period. Cells were observably fewer between

control and 200 pg/ml of the extract, displaying signs consistent with cell stress (D-E) and death

(F) at higher concentrations. AuNP’s exhibit slight reduction in overall observed cell number, with

the presence of cell stress at the highest concentration (L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. After 24-hours (Figure 3.63 A), naringenin yielded an increase in cell viability from
control-25 pg/ml, followed by decreases between 25-200 pg/ml. Similarly, the AuNP’s yielded an
increase in viability between control-12.5 pg/ml, followed by decrease between 12.5-200 pg/ml.
Naringenin and the AuNP’s differed significantly (P=0.0103, P=0.0109, P=0.0289) at 25 pg/ml and
50 pg/ml and 200 pg/ml, respectively. For naringenin, the repeated measures ANOVA revealed a
significant (P=0.0189) positive trend from control-25 pg/ml, and a significant (P<0.0001) negative
trend from 25-200 pg/ml. The AuNP’s yielded an insignificant positive trend from control-12.5
pag/ml, and a significant (P=0.0006) negative trend from 12.5-200 pg/ml. One-way ANOVA vyielded
significant (P<0.001 and P=0.013) trends from control-200 pg/ml, for naringenin and the AuNP’s,

respectively.

Following 48-hours of exposure (Figure 3.63 B), both naringenin and the AuNP’s yielded decreases
in viability between the control and 200 pg/ml, differing significantly (P=0.0001, P=0.0089) at 25
pg/ml and 50 pg/ml, respectively. The repeated measures ANOVA revealed a significant (P=0.008)
negative trend from control-200 pg/ml when exposed to naringenin, while the AuNP’s yielded a
significant (P=0.001) negative trend from control-200 ug/ml. One-way ANOVA revealed

significant (P<0.001) trends from control-200 pg/ml, for both naringenin and AuNP’s, respectively.

After 72-hours (Figure 3.63 C) both naringenin and the AuNP’s yielded consistent decreases in cell
viability between the control and 200 pg/ml. Naringenin differed from the AuNP’s in its effect
toward cell viability significantly (P=0.0004) at 200 pg/ml. The repeated measures ANOVA
revealed a significant (P<0.0001) negative trend from control-200 pg/ml when cells were treated
with naringenin, along with the AuNP’s yielding a significant (P=0.0001) trend from control-200
pg/ml. One-way ANOVA revealed a significant (P<0.001) trends between the control and 200

pg/ml, for both naringenin and the AuNP’s, respectively.
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Figure 3.63: LNCaP cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure periods to naringenin and the Ng-AuNP’s pH 7, respectively. Significant (P=0.0103,
P=0.0109, P=0.0289) differences were observed between the extract and AuNP’s at 25 pg/ml, and
50 pg/ml and 200 pg/ml, respectively, over 24 hours, along with a significant (P=0.0001, P=0.0089)
difference observed at 25 pg/ml and 50 pg/ml after 48 hours, and finally a significant (P=0.0004)

difference at 200 pg/ml, respectively, after 72 hours of exposure
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3.2.2.6 Ng-AuNP’s pH 8 and naringenin

After being exposed to increasing concentrations of naringenin (A-F) and Ng-AuNP’s pH 8 (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.64). Between the control and
200 pg/ml (A-F), cells appeared progressively sparely spaced and rounded, displayed signs
consistent with cell stress (C-D) and cell death (E-F). Similarly, cells appeared progressively sparely
spaced between the control and 200 pg/ml of the AuNP’s (G-L), while appearing more notably
fewer in number, with cell rounding and signs consistent with cell stress between 50 pug/ml and 100

pg/ml (J-K), along with cell death at 200 pg/ml (L).

Following 48 hours of exposure to increasing concentrations of naringenin (A-F) and Ng-AuNP’s
pH 8 (G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.65). Cells
appeared progressively fewer between the control and 200 pg/ml of naringenin (A-E), exhibiting
sings consistent with cell stress (C-E) and death (F). Similarly, cells appeared progressively sparely
spaced between control and 200 pg/ml of the AuNP’s, with morphology comparable to control up
until 50 pg/ml (K). At higher concentrations (K-L) cells exhibited signs indicative of cell stress (K),

along with signs consistent with cell death (L).

Post 72-hour exposure to naringenin (A-F) and Ng-AuNP’s pH 8 (G-L), cell morphology was
observed and recorded (Figure 3.66). Cells appeared progressively fewer between the control and
200 pg/ml of naringenin (A-F), exhibiting signs consistent with cell stress (D-E) and cell death (F)
at the higher concentrations. Similarly, cells appeared progressively sparely spaced between control
and 200 ug/ml of the AuNP’s, however, without any distinct morphological changes up until 50
pg/ml (K). At higher concentrations (K-L) cells appeared rounded and stressed (K) and exhibited

signs indicative of cell death (L).
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Figure 3.64: LNCaP Cell morphology after being exposed to increasing concentrations of

naringenin and Ng-AuNP’s pH 8 over a 24-hour period. Naringenin (A-F) yielded progressive cell

rounding and signs of stress and death at higher concentrations, while the AuNP’s exhibited

progressive decreases in observed cells (I-L), along with cell stress (K) and cell death (L).
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Figure 3.65: LNCaP cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 8 over a 48-hour period. Naringenin (A-F) yielded progressively
fewer cells at each concentration, along with signs of stress and cell death at the higher
concentrations. The AuNP’s (G-L) exhibited progressive decreases in the observed cell number
between the control and 200 pg/ml, with signs of cell stress (K), and cell death (L) at higher

concentrations.
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Figure 3.66: LNCaP cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 8 over a 72-hour period. Cells were observably fewer between
control and 200 pg/ml of the extract, displaying signs consistent with cell stress (D-E) and death
(F) at higher concentrations. AuNP’s exhibit slight reduction in overall observed cell number, with

the presence of cell stress (K) and death (L) at higher concentrations.
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. After 24-hours (Figure 3.67 A), naringenin yielded an increase in cell viability from
control-25 pg/ml, followed by decreases between 25-200 pg/ml. Similarly, the AuNP’s yielded a
slight increase in viability between control-12.5 pug/ml, followed by steady decreases between 12.5-
200 pg/ml. Naringenin and the AuNP’s differed significantly (P=0.0001, P=0.0003) at 25 pg/ml
and 50 pg/ml, respectively. For naringenin, the repeated measures ANOVA revealed a significant
(P=0.0189) positive trend from control-25 pg/ml, and a significant (P<0.0001) negative trend from
25-200 pg/ml. The AuNP’s yielded an insignificant positive trend from control-12.5 pg/ml,
followed by a significant (P<0.0001) negative trend from 12.5-200 pg/ml. One-way ANOVA
yielded significant (P<0.001) trends from control-200 pg/ml, for both the extract and AuNP’s,

respectively.

Following 48-hours of exposure (Figure 3.67 B), both naringenin and the AuNP’s yielded steady
decreases in cell viability between the control and 200 pg/ml, differing significantly (P<0.0001,
P=0.0001) at 25 pg/ml and 50 pg/ml, respectively. The repeated measures ANOVA revealed a
significant (P=0.008) negative trend from control-200 pg/ml when exposed to naringenin, and the
AuNP’s yielded a significant (P<0.0001) negative trend from control-200 pg/ml. One-way ANOVA
revealed significant (P<0.001) trends from control-200 pg/ml, for both naringenin and AuNP’s,

respectively.

After 72-hours (Figure 3.67 C) both naringenin and the AuNP’s yielded steady, consistent decreases
in cell viability between the control and 200 pg/ml. Naringenin and the AuNP’s remained fairly
comparable in their effects, only differing significantly (P=0.0245) at 12.5 pg/ml. The repeated
measures ANOVA revealed significant (P<0.0001) negative trends from control-200 pg/ml when
cells were treated with naringenin and the AuNP’s, respectively. One-way ANOVA revealed a
significant (P<0.001) trends between the control and 200 pg/ml, for both naringenin and the

AuNP’s.
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Figure 3.67: LNCaP cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure periods to naringenin and the Ng-AuNP’s pH 8, respectively. Significant (P=0.0001,
P=0.0003) differences were observed between the extract and AuNP’s at 25 pg/ml, and 50 pg/ml
and 200 pg/ml, respectively, over 24 hours, along with significant (P<0.0001, P=0.0001)
differences observed at 25 pg/ml and 50 pg/ml after 48 hours, and finally a significant (P=0.0245)

difference at 12.5 pg/ml, respectively, after 72 hours of exposure.
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3.2.3 Pancl cell viability

3.2.3.1 S1-AuNP’s and Extracts

After being exposed to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s (G-L) over
24 hours, cell morphology was observed and recorded (Figure 3.68). When cells were treated with
the extract, no change in cell number or typical morphology was observed between the control and
200 pg/ml (A-F). Conversely, cells appeared progressively sparely spaced between the control and
200 pg/ml of the AuNP’s (G-L), appearing notably fewer, rounded and displaying signs indicative

of cell stress between 100 pg/ml and 200 pg/ml (K-L).

Following 48 hours of exposure to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s
(G-L) over 48 hours, cell morphology was observed and recorded (Figure 3.69). The extract yielded
no observable change in cell number or typical morphology between the control and 200 pg/ml (A-
F). Conversely, cells appeared increasingly sparely spaced and rounded between control and 200
pg/ml of the AuNP’s (G-L), exhibiting signs consistent with cell stress between 50 pg/ml and 100

pg/ml (J-K) and cell death (L) at highest concentration.

Post 72-hour exposure to S1 extract (A-F) and S1-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.70). The extract yielded no observable change in observable cell number or
typical morphology between the control and 100 pg/ml (A-E), while exhibiting slight signs of cell
stress at 200 pg/ml (F). Conversely, cells appeared progressively sparely spaced between control
and 200 pg/ml of the AuNP’s, along with notable increases in cell rounding and stress between 25

pg/ml and 100 pg/ml (1-K), and cell death at 200 pg/ml (L)
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Figure 3.68: Pancl Cell morphology after being exposed to increasing concentrations of S1 extract

and S1-AuNP’s over a 24-hour period. The extract (A-F) yielded no discernible change to cell

morphology, while AuNP’s exhibited decreases in cell number at low concentrations (G-H), notable

decreases at higher concentrations (I-L), along with cell rounding and stress (K-L).

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




2S5 pg/ml

J

o

a - " ) i = A\
Yo 4Ry 5 ) 2 e I ¢ % -~ o
Controk : A\ A 2.5 Ng/mny seias 25 ng/mil
S » b rer- 2 . v *

S0 pg/m!

Figure 3.69: Pancl cell morphology after being exposed to increasing concentrations of S1 extract
and S1-AuNP’s over a 48-hour period. The extract (A-F) exhibited no observable growth or
morphological changes between control and the highest concentration, while the AuNP’s exhibited
progressive decreases in the overall observed cell number (G-L), along with signs of rounding and

stress (J-K), and signs of death (L) at the highest concentration.
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Figure 3.70: Pancl cell morphology after being exposed to increasing concentrations of S1 extract
and S1-AuNP’s over a 72-hour period. The extract (A-F) exhibited no observable growth or
morphological changes at lower concentrations (A-E), with slight cell stress at the highest
concentration (F). The AuNP’s exhibited progressive decreases in the overall observed cell number
(G-L), along with signs of rounding and stress (I-K), and signs of death (L) at the highest

concentration.

http://etd.uwc.ac.za/ 171



The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.71 A) with the extract, cell viability was
comparable to the control at each concentration, displaying only marginal increases at 25-100
pg/ml, along with slight decreases at 12 pg/ml and 200 pg/ml. Conversely, the AuNP’s exhibited
progressive reductions in cell viability between the control and 200 pg/ml, differing significantly
(P=0.0104, P=0.0001 and P<0.0001) from the extract at 12.5 pg/ml, 25 pg/ml and 50-200 pg/ml,
respectively. For the extract, the repeated measures ANOVA revealed an insignificant positive trend
from control-200 pg/ml, along with the AuNP’s yielding a significant (P<0.0001) negative trend
from control-200 pg/ml. One-way ANOVA yielded a significant (P<0.001) trend from control-200

pg/ml following treatment with the AuNP’s.

Following 48-hours of exposure (Figure 3.71 B), the extract yielded marginal increases in cell
viability from control-200 pg/ml, followed hy a slight reduction in cell viability at 200 pg/ml.
Conversely, the AuNP’s yielded steady decreases in cell viability from control-200 pg/ml, differing
significantly (P=0.0001 and P<0.0001) from the extract at 12.5 pg/ml and 25-200 pg/ml,
respectively. The repeated measures ANOVA revealed a significant (P<0.0001) negative trend from
control-200 pg/ml when exposed to the AuNP’s, in addition to one-way ANOVA revealing a

significant (P<0.001) trend from control-200 pg/mi for both the AuNP’s,

After 72-hours (Figure 3.71 C) the extract yielded very marginal increases in cell viability at 12.5
pg/ml and 50-200 pg/ml, along with a slight reduction in cell viability at 25 pg/ml. The AuNP’s
yielded progressive, dose-dependent decreases in cell viability from control-200 pg/ml, differing
significantly (P=0.023, P=0.0066, P=0.0032, P<0.0001) from the extract at 25-200 pg/ml,
respectively. The repeated measures ANOVA revealed an insignificant positive trend from control-
200 pg/ml when cells were treated with the extract, while AuNP’s yielded a significant (P<0.0001)
negative trend from control-200 pg/ml. Additionally, one-way ANOVA revealed a significant

(P<0.001) trend from control-200 pg/ml for the AuNP’s
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Figure 3.71: Pancl cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S1 extract and S1-AuNP’s respectively. Significant (P=0.0104, P=0.0001 and
P<0.0001) differences were observed between the extract and AuNP’s at 12.5 ug/ml, 25 pg/ml and
50-200 pg/ml over 24 hours, along with significant (P=0.0001 and P<0.0001) differences observed

at 12.5 pg/ml and 25-200 pg/ml after 48 hours, and finally significant (P=0.023, P=0.0066,

Control 1 100 200
S1-AuNP's vs. S1 Exfract (ug/ml)

P=0.0032, P<0.0001) differences at 25-200 ug/ml after 72 hours of exposure.
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3.2.3.2 S1x2-AuNP’s and Extracts

After being exposed to increasing concentrations of the S1 extract (A-F) and S1x2-AuNP’s (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.72). When cells were treated
with the extract, no change in cell number or typical morphology was observed between the control
and 200 pg/ml (A-F). Conversely, cells appeared slightly, but progressively sparely spaced between
the control and 200 pg/ml of the AuNP’s (G-L), exhibiting slight cell rounding and signs indicative

of cell stress between 100 pg/ml and 200 pg/ml (K-L).

After being exposed to increasing concentrations of the S1 extract (A-F) and S1x2-AuNP’s (G-L)
over 48 hours, cell morphology was observed and recorded (Figure 3.73). The extract yielded no
observable cell growth or morphological changes between control and 200 pg/ml (A-F).
Conversely, cells appeared pragressively sparely spaced between the control and 200 pg/ml of the
AuNP’s (G-L), exhibiting cell rounding and signs consistent with cell stress between 50 pg/ml and

200 pg/ml (J-L).

Post 72-hour exposure to S1 extract (A-F) and S1x2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.74). The extract yielded no observable change in observable cell number or
typical morphology between the control and 100 pg/ml (A-E), while exhibiting slight signs of cell
stress at 200 pg/ml (F). Conversely, cells appeared progressively more sparely spaced between
control and 200 pg/ml of the AuNP’s, displaying increasingly notable cell rounding and signs

consistent with cell stress between 25 pug/ml and 200 pg/ml (I-L).
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Figure 3.72: Pancl Cell morphology after being exposed to increasing concentrations of S1 extract

and S1x2-AuNP’s over a 24-hour period. The extract (A-F) yielded no discernible change to cell

morphology, while AuNP’s exhibited slight decreases in cell number at low concentrations (G-H),

along indications of cell rounding and stress at higher concentrations (K-L).
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Figure 3.73: Pancl cell morphology after being exposed to increasing concentrations of S1 extract
and S1x2-AuNP’s over a 48-hour period. The extract (A-F) exhibited no observable growth or
morphological changes between control and the highest concentration, while the AuNP’s exhibited
progressive decreases in the overall observed cell number (G-L), along with signs indicative of cell

rounding and cell stress at higher concentrations (J-L).
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Figure 3.74: Pancl cell morphology after being exposed to increasing concentrations of S1 extract
and S1x2-AuNP’s over a 72-hour period. The extract (A-F) exhibited no observable growth or
morphological changes at lower concentrations (A-E), with slight cell stress at the highest
concentration (F). The AuNP’s exhibited progressive decreases in the overall observed cell number
(G-L), along with increasing signs of rounding and stress at higher concentrations
(I-L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.75 A) with the extract, cell viability was
comparable to the control at each concentration, displaying only marginal increases at 25-100
pg/ml, along with slight decreases at 12 pg/ml and 200 pg/ml. Conversely, the AuNP’s exhibited
moderate, but progressive reductions in cell viability between the control and 200 pg/ml, differing
significantly (P=0.003, P=0.0029, P=0.0005, P=0.0129) from the extract at 25 pg/ml, 50 pg/ml, 100
pg/ml and 200 pg/ml, respectively. For the extract, the repeated measures ANOVA revealed an
insignificant positive trend from control-200 pg/ml, along with AuNP’s yielding a significant
(P=0.0071) negative trend from control-200 pg/ml. One-way ANOVA vyielded a significant

(P=0.008) trend from control-200 pg/ml following treatment with the AuNP’s.

Following 48-hours of exposure (Figure 3.75 B), the extract yielded marginal increases in cell
viability from control-200 pg/ml, followed by a slight reduction in cell viability at 200 pg/ml.
Conversely, the AuNP’s yielded steady, dose-dependent decreases in cell viability from control-
200 pg/ml, differing significantly (P=0.0005 and P<0.0001) from the extract at 12.5 pg/ml and 25-
200 pg/ml, respectively. The repeated measures ANOVA revealed a significant (P=0.0007)
negative trend from control-200 pg/ml when exposed to the AuNP’s, and one-way ANOVA

revealing a significant (P<0.001) trend from control-200 pg/mi for both the AuNP’s,

After 72-hours (Figure 3.75 C) the extract yielded very marginal increases in cell viability at 12.5
pg/ml and 50-200 pg/ml, along with a slight reduction in cell viability at 25 pg/ml. The AuNP’s
yielded progressive, dose-dependent decreases in cell viability from control-200 pg/ml, differing
significantly  (P=0.0423, P=0.0058, P=0.0078, P=0.0034) from the extract at
25 pg/ml, 50 pg/ml, 100 pg/ml and 200 pg/ml, respectively. For the extract, the repeated measures
ANOVA revealed an insignificant positive trend from control-200 ug/ml, while AuNP’s yielded a
significant (P<0.0001) negative trend from control-200 pg/ml. One-way ANOVA revealed a

significant (P<0.001) trend from control-200 pg/ml for the AuNP’s
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Figure 3.75: Pancl cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S1 extract and S1x2-AuNP’s respectively. Significant (P=0.003, P=0.0029,
P=0.0005, P=0.0129) differences were observed between the extract and AuNP’s from 25-200
pg/ml over 24 hours, along with significant (P=0.0005 and P<0.0001) differences observed at 12.5
pg/ml and 25-200 pg/ml after 48 hours, and finally significant (P=0.0423, P=0.0058, P=0.0078,

P=0.0034) differences from 25-200 ug/ml after 72 hours of exposure.
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3.2.3.3 S2-AulNP’s and S2 extract

After being exposed to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s (G-L) over
24 hours, cell morphology was observed and recorded (Figure 3.76). When cells were treated with
the extract, no discernible change in typical cell morphology was observed between the control and
200 pg/ml (A-F). Conversely, cells appeared slightly, yet increasingly sparely spaced between the
control and 200 pg/ml of the AuNP’s (G-L), exhibiting marginal cell rounding and signs consistent

with cell stress between 50 pg/ml and 200 pg/ml (J-L).

After being exposed to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s (G-L) over
48 hours, cell morphology was observed and recorded (Figure 3.77). The extract yielded no
observable cell growth or morphological changes between control and 100 pg/ml (A-E), while
exhibiting slight cell rounding and sings of stress at 200 pg/ml (F). Conversely, cells appeared
progressively sparely spaced between the control and 200 pg/ml of the AuNP’s (G-L), exhibiting

cell rounding and signs indicative of cell stress between 25 pg/ml and 200 pg/ml (1-L).

Post 72-hour exposure to S2 extract (A-F) and S2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.78). When treated with the extract, no observable change in cell number or
morphology was found between the control and 100 pg/ml (A-E), while exhibiting signs indicative
of cell stress at 200 pg/ml (F). Conversely, cells appeared progressively more sparely spaced
between control and 200 ug/ml of the AuNP’s, displaying increasingly notable signs consistent with

cell stress between 25 pg/ml and 200 pg/ml (I-L).

http://etd.uwc.ac.za/ 180



‘1)

Control

¢

100 ng/m} SR . 200 ng/ml

Figure 3.76: Pancl Cell morphology after being exposed to increasing concentrations of S2 extract
and S2-AuNP’s over a 24-hour period. The extract (A-F) yielded no discernible change to cell
morphology, while AuNP’s exhibited slight decreases in cell number between the control and
highest concentration (G-L), along indications of cell rounding and stress at higher concentrations

(3-L).

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




Contro!

200 ne/m

Figure 3.77: Pancl cell morphology after being exposed to increasing concentrations of S2 extract
and S2-AuNP’s over a 48-hour period. The extract (A-F) exhibited no morphological changes

between control and 100 pg/ml, while exhibiting signs of stress at the highest concentration (F).

The AuNP’s exhibited progressive decreases in the overall observed cell number (G-L), along with

signs indicative of cell rounding and cell stress at higher concentrations (I-L).
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Figure 3.78: Pancl cell morphology after being exposed to increasing concentrations of S2 extract
and S2-AuNP’s over a 72-hour period. The extract (A-F) exhibited no morphological changes at
lower concentrations (A-E), with cell stress at the highest concentration (F). The AuNP’s exhibited
progressive decreases in observed cell number (G-L), with increasing signs of stress at higher

concentrations (I-L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.79 A) with the extract, cell viability was
slightly elevated above the control between 12 pg/ml and 200 pg/ml. Conversely, the AuNP’s
exhibited consistent reductions in cell viability between the control and 200 pg/ml, differing
significantly (P=0.0197, P<0.0001 and P=0.0002) from the extract at 12.5 pug/ml, 25-100 pg/ml and
200 pg/ml, respectively. For the extract, the repeated measures ANOVA revealed an insignificant
positive trend from control-200 pg/ml, along with AuNP’s yielding a significant (P=0.0007)
negative trend from control-200 pg/ml. One-way ANOVA vyielded a significant (P<0.001) trend

from control-200 pg/ml following treatment with the AuNP’s.

Following 48-hours of exposure (Figure 3.79 B), the extract yielded marginal increases in cell
viability at 25 pg/ml and 100 pg/ml, followed by a slight decreases in cell viability at 12.5 pg/ml,
50 pg/ml and 200 pg/ml. Conversely, the AuNP’s yielded steady, dose-dependent decreases in cell
viability from control-200 pg/ml, differing significantly (P=0.001, P=0.0001, P<0.0001 and
P=0.0016) from the extract at 12.5 pg/ml, 25 pg/ml, 50-100 pg/ml and 200 pg/ml, respectively.
The repeated measures ANOVA revealed a significant (P=0.0004) negative trend from control-200
pg/ml when exposed to the AuNP’s, and one-way ANOVA revealing a significant (P<0.001) trend

from control-200 pug/ml for both the AuNP’s,

After 72-hours (Figure 3.79 C) the extract exhibited slight elevations in cell viability from control-
100 pg/ml, followed by a sharp decrease from 100-200 pg/ml. The AuNP’s yielded progressive,
dose-dependent decreases in cell viability from control-200 pg/ml, differing significantly
(P=0.0106, P=0.0095, P=0.0194) from the extract at 50 pg/ml, 100 pg/ml and 200 pg/ml,
respectively. The repeated measures ANOVA revealed a significant (P<0.0001) negative trend from
control-200 pg/ml when treated with the AuNP’s, along with one-way ANOVA similarly revealing

a significant (P=0.001) trend from control-200 pg/ml for the AuNP’s
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Figure 3.79: Pancl cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S2 extract and S2-AuNP’s, respectively. Significant (P=0.0197, P<0.0001 and
P=0.0002) differences were observed between the extract and AuNP’s at 12.5 pg/ml, 25-100 pg/ml
and 200 pg/ml over 24 hours, along with significant (P=0.001, P=0.0001, P<0.0001 and P=0.0016)
differences observed at 12.5-25 pg/ml, 50-100 pg/ml and 200 pg/ml after 48 hours, and finally
significant (P=0.0106, P=0.0095, P=0.0194) differences from 50-200 pg/ml after 72 hours of

exposure.
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3.2.3.4 S2x2-AuNP’s and S2 extract

After being exposed to increasing concentrations of the S2 extract (A-F) and S2x2-AuNP’s (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.80). When cells were treated
with the extract, no change in typical cell morphology was observed between the control and 200
pg/ml (A-F). Conversely, cells were very marginally, but increasingly sparely spaced between the
control and 200 pg/ml of the AuNP’s (G-L), displaying some cell rounding and increasing signs

consistent with cell stress between 50 pg/ml and 200 pg/ml (J-L).

After being exposed to increasing concentrations of the S2 extract (A-F) and S2x2-AuNP’s (G-L)
over 48 hours, cell morphology was observed and recorded (Figure 3.81). The extract yielded no
observable cell growth or morphological changes between control and 100 pg/ml (A-E), while
exhibiting slight cell rounding and sings of stress at 200 pg/ml (F). Contrariwise, cells appeared
progressively sparely spaced between the control and 200 pg/ml of the AuNP’s (G-L), exhibiting

cell rounding and increasing signs of cell stress between 25 pg/ml and 200 pg/ml (1-L).

Post 72-hour exposure to S2 extract (A-F) and S2x2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.82). When treated with the extract, no observable change in cell number or
morphology was found between the control and 100 pg/ml (A-E), while exhibiting signs indicative
of cell stress at 200 pg/ml (F). When treated with the AuUNP’s, cells appeared notably more sparely
spaced between control and 200 pg/ml of the AuNP’s, displaying increasingly notable signs

consistent with cell stress between 25 pug/ml and 200 pg/ml (I-L).
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Figure 3.80: Pancl Cell morphology after being exposed to increasing concentrations of S2 extract
and S2x2-AuNP’s over a 24-hour period. The extract (A-F) yielded no discernible change to cell
morphology, while AuNP’s exhibited slight decreases in cell number between the control and
highest concentration (G-L), along with indications of cell rounding and stress at higher

concentrations (J-L).
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Figure 3.81: Pancl cell morphology after being exposed to increasing concentrations of S2 extract

and S2x2-AuNP’s over a 48-hour period. The extract (A-F) exhibited no morphological changes
between control and 100 pg/ml, while exhibiting signs of stress at the highest concentration (F).
The AuNP’s exhibited decreases in the overall observed cell number (G-L), along with signs

indicative of cell rounding and cell stress at higher concentrations (I-L).
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Figure 3.82: Pancl cell morphology after being exposed to increasing concentrations of S2 extract
and S2x2-AuNP’s over a 72-hour period. The extract (A-F) exhibited no morphological changes at
lower concentrations (A-E), with cell stress at the highest concentration (F). The AuNP’s exhibited
progressive decreases in observed cell number (G-L), with increasing signs of stress at higher

concentrations (I-L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.83 A) with the extract, cell viability was
slightly elevated at each concentration between the control and 200 pg/ml. The AuNP’s exhibited
increasing reductions in cell viability between the control and 200 pg/ml, differing significantly
(P=0.013, P=0.0008, P=0.0001, P=0.0012) from the extract at 25 pg/ml, 50 pg/ml, 100 pg/ml and
200 pg/ml, respectively. For the extract, the repeated measures ANOVA revealed an insignificant
positive trend from control-200 pg/ml, along with AuNP’s yielding a significant (P=0.0001)
negative trend from control-200 pg/ml. One-way ANOVA vyielded a significant (P=0.004) trend

from control-200 pg/ml following treatment with the AuNP’s.

Following 48-hours of exposure (Figure 3.83 B), the extract yielded marginal increases in cell
viability at 25 pg/ml and 100 pg/ml, followed by a slight decreases in cell viability at 12.5 pg/ml,
50 pg/ml and 200 pg/ml. Conversely, the AuNP’s yielded steady, dose-dependent decreases in cell
viability from control-200 pg/ml, differing significantly (P=0.0001, P<0.0001 and P=0.0004) from
the extract at 12.5 pg/ml, 25-100 pg/ml and 200 pg/mli, respectively. The repeated measures
ANOVA revealed a significant (P=0.0003) negative trend from control-200 pg/ml when exposed
to the AuNP’s, and one-way ANOVA revealing a significant (P<0.001) trend from control-200

pg/ml for both the AuNP’s,

After 72-hours (Figure 3.83 C) the extract exhibited slight elevations in cell viability from control-
100 pg/ml, followed by a sharp decrease from 100-200 ug/ml. The AuNP’s yielded progressive,
dose-dependent decreases in cell viability from control-200 pg/ml, differing significantly
(P=0.0342, P=0.0192 and P=0.0185) from the extract at 12.5 pug/ml, 25 pg/ml and 50-100 pg/mi,
respectively. The repeated measures ANOVA revealed a significant (P=0.0069) negative trend from
control-200 pg/ml when treated with the AuNP’s, along with one-way ANOVA similarly revealing

a significant (P=0.01) trend from control-200 pg/ml for the AuNP’s
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Figure 3.83: Pancl cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)

hour exposure to the S2 extract and S2-AuNP’s respectively. Significant (P=0.013, P=0.0008,

P=0.0001, P=0.0012) differences were observed between the extract and AuNP’s

from 25-200

pg/ml over 24 hours, along with significant (P=0.0001, P<0.0001 and P=0.0004) differences

observed at 12.5 pg/ml, 25-100 pg/ml and 200 pg/ml after 48 hours, and finally significant

(P=0.0342, P=0.0192 and P=0.0185) differences at 12.5 pg/ml, 25 pg/ml and 50-100 pg/ml after

72 hours of exposure.
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3.2.3.5 Ng-AuNP’s pH 7 and naringenin

After being exposed to increasing concentrations of naringenin (A-F) and the Ng-AuNP’s pH 7 (G-
L) over 24 hours, cell morphology was observed and recorded (Figure 3.84). Cells were increasingly
sparely spaced between the control and 200 pg/ml when treated with naringenin (A-F), exhibiting
cell rounding and stress at higher concentrations (D-F). Similarly, cells were increasingly sparely
spaced between the control and 200 pg/ml of the AuNP’s, displaying cell rounding and increasing

signs of cell stress between 50 pg/ml and 200 pg/ml (J-L).

After being exposed to increasing concentrations of naringenin (A-F) and Ng-AuNP’s pH 7 (G-L)
over 48 hours, cell morphology was observed and recorded (Figure 3.85). Naringenin yielded
progressively fewer observable cells between the control and 200 pg/ml (A-F), exhibiting
increasing cell rounding and sings of stress at higher concentrations (C-F). Similarly, cells appeared
progressively sparely spaced between the control and 200 pg/ml of the AuNP’s (G-L), exhibiting

increasingly notable signs of cell stress between 25 pg/ml and 200 pg/ml (1-L).

Post 72-hour exposure to naringenin (A-F) and Ng-AuNP’s pH 7 (G-L), cell morphology was
observed and recorded (Figure 3.86). Increasingly fewer observable cells were found between the
control and 200 pg/ml (A-F) of naringenin, along with increasingly evident cell rounding and signs
of stress at higher concentrations (C-F). Similarly, cells appeared increasingly sparely spaced
between the control and 200 pg/ml of the AuNP’s (G-L), exhibiting notable signs of cell stress

between 25 pug/ml and 100 pg/ml (1-K), and cell death at 200 pg/ml (L).
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Figure 3.84: Pancl Cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 7 over a 24-hour period. Naringenin yielded a progressive decrease in cell
number (A-F), along with the presence of stress at higher concentrations (D-F). The AuNP’s
exhibited decreases in cell number between the control and highest concentration (G-L), along with

indications of cell rounding and stress at higher concentrations (J-L).
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Figure 3.85: Pancl cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 7 over a 48-hour period. Naringenin exhibited fewer cells between control and
100 pg/ml (A-F), with increasing signs of stress at the highest concentration (F). The AuNP’s
exhibited decreases in the overall observed cell number (G-L), along with increasing signs

consistent with cell rounding and cell stress at higher concentrations (I-L).

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




Figure 3.86: Pancl cell morphology after being exposed to increasing concentrations of naringenin

and Ng-AuNP’s pH 7 over a 72-hour period. Naringenin exhibited fewer cells between control and

200 pg/ml (A-F), with cell stress at the highest concentration (F). The AuNP’s exhibited overall

decreases in cell number (G-L), with increasing cell stress (I-K) and death (L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.87 A), both naringenin and the AuNP’s
yielded marginal, but steady decreases in cell viability from the control-100 pug/ml, followed by a
notably sharper drop in viability at 200 pg/ml, whereby the AuNP’s yielded a significantly
(P<0.0001) greater reduction in cell viability. For naringenin, the repeated measures ANOVA
revealed a significant (P=0.0001) negative trend from control-200 pg/ml, along with AuNP’s
yielded a significant (P<0.0001) negative trend from control-200 pg/ml. One-way ANOVA yielded
significant (P<0.001) trends from control-200 pg/ml following treatment with both naringenin and

the AuNP’s, respectively.

Following 48 hours of exposure (Figure 3.87 B), both naringenin and the AuNP’s yielded dose-
dependent decreases in cell viability from the control-200 pg/ml, with naringenin yielding a greater
reduction at 100 pg/ml, and the AuNP’s yielding a greater reduction at 200 pg/ml. Furthermore,
significant (P=0.0041, P=0.0001) difference were observed between naringenin and the AuNP’s at
100 pg/ml and 200 pg/ml, respectively. The repeated measures ANOVA revealed significant
(P<0.0001) negative trends from control-200 pg/ml when exposed to naringenin and the AuNP’s,
respectively. One-way ANOVA revealed a significant (P<0.001) trend from control-200 pg/ml for

both naringenin and the AuNP’s, respectively.

After 72 hours (Figure 3.87 C), both, naringenin and the AuNP’s yielded progressive, dose-
dependent decreases in cell viability from the control-200 pg/ml, remaining fairly comparable in
their effects toward cell viability at each concentration. Although no significant difference could be
found, naringenin did exhibit a slightly greater reduction in cell viability between 25-100 pg/ml.
The repeated measures ANOVA revealed significant (P<0.0001, P=0.0001) negative trends from
control-200 pg/ml for naringenin and the AuNP’s, respectively, along with one-way ANOVA
revealing significant (P<0.001) trends from control-200 pg/ml for both naringenin and the AuNP’s,

respectively.
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Figure 3.87: Pancl cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to naringenin and Ng-AuNP’s pH 7 respectively. A significant (P<0.0001) difference
was observed between naringenin and the AuNP’s at 200 pg/ml over 24 hours, along with
significant (P=0.0041, P=0.0001) differences from 100-200 pg/ml after 48 hours. Following 72-
hours of exposure, naringenin yielded a slightly greater reduction in cell viability between 25-100
pg/ml. However, no statistically significant differences could be found between naringenin and the

AuNP’s at each of the concentrations used in the present study.
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3.2.3.6 Ng-AuNP’s pH 8 and naringenin

After being exposed to increasing concentrations of naringenin (A-F) and the Ng-AuNP’s pH 8
(G-L) over 24 hours, cell morphology was observed and recorded (Figure 3.88). For naringenin,
cells became increasingly sparely spaced between the control and 200 pg/ml (A-F), exhibiting cell
rounding and stress at higher concentrations (D-F). Similarly, cells appeared increasingly sparely
spaced between the control and 200 pg/ml of the AuNP’s, appearing rounded and increasingly

stressed between 25 pg/ml and 100 pg/ml (J-K), and cell death at 200 pg/ml (L).

After being exposed to increasing concentrations of naringenin (A-F) and Ng-AuNP’s pH 8 (G-L)
over 48 hours, cell morphology was observed and recorded (Figure 3.89). Naringenin yielded
progressively fewer observable cells between the control and 200 pg/ml (A-F), exhibiting
increasing cell rounding and sings of stress at higher concentrations (C-F). Similarly, cells appeared
progressively sparely spaced between the control and 200 pg/ml of the AuNP’s (G-L), exhibiting
increasingly notable signs of cell stress between 25 pg/ml and 200 pg/ml (1-K) and sings consistent

with cell death at the highest concentration (L).

Post 72 hour exposure to naringenin (A-F) and Ng-AuNP’s pH 8 (G-L), cell morphology was
observed and recorded (Figure 3.90). Increasingly fewer observable cells were found between the
control and 200 pg/ml (A-F) of naringenin, along with increasingly evident cell rounding and signs
of stress at higher concentrations (C-F). Similarly, cells appeared incrementally sparely spaced
between the control and 200 pg/ml of the AuNP’s (G-L), exhibiting increasingly notable signs of

cell stress between 12.5 pug/ml and 100 pug/ml (H-K), and cell death at 200 pg/ml (L).
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Figure 3.88: Pancl Cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 8 over a 24-hour period. Naringenin yielded a progressive decrease in cell
number (A-F), along with the presence of stress at higher concentrations (D-F). The AuNP’s
exhibited decreases in cell number between the control and highest concentration (G-L), along with

indications of cell rounding and stress at (J-k) and cell death (L) at higher concentrations.
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Figure 3.89: Pancl cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 7 over a 48-hour period. Naringenin exhibited fewer cells between control and
100 pg/ml (A-F), with increasing signs of stress at the highest concentration (F). The AuNP’s
exhibited decreases in the overall observed cell number (G-L), along with increasing cell stress (I-

K) and death (L) at the higher concentrations.
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Figure 3.90: Pancl cell morphology after being exposed to increasing concentrations of naringenin
and Ng-AuNP’s pH 7 over a 72-hour period. Naringenin exhibited fewer cells between control and
200 pg/ml (A-F), with cell stress at the highest concentration (F). The AuNP’s exhibited progressive
decreases in cell number (G-L), with increasing cell stress (H-K) and death at the highest

concentration (L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.91 A), both naringenin and the AuNP’s
yielded consistent decreases in cell viability from the control-100 pg/ml, followed by a notably
greater drop in viability at 200 pg/ml. The AuNP’s yielded greater decreases in cell viability at each
concentration, differing from naringenin significantly (P=0.003, P<0.0001) at 50 pg/ml and 200
pg/ml, respectively. The repeated measures ANOVA revealed a significant (P=0.0001) negative
trend from control-200 pg/ml for naringenin, along with AuNP’s yielding a significant (P<0.0001)
negative trend from control-200 pg/ml. One-way ANOVA vyielded significant (P<0.001) trends

from control-200 pg/ml following treatment with both naringenin and the AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.91 B), both naringenin and the AuNP’s yielded decreases
in cell viability from the control-200 pg/ml, with the AuNP’s yielding a markedly sharp drop in
viability at 200 pg/ml. Greater decreases in cell viability were yielded by the AuNP’s, differing
significantly (P=0.0332, P=0.0013, P=0.0004, P<0.0001) from naringenin at 25 pg/ml, 50 pg/ml,
100 pg/ml and 200 pg/ml, respectively. The repeated measures ANOVA revealed significant
(P<0.0001) negative trends from control-200 pg/ml when exposed to naringenin and the AuNP’s,
respectively. Similarly, one-way ANOVA revealed significant (P<0.001) trends from control-200

pg/ml for both naringenin and the AuNP’s, respectively.

After 72-hours (Figure 3.91 C) both naringenin and the AuNP’s yielded comparable decreases in
cell viability from control-100 pg/ml. At 200 pg/ml, the AuNP’s yielded a notably greater reduction
in viability, differing significantly (P=0.0004) from naringenin. The repeated measures ANOVA
revealed significant (P<0.0001) negative trends from control-200 pg/ml for naringenin and the
AuNP’s, respectively, along with one-way ANOVA revealing significant (P<0.001) trends from

control-200 pg/ml for both naringenin and the AuNP’s, respectively.
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Figure 3.91: Pancl cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to naringenin and Ng-AuNP’s pH 8 respectively. A significant (P<0.0001) difference
was observed between naringenin and the AuNP’s at 200 pg/ml over 24 hours, along with
significant (P=0.0332, P=0.0013, P=0.0004, P<0.0001) differences observed at 25 pg/ml, 50 pg/ml,
100 pg/ml and 200 pg/ml, respectively, after 48 hours, and finally a significant (P=0.0004)

difference was observed at 200 pg/ml following 72 hours of exposure.
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3.2.4 HAEC cell viability

3.2.4.1 S1-AuNP’s and extract

After being exposed to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s (G-L) over
24 hours, cell morphology was observed and recorded (Figure 3.92). Cells appeared increasingly
sparely spaced between the control and 200 pg/ml of the extract (A-F), exhibiting progressive signs
of stress between 25 pg/ml and 200 pg/ml (C-F). Similarly, cells were increasingly sparely spaced
between the control and 200 pg/ml of the AuNP’s (G-L), displaying cell rounding and increasing

signs of cell stress at higher concentrations (J-L).

After being exposed to increasing concentrations of the S1 extract (A-F) and S1-AuNP’s (G-L) over
48 hours, cell morphology was observed and recorded (Figure 3.93). Morphology remained
unchanged up until 12.5 pg/ml of the extract, after which cells became progressively fewer between
control and 200 pg/ml (A-F), exhibiting signs of cell stress (D-E) and cell death (F) at the higher
concentrations. Likewise, cells appeared progressively sparely spaced between the control and 200
pg/ml of the AuNP’s (G-L), appearing increasingly stressed between 25 pg/ml and 100 pg/ml (I-

K), along with exhibiting signs of cell death at 200 pg/ml (L).

Post 72-hour exposure to S1 extract (A-F) and S1-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.94). When treated with the extract, cell appeared progressively fewer and
stressed between the control and 100 pg/ml (A-E), exhibiting signs indicative of cell death at 200
pug/ml (F). When treated with the AuNP’s, cells appeared notably more sparely spaced between
control and 200 pg/ml of the AuNP’s, displaying increasingly notable signs of cell stress between

25 pg/ml and 100 pg/ml (1-K), along with cell death at 200 pg/ml (L).
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Figure 3.92: HAEC Cell morphology after being exposed to increasing concentrations of S1 extract
and S1-AuNP’s over a 24-hour period. The extract yielded signs of cell stress at higher
concentrations (C-F). Similarly, the AuNP’s exhibited indications of cell rounding and stress at

higher concentrations (J-L).
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Figure 3.93: HAEC cell morphology after being exposed to increasing concentrations of S1 extract
and S1-AuNP’s over a 48-hour period. No morphological changes were observed between control
and 12.5 pg/ml of the extract, with signs of stress (D-E) and death (F) at higher concentrations. The
AuNP’s exhibited decreases in the overall observed cell number (G-L), along with signs indicative

of cell stress (I-K) and death (L) at higher concentrations.
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Figure 3.94: HAEC cell morphology after being exposed to increasing concentrations of S1 extract
and S1-AuNP’s over a 72-hour period. The progressively fewer, but stressed cells between the
control and 100 pg/ml (A-E), along with cell death at the highest concentration (F). The AuNP’s
exhibited progressive decreases in observed cell number (G-L), with increasing signs of stress (I-

K) and cell death (L) at the higher concentrations.
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.95 A) with the extract, cell viability was
slightly elevated between the control and 25 pg/ml, after which a steady decrease in viability was
observed from 25-200 pug/ml. The AuNP’s exhibited progressive reductions in cell viability between
the control and 200 pg/ml, differing significantly (P=0.0021, P=0.0067, P=0.0197) from the extract
at 25 pg/ml, 50 pg/ml and 100 pg/ml, respectively. For the extract, the repeated measures ANOVA
revealed a significant (P<0.0001) negative trend from control-200 pg/ml, along with AuNP’s
yielding a significant (P=0.0001) negative trend from control-200 pg/ml. One-way ANOVA yielded
significant (P<0.001) trends from control-200 pg/ml following treatment with the extract and

AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.95 B), both the extract and AuNP’s yielded progressive
decreases in cell viability from the control-200 pg/ml. The AuNP’s yielded greater decreases in
viability at each concentration, differing from the extract significantly (P=0.018, P=0.0004,
P=0.0026, P=0.0001) at 12.5 pg/ml, 25 pg/ml, 50 pg/ml and 100 pg/ml. The repeated measures
ANOVA revealed significant (P<0.0001) negative trends from control-200 pug/ml when exposed to
the extract and AuNP’s, respectively. Similarly, one-way ANOVA revealed significant (P<0.001)

trends from control-200 pg/ml for both the extract and AuNP’s,

After 72-hours (Figure 3.95 C) both the extract and AuNP’s yielded progressive decreases in cell
viability from the control-200 pg/ml, with AuNP’s yielding greater decreases in viability from
control-100 pg/ml, followed by the extract yielding slightly greater decreases at 200 pg/mi.
Significant (P=0.0209, P=0.0013) differences between the extract and AuNP’s were observed at 50
pg/ml and 100 pg/ml. The repeated measures ANOVA revealed significant (P<0.0001) negative
trends from control-200 pg/ml when treated with the extract and AuNP’s, respectively. Similarly,
one-way ANOVA revealed significant (P<0.001) trends from control-200 pg/ml for both the extract

and AuNP’s, respectively.
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Figure 3.95: HAEC cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S1 extract and S1-AuNP’s respectively. Significant (P=0.0021, P=0.0067,
P=0.0197) differences were observed between the extract and AuNP’s at 25 ug/ml, 50 pg/ml and
100 pg/ml, over 24 hours, along with significant (P=0.018, P=0.0004, P=0.0026, P=0.0001)
differences observed at 12.5 pg/ml, 25 pg/ml, 50 pug/ml and 100 pg/ml after 48 hours, and finally

significant (P=0.0209, P=0.0013) differences from 50-100 pg/ml after 72 hours of exposure.
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3.2.4.2 S1x2-AuNP’s and extract

After being exposed to increasing concentrations of the S1 extract (A-F) and S1x2-AuNP’s (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.96). Cells appeared
increasingly sparely spaced between the control and 200 pg/ml of the extract (A-F), exhibiting
progressive signs of stress between 25 pug/ml and 200 pg/ml (C-F). Similarly, cells were slightly,
but increasingly sparely spaced between the control and 200 pg/ml of the AuNP’s (G-L), displaying

some cell rounding and signs of cell stress at higher concentrations (J-L).

After being exposed to increasing concentrations of the S1 extract (A-F) and S1x2-AuNP’s (G-L)
over 48 hours, cell morphology was observed and recorded (Figure 3.97). Morphology remained
unchanged up until 12.5 pg/ml of the extract, after which cells became progressively fewer between
control and 200 pg/ml (A-F), exhibiting signs of cell stress (D-E) and cell death (F) at the higher
concentrations. Likewise, cells appeared progressively sparely spaced between the control and 200

pg/ml of the AuNP’s (G-L), appearing stressed between 12.5 pg/ml and 200 pg/ml (I-L).

Post 72-hour exposure to S1 extract (A-F) and S1x2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.98). When treated with the extract, cell appeared progressively fewer and
stressed between the control and 100 pg/ml (A-E), exhibiting signs indicative of cell death at 200
pug/ml (F). When treated with the AuNP’s, cells appeared progressively more sparely spaced
between control and 200 pg/ml of the AuNP’s, displaying notable signs of cell stress between 12.5

pg/ml and 200 pg/mi (I-L).
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Figure 3.96: HAEC Cell morphology after being exposed to increasing concentrations of S1 extract
and S1x2-AuNP’s over a 24-hour period. The extract yielded signs of cell stress at higher
concentrations (C-F). Similarly, the AuNP’s exhibited indications of cell rounding and stress at

higher concentrations (J-L).
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Figure 3.97: HAEC cell morphology after being exposed to increasing concentrations of S1 extract
and S1x2-AuNP’s over a 48-hour period. No morphological changes were observed between
control and 12.5 pg/ml of the extract, with signs of stress (D-E) and death (F) at higher
concentrations. The AuNP’s exhibited decreases in the overall observed cell number (G-L), along

with signs indicative of cell stress between 12.5 pg/ml and 200 pg/ml (I-L).
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Figure 3.98: HAEC cell morphology after being exposed to increasing concentrations of S1 extract
and S1x2-AuNP’s over a 72-hour period. The progressively fewer, but stressed cells between the
control and 100 pg/ml (A-E), along with cell death at the highest concentration (F). The AuNP’s
exhibited progressive decreases in observed cell number (G-L), with increasing signs of stress

between 12.5 pug/ml and 200 pg/ml (I-L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment with the extract (Figure 3.99 A), cell viability was
slightly elevated between the control and 25 pg/ml, after which a steady decrease in viability was
observed from 25-200 pug/ml. The AuNP’s yielded progressive reductions in cell viability between
the control and 200 pg/ml, differing significantly (P=0.0104, P=0.0082, P=0.0001) from the extract
at 12.5 pg/ml, 25 pg/ml and 200 pg/ml, respectively. For the extract, the repeated measures
ANOVA revealed a significant (P<0.0001) negative trend from control-200 pg/ml, along with
AuNP’s yielding a significant (P=0.0011) negative trend from control-200 pg/ml. One-way
ANOVA vyielded significant (P<0.001) trends from control-200 pg/ml following treatment with the

extract and AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.99 B), both the extract and AuNP’s yielded progressive
decreases in cell viability from the control-200 pg/ml. The AuNP’s yielded greater decreases in
viability from 12.5-50 pg/ml, followed by the extract yielding greater decreases at 200 ug/ml.
significant (P=0.0182, P=0.0119, P=0.0233) differences between the extract and AuNP’s were
observed at 12.5 pg/ml, 25 pg/ml and 200 po/ml. The repeated measures ANOVA revealed
significant (P<0.0001, P=0.0008) negative trends from control-200 pg/ml for the extract and
AuNP’s, respectively. Similarly, one-way ANOVA revealed significant (P<0.001) trends from

control-200 pg/ml for both the extract and AuNP’s,

After 72-hours (Figure 3.99 C) both the extract and AuNP’s yielded progressive, but fairly
comparable decreases in cell viability from the control-100 pg/ml. At 200 pg/ml, the extract yielded
a greater decrease in viability, differing significantly (P=0.0041) from the extract. The repeated
measures ANOVA revealed significant (P<0.0001, P=0.0007) negative trends from control-200
ug/ml when treated with the extract and AuNP’s, respectively. Similarly, one-way ANOVA
revealed significant (P<0.001) trends from control-200 pg/ml for both the extract and AuNP’s,

respectively.
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Figure 3.99: HAEC cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S1 extract and S1x2-AuNP’s respectively. Significant (P=0.0104, P=0.0082,
P=0.0001) differences were observed between the extract and AuNP’s at 12.5 pg/ml, 25 pg/ml and
200 pg/ml, over 24 hours, along with significant (P=0.0182, P=0.0119, P=0.0233) differences
observed at 12.5 pg/ml, 25 pg/ml and 200 pg/ml, respectively, after 48 hours. Following 72 hours

of exposure, a significant (P=0.0041) difference was only observed at 200 pg/ml.
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3.2.4.3 S2-AulNP’s and S2 extract

After being exposed to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s (G-L) over
24 hours, cell morphology was observed and recorded (Figure 3.100). Cells appeared progressively
fewer and atypically rounded between the control and 200 pg/ml of the extract (A-F), exhibiting
increasing signs of stress (C-E), and signs consistent with cell death at 200 pg/ml (F). Similarly,
cells appeared increasingly sparely spaced and rounded between the control and 200 pg/ml of the

AuNP’s (G-L), displaying signs indicative of cell stress between 25 pg/ml and 200 pg/ml (I-L).

After being exposed to increasing concentrations of the S2 extract (A-F) and S2-AuNP’s (G-L) over
48 hours, cell morphology was observed and recorded (Figure 3.101). Increasingly fewer cells were
observed between control and 200 pg/ml the extract (A-F), along with evidence of cell stress
between 12.5 pg/ml and 50 pg/ml (B-D), and signs indicative of cell death at higher concentrations
(E-F). Likewise, cells appeared progressively sparely spaced between the control and 200 pg/ml of
the AuNP’s (G-L), appearing stressed between 12.5 pg/ml and 50 pg/ml (H-J), and exhibiting signs

of death at higher concentrations (K-L).

Post 72-hour exposure to S2 extract (A-F) and S2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.102). Cells appeared increasingly fewer between the control and 200 pg/ml
of the extract (A-F), exhibiting signs indicative of cell stress (B-D) and cell death at 200 pg/ml (F).
When treated with the AuNP’s, cells appeared notably more sparely spaced between control and
200 pg/ml of the AuNP’s, displaying signs of cell stress between 12.5 pg/ml and 50 pg/ml (H-J),

followed by cell death at higher concentrations (K-L).
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Figure 3.100: HAEC Cell morphology after being exposed to increasing concentrations of S2
extract and S2-AuNP’s over a 24-hour period. The extract (C-F) yielded signs of cell stress (C-E)
and signs of death (F) at higher concentrations. Similarly, the AuNP’s (G-L) exhibited indications

of cell rounding and stress at higher concentrations (I-L).
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Figure 3.101: HAEC cell morphology after being exposed to increasing concentrations of S2
extract and S2-AuNP’s over a 48-hour period. Increasingly fewer cells were evident between
control and 12.5 pg/ml of the extract, with signs of stress (B-D) and death (E-F) at higher
concentrations. The AuNP’s exhibited decreases in the overall observed cell number (G-L), along

with cell stress (H-J) and cell death (K-L) at higher concentrations.
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Figure 3.102: HAEC cell morphology after being exposed to increasing concentrations of S2
extract and S2-AuNP’s over a 48-hour period. Progressively fewer cells were observed between the
control and 12.5 pg/ml of the extract, with signs of stress (B-D) and death (E-F) at higher
concentrations. Similarly, the AuNP’s exhibited decreases in the observed cell number (G-L), along

with signs of cell stress (H-J) and cell death at higher concentrations (K-L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.103 A), both the extract and AuNP’s
yielded dose-dependent decreases in cell viability from control-200 pg/ml, with more notable
decreases in viability observed at 100-200 pug/ml. The extract yielded greater decreases in viability
that differed from the AuNP’s significantly (P=0.0091, P=0.0372) at 100 pg/ml and 200 pg/ml,
respectively. The repeated measures ANOVA revealed significant (P<0.0001) negative trends from
control-200 pg/ml for both the extract and AuNP’s, respectively. Similarly, one-way ANOVA
yielded significant (P<0.001) trends from control-200 pg/ml following treatment with the extract

and AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.103 B), both the extract and AuNP’s yielded progressive
decreases in cell viability from the control-200 pg/ml, with notably sharp drops in cell viability
between 100 pg/ml and 200 pg/ml. The extract yielded greater decreases in cell viability, differing
significantly (P=0.0023, P=0.0061) from the AuNP’s at 100 pg/ml and 200 pg/ml. The repeated
measures ANOVA revealed significant (P<0.0001) negative trends from control-200 pg/ml for both
the extract and AuNP’s, respectively. Similarly, one-way ANOVA revealed significant (P<0.001)

trends from control-200 pg/ml for both the extract and AuNP’s,

After 72-hours (Figure 3.103 C) both the extract and AuNP’s yielded progressive, fairly comparable
decreases in cell viability from the control-50 pug/ml. Between 100 pg/ml and 200 pg/ml, the extract
yielded greater decreases in viability, differing significantly (P=0.0002) from the AuNP’s at 200
pg/ml. The repeated measures ANOVA revealed significant (P<0.0001) negative trends from
control-200 pg/ml when treated with the extract and AuNP’s, respectively. Similarly, one-way
ANOVA revealed significant (P<0.001) trends from control-200 pg/ml for both the extract and

AuNP’s, respectively.
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Figure 3.103: HAEC cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S2 extract and S2-AuNP’s respectively. Significant (P=0.0091, P=0.0372)
differences were observed between the extract and AuNP’s at 100 pg/ml and 200 pg/ml, over 24
hours, along with significant (P=0.0023, P=0.0061) differences observed at 100 pg/ml and 200

pag/ml, respectively, after 48 hours. Following 72 hours of exposure, a significant (P=0.0002)

SZ AUuNP's vs. S2 Extract (ng/ml)

difference between the extract and AuNP’s was only observed at 200 pg/ml.
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3.2.4.4 S2x2-AuNP’s and S2 extract

After being exposed to increasing concentrations of the S2 extract (A-F) and S2x2-AuNP’s (G-L)
over 24 hours, cell morphology was observed and recorded (Figure 3.104). Cells appeared
progressively fewer and atypically rounded between the control and 200 pg/ml of the extract (A-
F), exhibiting increasing signs of stress (C-E), and signs consistent with cell death at 200 pg/ml (F).
Similarly, cells appeared increasingly sparely spaced and atypically rounded between the control
and 200 ug/ml of the AuNP’s (G-L), displaying signs indicative of cell stress between 12.5 pg/ml

and 200 pg/ml (H-L).

After being exposed to increasing concentrations of the S2 extract (A-F) and S2x2-AuNP’s (G-L)
over 48 hours, cell morphology was observed and recorded (Figure 3.105). Increasingly fewer cells
were observed between control and 200 pug/ml the extract (A-F), along with evidence of cell stress
between 12.5 pg/ml and 50 pg/ml (B-D), and signs indicative of cell death at higher concentrations
(E-F). Likewise, cells appeared progressively, and notably sparely spaced between the control and
200 pg/ml of the AuNP’s (G-L), displaying signs indicative of cell stress between 12.5 pg/ml and

200 pg/ml (H-L).

Post 72-hour exposure to S2 extract (A-F) and S2-AuNP’s (G-L), cell morphology was observed
and recorded (Figure 3.106). Cells appeared increasingly fewer between the control and 200 pg/ml
of the extract (A-F), exhibiting signs indicative of cell stress (B-D) and cell death at 200 pg/ml (F).
When treated with the AuNP’s, cells appeared notably more sparely spaced between control and
200 pg/ml of the AuNP’s, and displayed signs of cell stress between 12.5 pug/ml and 50 pg/ml

(H-J).
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Figure 3.104: HAEC Cell morphology after being exposed to increasing concentrations of S2
extract and S2-AuNP’s over a 24-hour period. The extract (C-F) yielded signs of cell stress (C-E)
and signs of death (F) at higher concentrations. Similarly, the AuNP’s (G-L) exhibited indications

of cell rounding and stress at higher concentrations (H-L).
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Figure 3.105: HAEC cell morphology after being exposed to increasing concentrations of S2
extract and S2-AuNP’s over a 48-hour period. Increasingly fewer cells were evident between
control and 12.5 pg/ml of the extract, with signs of stress (B-D) and death (E-F) at higher
concentrations. The AuNP’s exhibited notable decreases in the overall observed cell number (G-L),

along with cell stress between 12.5 pg/ml and 200 pg/ml (H-J).
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Figure 3.106: HAEC cell morphology after being exposed to increasing concentrations of S2
extract and S2-AuNP’s over a 48-hour period. Progressively fewer cells were observed between the
control and 12.5 pg/ml of the extract, with signs of stress (B-D) and death (E-F) at higher
concentrations. Similarly, the AuNP’s exhibited decreases in the observed cell number (G-L), along

with signs of cell stress between 12.5 pg/ml and 200 pg/ml (H-J).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.107 A), both the extract and AuNP’s
yielded decreases in cell viability from control-200 pg/ml, with the AuNP's yielding greater
decreases from control-50 pg/ml, followed by the extract yielding greater decreases from 50-200
pg/ml. The extract differed from the AuNP’s significantly (P=0.0004, P=0.0002) at 100 pg/l and
200 pg/ml, respectively. The repeated measures ANOVA revealed significant (P<0.0001,
P=0.0231) negative trends from control-200 pg/ml for the extract and AuNP’s, respectively.
Similarly, one-way ANOVA yielded significant (P<0.001, P=0.003) trends from control-200 pg/ml

following treatment with the extract and AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.107 B) both the extract and AuNP’s yielded progressive
decreases in cell viability from control-200 pg/ml, with the AuNP's yielding greater decreases from
control-50 pg/ml, followed by the extract yielding greater decreases from 50-200 pg/ml. Significant
(P=0.0003, P=0.0001) differences between the extract and the AuNP’s were observed at 100 pg/ml
and 200 pg/ml, respectively. The repeated measures ANOVA revealed significant (P<0.0001,
P=0.0136) negative trends from control-200 pg/ml for the extract and AuNP’s, respectively.
Similarly, one-way ANOVA revealed significant (P<0.001, P=0.008) trends from control-200

pg/ml for the extract and AuNP’s, respectively.

After 72-hours (Figure 3.107 C) both the extract and AuNP’s yielded progressive decreases in cell
viability from the control-200 pg/ml. The extract yielded greater decreases in viability at each
concentration, differing significantly (P=0.0071, P=0.0031) from the AuNP’s at 100 pg/ml and 200
pg/ml, respectively. The repeated measures ANOVA revealed significant (P<0.0001, P=0.0263)
negative trends from control-200 pg/ml when treated with the extract and AuNP’s, respectively.
Similarly, one-way ANOVA revealed significant (P<0.001, P=0.064) trends from control-200

pg/ml for both the extract and AuNP’s, respectively.
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Figure 3.107: HAEC cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to the S2 extract and S2x2-AuNP’s respectively. Significant (P=0.0004, P=0.0002)
differences were observed between the extract and AuNP’s at 100 pg/ml and 200 pg/ml, over 24
hours, along with significant (P=0.0003, P=0.0001) differences observed at 100 pg/ml and 200
pag/ml, respectively, after 48 hours. Following 72 hours of exposure, a significant (P=0.0071,

P=0.0031) differences were observed between the extract and AuNP’s at 100 pg/ml and 200 pg/ml.
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3.2.4.5 Ng-AuNP’s pH 7 and naringenin

After being exposed to increasing concentrations of the naringenin (A-F) and Ng-AuNP’s pH 7 (G-
L) over 24 hours, cell morphology was observed and recorded (Figure 3.108). Cells appeared
progressively fewer and atypically rounded between the control and 200 pg/ml of naringenin (A-
F), exhibiting increasing signs of stress (B-D), and signs consistent with cell death between 100
pg/ml and 200 pg/ml (E-F). Similarly, cells appeared marginally sparely fewer between the control
and 200 pg/ml of the AuNP’s (G-L), displaying slight signs indicative of cell stress at the highest

concentration (L).

After being exposed to increasing concentrations of the naringenin (A-F) and Ng-AuNP’s pH 7 (G-
L) over 48 hours, cell morphology was observed and recorded (Figure 3.109). Increasingly fewer
cells were observed between control and 200 pg/ml of naringenin (A-F), with cell stress becoming
increasingly evident between 12.5 pg/ml and 50 pg/ml (B-D), and signs indicative of cell death at
higher concentrations (E-F). Likewise, cells appeared progressively, albeit marginally fewer
between the control and 200 pg/ml of the AuNP’s (G-L), displaying slight signs indicative of cell

stress between 100pg/ml and 200 pg/ml (K-L).

Post 72-hour exposure to naringenin (A-F) and Ng-AuNP’s pH 7 (G-L), cell morphology was
observed and recorded (Figure 3.110). Cells appeared increasingly fewer between the control and
200 pg/ml of naringenin (A-F), exhibiting signs indicative of cell stress (B-C) and cell death
between 50 pg/ml and 200 pg/ml (D-F). When treated with the AuNP’s, cells appeared only slightly
more sparely spaced between control and 200 pg/ml of the AuNP’s, displaying slight signs of cell

stress between 50 pug/ml and 100 pg/ml (J-K), followed by cell death at 200 pg/ml (L).

http://etd.uwc.ac.za/ 228



, S N\
Control 12.5 ng/ml

- .l
S0 ng/m

Control™ 12.5 png/ml 25 ng/ml

00 ng/ml
Figure 3.108: HAEC Cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 7 over a 24-hour period. The extract (C-F) yielded signs of cell

stress (B-D) and signs of death (E-F) at higher concentrations. Similarly, the AuNP’s (G-L)

exhibited fewer overall cells and slight indications stress at the highest concentrations (L).
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Figure 3.109: HAEC cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 7 over a 48-hour period. Increasingly fewer cells were evident
between control and 200 pg/ml of the extract, with signs of stress (B-D) and death (E-F) at higher
concentrations. The AuNP’s exhibited marginal decreases in the overall observed cell number (G-

L), along with slight cell stress between 100 pg/ml and 200 pg/ml (K-L).
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Figure 3.110: HAEC cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 7 over a 72-hour period. Progressively fewer cells were observed
between the control and 200 pg/ml of naringenin with signs of stress (B-C) and death (D-F) at
higher concentrations. The AuNP’s exhibited decreases in the observed cell number (G-L), with

signs of cell stress between 50 pg/ml and 100 pg/ml (K-K), and cell death at 200 pg/ml (L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.111 A), both naringenin and AuNP’s
yielded consistent, dose-dependent decreases in cell viability from control-200 pug/ml. The extract
yielded greater decreases at each concentration, differing from the AuNP’s significantly (P=0.0137,
P=0.0005 and P<0.0001) at 12.5 pg/l, 25 pg/l and 50-200 pg/ml, respectively. The repeated
measures ANOVA revealed significant (P<0.0001) negative trends from control-200 pg/ml for both
naringenin and AuNP’s, respectively. Similarly, one-way ANOVA vyielded significant (P<0.001)

trends from control-200 pg/ml following treatment with naringenin and AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.111 B) both naringenin and AuNP’s yielded progressive
decreases in cell viability from control-200 pg/mi, with naringenin yielding greater decreases at
each concentration. Significant (P<0.0001 and P=0.0024) differences between the extract and the
AuNP’s were observed at 25-100 pg/ml and 200 pg/ml, respectively. The repeated measures
ANOVA revealed significant (P<0.0001) negative trends from control-200 pg/ml for both
naringenin and AuNP’s, respectively. Similarly, one-way ANOVA revealed significant (P<0.001)

trends from control-200 pg/ml for both naringenin and AuNP’s, respectively.

After 72-hours (Figure 3.111 C) both the extract and AuNP’s yielded progressive, dose-dependent
decreases in cell viability from the control-200 pug/ml. Naringenin yielded greater decreases in
viability at each concentration, differing significantly (P=0.0014 and P<0.0001) from the AuNP’s
at 12.5 pg/ml and 25-200 pg/ml, respectively. The repeated measures ANOVA revealed significant
(P<0.0001) negative trends from control-200 pg/ml for both naringenin and AuNP’s, respectively.
Similarly, one-way ANOVA revealed significant (P<0.001) trends from control-200 pg/ml for both

naringenin and AuNP’s, respectively.
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Figure 3.111: HAEC cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to naringenin and Ng-AuNP’s pH 7. Significant (P=0.0137, P=0.0005 and P<0.0001)
differences were found from 12.5 -25 pg/ml and 50-200 pg/ml over 24 hours, along with significant
(P<0.0001 and P=0.0024) differences observed at 25-100 pg/ml and 200 pg/ml after 48 hours. After
72 hours of exposure, a significant (P=0.0014 and P<0.0001) differences were observed between

naringenin and AuNP’s at 12.5 ug/ml and 25-200 pg/ml.
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3.2.4.6 Ng-AuNP’s pH 8 and naringenin

After being exposed to increasing concentrations of the naringenin (A-F) and Ng-AuNP’s pH 8 (G-
L) over 24 hours, cell morphology was observed and recorded (Figure 3.112). Cells appeared
progressively fewer and atypically rounded between the control and 200 pg/ml of naringenin (A-
F), exhibiting increasing signs of stress (B-D), and cell death between 100 pg/ml and 200 pg/ml (E-
F). Similarly, cells appeared fewer between the control and 200 pg/ml of the AuNP’s (G-L),
displaying increasing rounding and signs of cell stress between 12.5 pg/ml and 200 pg/ml (H-J),

along with cell death at higher concentrations (K-L).

After being exposed to increasing concentrations of the naringenin (A-F) and Ng-AuNP’s pH 8 (G-
L) over 48 hours, cell morphology was observed and recorded (Figure 3.113). Increasingly fewer
cells were observed between control and 200 pg/ml of naringenin (A-F), with cell stress becoming
increasingly evident between 12.5 pg/ml and 50 pg/ml (B-D), and signs indicative of cell death at
higher concentrations (E-F). Likewise, cells appeared progressively and notably fewer between the
control and 200 pg/ml of the AuNP’s (G-L), displaying increasing signs of cell stress (H-J),

followed by cell death at 100pg/ml and 200 pg/ml (K-L).

Post 72 hour exposure to naringenin (A-F) and Ng-AuNP’s pH 7 (G-L), cell morphology was
observed and recorded (Figure 3.114). Cells appeared increasingly fewer between the control and
200 pg/ml of naringenin (A-F), exhibiting signs indicative of cell stress (B-C) and cell death
between 50 pg/ml and 200 pg/ml (D-F). When treated with the AuNP’s, cells were notably fewer
between control and 200 pg/ml of the AuNP’s, appearing increasingly stressed between 12.5 pg/ml

and 50 pg/ml (H-J), followed by signs of cell death between 100 pug/ml and 200 pg/ml (K-L)
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Figure 3.112: HAEC Cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 8 over a 24-hour period. The extract (C-F) yielded signs of cell
stress (B-D) and signs of death (E-F) at higher concentrations. The AuNP’s (G-L) exhibited fewer

overall cells and slight indications stress (H-J) followed by death at higher concentrations (K-L).
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Figure 3.113: HAEC cell morphology after being exposed to increasing concentrations of
naringenin and Ng-AuNP’s pH 7 over a 48-hour period. Increasingly fewer cells were evident
between control and 200 pg/ml of the extract, with signs of stress (B-D) and death (E-F) at higher
concentrations. Similarly, the AuNP’s (G-L) yielded fewer observable cells, along with increasing

cell stress (H-J), followed by death at higher concentrations (K-L).
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Figure 3.114: HAEC cell morphology after being exposed to increasing concentrations of

naringenin and Ng-AuNP’s pH 7 over a 72-hour period. Progressively fewer cells were observed

between the control and 200 pg/ml of naringenin with signs of stress (B-C) and death (D-F) at
higher concentrations. Similarly, the AuNP’s (G-L) exhibited fewer observable cells, along with

increasing cell stress (H-J), followed by death at higher concentrations (K-L).
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The MTT assay revealed dose-dependent effects at 24, 48 and 72-hour exposure periods,
respectively. Following 24-hours of treatment (Figure 3.115 A), both naringenin and AuNP’s
yielded consistent, dose-dependent decreases in cell viability from control-200 pg/ml. Naringenin
yielded greater decreases at each concentration, differing from the AuNP’s significantly (P=0.0419,
P=0.0006) at 50 pg/ml and 100 pg/ml, respectively. The repeated measures ANOVA revealed
significant (P<0.0001) negative trends from control-200 ug/ml for both naringenin and AuNP’s,
respectively. Similarly, one-way ANOVA Yyielded significant (P<0.001) trends from control-200

pg/ml following treatment with naringenin and AuNP’s, respectively.

Following 48-hours of exposure (Figure 3.115 B) both the naringenin and AuNP’s yielded
progressive decreases in cell viability from control-200 pg/ml, with naringenin yielding greater
decreases at each concentration. Significant (P=0.0192, P=0.0052, P<0.0001) differences between
the naringenin and the AuNP’s were observed at 25 pg/ml, 50 pg/ml and 100 pg/ml, respectively.
The repeated measures ANOVA revealed significant (P<0.0001) negative trends from control-200
pg/ml for both naringenin and AuNP’s, respectively. Similarly, one-way ANOVA revealed

significant (P<0.001) trends from control-200 pg/ml for both naringenin and AuNP’s, respectively.

After 72-hours (Figure 3.115 C) both naringenin and AuNP’s yielded progressive, dose-dependent
decreases in cell viability from the control-200 pg/ml. Naringenin yielded greater decreases in
viability at each concentration, differing significantly (P=0.0092, P=0.0105, P=0.0073) from the
AuNP’s at 50 pg/ml, 100 pg/ml and 200 pg/ml, respectively. The repeated measures ANOVA
revealed significant (P<0.0001) negative trends from control-200 pg/ml for both the naringenin and
AuNP’s, respectively. Similarly, one-way ANOVA revealed significant (P<0.001) trends from

control-200 pg/ml for both the naringenin and AuNP’s, respectively.
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Figure 3.115: HAEC cell viability as determined by the MTT assay over 24 (A), 48 (B) and 72 (C)
hour exposure to naringenin and Ng-AuNP’s pH 8, respectively. Significant (P=0.0419, P=0.0006)
differences were observed between naringenin and the AuNP’s at 50 pug/ml and 100 pg/ml over 24
hours, along with significant (P=0.0192, P=0.0052, P<0.0001) differences from 25-100 pg/ml after
48 hours. Following 72 hours of exposure, significant (P=0.0092, P=0.0105, P=0.0073) differences

were observed between naringenin and the AuNP’s from 50-200 pg/ml, respectively.
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3.3 AuNP-cell internalisation by Dark-field microscopy (Cytoviva)

3.3.1 PC-3 Cells

3.3.1.1 S1-AulNP’s

Following treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) of the S1-AuNP’s over 2 (A and
D), 6 (B and E), and 24 (C and F) hours, respectively, cells were stained and observed for possible

AUNP internalisation (Figure 3.116).

Following exposure to 50 pg/ml (A-C), AuNP’s exhibited a clear affinity toward cells, displaying
progressively increasing AuNP accumulation between the lowest and highest incubation periods
(B-C) in a time-dependent manner. Specifically, 2 hours of treatment (A) yielded minimal AuNP-
cell accumulation which exhibited particular affinity toward cell nuclei. Similarly, low levels of
AuUNP-cell accumulation was observed following 6 hours of treatment, displaying affinity toward
both cell cytoplasm and nuclei (B). Finally, following 24 hours of treatment, notably higher levels

of AuNP-cell accumulation was observed with indiscriminate affinity toward cytoplasm and nuclei

(©).

Following exposure to 100 pg/ml (D-F), notably higher levels of overall AuNP-cell accumulation
was observed, in comparison to 50 pg/ml, which progressively increased between the lowest and
highest incubation periods in a time-dependent fashion (B-E). After 2 hours of treatment (A), small
AuNP-cell accumulates were observed, displaying affinity toward cell cytoplasm and nuclei. Next,
noticeably larger AuNP-cell accumulates were observed following 6 hours of treatment (B),
exhibiting affinity toward both cytoplasm and nuclei. Finally, following 24 hours of treatment, the
highest degree of AuNP-cell accumulation was observed, whereby large portions of cells were

engulfed by AuNP aggregates (C).
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Figure 3.116: S1-AuNP PC-3 cell internalisation by dark-field microscopy (Cytoviva) following
treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) over 2 (A and D), 6 (B and E), and 24 (C and

F) hours, respectively.
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3.3.1.2 S2-AuNP’s
Following treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) of the S2-AuNP’s over 2, 6 and 24
hours, respectively, cells were stained and observed for possible AuUNP internalisation

(Figure 3.117).

Following exposure to 50 pg/ml (A-C), AuNP’s exhibited a distinct affinity toward cells, exhibiting
increasing AuNP-cell accumulation between the lowest and highest incubation periods (B-C), in a
time-dependent manner. After 2 hours of treatment (A), low levels of AuNP-cell accumulation was
observed, with accumulates observed over both cytoplasm and nuclei. Next, 6 hours of treatment
yielded noticeably higher levels of AuNP-cell accumulation, whereby affinity toward both cell
cytoplasm and nuclei was observed (B). Finally, following 24 hours of treatment, notably higher
levels of AuNP-cell accumulation was observed with affinity toward both cytoplasm and nuclei,

covering large areas of individual cells (C).

Following exposure to 100 pg/ml (D-F), levels of overall AuNP-cell accumulation was not observed
to exceed those seen at a dose of 50 pug/ml (A-C). Nevertheless, a progressive increase in AuNP-
cell accumulation was observed between the lowest and highest incubation periods, in a time-
dependent fashion (B-E). After 2 hours of treatment (A), small amounts of AuNP-cell accumulation
was observed, particularly over both cytoplasm and nuclei. Following this, greater amounts of
AuNP-cell accumulation was observed, following 6 hours of treatment (B), having affinity toward
both cytoplasm and nuclei. Finally, after 24 hours of treatment, notably higher levels of AuNP-cell
accumulation was observed, in relation to cytoplasm and nuclei, where large portions of cells were

covered by AuNP aggregates (C).
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Figure 3.117: S2-AuNP PC-3 cell internalisation by dark-field microscopy (Cytoviva) following
treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) over 2 (A and D), 6 (B and E), and 24 (C and

F) hours, respectively.
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3.3.1.3 Ng-AuNP’s pH 8
Following treatment with 50 pug/ml (A-C) and 100 pg/ml (D-F) of the Ng-AuNP’s pH 8 over 2, 6
and 24 hours, respectively, cells were stained and observed for possible AuNP internalisation

(Figure 3.118).

Following exposure to 50 pg/ml (A-C), an affinity toward cells was exhibited by the AuNP’s,
yielding progressively increasing cell-accumulation between the lowest and highest incubation
periods (B-C), in a time-dependent fashion. After 2 hours of treatment (A), very few AuNP-cell
accumulation was observed, with the presence of a few extracellular AUNP aggregates. Following
6 hours of incubation, however, a notably greater level of AuNP-cell accumulation was observed,
with particular affinity toward both cell cytoplasm and nuclei (B). Finally, following 24 hours of
treatment, markedly higher levels of AuNP-cell accumulation was observed, with large AuNP

aggregates covering cell surfaces (C).

Following exposure to 100 pg/ml (D-F), notably higher levels of overall AuNP-cell accumulation
was observed, in comparison to 50 pg/ml, which similarly progressively increased between the
lowest and highest incubation periods in a time-dependent fashion (B-E). After 2 hours of treatment
(A), relatively higher AuNP-cell accumulation was noted, displaying affinity toward both the cell
cytoplasm and nuclei. Hereafter, noticeably higher amounts of AuNP-cell accumulation was
observed, following 6 hours of treatment (B), exhibiting affinity toward both cytoplasm and nuclei.
Finally, following 24 hours of treatment, a notably higher level of AuNP-cell accumulation was

observed, engulfing large portions of cells (C).
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Figure 3.118: Ng-AuNP’s pH 8 PC-3 cell internalisation by dark-field microscopy (Cytoviva)
following treatment with 50 pg/ml (A-C) and 100 pug/ml (D-F) over 2 (A and D), 6 (B and E), and

24 (C and F) hours, respectively.
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3.3.2 LNCaP Cells
3.3.2.1 S1-AulNP’s
Following treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) of the S1-AuNP’s over 2, 6 and 24
hours, respectively, cells were stained and observed for possible AuUNP internalisation

(Figure 3.119).

Following exposure to 50 pg/ml (A-C), progressively increasing AuNP-cell accumulation was
observed between the lowest and highest incubation periods (B-C) in a time-dependent manner.
After 2 hours of treatment (A) very low levels of overall AuNP-cell accumulation was observed,
with only a few AuNP accumulates being present. Following this, marginally higher levels of
AUNP-cell accumulation was observed following 6 hours of treatment (B). Finally, following 24
hours of treatment, notably higher levels of AuNP-cell accumulation was observed with clear

affinity toward cell cytoplasm (C).

Following exposure to 100 pg/ml (D-F), notably higher levels of overall AuNP-cell accumulation
was observed, in comparison to 50 pug/ml, which progressively increased between the lowest and
highest incubation periods in a time-dependent fashion (B-E). After 2 hours of treatment (A),
AuNP-cell accumulates with affinity toward cell cytoplasm was observed. Similarly, AuNP-cell
accumulates were observed following 6 hours of treatment (B), exhibiting affinity toward both
cytoplasm. Finally, following 24 hours of treatment, the highest degree of AuNP-cell accumulation
was observed, whereby both large and small AuNP aggregates displayed affinity toward cell

cytoplasm and nuclei (C).
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Figure 3.119: S1-AuNP LNCaP cell internalisation by dark-field microscopy (Cytoviva) following
treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) over 2 (A and D), 6 (B and E), and 24 (C and

F) hours, respectively.
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3.3.2.2 S2-AuNP’s
Following treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) of the S2-AuNP’s over 2, 6 and 24
hours, respectively, cells were stained and observed for possible AuUNP internalisation

(Figure 3.120).

Following exposure to 50 pg/ml (A-C), AuNP’s exhibited affinity toward cells, displaying
increasing AuNP-cell accumulation between the 2-hour and 6-hour incubation periods (A-B),
followed by no observable increase in AuNP-cell accumulation between 6-hour and 24-hour
incubation periods (B-C). Specifically, 2 hours of treatment (A) yielded low levels of AuNP-cell
accumulation which exhibited an apparent affinity towards cell cytoplasm. Conversely, higher
levels of AuNP-cell accumulation was observed after 6 hours of treatment, whereby AuNP
accumulates displayed affinity toward both cell cytoplasm and nuclei (B). Similarly, following 24
hours of treatment, AuNP-cell accumulation was observed with an affinity toward cytoplasm and

nuclei (C).

Following exposure to 100 pg/ml (D-F), AuNP’s exhibited affinity toward cells, displaying
comparable AuNP-cell accumulation between the 2-hour and 24-hour incubation periods (D-F).
After 2 hours of treatment (A), small AuNP-cell accumulates were observed, displaying affinity
toward cell cytoplasm, along with some affinity toward nuclei. Next, marginally larger AuNP-cell
accumulates were observed following 6 hours of treatment (B), exhibiting affinity toward both
cytoplasm and nuclei. Following 24 hours of treatment, additional AuUNP-cell accumulation was not

observed with AuNP accumulates displaying an affinity toward cytoplasm and nuclei (C).
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Figure 3.120: S2-AuNP LNCaP cell internalisation by dark-field microscopy (Cytoviva) following
treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) over 2 (A and D), 6 (B and E), and 24 (C and

F) hours, respectively.
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3.3.2.3 Ng-AuNP’s pH 8
Following treatment with 50 pg/ml (A-C) and 100 pg/ml (D-F) of the Ng-AuNP’s over 2, 6 and 24
hours, respectively, cells were stained and observed for possible AuNP internalisation

(Figure 3.121).

Following exposure to 50 pg/ml, affinity toward cells was observed, along with a progressively
increasing AuNP-cell accumulation between the lowest and highest incubation periods (A-C). After
2 hours of treatment (A), notably low overall levels of AuNP-cell accumulation was observed, with
very few AuNP accumulates seen covering cells. Similarly, low levels of AuUNP-cell accumulation
was observed following 6 hours of treatment, displaying affinity toward cell cytoplasm (B).
Hereafter, following 24 hours of treatment, higher levels of AuNP-cell accumulation was observed,

with an apparent affinity toward both cell cytoplasm and nuclei (C).

Following exposure to 100 pg/ml, affinity toward the cells was observed, along with a progressively
increasing AuUNP accumulation between the lowest and highest incubation periods (B-E). After 2
hours of treatment (A), low levels of AuNP-accumulation was observed, with very few AuNP
aggregates being present. Conversely, notably higher levels of AuNP-cell accumulation was
observed following 6 hours of incubation, displaying affinity toward both cell cytoplasm and cell
nuclei (B). Finally, following 24 hours of treatment, the greatest deal of AuNP-cell accumulation
was observed, whereby large portions of cells, including cytoplasm and nuclei, were covered by

AUNP aggregates (C).
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Figure 3.121: Ng-AuNP pH 8 LNCaP cell internalisation by dark-field microscopy (Cytoviva)
following treatment with 50 pg/ml (A-C) and 100 pug/ml (D-F) over 2 (A and D), 6 (B and E), and

24 (C and F) hours, respectively.
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3.4 PC-3 cell AuNP internalisation by transmission electron microscopy (TEM)

3.4.1 S1-AuNP’s 50 pg/ml

Following treatment with 50 pg/ml of the S1-AuNP’s over 6 (A) and 24 hours (B), cells were
sectioned and observed for AuNP internalisation (Figure 3.122). AuNP’s were observed to have
been internalised by cells each time point, with low levels of internalisation observed after 6 hours
of incubation (A), followed by a notably greater quantity of internalised AuNPs after 24 hours of

incubation (B).
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Figure 3.122: S1-AuNP cell internalisation by transmission electron microscopy following

treatment with 50 pg/ml over 6 (A), and 24 (B) hours, respectively.
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3.4.2 S1-AuNP’s 100 pg/ml
Following treatment with 100 pg/ml of the S1-AuNP’s over 6 (A) and 24 hours (B), cells were
sectioned and observed for AuUNP internalisation (Figure 3.123). High levels of AuNP’s were found
to be internalised by cells each time point used, with marginally lower levels of internalisation
observed after 6 hours of incubation (A), followed by slightly higher levels of AuNP internalisation

following 24 hours of incubation (B)
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Figure 3.123: S1-AuNP cell internalisation by transmission electron microscopy following

treatment with 100 pg/ml over 6 (A), and 24 (B) hours, respectively.
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3.4.3 Ng-AuNP’s pH 8 50 pg/ml
Following treatment with 50 pg/ml of the Ng-AuNP’s pH 8 over 6 (A) and 24 hours (B), cells were
sectioned and observed for AUNP internalisation (Figure 3.124). Comparable levels of AuNP’s were

found to be internalised by cells after 6 hours of incubation (A), and following 24 hours of

incubation (B)
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Figure 3.124: Ng-AuNP pH 8 cell internalisation by transmission electron microscopy following

treatment with 50 pg/ml over 6 (A), and 24 (B) hours, respectively.
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3.4.4 Ng-AuNP’s pH 8 100 pg/ml

Following treatment with 100 pg/ml of the Ng-AuNP’s pH 8 over 6 (A) and 24 hours (B), cells
were sectioned and observed for AuNP internalisation (Figure 3.125). When cells were observed,
very marginal differences in the amount of internalised AuNP’s were found after 6 hours of

incubation (A), and following 24 hours of incubation (B).
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Figure 3.125: Ng-AuNP pH 8 cell internalisation by transmission electron microscopy following
treatment with 100 pug/ml over 6 (A), and 24 (B) hours, respectively.
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3.5 In vivo studies

3.5.1 Change in Tumour Volume

Following PC-3 cell inoculation and palpable tumour formation, SCID-mice were randomised and
treated twice weekly with the S1 extract (0.5mg/kg), S1-AuNP’s (0.5 and 1.5 mg/g), naringenin
(0.5mg/kg) and Ng-AuNP’s pH 8 (0.5 and 1.5 mg/kg), respectively. Tumours were measured prior

to each treatment, and tumour volumes calculated (Table 3.5).

Mice in control groups yielded consistent, time-dependent increases in tumour volumes between
the beginning and end of the study, reaching a mean size of 0.4603+0.2375 cm? by day 29. When
compared to control groups, only mice treated with the S1-AuNPs (0.5 mg/kg) were found to yield
similar increases in tumour volume between day 1 and day 29, exhibiting the second greatest tumour
volume by the end of the study (Figure 3.126 A). Conversely, each of the remaining treatment
groups yielded comparable inhibitory effects toward tumours, exhibited by considerably slowed
growth between day 1 and day 15 of the study. Hereafter, consistent, albeit slowed, tumour growth
was noted between day 15 and day 29 of the study, with the S1 extract (0.5 mg/kg) yielding the
third greatest tumour volume by day 29 of the study. Mice treated with the Ng-AuNPs pH 8
(0.5and 1.5 mg/kg), S1-AuNP’s (1.5mg/kg) and naringenin (0.5 mg/kg) exhibited the lowest overall

tumour volumes by the end of the study.

When the effects of the S1 extract and S1-AuNP’s (0.5 and 1.5 mg/kg) were compared
(Figure 3.126 B), tumour growth appeared slowed between day 1 and day 11 of the study, with no
appreciable difference between each treatment group. Hereafter, the S1 extract (0.5mg/kg) exhibited
a sharp, progressive increase in tumour volume between day 11 and day 29, reaching a mean size
of 0.4246+0.2614 cm? by the end of the study. Conversely, the S1-AuNPs (0.5 and 1.5 mg/kg) only
exhibited notable increases in tumour volume between day 22 and day 29, reaching mean sizes of

0.2123+0.1542 cm?® and 0.0976+0.0582 cm?, respectively, by the end of the study.
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When analysed further, statistically relevant differences could be found between the control and
treatment groups between day 11 and day 29 of the study (Figure 3.127 A). Specifically, control
groups differed significantly (P=0.0275, P=0.0239, P=0.044) from the S1 extract, S1-AuNP’s
(0.5mg/kg) and S1-AuNP’s (1.5mg/kg), respectively, at day 11 of the study, followed by a
significant (P=0.044) difference between control and S1-AuNP’s (1.5mg/kg) at day 15 of the study.
Next, a significant (P=0.0242) difference was found between control and S1-AuNP’s (1.5mg/kg) at
day 18 of the study, along with significant (P=0.0275, P=0.0143) differences yielded by the S1
extract and S1-AuNP’s (1.5mg/kg), respectively, at day 22 of the study. Finally, the S1 extract and
S1-AuNP’s (1.5mg/kg) yielded significant (P=0.0167, P=0.002) differences at day 25, followed by

the S1-AuNP’s (1.5mg/kg) yielding a significant (P=0.0027) difference at day 29 of the study.

When naringenin and Ng-AuNPs were compared, tumour growth appeared dramatically slowed
between day 1 and day 15 of the study, without discernible differences between each treatment
group (Figure 3.126 C). Hereafter, each treatment group demonstrated very slight, but progressive
increases in tumour volume between day 15 and day 25, followed by sharp overall increases in
tumour volume between day 25 and day 29 of the study. By the end of the study, mice treated with
naringenin (0.5 mg/kg) had a mean tumour volume of 0.0802+0.0463 cm?, followed by a mean
tumour volume of 0.1207+0.0477 cm3for those treated with Ng-AuNP pH 8 (0.5mg/kg), and finally

a mean tumour volume of 0.1319+0.0756 cm?® for mice treated with Ng-AuNP pH 8 (1.5 mg/kg).

When analysed further, statistically relevant differences could be found between the control and
treatment groups, between day 11 and day 29 of the study (Figure 3.127 B). Specifically, control
groups differed significantly (P=0.0076, P=0.0085, P=0.0111) from naringenin, Ng-AuNP’s pH 8
(0.5mg/kg) and Ng-AuNP’s pH 8 (1.5mg/kg), respectively, at day 11 of the study, followed by a
significant (P=0.0240, P=0275, P=0.0365) difference between control naringemnin,
Ng-AuNP’s pH 8 (0.5mg/kg) and Ng-AuNP’s pH 8 (1.5mg/kg) at day 15 of the study, respectively.

Next, significant (P=0.0256, P=0.0363, P=0.016) differences were found between control and

http://etd.uwc.ac.za/ 257



naringenin, Ng-AuNP’s pH 8 (0.5mg/kg), Ng-AuNP’s pH 8 (1.5mg/kg) at day 18 of the study,
respectively, along with significant (P=0.0138, P=0.0044, P=0.0027) differences yielded by
naringenin, Ng-AuNP’s pH 8 (0.5mg/kg) and Ng-AuNP’s (1.5mg/kg), respectively, at day 22 of the
study. Finally, naringenin, Ng-AuNP’s pH 8 (0.5mg/kg) and Ng-AuNP’s pH 8 (1.5mg/kg) yielded
significant (P=0.0047, P=0.0044, P=0.0027) differences at day 25, followed by significant
(P=0.0038, P=0.0038, P=0.006) difference, for naringenin, Ng-AuNP’s pH 8 (0.5mg/kg) and Ng-

AuNP’s pH 8 (1.5mg/kg), at day 29 of the study.
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Figure 3.126: PC-3 tumour volumes in SCID-mice treated with gold nanoparticles and extracts
over a 29-day period (A), comparing the effects of the S1-AuNPs (0.5 and 1.5 mg/kg) with the S1-
extract (0.5 mg/kg) (B), and the Ng-AuNP’s pH 8 (0.5 mg/kg and 1.5 mg/kg) with naringenin (0.5

mg/kg) (C).
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Figure 3.127: PC-3 tumour volumes in SCID-mice treated with the S1-AuNPs (0.5 and 1.5 mg/kg)
and Sl-extract (0.5 mg/kg) (A), along with the Ng-AuNP’s pH 8 (0.5 mg/kg and 1.5 mg/kg) and
naringenin (0.5 mg/kg) (B).
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Table 3.5: Mean PC-3 tumour volumes in SCID-mice treated with the S1-AuNPs (0.5 and 1.5 mg/kg), S1-extract (0.5 mg/kg), Ng-AuNP’s pH 8

(0.5 mg/kg and 1.5 mg/kg), and naringenin (0.5 mg/kg), over a 29-day treatment period.

Day of Control S1 extract S1-AuNP S1-AuNP Naringenin Ng-AuNP pH 8 Ng-AuNP pH 8
study (0.5 mg/kQ) (0.5 mgfka) (1.5 mgfka) (0.5mg/kg) (0.5 mg/kQ) (1.5 mg/kg)
Mean Tumour Volume + SD (cm?3)
1 0,013+0,008 0,012+0,007 0,013+0,007 0,013+0,007 0,012+0,007 0,013+0,006 0,012+0,007
4 0,023+0,013 0,013+0,006 0,015+0,008 0,018+0,015 0,015+0,009 0,016+0,009 0,013+0,009
8 0,038+0,025 0,02+0,009 0,027+0,012 0,0260,018 0,019+0,011 0,022+0,012 0,021+0,014
11 0,053+0,024 0,027+0,005 0,027+0,012 0,028+0,021 0,02+0,014 0,022+0,011 0,022+0,013
15 0,091+0,064 0,036%0,006 0,054+0,025 0,033+0,019 0,025+0,019 0,027+0,017 0,02+0,003
18 0,13+0,103 0,042+0,006 0,101+0,054 0,023+0,01 0,032+0,025 0,04+0,024 0,024+0,01
22 0,230+0,168 0,052+0,008 0,153+0,088 0,028+0,01 0,042+0,032 0,056+0,029 0,04+0,019
25 0,295+0,167 0,104+0,0243 0,252+0,147 0,04+0,023 0,045+0,032 0,066+0,034 0,052+0,017
29 0,460+0,237 0,212+0,058 0,425+0,261 0,097+0,058 0,080+0,028 0,121+0,047 0,132+0,076
261

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



3.5.2 Change in bodyweight
Following PC-3 cell inoculation and palpable tumour formation, SCID-mice bodyweight was

measured and recorded, prior to each treatment (Table 3.6).

Mice in control groups exhibited fairly stable bodyweights between the beginning and day 15,
followed by progressively falling bodyweights hereafter, reaching a mean of 25.871+7.042 grams
by the end of the study (Figure 3.128 A). When compared to each treatment group, only mice treated
with the S1-AuNP’s (0.5mg/kg) appeared to exhibit a similar downward trend in bodyweight.
Conversely, mice treated with S1-AuNP’s (1.5mg/kg), Ng-AuNP’s (0.5 and 1.5 mg/kg) and S1
extract exhibited relatively stable bodyweights up to day 28 of the study, where after bodyweights
began to decline. Mice treated with naringenin, however, exhibited the most stable bodyweight of

all treatment groups, showing no sudden decline toward the end of the study.

The effects of the S1 extract and S1-AuNP’s (0.5 and 1.5 mg/kg) were compared (Figure 3.128 B).
Mice treated with the S1-AuNP’s (0.5mg/kg) exhibited a starting bodyweight of 28.95+2.85 grams,
which remained relatively stable up until day 25, followed by a sharp drop hereafter that yielded a
mean bodyweight of 25.5£3.87 grams by the end of the study. Statistically, the S1-AuNP’s
(0.5mg/kg) yielded a significant (P=0.0075) difference in body weights between the beginning and
end of the study. Similarly, mice treated with the S1 extract and S1-AuNP’s (1.5mg/kg) exhibited
starting bodyweights of 31.41+1.76 and 32.34+1.16 grams, respectively, which remained relatively
stable up until day 25, after which marginal decreases in mean bodyweights was observed, reaching
30.05+3.96 and 32.18+2.89 grams, respectively, by the end of the study. When the naringenin and
the Ng-AuNP’s pH 8 (0.5 and 1.5 mg/kg) were compared (Figure 3.128 C), relatively stable body
weights were observed throughout the study. Specifically, mice treated with the Ng-AuNP’s pH 8
(0.5 and 1.5 mg/kg) exhibited starting bodyweights of 31.95+1.82 and 30.75+2.19 grams,
respectively, which remained comparable until day 29, reaching means of 31.02+2.05 and

30.85+2.43 grams, respectively, by the end of the study.
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Figure 3.128: Bodyweight in SCID-mice treated with gold nanoparticles and extracts over a 29-

day period (A), comparing the effects of the S1-AuNPs (0.5 and 1.5 mg/kg) with the S1-extract (0.5

mg/kg) (B), and the Ng-AuNP’s pH 8 (0.5 mg/kg and 1.5 mg/kg) with naringenin (0.5 mg/kg) (C).

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

263



Table 3.6: Mean Bodyweight in SCID-mice treated with the S1-AuNPs (0.5 and 1.5 mg/kg), S1-extract (0.5 mg/kg), Ng-AuNP’s pH 8 (0.5 mg/kg

and 1.5 mg/kg), and naringenin (0.5 mg/kg), over a 29-day treatment period.

Day of Control S1 extract S1-AuNP (0.5 S1-AuNP (1.5 Naringenin Ng-AuNP pH 8 Ng-AuNP pH 8
study (0.5 mg/kQ) mafka) mafka) (0.5mg/kg) (0.5 mg/kg) (1.5 mg/kg)
Mean Bodyweight £ SD (g)
1 29,971+2,759 31,414+1,767 28,057+2,854 32,343+3,069 31+2,753 31,957+1,828 30.757+2.192
4 30,114+2,797 31,157+1,667 28,586%3,098 31,171+2,918 30,771+2,402 31,471+1,807 30,757+2,27
8 30,686+2,979 31,486+1,396 29,043+3,336 31,8+3,23 31,1+2,039 32,3+1,993 31,214+2,393
11 30,414+2 969 31,2+1,1075 29,400+3,353 32,314+3,516 31,257+2,054 32,271+2,056 30,929+2,655
15 30,929+3,153 32,271+1,128 30,043+3,547 33,371+3,203 32+1,985 33,1+1,93 31,514+2,363
18 30,057+4,003 32,071+1,139 29,+4,352 32,971+3,164 31,586+1,93 32,586+2,186 31,629+2,434
22 29,443+4,238 30,986+1,222 28,75745,491 33,243+3,133 31,242,021 32,343+1,734 30.829+2,127
25 28,08645,635 31,471+2,325 29,150+4,107 33,671+2,981 32,029+2,06 32,757+1,761 31,757+2,18
29 25,871+7,042 30,057+3,969 25,5+3,876 32,186+2,898 31,557+2,404 31,029+2,058 30,857+2,438
264
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3.5.3 Blood analysis

To evaluate potential toxicity of the nanoparticles and extracts, blood parameters were
analysed. Baseline readings from heathy, non-tumour bearing SCID mice were compared to
tumour bearing groups treated with the various AuNP’s and extracts, along with untreated

tumour-bearing control groups (Figure 3.129).

When white blood cell (WBC) was analysed (Figure 3.129 A), the normal, healthy control
group exhibited a mean WBC count of 0.9+0.24x10%/ul, whereas untreated control groups
displayed much higher WBC count, reaching a mean of 2.6+1.5x10%/ul. Each treatment group
yielded mean WBC counts elevated above baseline, with the S1-AuNP’s (1.5mg/kg), yielding
the least elevation, reaching a mean of 1.61+0.5 x10%/pl. Mice treated with the S1-AuNP’s (0.5
mg/kg), however, exhibited the second highest WBC count, reaching a mean of 2.26+0.77
x10%/ul, along with the S1 extract yielded mean WBC counts of 1.91+0.63 x10%/ul. The Ng-
AuNP’s groups (0.5 and 1.5 mg/kg) exhibited mean WBC counts of 2.05+0.55 x10%/ul and
1.82+0.54 x10%/ul, respectively, along with mice treated naringenin displaying a mean WBC
count of 1.74+0.33 x10%/ul. Upon analysis of red blood cells (RBC) (Figure 3.129 B), normal
control group exhibited a mean count of 9.06+0.98 M/pul, whereas the untreated control groups
exhibited a slightly elevated RBC count of 11.02+1.16 M/ul. Only mice treated with the S1-
AuUNPs (1.5 mg/kg) exhibited a RBC count comparable to baseline control, reaching a mean of
and 9.35+0.71 M/ul. Mice treated with the S1-AuNP’s (0.5), however, exhibited mean RBC
counts of 10.86+0.82 M/ul, along with the S1 extracts yielding mean RBC count of 10.63+0.63
M/ul. Similarly, mice treated with the Ng-AuNP’s (0.5 and 1.5 mg/kg) had elevated mean RBC
counts of 10.22+0.3 M/ul and 10.23+0.4 M/ul, respectively, along with naringenin exhibiting

a mean RBC count of 10.35+0.24 M/pl.

When platelets were analysed (Figure 3.129 C), baseline control groups exhibited mean counts

of 737.85+313.25x10%/ul, whereas untreated control groups had mean values of
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1115.28+338.2 x10%/ul. Mice treated with the S1-AuNP’s (1.5mg/kg) and Ng-AuNP’s (1.5
mg/kg) exhibited platelet counts comparable to baseline control, reaching means of
516.33+446.95 x10%/pl and 731.66+259.99 x10%ul, respectively. Mice in each of the
remaining groups displayed platelets counts elevated beyond baseline, with the S1-AuNP’s
(0.5 mg/kg) exhibiting mean values of 1321.4+231.78 x10%/ul, the S1 extract yielding a mean
count of 1024+339.27 x10%ul, Ng-AuNP’s (0.5 mg/kg) displaying mean platelet counts of
1008.42+283.98 x10%ul, and finally naringenin yielding mean counts of 905.28+338.04
x10%/ul. When lymphocytes were analysed (Figure 3.129 D), baseline controls had mean values
of 0.32+0.13 x10%ul, along with tumorous controls exhibited a similar mean count of
0.3620.18 x10%/l. In comparison, the S1-AuNP’s (0.5 and 1.5 mg/kg) exhibited notably higher
lymphocyte levels, reaching mean counts of 0.54£0.22 x10%ul and 0.61+0.31 x10%ul,
respectively, along with the S1 extract yielding a mean value of 0.5+0.2 x10%/ul. Furthermore,
similarly elevated lymphocyte counts were observed for the Ng-AuNP’s (0.5 and 1.5 mg/kg),
exhibiting mean counts of 0.53+0.14 x10%ul and 0.5+0.16 x10%ul, along with naringenin

yielding a mean lymphocyte count of 0.54+0.2 x10%/pl.

When Neutrophils were analysed (Figure 3.129 E), mice in the baseline control group exhibited
mean neutrophil counts of 0.43+0.11 x10%ul, whereas tumour-bearing controls exhibited
notably lower counts, reaching a mean of 2.02+1.56 x10%/ul. When compared, the S1-AuNP’s
(0.5 and 1.5 mg/kg) yielded notably lower neutrophil counts, reaching mean values of
1.52+0.58 x10%/ul and 0.73+0.34 x10%/ul, respectively, along with the S1 extracts exhibiting
mean counts of 1.07+0.32 x10%ul. Similarly, noticeably lower neutrophil counts were
exhibited by mice treated with the Ng-AuNP’s (0.5 and 1.5 mg/kg), exhibiting means of
1.21+0.37 x10%/ul and 1.07+0.39 x10%/ul, along with naringenin exhibiting mean neutrophil

counts of 0.92+0.2 x10%/pl.
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Figure 3.129: Blood analysis of SCID-mice following treatment with the with S1-AuNP’s and
Ng-AuNP’s pH 8 (0.5 and 1.5 mg/kg), along with the S1-extracts and naringenin (0.5 mg/kg)
over a 29-day period, showing the effect toward white blood cells (A), red blood cells (B),
lymphocytes (C), neutrophils (D), and platelets (E).

http://etd.uwc.ac.za/ 267



3.5.4 Neutrophil-Lymphocyte ratio

To obtain an indication of tumour progression or regression, in response to the various
treatments, the neutrophil to lymphocyte ratio (NLR) was calculated (Table 3.7) and used as a
biomarker (Figure 3.130). Non-tumour bearing SCID-mice, which were not subjected to any

form of treatment, were considered healthy, and subsequently used as baseline controls.

When analysed, mice in baseline control exhibited a mean calculated NRL of 1.45+0.35,
whereas the tumour bearing control groups exhibited the greatest overall NRL, reaching a mean
of 3.07+1.25.When compared, a similarly elevated NLR was observed for mice treated with
the S1-AuNP’s (0.5mg/kg), exhibiting a mean value of 2.97+1.13. Similarly, the Ng-AuNP’s
(0.5 and 1.5 mg/kg) exhibited elevated mean NRL values of 2.27+0.42 and 1.86+0.38,
respectively, along with naringenin exhibited elevated mean NRL of 1.9+0.82. Furthermore,
mice treated with the S1 extract similarly exhibited an elevated mean NRL value of 2.26+0.68.
Conversely, mice treated with the S1-AuNPs (1.5 mg/kg) were found to have the lowest overall

NRL, reaching a mean of 1.47+0.86.

When analysed further, a statistically significant (P=0.0339) difference was found between
tumour bearing control mice and those treated with the S1-AuNPs (1.5mg/kg), along with a
significant (P=0.0082) difference between the healthy control mice and the tumour bearing

control.
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Figure 3.130: Neutrophil to lymphocyte ratio (NLR) of SCID-mice following treatment with
the S1-AuNP’s and Ng-AuNP’s pH 8 (0.5 and 1.5 mg/kg), along with the S1-extracts and

naringenin (0.5 mg/kg) over a 29-day period.

Table 3.7: Neutrophil-Lymphocyte ratio for SCID-mice following treatment with gold
nanoparticles and extracts

Sample NLR £ SD Significant difference to Tumour-

bearing control

Healthy control 1.45 +0.35 P=0,0082
Tumour bearing control 3.07+1.25
S1-AuNP’s (0.5mg/kg) 2.97+1.13

S1-AuNP’s (1.5mg/kg) 1.47 +0.86 P=0,0339
Ng-AuNP’s (0.5mg/kg) 2.27+0.42
Ng-AuNP’s (1.5mg/kg) 1.86 +0.38
Naringenin (0.5mg/kg) 1.9+0.82
Sl-extract (0.5mg/kg) 2.26 £0.68
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Chapter 4

Discussion

4.1 Gold nanoparticle synthesis and characterisation

4.1.1 Introduction:

Green synthesis principles were used to synthesise gold nanoparticles from two varying
aqueous T. capensis rhizome extracts, namely the S1 and S2 extracts. Additionally, gold
nanoparticles were also synthesised from the bioactive compound naringenin; a phytochemical
previously found to be one of two major compounds within T. capensis. Subsequently, each
gold nanoparticle formulation was characterised using a multi-method approach, utilizing
analytical and imaging techniques to reveal their physiochemical properties.

4.1.2 Gold nanoparticle synthesis

The use of plant phytochemicals in the synthesis of gold nanoparticles has become an
increasingly popular practice, due to the relative ease of synthesis, reduced cost and low
environmental toxicity (Elia et al. 2014b; Shah et al. 2014; Ahmed and lkram 2015;
Lakshmanan et al. 2016; Parveen et al. 2016; Chahardoli et al. 2018). Furthermore, many of
these plant-derived gold nanoparticles have been found to be particularly biocompatible, and
to possess medicinal properties often owed to the presence of plant phytochemicals on the
particle surface (Rao et al. 2016a; Chahardoli et al. 2018). Subsequently, various plants have
been investigated for their ability to drive the chemical reduction of gold salt to gold
nanoparticles, along with their potential medicinal usage, including Moringa oleifera
(Chakraborty et al. 2013), Morinda citrifolia L (Suman et al. 2014), Amomum villosum
(Soshnikova et al. 2018), Mussaenda glabrata (Francis et al. 2017), Ziziphus zizyphus (Aljabali
et al. 2018), Nigella arvensis (Chahardoli et al. 2018), and Citrus maxima (Yuan et al. 2017)

to name but a few.
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It is commonly accepted that the ability of plant extracts to reduce gold salt to gold
nanoparticles is dependent on the presence of easily oxidised phytochemicals (Oueslati et al.
2018). Additionally, these phytochemicals often have the ability to play dual roles during gold
nanoparticle synthesis, acting as both reducing and capping agents (Choi et al. 2014,
Santhoshkumar et al. 2017; Biao et al. 2018; Oueslati et al. 2018). The generally accepted
mechanism for green nanoparticle synthesis is by a phytochemical-driven reduction of gold
cations to gold atoms, which agglomerate to form nano-scale particles. Once formed, these
particles are subsequently stabilised by available phytochemicals, ultimately yielding isotropic

gold nanoparticles (Bindhu and Umadevi 2014; Arun et al. 2014; Aljabali et al. 2018)

A study conducted by Nune et al (2009) investigating the synthesis of gold nanoparticles from
tea leaves outlined the role of tea phytochemicals in the synthesis process. Their study
demonstrated that isolated catechins commonly found in tea leaves were capable of efficiently
driving the chemical reduction of gold salt to the corresponding nanoparticles, simultaneously
acting as reducing and capping agents during the synthesis procedure. These included catechin,
epicatechin gallate, catechin gallate, epigallocatechin and epigallocatechin gallate (EGCG). In
addition to catechins, they also demonstrated that tea theaflavins were capable of reducing the
gold salt to gold nanoparticles (Nune et al. 2009b). Since then, the reduction of gold salt to
gold nanoparticles by flavonoids, alkaloids, terpenoids, antioxidants and various other plant
metabolites, from a range of plant extracts, has been investigated and well documented

(Kuppusamy et al. 2016; Yadav and Ranade 2016; Mansoori 2017).

Considering that T. capensis rhizomes were previously shown to possess strong antioxidant
capabilities (Henkel et al. 2012), and to be a source of catechin, epicatachin and a plethora of
other phytochemicals, including afzelechin, epiafzelechin, typharin and typhaphthalide (Shode
et al. 2002), it comes as no surprise that the aqueous rhizomes extracts used in the present study

were capable of synthesising gold nanoparticles. Furthermore, based on the research conducted
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by Shode et al. (2002) and Nune et al. (2009), it may be hypothesised that catechin and
epicatechin were present in the extracts used in the current study and played a role in the
synthesis of gold nanoparticles. Moreover, the presence and action of catechin and epicatechin
may serve to explain the ability of the extracts to act as both reducing and stabilising agents.
However, it must be mentioned that while both extracts were found to be capable of
simultaneously reducing the gold salt and stabilising the nanoparticles, the addition of gum
arabic, an agent often used to confer stability to nanoparticles, yielded a marked improvement
in particle stability and was subsequently included in the standard synthesis procedure.
Considering that catechin and epicatechin in isolation were previously shown to be capable of
fully stabilising gold nanoparticles, it may be hypothesised that low levels of these compounds
existed within the extracts used in the present study, yielding the necessity of further

stabilisation.

It is essential to note that while the research conducted by Nune et al (2009) demonstrated
individual phytochemicals present in tea leaves, such as catechin, were capable of synthesising
gold nanoparticle in isolation, whole tea infusions were also shown to yield gold nanoparticles,
which were distinctly different from those synthesised from individual phytochemicals. This
indicates the possibility of synergistic action between two or more of the individual
phytochemicals during the synthesis procedure. For this reason, the possibility of synergistic
action in the current study cannot be excluded, whereby two or more phytochemicals present
in the extracts acted synergistically in the synthesis and stabilisation of the respective gold
nanoparticles, rather than being closely tied to the presence and quantity of individual
phytochemicals. Thus, it is possible that catechin and epicatechin may have acted
synergistically with one or more compounds commonly found within T. capensis rhizomes,
namely afzelechin, epiafzelechin, typharin and typhaphthalide, in the reduction of gold salt to

gold nanoparticles.. However, further investigation would be required to definitively identify

http://etd.uwc.ac.za/ 212



the exact phytochemicals, along with any potential synergistic action, responsible for the

reduction of gold salt to the presently reported gold nanoparticles.

It is also essential to note that plant physiology and biochemistry is greatly influenced by
changes in external factors such as precipitation, average temperature and sunshine duration,
(Sultan et al. 2018). In the case of medicinal plants in particular, seasonal variations in bioactive
compounds, and thereby the optimal season of harvest for maximal medicinal value, has been
well documented for multiple plants, including Withania somnifera, Rosmarinus officinalis,
Salvia officinalis, Barleria dinteri and Zyyphus spina christi, to name few (Soni et al. 2015;

Gololo et al. 2016; Sultan et al. 2018). T. capensis is no exception to the effect of seasonality.

IIfergane (2016) investigated various aspects of T. capensis, including the identification and
seasonal variation of bioactive active compounds (llfergane 2016). Therein, it was reported
that T. capensis extracts were more bioactive toward prostate cancer and testosterone
production during the summer harvest, and subsequently two bioactive compounds were
identified, namely quercetin and naringenin (lifergane 2016). Furthermore, it was also
demonstrated via HPLC profiling that clear variation existed in the observed peaks, and thus
phytochemicals present, between each season tested. However, while llfergane (2016)
provided valuable insight into the seasonal biochemistry and bioactivity of T. capensis, the
study did not specify the exact months during which rhizomes were collected within each
season. Considering the impact of environmental factors on phytochemical production, the
exact month of collection is essential, particularly when favourable bioactivity for therapeutic
application is concerned. Thus, the present study utilised two separate harvests within the
summer season, namely January, representing the start of summer, and March, representing the
end of summer, to determine if potential differences in bioactive compounds existed.
Interestingly, ICP-MS revealed varying concentrations of naringenin and quercetin within the

summer season, whereby January harvests (S2 extract) exhibited more quercetin and less

http://etd.uwc.ac.za/ 213



naringenin, while the March harvests (S1 extract) exhibited more naringenin and less quercetin.
While it is not possible to indicate which environmental factor specifically resulted in the
compound difference, or how it may have impacted these compound levels, the observed
variation outlines the necessity of tightly controlled standardisation of plant extracts,
particularly when the desired bioactivity is attributed to the actions of one or more specific

phytochemicals.

While it was beyond the scope of the present study to investigate variation in each
phytochemical present, it stands to reason that based on the variation of naringenin and
quercetin the levels of other previously identified phytochemicals, such as catechin and
epicatechin, would also have varied within the summer season. Should this be true, it would
serve to explain the two distinctly different gold nanoparticles yielded by the S1 and S2

extracts, namely the S1-AuNP’s and S2-AuNP’s.

Additionally, quercetin has also previously been shown to act as a strong reducing agent,
yielding exceptionally stable gold nanoparticles with a high degree of biocompatibility
(Levchenko et al. 2011; Das et al. 2013; Devendiran et al. 2016). It, therefore, stands to reason
that quercetin may have acted as a reducing agent, and thereby influenced the synthesis
reported in the present study. Should this be true, the varying quercetin concentrations observed
between the S1 and S2 extract may partly serve to explain the distinctly different gold
nanoparticles reported, namely the S1-AuNP’s and S2-AuNP’s. It must be mentioned that
while this may be true for quercetin, no information regarding the use of naringenin in gold
nanoparticle synthesis exists in the currently available literature. However, the present study
demonstrated that naringenin is capable of driving the chemical reduction of gold salt to gold
nanoparticles when pH is controlled, specifically between pH 7 and pH 8. It has previously
been shown that adjustments made to the starting pH of the gold salt solution, with agents such

as sodium hydroxide or hydrochloric acid, can directly influence the amount of AuCl, available
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for reaction, ionic strength, resulting particle stability, and the overall activities of the reducing
agent (Sirajuddin et al. 2010; Wuithschick et al. 2015). A study conducted by Sun et al. (2019),
for example, demonstrated the absolute necessity of pH adjustment by using sodium hydroxide
for the successful reduction of gold salt, using carboxymethyl chitosan as a reducing agent, to

uniform gold nanoparticles.

Presently, when the pH of the NaAuCl, salt solution was adjusted with sodium hydroxide, a
specific range of pH 7-pH 8 was found to be optimal for the synthesis of gold nanoparticles.
While this pH range yielded successful reduction, it must be mentioned that the best outcomes
were noted at pH 7 and pH 8, and subsequently the Ng-AuNP’s pH 7 and pH 8 were selected
for further analyses. Furthermore, considering that complete reduction of the gold salt was not
observed outside of pH adjustment, it may be concluded that the addition of sodium hydroxide

was essential to stimulate the reductive capabilities of naringenin.

Nevertheless, the present study reports for the first time the synthesis of gold nanoparticles
using the bioflavonoid naringenin as both reducing and stabilising agent. Based on this, it may
be hypothesised that the varying concentrations of both naringenin and quercetin between the
S1 and S2 extracts may have varied the precise phytochemicals involved with gold salt
reduction, ultimately leading to different phytochemicals adsorbing to the surface of ,the S1-
AuNP’s and S2-AuNP’s during stabilisation. In order to identify the precise mechanism,

however, further investigation will be required.

4.1.3 Characterisation of gold nanoparticles

Each of the nanoparticles synthesised in the present study were subjected to various

characterisation techniques to evaluate their physiochemical properties. Specifically, the size,
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shape, surface plasmon resonance, monodispersity, surface charge and stability in varying

physiological media was analysed

4.1.3.1 Presence of gold nanoparticles

Each gold nanoparticle formulation reported in the present study yielded distinct colour
reactions. For the nanoparticles synthesised from the S1 and S2 extracts, a colour shift from
yellow-brown to a deep violet was observed within 1 hour of reacting, while those synthesised
from naringenin gradually shifted from milky white to deep ruby over the course of 24 hours.
It is widely accepted that an observable colour shift toward the red spectrum, such as red, ruby
or violet, is indicative of the presence of gold nanoparticles. This is due to the interaction of
visible light with metallic nanoparticles, during which surface electrons begin oscillating and
subsequently resonate at a particular wavelength, hereby creating the unique optical property
of metallic nanoparticles known as surface plasmon resonance (SPR) (Mody et al. 2010;
Amendola et al. 2017; Elahi et al. 2018). Each formulation reported in the present study
exhibited a colour shift toward the red-purple spectrum, thereby being highly indicative of the
presence of gold nanoparticles (Vijayakumar et al. 2011; Xin Lee et al. 2016; Santhoshkumar
et al. 2017). However, while the reported colour shifts were highly indicative of gold
nanoparticles, it was not sufficient to confirm their presence. Thus, UV-vis spectroscopic

analysis was conducted.

UV-vis spectroscopic analysis is a sensitive, cheap and rapid technique used to analyse
nanoparticles, often employed to confirm nanoparticle formation, and to reveal valuable
information regarding the size, shape and potential agglomeration (Amendola and Meneghetti
2009; Martinez et al. 2013; Tomaszewska et al. 2013). In the case of spherically shaped gold
nanoparticles, it is widely considered characteristic to obtain an absorption maxima within the
500-600 nm range (Homberger and Simon 2010; Mody et al. 2010b; Elahi et al. 2018; San
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Diego et al. 2018). When this is compared to the UV-vis spectroscopic results obtained in the
present study, it is clear that each formulation yielded an absorption maximum well within the
500-600 nm range. Thus, the reduction of gold salt to gold nanoparticles was confirmed for
each formulation reported, based on both observable colour change and obtaining characteristic
absorption maxima’s. However, while UV-vis spectroscopy is useful in revealing the presence
of nanoparticles, and can be used to calculate size and concentration (Haiss et al. 2007;
Martinez et al. 2013), additional techniques were essential to fully characterise the presently

reported gold nanoparticles.

4.1.3.2 Size and size distribution

For each gold nanoparticle formulations, the size and distribution was analysed by various
techniques, including dynamic light scattering (DLS), transmission electron microscopy
(TEM) and size analysis using the graphic analyses software, ImageJ.

4.1.3.3 DLS measurements

Dynamic light scattering (DLS) is a widely accepted characterisation technique used to
determine the size of various forms of nanoparticles (Clayton et al. 2016). Specifically, DLS is
a measure of the time-dependent fluctuations of light scattered from particles undergoing
Brownian motion (Clayton et al. 2016; Stetefeld et al. 2016). Additionally, DLS provides
insight into the polydispersity index (PDI) of nanoparticles, which is an essential indication of
nanoparticle distribution. In terms of mono-dispersity, a PDI lower than 0.5 is considered
acceptable (Stetefeld et al. 2016). Thus, each nanoparticle reported by the present study was

subjected to DLS analyses.

Presently, the S1-AuNP’s were found to have an average hydrodynamic size of 88.36 d.nm,

while the S2-AuNP’s had and average size of 95.73 d.nm, along with the S1x2-AuNP’s and
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S2x2-AuNP’s exhibited average sizes of 160.9 d.nm and 200.3 d.nm, respectively. Considering
that the near-two fold increase in particle size occurred alongside doubling the amount of
extract used in the S1x2-AuNP’s and S2x2-AuNP’s, it would indicate that the increased
particle size was due to an increase in phytochemicals available during the reaction. It is
important to note, however, that DLS measures the entire nanoparticle diameter, rather than
individual parts such as the core or cap (Clayton et al. 2016; Stetefeld et al. 2016). Thus, based
on DLS alone, it is not possible to state if the observed increase in size was due to increased
size of the core, cap, or a combination of the two. Nevertheless, the extract-initiated gold
nanoparticles each exhibited relatively low PDI values, indicating a more mono-dispersed
nature. In comparison, the Ng-AuNP’s at pH 7 and pH 8 were notably smaller, having an
average size of 27.1 nm and 29.28 nm, respectively, exhibiting acceptable levels of mono-
dispersity (table 3.1). These observations are in line with previous research demonstrating that
gold nanoparticle synthesis, particular with regard to particle size, may be directly influenced
by adjusting the starting pH (Kang et al. 2015; Mukha et al. 2016; Conde Rodriguez et al.

2017).

Previously, studies investigating the effect of pH on green synthesis have demonstrated than
adjusting the starting pH, often towards alkalinity, favoured the synthesis of smaller,
spherically shaped gold nanoparticles, while adjusting toward acidity yielded the opposite
effect (Shah et al. 2012; Singh and Srivastava 2015; Teimuri-mofrad et al. 2017; Bogireddy et
al. 2018; Qiu et al. 2018). Thus, adjusting the pH toward alkalinity in the present study may
account for the smaller particle size achieved with the naringenin-initiated gold nanoparticles,
in comparison to those initiated by the S1 and S2 extract. Nevertheless, it was observed that
increased levels of alkalinity yielded a slight increase in particle size between the Ng-AuNP’s
pH 7 and Ng-AuNP’s pH 8, rather than decreasing particle size. However, it is important to

note that the observed increase was measured by DLS, which is a measure of both the metallic

http://etd.uwc.ac.za/ 218



core and substances adsorbed onto the particle surface, and thus the entire particle diameter
(Tomaszewska et al. 2013), while the reported tendency toward smaller nanoparticle usually
refers to the metallic core size only. Thus, the presently obtained results may still be in line
with previous research when the metallic core size is considered, rather than hydrodynamic
size. Hence, transmission electron microscopy (TEM) was conducted to further analyse the
particle size and structure.

4.1.3.4 TEM imaging and size distribution analysis

In order to further analyse the presently reported gold nanoparticles, TEM images were taken
using the Joel200. The images generated clearly show the presence of overall spherically
shaped gold nanoparticles for both extract and naringenin initiated nanoparticles. However,
when each of the currently reported nanoparticles were compared, clear differences emerged.
Specifically, the S1-AuNP’s were visually larger when imaged via TEM, with the majority of
the observable particles being spherical in shape, along with the appearance of a few triangle
and hexagonally shaped particles. However, when the extract concentration was increased in
the S1x2-AuNPs, the particles were observably smaller and showed no deviation from a

spherical shape. A similar observation was made for the S2-AuNP’s and S2x2-AuNP’s.

Previously, a study investigating gold nanoparticle synthesis using olive leaf extracts as a
reducing agent revealed that the shape of the resulting particles were directly influenced by the
extract concentration (Khalil et al. 2012). They demonstrated that low extract concentrations,
and thereby low levels of reducing agent, yielded irregularly shaped gold nanoparticles with
triangular and hexagonal shapes, while the step-wise increase in extract concentration, and
thereby reducing agent, yielded a shift towards smaller, spherically shaped gold nanoparticles

(Khalil et al. 2012).

Similar findings were reported in studies investigating nanoparticle synthesis from various
plants, such as Cinnamomum camphora (Huang et al. 2007), Volvariella volvacea (Philip
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2009), and Corchorus olitorius (Ismail et al. 2018), to name a few. Considering that the
T. capensis extracts used in the present study acted in a similar manner, and that notable
differences in size and shape were observed with an increased extract concentration, it would
further suggest that one or more specific phytochemicals present within the extract was
responsible for reduction of the gold salt to gold nanoparticles. Furthermore, the necessity of a
higher extract concentration to accumulate a higher proportion of reducing agent suggests that

the specific phytochemical, or phytochemicals, responsible existed in minute amounts.

Subsequent analysis of TEM images and particle size calculations demonstrated the S1-
AuNP’s dropped from an average size of 28.29 nm to an average of 13.05 nm in the S1x2-
AuNP’s, while the S2-AuNP’s decreased from 18.99 nm to 13.02 nm in the S2x2-AuNP’s. For
the naringenin-initiated gold nanoparticles, analyses showed an average size of 15.71 nm for
the pH 7 particles, and an average size of 12.53 nm for pH 8 particles. Interestingly, the
observed reduction in calculated particle size between the extract-initiated particles, as result
of doubling the extract concentration, and the naringenin-initiated particles, as a result of pH

adjustment, occurred alongside the previously mention increased hydrodynamic size.

However, it is important to note that TEM imaging reveals the metallic core of the nanoparticle,
whereas DLS measures the total nanoparticle diameter, including both the metallic core and all
adsorbed substances, otherwise known as stabilisers (Tomaszewska et al. 2013). Considering
that doubling the extract concentration yielded a near two-fold increase in total particle
diameter, despite the reduction in core size, it would further suggest that the proportion of
phytochemicals responsible for stabilisation vastly outnumbered those responsible for
reduction. Furthermore, the increased hydrodynamic size, despite reduced core size, in the Ng-
AuNP’s pH 8 suggests that naringenin was able to more readily reduce the gold salt, and

simultaneously stabilise the nanoparticles, more efficiently under pH 8 conditions.
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4.1.3.5 Zeta potential

Zeta potential is scientific term describing the difference between the dispersion medium and
the layer surrounding dispersed particles, expressed as the electro-kinetic potential of a
colloidal system, and is considered an estimate of surface charge in nano-scale materials
(Harmata and Guelcher 2016; Gumustas et al. 2017; Krsti¢ et al. 2018). Zeta potential provides
valuable information regarding the nature of nanoparticles, as it has previously been shown to
directly influence nanoparticle stability and cellular uptake (Harmata and Guelcher 2016;

Gumustas et al. 2017).

As a measure of nanoparticle stability, a zeta potential closer to the neutral spectrum confers
an increased tendency toward particle aggregation, and thereby low stability, while
nanoparticles with stronger zeta potentials typically tend to repel one another, thereby
preventing aggregation and maintaining colloidal stability (Gumustas et al. 2017; Gupta and
Trivedi 2018). Specifically, zeta potentials, which are strongly positive or negative, typically
around +30 mV or -30 mV, confer greater repulsive forces, creating less tendency toward
particle aggregation, thereby possessing a high degree of stability. Conversely, lower positive
or negative zeta potentials, typically in the range of 5-15 mV, exhibit less repulsive forces,
creating a tendency toward aggregation, thereby possessing low levels of stability (Fonte et al.
2012; Gumustas et al. 2017; Gupta and Trivedi 2018). Furthermore, zeta potential may be
influenced by altering various factors, including ionic strength, pH, temperature, particle
concentration and the concentration of stabilising agent (Lu and Gao 2010; Bhattacharjee 2016;

Gumustas et al. 2017).

In previous studies, the concentration of extract used during green synthesis of gold
nanoparticle has been shown to influence the zeta potential. In a study investigating gold
nanoparticle synthesis using Fagonia indica extract, it was found that increasing the extract
concentration influenced the measured zeta potential. Specifically, incremental increases in
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extract concentration yielded step-wise increases in zeta potential (Ahmad et al. 2015b).
Similar findings were reported for gold nanoparticles synthesised from Artemisia capillaris
(Lim et al. 2016), whereby gradual increases in the extract concentration yielded increases in
the measured zeta potential. However, it should also mentioned that the inverse has also been
found, whereby increasing concentrations of Garcinia mangostana, for example, yielded
decreases in the measured zeta potential in gold nanoparticles (Park et al. 2017b). Similarly,
stepwise reduction in zeta potential were also observed for gold nanoparticles synthesised from

increasing chitosan concentrations (Mohan et al. 2019).

These reports are in line with observations made in the present study. Specifically, zeta
potential differences were observed for the extract-initiated gold nanoparticles. The S1-
AuNP’s exhibited a zeta potential of -27.1£0.2 mV, while doubling the extract concentration,
in the S1x2-AuNP’s, yielded a zeta potential of -26.2+0.78 mV, which is a negligible decrease
at best. The S2-AuNP’s, however, demonstrated a slightly greater decrease in zeta potential,
dropping from 29.3+0.8 mV to 26.7+0.25 in the S2x2-AuNP’s. While these reductions in zeta
potential are not significant, they do indicate that increasing the extract concentration, and
thereby the amount of phytochemicals potentially adsorbed onto the nanoparticle surface, holds
no benefit toward particle stability from an electrostatic point of view. Furthermore, the zeta
potential of nanoparticles, particularly in green synthesis, is generally attributed to
phytochemicals stabilising the particle, and whether they are anionic or cationic in nature

(Shabestarian et al. 2016; Abdel-Raouf et al. 2017; Somchaidee and Tedsree 2018).

The observed decrease in zeta potential may, thus suggest the adsorption of more cationic
compounds to the particle surface, rather than predominantly anionic compounds, when the
extract concentration was doubled. Moreover, considering that only the S2 extract, when
doubled, yielded a more notable decrease in zeta potential, it may further support the notion

that phytochemical differences, beyond just that of naringenin and quercetin, existed between
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the S1 and S2 extract. Furthermore, the observed decreases in zeta potential were not limited
to the extract-initiated gold nanoparticles, and were also observed for the naringenin-initiated
nanoparticles where the zeta potential measured dropped from -41.2+0.17 mV, with the Ng-
AuNP’s pH 7, to a zeta potential of -33.3+1.31 mV in the ng-AuNP’s pH 8. While the
concentration of naringenin used for synthesis was not altered, the pH conditions were adjusted

for each formulation.

These findings are in accordance with a host of research that clearly demonstrates that adjusting
pH, above all other factors, has the greatest influence on the resulting zeta potential
(Wang et al. 2014; Chang et al. 2015; Shabestarian et al. 2016; Abdel-Raouf et al. 2017,
Contreras-Trigo et al. 2018; Somchaidee and Tedsree 2018; Luo et al. 2018). Often, a shift
from an acidic pH towards an alkaline pH yields stronger negative charges, however, this shift
in charge sometimes only occurs to a point, beyond which further increasing the pH yields
weaker negative charges (Ostolska and Wisniewska 2014; Romdhane et al. 2015; Luo et al.

2018).

Nevertheless, strongly negative zeta potentials were obtained for each gold nanoparticle
formulation reported in the present, ranging from -26.2+0.78 mV to -41+£3.17 mV, with the
naringenin-initiated nanoparticles representing the highest zeta potentials. The presently
obtained values are in accordance with the previously mentioned zeta potentials conferring
strong repulsive forces, and thereby, nanoparticle stability (Fonte et al. 2012; Gumustas et al.
2017; Gupta and Trivedi 2018). Thus, each nanoparticle produced in the present study was

found to conform to generally accepted stability standards.
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4.1.4 Phenolic quantification

In order to gain insight into the surface chemistry of the gold nanoparticles, the total
polyphenolic concentration was analysed by means of the widely used Folin-ciocalteu phenol
(FC) method (Ahmad et al. 2015; Abdelhady et al. 2016; Madhanraj et al. 2017). This technique
provides a good idication of the amount of phenolic compounds bound to the nnanoparticle

surface.

When analysed, variations in the calculated total polyphenolic content was noted between each
of the gold nanoparticle formulations. More specifically, the S1-AuNP’s were found to have a
total polyphenolic concentration of 447 pg/ml, while the S1x2-AuNP’s exhibited and increased
concentration of 694 pg/ml. Similarly, the S2-AuNP’s had a total polyphenolic concentration
of 487 pg/ml, while the S2x2-AuNP’s exhibited an increase concentration of 728 pg/ml. In
both cases, the extract-initiated gold nanoparticles displayed a near two-fold increase in the
total polyphenols measured when the extract concentration used in the synthesis was doubled.
These findings are in accordance with the previously suggested increased adsorption of
phytochemicals upon doubling of the extract concentration during synthesis, observed as
increased hydrodynamic size despite decreased metallic core size, along with alterations to zeta
potential. The naringenin-initiated gold nanoparticles also exhibited slight differences in
polyphenolic concentration, whereby the Ng-AuNP’s pH 7 had a calculated polyphenolic
concentration of 423 pg/ml, and the Ng-AuNP’s pH 8 had a concentration of 288 pg/ml.
Considering that pH has previously been shown to affect the binding of functional groups to
nanoparticles (Zhu et al. 2014; Lazarus et al. 2014; Gargi et al. 2018), it may be suggested that
the pH differences in the present study affected the action of naringenin during the synthesis
procedure. Specifically, it is possible that the more neutral pH 7 may have allowed naringenin
to have a lesser affinity towards reduction and a greater affinity toward stabilisation, which

would account for the higher total polyphenol concentration along with the previously

http://etd.uwc.ac.za/ 284



mentioned larger metallic core. Conversely, at pH 8, naringenin may have had a greater affinity
toward reduction, rather than stabilisation, accounting for the lowered polyphenol
concentration and the previously mentioned smaller core size. However, without further

analysis, these suggestions remain speculative.

Furthermore, it is important to note that while the FC assay represents a simple and robust
method of determining total polyphenols (Ahmad et al. 2015; Abdelhady et al. 2016;
Madhanraj et al. 2017), it is subject to limitations, particularly with some plant compounds,
such as certain sugars, interfering with the reaction (Sanchez-Rangel et al. 2013). Thus, more
sensitive and in depth techniques would provide a greatly improved understanding of the
surface chemistry of the current reported nanoparticles. Nevertheless, the current findings

provided valuable, albeit limited, insight.

4.1.5 Stability studies

Gold nanoparticles have become favourable agents for various biomedical applications, such
as drug delivery, diagnostics and biological sensing (Babu et al. 2013; Das et al. 2014; Elahi et
al. 2018). However, the introduction of gold nanoparticles into biological systems can cause
alterations to their physiochemical properties, such as size, surface chemistry, surface charge
and aggregation tendencies (Vijayakumar S 2014; Dhamecha et al. 2016; Li and Lane 2019).
Thus, it is essential that gold nanoparticles intended for biomedical purposes maintain their
physiochemical properties, and thereby stability under in vitro and in vivo conditions. For this
reason, the ability of the current gold nanoparticle to maintain stability these conditions was
investigated. To achieve this, nanoparticles were observed for agglomeration and shifts in
absorption maxima when exposed to diluents and commonly used blood mimicking

components, namely cysteine, histidine, bovine serum albumin (BSA), human serum albumin
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(HSA), sodium chloride (NaCl), and phosphate buffered saline (PBS) at pH 7, over varying

time periods (Nune et al. 2009b; Dhamecha et al. 2016; Jiménez Pérez et al. 2017).

Cysteine and histidine are both naturally occurring amino acids, which are present in blood. As
cysteine is a thiol containing amino acid and has the capability of displacing nanoparticle
coating materials, thus causing particle aggregation and thereby impairing stability (Satnami et
al. 2015; Rani et al. 2016; Dhamecha et al. 2016). Histidine, on the other hand, is commonly
associated with allergic immune response, and any interaction between nanoparticles and this
amino acid opens the possibility of immunological complications under in vivo conditions
(Dhamecha et al. 2016). Moreover, proteins have been found to readily interact with
nanoparticles, often having affinity towards adsorption (Sotnikov et al. 2019). Considering that
albumin is an abundantly occurring blood protein, and that both BSA and HSA, specifically,
have previously been shown to interact with gold nanoparticles, testing for possible interaction
was essential (Shi et al. 2012; Shao and Hall 2017). Furthermore, the ability of nanoparticles
to maintain stability in diluents, and diluent components, used under in vivo conditions, such

as PBS and sodium chloride, is essential and was therefore tested (Dhamecha et al. 2016).

Presently, the S1-AuNP’s exhibited no notably shifts in absorption maxima, or peak widening
in each of the media used for up to 48 hours of constant exposure. After 7 days, a slightly
increased absorbance, without noticeable peak widening, was observed for groups exposed to
BSA, possibly indicating minor protein interaction and possible formation of BSA-AuNP
complexes (Shi et al. 2012; Sechi et al. 2014). Furthermore, a slightly decrease absorbance,
without substantial peak widening was observed in groups exposed to PBS, following 7 days.
Considering that PBS has previously been shown to aggregate gold nanoparticles (Moore et al.
2015), the observed increased absorbance may indicate PBS causing slow, but eventual particle
aggregation. Overall, however, the S1-AuNP’s exhibited excellent stability up to 7 days of

constant exposure. Similarly, the S1x2-AuNP’s exhibited excellent stability over each time
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point used, showing no signs of peak widening or shifts in absorption maxima up to 7 days of
constant exposure. Furthermore, the absorbance changes observed for the S1-AuNP’s in BSA
or PBS groups were not observed for the S1x2-AuNP’s, following 7 days of constant exposure.
Similar stability outcomes in each medium was observed for the S2-AuNP’s and the S2x2-
AuNP’s up to 7 days of constant exposure. However, improved stability was not observed in

the S2x2-AuNP’s.

The improved stability, albeit minor, observed in the S1x2-AuNP’s may further support the
notion that increasing the extract concentration led to more phytochemicals being present on
the particle surface, yielding an improved overall particle stability. However, considering that
the S2x2-AuNP’s did not display improved stability, despite the potential addition of more
phytochemicals to its surface, may further support the notion that phytochemical differences,
beyond that of naringenin and quercetin, existed between the S1 and S2 extracts. Furthermore,
stability in physiological media has previously been attributed to the presence or absence of
particular polyphenols, such as catechins and theaflavins (Nune et al. 2009b). This is in line
with the current observations, as differences hetween the two extracts may have led to different
phytochemicals being present on the respective nanoparticle surfaces, and thus varying stability

outcomes.

Moreover, the naringenin-initiated gold nanoparticles yielded varying results. More
specifically, the Ng-AuNP’s pH 7 exhibited no notable shifts or peak widening over each time
point, maintaining stability up to 7 days of constant exposure, while the Ng-AuNP’s pH 8
demonstrated more noticeable peak widening and decreased absorbance in PBS and NaCl
groups. Considering that PBS and NaCl have previously been shown to induce nanoparticle
aggregation (Moore et al. 2015; Lee et al. 2015), it is possible that the Ng-AuNP’s pH 8 began
aggregating in the present study. However, it must be mentioned that while noticeable, changes

to these peaks were not dramatic enough to indicate complete particle aggregation, and thereby
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total loss of stability. Nevertheless, these differences in stability between these two gold
nanoparticles may further support the previously mentioned notion that the pH difference
affected the action of naringenin during the synthesis of these nanoparticles, possibly altering
affinity toward particle stabilisation being higher in the pH 7 group, and lower in the pH 8
group. If true, the higher concentration of surface-bound naringenin in the pH 7 group may

account for higher stability, while the inverse would be true for the pH 8 group.

Nonetheless, it must be noted that the loss of stability noted for the Ng-AuNP’s pH 8 only
occurred following 7 days of constant exposure to PBS and NaCl, while showing no signs of
stability loss at each preceding time point. However, these findings indicated sufficient stability
in each tested medium, and therefore suitability for in vitro and in vivo application, for each of

the currently reported gold nanoparticles.

4.2. In vitro studies
4.2.1 LNCaP and PC-3 cell viability and gold nanoparticle uptake

4.2.1.1 Extracts, S1-AuNPs, S1x2-AuNP’s, S2-AuNP’s, and S2x2-AuNP’s.

A previous study by Ilfergane (2016) investigated the effect of seasonally produced T. capensis
rhizome extracts on prostate cancer (LNCaP) cells, benign prostatic hyperplasia PWR-1E cells,
and testosterone production in TM3 Leydig cells. With regard to the prostate cancer cells,
summer extracts were found to yield the greatest deal of bioactivity, subsequently leading to
fractionation and eventual isolation of two bioactive compounds, namely quercetin and

naringenin, to which the overall therapeutic effects of the plant were subsequently attributed.

However, while the study conducted by llfergane (2016) produced valuable insight into the
effects of T. capensis extracts, the effects of seasonality towards the plants bioactivity, and the
bioactive compounds responsible, the precise points of harvest within each season was not
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clearly specified and therefore left to interpretation. Considering that plant to plant compound
variations are common place (Sultan et al. 2018), along with geographical location and various
external environmental factors altering overall compound production (Sultan et al. 2018),
precision is necessary to limit variability, thereby maintaining biomedical validity. For this
reason, the present study investigated compound variation, with particular regard to naringenin
and quercetin, within the summer season, by producing extracts representing the beginning (S2

extract) and the end (S1 extract) of summer in South Africa.

Upon analysis, differences between S1 and S2 extracts were found, including their colour,
odour, and the quantities of quercetin and naringenin. While both extracts were found to
contain both bioactive compounds, their ratios differed between the two extracts, with the S2
extracts exhibiting higher concentrations of quercetin to naringenin, and the S1 extract the
inverse. Subsequently, these extracts were tested with the prostate cancer LNCaP and PC-3
cells to determine whether the fluctuation ratio of bioactive compounds influenced the

previously reported therapeutic effects.

Upon examination, the S1 and S2 extracts were found to yield comparable results in both the
LNCaP and PC-3 cell lines. In LNCaP cells, each extract yielded dose- and time-dependent
decreases in cell viability, with the S2 extract exhibiting slightly more toxicity at lower
concentrations, followed by near identical effects at higher concentrations. Similarly, both the
S1 and S2 extracts yielded near identical effects toward PC-3 cells, decreasing cell viability in
a dose- and time-dependent manner. Thus, the varying quantities of quercetin and naringenin,
were not found to hold any significant influence over their overall effects toward prostate
cancer cells. Furthermore, this is in line with observations llfergane (2016) made regarding the

action of quercetin and naringenin.

IIfergane (2016) reported that T. capensis extracts exhibited cytotoxic effects toward LNCaP
cells, along with inducing DNA fragmentation, and activating apoptosis. More importantly,
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these effects were replicated using the newly identified bioactive compounds, quercetin and
naringenin in isolation, subsequently leading to them being attributed with the bulk of the plants
medicinal value toward prostate cancer. Interestingly, it was also shown that while each
compound was effective in these regards in isolation, more favourable results were achieved
by using them in combination, indicating potential synergistic action between the two

compounds.

This synergistic effect observed by Ilfergane (2016) may serve to explain the comparable
results yielded by the S1 and S2 extracts in the present study, despite their varying ratios of
quercetin to naringenin, suggesting the medicinal value of T. capensis extracts toward prostate
cancer may not be affected by the specific quantity of quercetin or naringenin, but simply their

overall presence and synergistic effects.

Furthermore, it stands to reason that the present extracts acted in a similar way reported by
lIfergane (2016), inducing DNA fragmentation and apoptosis in LNCaP and PC-3 cells.
Moreover, considering that both, naringenin and quercetin, have been shown more recently to
induce apoptosis in LNCaP and PC-3 cells, it makes sense that a similar effect was achieved
by the S1 and S2 extracts. Nevertheless, while this may be true for the extracts, varying results

were obtained for the extract-initiated gold nanoparticles.

Presently, the S1-AuNPs were found to yield dose- and time-dependent decreases in LNCaP
cell viability similar to the S1 extract, while the S1x2-AuNP’s exhibited low overall levels of
toxicity, that were significantly lower than the extract at higher concentrations. Furthermore,
significantly less overall toxicity was exhibited over each time point when cells were treated
with the S2-AuNP’s and the S2x2-AuNP’s, as compared to the S2 extract. Conversely,
significantly more overall toxicity was observed when PC-3 cells were treated with the S1-
AuNP’s and S1x2-AuNP’s, as compared to the S1 extract, over each time point. Similarly, the
S2-AuNP’s and S2x2-AuNP’s were also found to exhibit significantly higher toxicity when
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compared to the S2 extract in PC-3 cells. These observations suggest a degree of cell-specificity
between the LNCaP and PC-3 cells that was exhibited by the presently reported gold

nanoparticles, and may be due to their individual cell uptake rates.

A study conducted by Chavva et al. (2019) investigating cytotoxicity and cell uptake of gold
nanoparticles synthesised using Epigallocatechin gallate (EGCG) as a reducing agent (EGCG-
AuNP’s), compared these nanoparticles to the action of free EGCG, along with citrate-derived
gold nanoparticles (Cit-AuNP’s), in A375SM melanoma cells, MDA-MB-231 breast cancer,
MIA PaCa pancreatic cancer cells, and PC-3 prostate cancer cells. Their study reported that the
EGCG-AuNP’s exhibited more toxicity in each cancerous cell line, as compared to free EGCG,
free citrate, and Cit-AuNP’s. Furthermore, they demonstrated that EGCG-AuNP’s were more
readily taken up by cells than the cit-AuNP’s. The improved uptake and cytotoxicity was
attributed to the presence of EGCG on the metallic surface, making the nanoparticles more
favourable to cellular uptake, thereby increasing intracellular nanoparticle and EGCG
accumulation. Considering this, it is possible that the presently reported gold nanoparticles may

have acted in a manner similar to those reported by Chavva et al. (2019).

Presently, possible cellular uptake was analysed by dark-field microscopy in LNCaP and PC-
3 cells over various time points and nanoparticle concentrations. It was observed that both the
S1-AuNP’s and S2-AuNP’s displayed affinity toward LNCaP and PC-3 cells, but notably
higher AuNP-cell accumulation was noted for the PC-3 cells, indicating a higher probability
of cell internalisation. Furthermore, subsequent analysis using TEM imaging confirmed dose-
and time-depend entry of the S1-AuNP’s and S2-AuNP’s in PC-3 cells. Nevertheless, these
observations suggest that the AuNP’s had a greater affinity toward PC-3 cells, rather than
LNCaP cells, thereby yielding a greater intracellular accumulation of both gold nanoparticles

and phytochemicals.
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Likewise, a previous study investigating the action of naringenin toward LNCaP and PC-3 cells
demonstrated that naringenin was capable of yielding cytotoxicity and inducing apoptosis in
both cell lines. However, the authors noted that naringenin acted in a cell-line specific fashion,
having more favourable effects toward PC-3 cells, rather than LNCaP (Lim et al. 2017). It has
also been demonstrated that quercetin can readily act as a reducing agent in gold nanoparticle
synthesis (Levchenko et al. 2011; Das et al. 2013; Devendiran et al. 2016), while naringenin
was found to only reduce gold salt under the correct conditions. With this in mind, it is,
therefore, possible that quercetin present in the extracts was utilised for reduction during the
synthesis, leading to naringenin and other available phytochemical adsorbing to the metallic
surface during stabilisation, yielding particles more conducive to uptake in PC-3 cell based on
naringenin-based cell selectivity, resulting in greater intracellular naringenin accumulation.
This notion may be further supported by the decreased toxicity observed by the S1x2-AuNP’s
and S2x2-AuNP’s in LNCaP and PC-3 cells, as compared to the S1-AuNP’s and S2-AuNP’s,
as overall particle size and shape has been shown to heavily influence cellular uptake (Arnida
et al. 2010; Sun et al. 2018). Therefore, it is possible that the size increase seen for the S1x2-
AuNP’s and S2x2-AuNP’s impaired their ability to be internalised, leading to lower

intracellular naringenin accumulation, and thereby lower overall toxicity.

In addition to intracellular naringenin accumulation, it is also possible that the increased
presence of the gold nanoparticles themselves may have contributed to the observed toxicity,
as metallic particles have previously been shown to interact with and, in cases, disrupt various
cell components, including cell membranes, mitochondria and cell nuclei, yielding an array of
adverse effects, namely; oxidative stress, DNA damage, mutagenesis, necrosis, stimulation of
signalling pathways, lysosomal damage, and apoptosis (Alkilany and Murphy 2010; Rao et al.

2016b; Sun et al. 2018). Consequently, the perceived toxicity toward PC-3 cells may be as a
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result of increases intracellular naringenin accumulation, the increased presence of intracellular

gold nanoparticles, or a combination of both these factors.

4.2.1.2 Naringenin, Ng-AuNP’s pH 7, and Ng-AuNP’s pH 8

Naringenin, also known as 2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-1-
benzopyran-4-one, is a plant derived flavonoid commonly found in many fruits, particularly
citrus fruits, resulting from the hydrolysis of the glycone precursors naringin or narirutin (Park
et al. 2017a; Salehi et al. 2019). Furthermore, a wide range of therapeutic effects have been
attributed to the action of naringenin, including scavenging reactive oxygen species, exerting
anti-inflammatory effects, having anti-atherogenic applications, anti-viral activities, anti-
microbial activities, metabolic modulation, along with anti-carcinogenic effects (Park et al.
2017a; Salehi et al. 2019). Predominantly, naringenin has shown therapeutic effects in studies
investigating breast cancer, melanoma, brain cancer, pancreatic cancer and prostate cancer

(llifergane 2016; Lim et al. 2017; Park et al. 2017a; Salehi et al. 2019).

In work conducted by llfergane (2016), naringenin was shown to have inhibitory effects
towards prostate cancer LNCaP cells, reducing cell viability in a dose dependent fashion.
Furthermore, it was found that naringenin caused DNA fragmentation, along with the induction
of apoptosis. Similar findings were reported in a study conducted by Lim et al. (2017)
investigating the action of naringenin toward prostate cancer PC-3 and LNCaP cells. During
their study, naringenin was found to affect LNCaP and PC-3 cells in a number of ways,
influencing cell proliferation and migration, inducing reactive oxygen species production and

apoptosis, and causing cells to lose mitochondrial membrane potential (Lim et al. 2017).

More specifically, they found that naringenin induced a loss of mitochondrial membrane

potential, along with generation of reactive oxygen species and thereby induction of apoptosis
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in PC-3 cells, while yielding no loss of mitochondrial membrane potential in LNCaP cells, but
with the induction of reactive oxygen species. Furthermore, the authors noted that naringenin
was capable of inducing apoptosis via regulation of PI3 and AKT, along with inhibition of
ERK1/2, P38 and JNK signalling pathways (Lim et al. 2017). Moreover, they concluded that
naringenin acted in a cell-line specific fashion. The observations made in the current study are

in line with those reported by llfergane (2016) and Lim et al. (2017).

Presently, the Ng-AuNP’s pH 7 and Ng-AuNP’s pH 8 were compared to the therapeutic action
of naringenin in LNCaP and PC-3 cells. Naringenin was found to reduce cell viability in both
a dose and time dependent manner, yielding the highest reduction in cell viability and best
observable cell death at the highest concentration. Conversely, the PC-3 cells were observably
more sensitive to the action of naringenin, showing clear signs of cell death at higher
concentrations over each time point tested, along with greater overall reduction in cell viability.
Thus, naringenin can be said to act in a cell-line specific manner consistent with the
observations made by Lim et al. (2017). Moreover, considering that Lim et al. (2017) reported
the induction of apoptosis in both these cell lines, albeit by different mechanisms, it is possible
that naringenin acted in a similar manner in the present study. Should this be true, it would
suggest that naringenin presently yielded a decrease in cell viability, and produced signs
consistent with cell death via the induction of apoptosis in the PC-3 and LNCaP cells.
Furthermore, when the results obtained for the Ng-AuNP’s are considered, it is possible that

they may have acted in a similar manner.

Presently, the Ng-AuNP’s appeared to have favourable effects towards prostate cancer cells,
particularly in overcoming the resistance to naringenin exhibited by LNCaP cells. It was noted
that Ng-AuNPs showed improved effects towards the LNCaP cells, particularly at lower
concentrations, whereby the Ng-AuNP’s pH 7 and Ng-AuNP’s pH 8 both exhibited enhanced

cell viability reduction, and the visual appearance of cell death at lower concentrations, over
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24 and 48 hours incubation periods. However, these improved effects were not noted following
72 hours of incubation, particular at the highest concentration, whereby free naringenin slightly
exceeded the capabilities of the nanoparticles. Conversely, the Ng-AuNP’s were not found to
hold any improved effects towards PC-3 cells. Particularly, the Ng-AuNP’s pH 7 were found
to be less effective at lower concentrations over each time point, while exhibiting comparable
effects at the highest concentration. The Ng-AuNP’s pH 8 however displayed very comparable

effects to free naringenin at each concentration.

At first glance these findings may appear to offer no biologically significant benefit over free
naringenin, but a closer look at the limitations inherent to the flavonoid reveals the true
potential of the nanoparticles. While naringenin has been shown to enormous medicinal value,
ranging from being anti-carcinogenic, an anti-inflammatory, to being radio-protective, its
clinical usage is severely limited (Salehi et al. 2019). Specifically, the limitations arise due to
poor water solubility, poor oral bioavailability and intestinal absorption, low stability, rapid
metabolism and ineffective transport across biological membranes yielding low tumour site
bioavailability (Goncalves et al. 2015; Sangpheak et al. 2015; Gera et al. 2017; Rajamani et al.

2018; Salehi et al. 2019).

To overcome these issues, various approaches have been investigated to improved
bioavailability and absorption, such as complexing the flavonoid with B-cyclodextrin to
improve uptake (Sangpheak et al. 2015), forming polymeric nano-suspensions of naringenin
(Rajamani et al. 2018) and binding naringenin to gold nanoparticles synthesised via citrate
reduction (Dalwadi et al. 2019). While these methods were found to improve delivery, they
were complex in nature, labour intensive and expensive. Conversely, the present study
produced gold nanoparticles directly from naringenin, using it as a reducing and stabilising
agent. Furthermore, the presently reported Ng-AuNP’s were significantly smaller in size in

comparison to the naringenin-bound gold nanoparticles reported by Dalwadi et al. (2019),
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along with stronger zeta potentials, and thereby stability. Moreover, the presently used Ng-
AuNP’s showed effects comparable to free naringenin towards LNCaP and PC-3 cells, which

may be due to intracellular Ng-AuNP accumulation.

In the present study, the possibility of Ng-AuNP pH 8 cellular uptake was analysed by dark-
field microscopy in LNCaP and PC-3 cells over various time points and nanoparticle
concentrations. It was observed that both Ng-AuNP’s pH 8 displayed affinity toward the both
LNCaP and PC-3 cells. However, notably higher AuNP-cell accumulation was noted for the
PC-3 cells. Furthermore, subsequent analysis using TEM imaging confirmed dose and time
depend entry of the Ng-AuNP’s in PC-3 cells. Moreover, the higher AuNP-cell accumulation
observed with PC-3 cells occurred alongside the increased sensitivity to the Ng-AuNP’s pH 8
displayed by these cells. Thus, it stands to reason that the greater sensitivity exhibited by PC-
3 cells occurred as a result of greater intracellular gold nanoparticles accumulation, and thereby
greater intracellular naringenin accumulation, as compared to the LNCaP cells. However, it
must also be mentioned that the presence of intracellular gold nanoparticles, particularly in
great quantities, can have adverse effects towards cells, such as DNA damage, necrosis,
oxidative stress and apoptosis (Alkilany and Murphy 2010; Rao et al. 2016b; Sun et al. 2018).
Thus, it remains a possibility that the observed effects occurred simply as a result of
intracellular gold nanoparticle accumulation at levels sufficient to incite one or more adverse
effects, such as DNA damage or oxidative stress, leading to cell death, rather than intracellular
naringenin accumulation. Furthermore, it is also possible that a degree of synergism existed
between the effects of intracellular gold nanoparticle, and intracellular naringenin

accumulation, and thereby yielding the observations made for the LNCaP and PC-3 cells.

Nevertheless, the present findings may signify a simple, low cost method of overcoming the
aforementioned clinical limitations associated with naringenin. This notion may be further

supported by considering that the Ng-AuNPs exhibited effects comparable to free naringenin
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towards LNCaP and PC-3 cells, indicating a likely similar mode of action. Should that be true,
it may suggest that the presently reported Ng-AuNP’s would exert effects similar to free
naringenin, such as the ability to induce apoptosis, lower mitochondrial membrane potential
and inhibit cell migration ,reported by Lim et al. (2017). This notion may be further supported

by considering the effects of the Ng-AuNP’s towards the pancreatic cancer Pancl cell line.

4.2.2 Pancl cell viability

Pancreatic cancer has been described as one of the most aggressive, and often metastatic
cancers, being the third most common causes of cancer-related deaths (Park et al. 2017a; Zhu
et al. 2018). Treatment options for pancreatic cancer range from immune therapy, endoscopic
therapy, chemotherapy and radiotherapy, and surgery which still represents the only curative
option to date (Zhu et al. 2018). However, despite surgical advances, patients often report a
greatly diminished quality of life as the result of post-operative complications, such as
pancreatic fistula, post-pancreatectomy haemorrhage, bile leakage and delayed gastric
emptying (Zhu et al. 2018; Heerkens et al..2018). Furthermore, long term survival following
surgery is questionable, with a reported 90% of patients relapsing following surgery, in addition
to an overall long term survival rate of 28-37% when surgery is combined with chemotherapy
(Zhu et al. 2018; Takahashi et al. 2018). For these reasons, various medicinal plants have been
investigated as a safe and effective alternative to more conventional means of treatment.
Various plant extracts have previously exhibited promising effects toward pancreatic cancer,
including Achillea millefolium, Calendula officinalis, Melissa officinalis, Origanum majorana,
and Geissospermum vellosii to name a few (Dong et al. 2018; Mouhid et al. 2018).
Furthermore, isolated plant flavonoids, such as quercetin and naringenin, have also been

investigated.
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Lee et al. (2013) showed that quercetin was capable of inducing cytotoxicity in Pancl cells,
disrupting mitochondria function, inducing reactive oxygen species production and inducing
apoptosis. Similarly, a study conducted by Park et al. (2017) investigating naringenin as a
potential therapeutic agent in the treatment of pancreatic cancer also demonstrated the
induction of increased intracellular reactive oxygen species production, and apoptosis when
cells were treated with the flavonoid. Thus, both quercetin and naringenin have clear benefits
toward pancreatic cancer. However, these benefits were not seen when Pancl cells were treated

with the S1 and S2 extract, despite the presence of these flavonoids.

No toxicity toward Pancl cells was observed when treated with the S1 extract over 24, 48 and
72 hour periods. The S2 extract, however, yielded modest toxicity at the highest extract
concentration, accounting for a 4.07% and 16.32% reduction in cell viability over 48 and 72
hour periods, respectively. Thus, despite the presence of both quercetin and naringenin, these
findings suggest the S1 extract exhibit no therapeutic benefits, while the S2 extract exhibited
weak anti-cancer effects toward these cells. Furthermore, considering that the S2 extract was
found to contain a higher ratio of quercetin to naringenin, and that the S2 extract exhibited
weak anti-cancer effects, it may be hypothesised that these cells were more sensitive to the

effects of quercetin.

Additionally, pancreatic cancer has previously been shown to exhibit a great deal of drug
resistance, inherently having a high rate of drug efflux, aberrant gene expression mutations,
dysregulation of apoptotic pathways, and exhibiting epithelial-mesenchymal transition (Zhou
et al. 2008; Long et al. 2011; Grasso et al. 2017). Accordingly, it is possible that the levels of
quercetin and naringenin present in the extract may have been too low to overcome the
resistance mechanism exhibited by these cells, yielding little to no intracellular accumulation

of the flavonoids, and thereby being unable to exert any meaningful therapeutic effect.

http://etd.uwc.ac.za/ 298



Moreover, the use of gold nanoparticles has been investigated to overcome these resistance

mechanisms.

A recent example is the study conducted by Wang et al. (2019) investigated the synthesis of
gold nanoparticles using Panax notoginseng extracts, and the potential therapeutic effects
toward the pancreatic cancer Pancl cells. Therein, Wang et al. (2019) showed that their
ginseng-derived gold nanoparticles were capable of inducing cytotoxicity, intracellular reactive
oxygen species production, and apoptosis in Pancl cells. Finally, they concluded that their gold
nanoparticles represented an easily produced, and environmentally friendly anti-cancer agent
in the treatment of pancreatic cancer (Wang et al. 2019). The same may be said for the presently

produced extract-derived gold nanoparticles.

While the extracts yielded only modest effects toward the Pancl cells, both the S1-AuNP’s and
S1x2-AuNP’s exhibited dose- and time-dependent decreases in Pancl cell viability, accounting
for a 58.49% and 36.63% reduction at the highest concentration, respectively, following 72
hours of incubation. Similarly, the S2-AuNP’s and S2x2-AuNP’s exhibited dose and time
dependent reduction in cell viability, accounting for 38.16% and 42.59% at the highest
concentration, respectively, following 72 hours of incubation. As previously mentioned, it is
far more likely, due to their natures, that quercetin present in the extracts was used as a reducing
agent for the gold nanoparticle synthesis, while naringenin was used for particle stabilisation
(Levchenko et al. 2011; Das et al. 2013; Devendiran et al. 2016). Hence, it is possible that the
notably greater therapeutic effects exerted by the gold nanoparticles was a function of cellular
uptake, leading to greater intracellular naringenin accumulation, and therefore, significantly
better therapeutic effects. Furthermore, this notion may be further supported by observations
made by Lou et al. (2012), along with the present observations made for free naringenin, and

the Ng-AuNP’s.
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Research conducted by Lou et al. (2012) shows that naringenin was capable of reducing cell
viability in pancreatic cancer ASPC-1 and Panc-1 cell lines over 24, 48 and 72 hour incubation
periods, along with supressing cell migration and invasion, and reversing resistance to the
chemotherapeutic agent gemcitabine. More recently, Park et al. (2017) investigated the use of
naringenin in the treatment of pancreatic cancer using the human pancreatic cancer SNU-213
cell line. They demonstrated that the flavonoid was capable of inducing apoptosis in pancreatic
cancer cells by increasing levels of reactive oxygen species production, which in turn yielded
up-regulation of apoptosis signal-regulation kinase 1 (ASK 1), along with the JNK, p38 and
p53 proteins (Park et al. 2017a). Thus, evidence for the therapeutic benefits of naringenin in
the treatment of pancreatic cancer exists, and results of the present study are in accordance with

previous data.

Presently, naringenin was also found to reduce Pancl cell viability, and produce visible signs
of cell death, in a dose-depend fashion over 24, 48 and 72 hour incubation periods, which is
consistent with the findings of Lou et al. (2012). More importantly, similar effects were
exhibited by the Ng-AuNP’s. The Ng-AuNP’s pH 7 yielded dose-depend reduction in cell
viability, differing significantly from free naringenin at the highest concentration over 24 and
48 hours. Following 72 hours of incubation however, the effects were comparable to free
naringenin at each concentration. Similarly, the Ng-AuNP’s pH 8 yielded significantly greater
reductions in cell viability at the highest concentration at each time point. Based on these
observations, the Ng-AuNP’s may be said to have presented similar therapeutic benefits to free
naringenin toward the Pancl cells. Furthermore, the effects exhibited by the Ng-AuNPs’ may
also be said to be in line with those reported by Lou et al. (2012) and Park et al. (2017a), for

free naringenin toward pancreatic cancer.

It is important to note that while the work by Lou et al. (2012) and Park et al. (2017a)

demonstrated the potential usage of naringenin in the treatment of pancreatic cancer, they did
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not account for the limitations associated with the flavonoid. For this reason, the present
findings further suggest that the Ng-AuNP’s may serve as a simply produced therapeutic agent
for the treatment of pancreatic cancer, in addition to prostate cancer. Moreover, considering
that free naringenin has previously shown benefits toward various other forms of cancer, such
as breast cancer, melanoma and brain cancer (Lim et al. 2017; Salehi et al. 2019), it stands to
reason that the Ng-AuNP’s may have application as therapeutic agents in their treatment as

well.

Additionally, the simple presence of intracellular gold nanoparticle may have also contributed
to the increased toxicity, as their presence has been shown to disrupt mitochondria and cell
nuclei, induce oxidative stress, DNA damage, mutagenesis, necrosis, stimulation of signalling
pathways, lysosomal damage, and apoptosis (Alkilany and Murphy 2010; Rao et al. 2016b;
Sun et al. 2018). Based on these findings, it is possible that the present observations for the
extract and naringenin derived gold nanoparticles simply occurred as a consequence of

intracellular particle accumulation, rather than phytochemical delivery.

4.2.3 HAEC cell viability

In recent years, alternative and traditional forms of medicine have become an increasingly
popular choice among patients, often owed to the belief that they represent a more natural and
therefore safe therapeutic option (Fatima and Nayeem 2016; Subramanian et al. 2018).
However, while extensive investigation has proven validity to many claims made for medicinal
plants, along with the identification of bioactive compounds, a growing body of research have
outlined potential dangers associated with many commonly used medicinal plants. Examples
include nephrotoxicity in the case of herbs such as Tripterygium wilfordii and Averrhoa
carambola, hepatotoxicity for herbs such as Cimicifuga racemosa, Celtis occidentalis and
Scutellaria baicalensis, neurotoxicity for Papaver somniferum and Conium maculantum, and
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cardiotoxicity for herbs such as Glycyrrhiza glabra, Ephedra distachya and Aconitum napellus,
to name a few (Fatima and Nayeem 2016; Mensah et al. 2019). It must be mentioned that while
a great deal of the toxicity associated with commonly used medicinal plants stems from
improper dosing, plant-drug interaction, treatment via unqualified practitioners or self-
treatment, toxicity was also shown for plants used as the sole treatment (Fatima and Nayeem
2016; Mensah et al. 2019). Nevertheless, the potential for unwanted toxicity exists for
commonly used medicinal plants, and therefore investigating the safety of these plants is

essential.

T. capensis is a commonly used medicinal plant in South African traditional medicine, often
used as a treatment for infertility, dysmenorrhea and to boost libido in men (Steenkamp 2003;
Masoko et al. 2008; Abdillahi and Van Staden 2012; Henkel et al. 2012a). Furthermore, T.
capensis extracts were previously shown to act as a powerful scavenger of reactive oxygen and
nitrogen species under in vitro conditions (Henkel et al. 2012), along with more recent
investigations demonstrating favourable effects of the extracts and isolated bioactive
compounds towards prostate cancer LNCaP cells, and testosterone production in TM3 leydig
cells (llfergane 2016). However, while these reports are favourable, information regarding
potential systemic toxicity is limited, and therefore must be evaluated. For these reasons, the
safety of the S1 and S2 extracts, naringenin, and subsequent nanoparticles were investigated in

the human aortic endothelial HAEC cell line.

The S1 extract yielded low levels of toxicity toward HAEC cells at lower concentrations,
accounting for a 29.69 % reduction in cell viability following exposure to 100 pg/ml over a 72-
hour period. However, the highest concentration yielded more pronounced toxicity, yielding a
52.61 %, 60.17 % and 73.18 % reduction in cell viability over 24, 48 and 72-hour periods,
respectively. Similarly, the S2 extract yielded comparably low levels of toxicity up until a

concentration of 50 pg/ml. Hereafter, increasing levels of toxicity was noted following 72
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hours of incubation at 100-200 pg/ml, accounting for a 59 % and 87.91 % respective reduction
in cell viability. Furthermore, these findings may be explained by observations made by

Daubney et al. (2015).

Previously, a study conducted by Daubney et al. (2015) investigating the action of quercetin
toward H9c2 cardiomyocyte cells demonstrated that the flavonoid exerted a dual function,
acting as both a cardio protective and cardio toxic agent. More specifically, these authors found
that at low doses quercetin exerted a cardio protective effect, protecting cells from hydrogen
peroxide induced damage, while high doses exerted a cardio toxic effect, reducing cell
viability, increasing lactate dehydrogenase release and inducing apoptosis in a dose and time

dependent manner (Daubney et al. 2015).

Considering that both the S1 and S2 extracts were shown to contain quercetin, it is possible
that greater accumulation of quercetin occurred at high extract concentrations, beyond what
would be considered protective for the HAEC cells, thereby exerting cardio toxic effects. This
notion may be further supported by the action of the S2 extract, which was found to contain a
higher proportion of quercetin to naringenin, yielding a slightly greater deal of toxicity in
comparison to the S1 extract. Nevertheless, these findings suggest that the rhizome extracts are
relatively safe toward cardiac cells at low doses, while higher doses may yield cardiotoxicity,
particularly over prolonged periods of time. Furthermore, these effects appeared to be more

pronounced when treated with the S1-AuNP’s and S2-AuNP’s.

The S1-AuNP’s, exhibited relatively low overall toxicity at lower concentrations, but were
found to exhibit a significantly greater reduction in cell viability when compared to lower
concentrations of the S1 extract, while being near identical to the extract at the highest
concentration. Similarly, the S2-AuNP’s also exhibited greater reductions in cell viability at
lower concentrations when compared to the S2 extract, while exhibiting significantly lower
levels of toxicity at higher concentrations. Interestingly, the S1x2-AuNP’s and S2x2-AuNP’s
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exhibited the least amount of toxicity toward HAEC cells, accounting for 47.91% and 37.82%
reduction in cell viability, respectively, following 72 hours of exposure to the highest

concentration.

Considering that quercetin was previously shown to readily reduce gold salt, it is far more
likely that quercetin present in the extracts drove the reduction of gold salt, potentially in a
synergistic manner with catechin and epicatechin, during the gold nanoparticle synthesis
procedure and thus would no longer be present, and therefore unable to exert any effects
(Levchenko et al. 2011; Das et al. 2013; Devendiran et al. 2016). Furthermore, it was also
previously shown that the mere presence of intracellular gold nanoparticles, particularly when
accumulated in high numbers, can have adverse effects towards cells, such as DNA damage,
necrosis, oxidative stress and apoptosis (Alkilany and Murphy 2010; Rao et al. 2016b; Sun et
al. 2018). Thus, it is more likely that the observed toxicity occurred as a result of intracellular
gold nanoparticle accumulation at levels sufficient to incite one or more adverse effects, such

as DNA damage or oxidative stress, leading to cell death.

This notion may be further supported by the decreased toxicity exerted by the S1x2-AuNP’s
and S2x2-AuNP’s, as these nanoparticles were nearly double the size of the S1-AuNP’s and
S2-AuNP’s, considering that overall particle size was previously been shown to directly
influence cellular uptake (Arnida et al. 2010; Sun et al. 2018). Therefore, it is possible that
fewer of the S1x2-AuNP’s and S2x2-AuNPs were internalised by the HAEC cells, thereby
limiting adverse effects such as DNA damage and oxidative stress, thus yielding lower overall
toxicity. This may be further supported by the comparing the S1x2-AuNP’s and S2x2-AuNP’s,
as the S2x2-AuNP’s were larger in size and yielded slightly less overall toxicity as compared

to the S1x2-AuNP’s. However, while the observed toxicity is likely due to intracellular
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nanoparticle accumulation, the action of naringenin that may adsorbed to the particle surface

during stabilisation might have played a role.

Presently, naringenin was found to lower HAEC cell viability in a dose-dependent fashion over
24, 48 and 72-hour incubation periods, along with yielding observable signs of cell death.
Conversely, the Ng-AuNP’s were found to exhibit less overall toxicity toward HAEC cells,
particularly at lower concentrations. More specifically, the Ng-AuNP’s pH 7 yielded
significantly less toxicity when compared to free naringenin at each concentration, over each
time point. However, while less overall toxicity was observed, the highest concentration still
accounted for a 70.5% reduction in cell viability following 72 hours of exposure. The Ng-
AuNP’s pH 8 also yielded less toxicity in comparison to naringenin at lower concentration,
albeit less effectively than seen with the Ng-AuNP’s pH 7. At the highest concentration,
however, the Ng-AuNP’s pH 8 exerted near identical effects to free naringenin, accounting for
an 84.87% reduction in cell viability following 72 hours of incubation. These observations
indicate that despite the promising results obtained for the prostate and pancreatic cancer cells,
naringenin may pose potential risks toward non-cancerous cells. Furthermore, these
observations directly contradict previously reported cardio-protective effects exerted by

naringenin.

A study conducted by Testai et al. (2017) investigating cardiovascular disorders reported that
naringenin administration conveyed cardio-protective effects toward ischemia/reperfusion
injury in both young and aged rats. Similarly, a study conducted by Liu et al. (2016)
investigating potential cardio-protective effects of naringenin toward cardio-renal syndrome
reported the flavonoid attenuated cardiac remodelling and dysfunction, along with decreased
lipid profiles, lowered cardiac inflammation, and reduced oxidative stress in rats. Furthermore,
naringenin was reported by Da Pozzo et al. (2017) to exert anti-ageing effects towards the

myocardial H9C2 cell line, reducing cell cycle arrest and modulating markers of aging induced
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damage, such as reactive oxygen species levels and mitochondrial metabolic activity. However,
it is important to note that while these studies show cardio-protective effects, these effects were
reported for rat models, or under in vitro conditions using mouse-derived, immortalised cardiac
cell lines. By comparison, the present study utilised primary cardiac cells derived from humans.
With this in mind, it is possible that the differing effects may be due to differing cell sensitivity,
and differing cell metabolism, along with potential species specificity. Additionally, the
contradicting effects may also be as a result of differing dosages of naringenin being used.

Another possibility is the antioxidant effects of naringenin.

Being a flavonoid, naringenin has previously been shown to act as a powerful antioxidant,
exerting protective effects. However, previous research has also shown that antioxidants, when
consumed in excess, can cause negative effects. This is due to disruption of the delicate balance
between oxidation and reduction, often termed redox equilibrium, which is necessary for
normal bodily function and optimal health (Lu et al. 2013; Balcerczyk et al. 2014; Pérez-Torres
et al. 2017). Particularly, low levels of oxidants, such as reactive oxygen species (ROS) and
reactive nitrogen species (RNS), are needed for cellular maturation, defence against pathogens,
cellular signalling systems, cellular maturation and apoptosis. When levels of oxidants exceeds
antioxidant capacity, however, the redox equilibrium will be disrupted, and oxidative stress
will ensue. Oxidative stress has previously been shown to adversely affect a number of cell
structures, including cell membranes, proteins, lipids, and DNA, along with favouring
mutagenicity and apoptosis (Pérez-Torres et al. 2017; Pizzino et al. 2017). Furthermore,
oxidative stress has also been linked to the occurrence of several diseases, including
cardiovascular disease, kidney disease, rheumatoid arthritis, and cancer (Pizzino et al. 2017).
Thus, antioxidant consumption is pivotal in preventing the deleterious effects associated with
oxidative stress (Balcerczyk et al. 2014; Pérez-Torres et al. 2017). However, should

antioxidants be consumed in excess, beyond what is necessary to maintain redox equilibrium,
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adverse effects may still occur as the result of reductive stress. Reductive stress may result in
a number of deleterious effects, including diminished cell growth, alterations in protein
production, reduced mitochondrial function, double stranded DNA breaks, and apoptosis (Lu

et al. 2013; Pérez-Torres et al. 2017).

Examples these adverse effects include the work by Lu et al. (2013) who demonstrated, using
the flavonoid epigallocatechin gallate (ECGC), that excessive antioxidant supplementation
could cause adverse effects in humans. Specifically, these authors showed that excessive
amounts of ECGC resulted in reductive DNA damage, precisely double stranded breaks, in the
non-cancerous human lung WI-38 and MRC-5 cell lines, along with non-cancerous human skin
GMO05757 cells (Lu et al. 2013). Similarly, van Doorn-Khosrovani et al. (2007) also
demonstrated the occurrence of reductive DNA damage, particularly double stranded breaks,
in primary human CD34" cells when high concentrations of the flavonoids quercetin and
kaempferol were used. More recently, Pérez-Torres et al. (2017) highlighted several common
polyphenols capable of inducing reductive stress at elevated doses. These included quercetin,
catechins, resveratrol and coumaric acid, which they reported to yield mitochondrial and DNA
damage, apoptosis, intracellular reactive oxygen species production and cytotoxicity (Pérez-
Torres et al. 2017). Furthermore, they showed that these deleterious effects were reported in

non-cancerous human endothelial cells (Pérez-Torres et al. 2017).

Based on these findings, it is possible that naringenin exerted similar effects in the present
study, by unfavourably shifting the redox equilibrium toward reductive stress in HAEC cells,
yielding reductive cell damage and cytotoxic effects. Should this be the case, it would serve to
explain the effects observed with the S1-AuNP’s and S2-AuNP’s, as intracellular gold
nanoparticle accumulation may have simultaneously increased intracellular naringenin
accumulation and shifted the redox balance reductive stress, ultimately yielding cytotoxic

effects. Additionally, this notion would serve to explain lower toxicity observed for the Ng-

http://etd.uwc.ac.za/ 307



AuNP’s, as a particular quantity of the available naringenin would have been used in the
reduction of the gold salt, leading to less being present on the nanoparticle surface, thereby

lowering the ability to shift redox balance.

Nevertheless, while these notions remained purely speculative without further investigation, it
does outline the potential for the extracts and bioactive compounds to have unfavourable effects
toward cardiac cells, and therefore the necessity of establishing doses, which mitigate the
associated risk. Furthermore, this would appear to be of particular importance with regard to
unfavourably shifting redox equilibrium. Moreover, this also suggests that a degree of caution
must be exercised regarding any method of improving naringenin bioavailability, including the

presently reported gold nanoparticles, when intended for therapeutic application in humans.

4.3 In vivo studies

Preclinical prostate cancer mouse models provide an essential tool to improve our
understanding of prostate cancer progression and development. These include xenograft
mouse models, allograft mouse models, genetically engineered mouse models and knockout
models. For the purpose of this study, the xenograft mouse model was used (Rea et al. 2016).
This model is used to represents a “recipient” of human prostate cancer, often created through
implantation of tumour tissue, cell lines or primary cells in a variety of mice, including, but not
limited to, nude mice, severe combined immunodeficiency (SCID) mice and non-obese
diabetic (NOD) SCID mice (Rea et al. 2016). Thus, this model was used in the present study
to ascertain the effects of the S1 extract, naringenin and subsequent gold nanoparticles toward

prostate cancer tumour xenografts.
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4.3.1 Change in tumour volume

Following PC-3 cell inoculation and palpable tumour formation, SCID-mice were randomised
into separate groups, namely those treated with the S1 extract (0.5mg/kg), S1-AuNP’s (0.5 and
1.5 mg/g), naringenin (0.5mg/kg) and Ng-AuNP’s pH 8 (0.5 and 1.5 mg/kg), along with the
untreated control group. Treatments were administered twice weekly via intra peritoneal (IP)
injection, over the course of 29 days and differing effects were noted for each group.
Furthermore, each treatments used, namely the S1-AuNP’s, S1 extract, Ng-AuNP’s pH 8 and
naringenin, was well tolerated by the mice, yielded no immediate toxicity, no obvious adverse
effects toward overall health, or obvious behavioural changes over the course of the study.

Body weights and general health of the mice are discussed further elsewhere.

When treated with the S1 extract, a considerable inhibitory effect toward tumour growth was
observed by the end of the study, having a mean tumour volume of 0,212 + 0,058 cm?, which
was notably, albeit not significantly, lower than the mean of 0,46 + 0,237 cm?® exhibited by
control groups. These findings are of particular relevance considering the plants common use
as an anti-cancer agent in traditional medicine, and are in accordance with the observations
made toward the LNCaP prostate cancer cells made by Ilfergane (2016) as well as the present
findings toward LNCaP and PC-3 cells. Furthermore, these findings are in accordance with
those presented by Pratheeshkumar et al. (2012) and Yang et al. (2015), and may suggest that

the previously identified bioactive compound, quercetin, may be responsible.

A study conducted by Pratheeshkumar et al. (2012) investigated the use of quercetin as an anti-
cancer agent under both in vitro and in vivo conditions. They demonstrated that when
BALB/cA nude mice, bearing PC-3 prostate cancer tumour xenografts, were treated with 20
mg/kg of quercetin, via daily IP injection, a significant level of tumour growth inhibition was
noted. Furthermore, they attributed the tumour growth inhibition in quercetin treated groups to
the suppression of the AKT, mTOR and P70S6K angiogenesis signalling pathways
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(Pratheeshkumar et al. 2012). Similarly, a study conducted by Yang et al. (2015) investigating
the effects of flavonoid quercetin, the anti-cancer agent 2-Methoxyestradiol (2-ME) and their
combined effects towards both LNCaP and PC-3 prostate cancer tumour xenografts, in
BALB/cA nude mice, demonstrated that quercetin yielded notable tumour growth inhibition
when administered at a dosage of 75 mg/kg. However, these authors further demonstrated that
quercetin, when combined with 2-ME, yielded more significant tumour growth inhibition and
survival outcomes than either agent used in isolation, further highlighting the combinations
ability to yield greater apoptosis and suppression of angiogenesis signalling pathways in both

androgen-dependent and androgen independent forms of prostate cancer (Yang et al. 2015).

Based on the findings of Pratheeshkumar et al. (2012) and Yang et al. (2015), it is possible that
the presently reported inhibitory effect toward prostate cancer tumours occurred due to the
action of quercetin present in the S1 extract. Should this be true, it stands to reason that a similar
mode of action reported by Pratheeshkumar et al. (2012) occurred in the present study, whereby
quercetin present in the S1 extract exerted suppressive effects toward angiogenesis pathways.
However, while the S1 extract was shown to contain quercetin, it was only present in the nano-
gram range. Furthermore, considering that a relatively low dose of 0.5 mg/kg of the S1 extract
was used, it may be said, with a degree of certainty, that the final amount of quercetin per dose
was drastically lower than the 20 mg/kg or 75 mg/kg used in the studies conducted by
Pratheeshkumar et al. (2012) and Yang et al. (2015). Additionally, while quercetin has been
shown to be effective alone, Yang et al. (2015) clearly demonstrated its potential to act
synergistically with other compounds, such as 2-ME. Thus, it is unlikely that quercetin present
in the S1 extract acted alone, but rather in combination with the second bioactive compound,

naringenin.

Lentini et al. (2007) investigated the effects of orally administered naringenin and hesperitin

toward metastatic lung cancer in C57BL/6 mice and showed that both flavonoids exerted
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favourable effects. With regard to naringenin specifically, the flavonoid was found to reduce
the detectable amount of lung metastases by a reported 69%, while also improving survival

rates by 50%.

Similarly, a study conducted by Qin et al. (2011) reported that administrating naringenin at a
dose of 100 mg/kg, via the oral route, inhibited the detectable lung metastases in BALB/c mice
inoculated with 4T1 breast cancer cells. It must be mentioned that while these authors
demonstrated inhibition of metastases, they also reported that naringenin was not able to
prevent cancer cell proliferation, concluding that the flavonoid was not directly toxic toward
the breast cancer cells. However, it is also important to note that these studies used the oral
route of administration, which is subject to first pass metabolism by the liver, and would have
severely limited the action of naringenin, due to the previously mentioned poor oral
bioavailability, poor intestinal absorption, rapid metabolism and low tumour site bioavailability
inherent to the flavonoid (Goncalves et al. 2015; Sangpheak et al. 2015; Gera et al. 2017;
Rajamani et al. 2018; Salehi et al. 2019). Nevertheless, these findings clearly demonstrate the

potential of naringenin to act as an anti-cancer agent.

However, while these findings are promising, currently available literature dealing with
prostate cancer and naringenin specifically is limited to in vitro conditions, rather than in vivo.
Nonetheless, based on all previous reported, and presently observed, in vitro effects of
naringenin toward PC-3 cells, the flavonoid contributed to the inhibitory effects toward the
prostate cancer tumours exhibited by the S1 extract. Furthermore, considering that naringenin
present in the S1 extract also only existed within the nano-gram range, and that the extract itself
was used at low dosage, it is more likely that the observed tumour growth inhibition occurred
as a result of a synergistic effect between low levels of quercetin and naringenin. Should this
be true, it would be in line with the work conducted by Ilfergane (2016), which demonstrated

an enhanced cytotoxicity toward prostate cancer cells when quercetin and naringenin were used
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in combination, rather than in isolation. However, further investigation would be needed to
evaluate these notions. Nevertheless, these findings remain promising, particularly when the
relatively low extract dose is considered, and based on available literature represent the first
account of T. capensis exerting inhibitory effects toward prostate cancer under in vivo
conditions. Furthermore, it stands to reason that evaluating higher extract doses may lead to

more favourable outcomes.

However, while the low dose of 0.5 mg/kg of the S1 extract exerted favourable effects, similar
findings were not exerted by an equal concentration of the S1-AuNP’s. Specifically, groups
treated with 0.5 mg/kg of the S1-AuNP’s yielded mean tumour volumes only slightly lower
than control groups by the end of the study, suggesting extremely weak anti-cancer effects.
These observations directly contradict those observed for an equal dose of the S1 extract, and

may be due to specific compound availability.

As previously mentioned, a greater likelihood exists for quercetin present in the S1 extract to
be used as a reducing agent during nanoparticle synthesis, and naringenin used for particle
stabilisation, leading to gold nanoparticles mainly coated with naringenin and other available
phytochemicals, while exhibiting little to no quercetin coating (Levchenko et al. 2011; Das et
al. 2013; Devendiran et al. 2016). Thus, the potential synergistic action between quercetin and
naringenin would not have existed in groups treated with the S1-AuNP’s, as any intracellular
accumulation of S1-AuNP’s would only have yielded intracellular accumulation of naringenin.
Furthermore, considering that naringenin was only found to exist within the nano-gram range
within the S1 extracts, it stands to reason that intracellular accumulation at a dose of 0.5 mg/kg
would not yield significant naringenin accumulation, thereby limiting the effects of the
flavonoid. This notion may be further supported by the effects of the S1-AuNP’s at a dose of

1.5 mg/kg.
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More specifically, mice treated with the S1-AuNP’s at a dose of 1.5 mg/kg exhibited far greater
tumour growth inhibition, exhibiting mean tumour volume of 0.097 + 0.058 cm?® by the end of
the study, while at a dose of 0.5 mg/kg and the S1-AuNP’s and S1 extract yielded mean tumour
volumes of 0.425 = 0.058 and 0.212 + 0.058, respectively. Furthermore, the tumour growth
inhibition observed in the 1.5 mg/kg was statistically significant (Figure 3.127), when
compared to the tumour bearing control. While these findings are favourable, and indicate a
greater deal of tumour growth inhibition for the higher dose S1-AuNP’s, it is important to note
that a dose three times larger was required to elicit these effects. The necessity of a higher dose
to elicit a more favourable response may further support the notion that low levels of naringenin
were bound to the nanoparticles. A higher dose of gold nanoparticles may have increased the
quantity of nanoparticles internalised within tumour cells, and thereby increased intracellular
compound accumulation. Nevertheless, considering that the lower dose of the S1 extract
exhibited tumour growth inhibition similar to the high dose S1-AuNPs, it makes sense that a
higher dose of the extract may equal, or possibly surpass, the effects of the high dose S1-
AuNP’s. If true, the extract could be said to hold more benefit toward the treatment of prostate
cancer, rather than extract-initiated gold nanoparticles. Furthermore, the same may be said for
naringenin in isolation. This may be observed in groups treated with 0.5 mg/kg of naringenin
exhibiting a substantial amount of tumour growth inhibition, which was found to yield
significantly lower tumour volumes when compared to tumour-bearing control groups.
Additionally, the growth inhibition was notably greater than what was observed for an equal

dose of the S1-AuNPs and S1 extract.

Nevertheless, these findings are in line with those reported by Lentini et al. (2007) and Qin et
al. (2011), demonstrating anti-cancer activities of naringenin toward lung cancer cells under in
vivo conditions. Furthermore, these findings also suggest that previous accounts of the

flavonoids anti-cancer effects toward prostate cancer cells under in vitro conditions is
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maintained under in vivo conditions, and thereby opens the possibility of substantial clinical
application. However, it is important to note that naringenin was presently administered via IP
injection, a parenteral route of delivery, which is generally unaffected by first-pass metabolism.
Therefore, the mode of administration currently used may have alleviated some of the
previously mentioned limitations associated with the flavonoids, such as rapid metabolism and
poor tumour site bioavailability (Goncalves et al. 2015; Sangpheak et al. 2015; Geraet al. 2017,
Rajamani et al. 2018; Salehi et al. 2019). Thus, while favourable, these findings may not be
fully representative of potential clinical applications. However, the naringenin-derived gold

nanoparticles may mitigate this issue.

In the present study, when mice were treated with the Ng-AuNPs pH 8, both the 0.5 mg/kg and
1.5 mg/kg groups exhibited comparable mean tumour volumes of 0.212+0.047 cm?® and
0.132+0.076 cm?, respectively, by the end of the study. While these tumour volumes were
slightly higher than the 0.08+0.028 cm?® exhibited by the naringenin group, they were still found
to yield statistically significant tumour growth inhibition when compared to tumour-bearing
control. Thus, these findings suggest that the Ng-AuNP’s were able to maintain the anti-cancer
effects of free naringenin under in vivo conditions, albeit to a slightly diminished extent.
Considering that nanoparticle-bound naringenin would be far less likely to be subject to the
limitations inherent to the flavonoid, the Ng-AuNP’s may allow for a greatly improved clinical
applications. It must be mentioned, however, that while the Ng-AuNP’s yielded comparable
effects to free naringenin, increasing the dose of the nanoparticles from 0.5 mg/kg to 1.5 mg/kg
did not lead to greater tumour growth inhibition. Consequently, although these nanoparticles
may represent an effective, cheaply produced means of increasing the bioavailability of
naringenin, it is unclear whether increasing the dose beyond what was presently used would
confer improved tumour growth inhibition. Nevertheless, these findings suggest that the

nanoparticles were able to closely mimic the effects of free naringenin, thereby potentially
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improving the bioavailability of the flavonoid, opening new channels in the treatment of

prostate cancer.

4.3.2 Change in bodyweight

Often, tumour xenograft mice models are used for preclinical evaluation of anti-cancer agents,
during, which various aspects are considered indications of the treatment, or lack thereof,
adversely affecting the animals, and thereby serve to indicate that animals are nearing
endpoints. These aspects include physical appearance, measurable clinical signs, body
condition scores, and bodyweight changes (Paster et al. 2009; Jung 2014; Dimitrova et al.
2017). Body condition scores and bodyweight was monitored as an indication of adverse
effects, whereby a reduction in bodyweight of approximately 15-20 % of the starting weight
was considered an indication of endpoint, and thus cause for euthanasia, in accordance with

the outlines stipulated by Foltz and Ullman-Cullere (1999).

Mice in the tumour-bearing control groups were found to have mean bodyweights of
5.871+7.0424 grams by day 29 of the study, representing a near 20% reduction from the mean
starting bodyweight of 29.971+2.7597 grams, and accordingly just cause for cessation of the
study. By contrast, mice receiving 0.5 mg/kg of the S1 extract exhibited mean bodyweights of
30.057£3.9694 grams by the end of the study, which was an approximate 5% reduction from
the starting weight of 31.414+1.7677 grams. While not statistically significant, mice treated
with the S1 extract clearly demonstrated more favourable bodyweights, and thus better health
outcomes, when compared to the control group. Furthermore, these improved health outcomes
coincide with the previously discussed tumour growth inhibition observed for the S1 extract,
suggesting an improved overall health outcome. However, an equal dose of the S1-AuP’s did
not yield these same improvements, yielding a mean bodyweight of 25.500+3.8766 grams by

the end of the study, an approximate 12% reduction from the mean starting weight of
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28.957+2.8542 grams. Yet, increasing the dose of the S1-AuNP’s from 0.5mg/kg to 1.5 mg/kg
yielded a drastic improvement, whereby mice exhibited mean end bodyweights of
32.186+2.898, which was nearly identical to the mean starting weight of 32.343+3.0691.
Subsequently, this trend toward maintaining normal mean bodyweights up until the end of the
study was further observed for groups treated with 0.5 mg/kg of naringenin, along with groups
receiving 0.5mg/kg and 1.5mg/kg of Ng-AuNP’s pH 8. Considering these favourable effects
towards bodyweight coincides with the tumour growth inhibition reported for these groups, it
may be assumed that the favourable outcomes occurred due to the actions of available

phytochemicals, including the bioactive compounds quercetin and naringenin.

As previously discussed, the work conducted by Pratheeshkumar et al. (2012) and Yang et al.
(2015) demonstrated that quercetin administration to BLAB/CA mice bearing tumour
xenografts lead to favourable tumour growth inhibition, particularly when combined with the
anti-cancer agent 2-ME, in the study conducted by Yang et al. (2015). However, despite the
favourable outcomes, they noted that quercetin had little to no effect toward body weight in
mice. Based on this, the bioactive compound, quercetin, may not be entirely responsible for the
favourable bodyweight outcomes observed in mice treated with the S1 extract, particularly
when the amount of quercetin present in the extract is considered. In this study, quercetin was
found to be present within the S1 extract in the nano-gram range, while the studies conducted
by Pratheeshkumar et al. (2012) and Yang et al. (2015) dosed mice with 20 mg/kg or 75 mg/kg
of quercetin, respectively. However, considering the potential for synergism outlined by Yang
etal. (2015), itis unlikely that quercetin present in the S1 extract acted alone, if at all, but rather

more likely synergistically with the second bioactive compound, naringenin.

It is likely that both naringenin and quercetin within the S1 extract acted together to inhibit
tumour growth, while also improving bodyweight outcomes, and thereby indicating improved

health conditions. This may further explain the lack of tumour and deteriorating bodyweights
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seen in groups treated with 0.5 mg/kg of the S1-AuNP’s, as it is likely that quercetin was uses
as reducing agent, while naringenin was adsorbed to the particle surface during stabilisation.
Thus, the potential synergistic action between quercetin and naringenin would no longer be
applicable, thereby yielding unfavourable results. Furthermore, this may further explain the
necessity of the high dose of the S1-AuNP’s to achieve favourable outcomes, as this dose
would allow for a greater potential of intracellular naringenin accumulation, and thereby more
favourable tumour growth inhibition and bodyweight improvements. Moreover, the present
findings for naringenin are in line with reports made by Lentini et al. (2007) and Qin et al.
(2011) demonstrating the potential for naringenin to improve survival outcomes in tumour
bearing mice. Additionally, the present findings suggest that the Ng-AuNP’s exhibit near
identical effects toward bodyweight outcomes, further suggesting that they may represent a
viable means of overcoming the limitations associated with the flavonoids, such as rapid
metabolism and poor tumour site bioavailability, particularly when administered via the oral
route (Goncalves et al. 2015; Sangpheak et al. 2015; Gera et al. 2017; Rajamani et al. 2018;

Salehi et al. 2019).

However, a study conducted by Henning et al. (2012) investigating the effects of green tea
polyphenols, such as catechins, epicatechin and epigallocatechin gallate (EGCG) toward
prostate cancer tumour xenografts showed that tumour growth was notably reduced in mice
receiving the tea polyphenols, in comparison to those receiving plain water. Considering that
T. capensis rhizomes were previously shown to possess some of the same phytochemicals
present in green tea, such as catechin and epicatechin, along with other polyphenols with strong
antioxidant properties, such as afzelechin, epiafzelechin, typharin and typhaphthalide (Shode
et al. 2002), it remains possible that these phytochemicals may have been present in the S1
extract and contributed to the favourable effects observed for both tumour growth and

bodyweight outcomes, rather than being entirely due to the actions of quercetin and naringenin.
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Furthermore, the likelihood of these polyphenols being adsorbed to the surface of the S1-
AUNPs are high, and are likely to have contributed, in part, to the observations made for the
S1-AuNP’s. Nevertheless, the findings clearly demonstrate the potential for improved
outcomes toward prostate cancer, particularly in the case of the S1 extract, naringenin and the

Ng-AuNP’s.

4.3.3 Blood analysis

While some of the reported treatments, namely the S1 extract at 0.5 mg/kg, S1-AuNP’s at
1.5mg/kg, Ng-AuNP’s pH 8 at 0.5 and 1.5 mg/kg, and naringenin at 0.5mg/kg, may have
exhibited favourable effects towards the treatment of prostate cancer, it is essential to evaluate
potential toxicity. This is particularly true in the case of gold nanoparticles, as they have
previously been shown to readily by be taken up by peripheral blood cells, including red blood
cells, leukocytes and platelets (He et al. 2018; Sembratowicz and Ognik 2019). In the case of
red blood cells (RBCs), nanoparticles possess the potential to elicit various effects, ranging
from haemolysis of erythrocytes, leading to haemolytic anaemia, to increasing RBC count by
modulating haematopoiesis mechanism and stimulating erythropoietin secretion (Zhang et al.
2010; Ziaee Ghahnavieh et al. 2013; Sembratowicz and Ognik 2019). A slight reduction in the
RBC count was observed in each of the presently reported treatment groups, apart from those
treated with the S1-AuNP’s at a dose of 0.5 mg/kg, which was near identical to the tumour
bearing control (Figure 3.129). While a slight reduction was observed for the remaining
treatment groups, no significant decreases were found when compared to both the tumour-
bearing and healthy control groups. These observations suggest that the S1-AuNP’s
(1.5mg/kg),Ng-AuNP’s pH 8 (0.5 and 1.5 mg/kg) ,S1 extract and naringenin may have exerted
modest effects toward RBC’s, showing very minor potential for modulation of haematopoiesis

mechanisms, and virtually no potential for the occurrence of haemolysis, at least at the doses
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presently used. Thus, based on these observations, it may be suggested that treatment S1-
AuNP’s (1.5mg/kg), Ng-AuNP’s pH 8 (0.5 and 1.5 mg/kg), S1 extract and naringenin held
little to no toxicity toward RBCs. When white blood cells were measures, however, more

pronounced reductions in overall counts were observed

White blood cells (WBCs) constitute approximately 45% of whole blood and serves various
essential bodily functions, including destruction of virus-infected cells, secretion of antibodies
for phagocytosis detection, destruction of pathogens by phagocytosis, and directing the
inflammatory response to insult and injury through cytokine secretion, to name a few (Yuksel
et al. 2016; Wirth et al. 2018) Furthermore, a number of WBCs, such a neutrophils and
lymphocytes, have been shown to participate in the inflammatory response to diseases such as
type 2 diabetes, rheumatoid arthritis, and are found within tumour microenvironments (Yuksel
etal. 2016; Feng et al. 2018). Based on this, WBC measurements have been considered reliable
cellular biomarkers for systemic inflammation, and thus a valuable prognostic tool in

inflammatory diseases (Yuksel et al. 2016; Feng et al. 2018)..

Systemic inflammation may be measured by a multitude of biochemical and haematological
parameters (Yuksel et al. 2016). More specifically, these parameters include total white blood
cell (WBC) counts, leukocyte counts, neutrophil counts, lymphocyte counts, and often a
calculated ratio between these parameters (Paik et al. 2014; Yuksel et al. 2016; Ferro et al.
2019). For example, neutrophils generally mediate inflammation by various mechanism, such
as release of arachidonic acid metabolites and platelet aggravation factors, and when elevated
may indicate the potential of bacterial infection, but may also be an indication of cancer-related
inflammation as a result of tissue destruction and cytokine release (Yuksel et al. 2016;
Sembratowicz and Ognik 2019). Lymphocytes, on the other hand, are more associated with
cortisol release in response to stressors, and thus provide valuable insight into the levels of

systemic inflammation (Geiger et al. 2015; Yuksel et al. 2016). Furthermore, the ratio of
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neutrophils to lymphocytes has also previously been shown to be a useful biomarker of
systemic inflammation. With regard to cancer, systemic inflammation plays integral roles
toward tumour development and progression, with immune cells often having dual function in
both the development and progression of cancer. Immune cells may destroy cancerous cells, or
they may promote their growth and invasiveness, and enhance their metastatic capabilities
(Yuksel et al. 2016; Sembratowicz and Ognik 2019). Thus, markers of inflammation, such as

white blood cells, can provide valuable insights into the nature of tumour progression.

When mice were treated with the S1 extract, naringenin and subsequent gold nanoparticles,
total WBC counts were found to be lower than tumour bearing controls in each treatment group.
However, only mice treated with the 1.5 mg/kg of the S1-AuNP’s were found to exhibit WBC
counts more consistent with the healthy, tumour-free control. Considering that total WBC
count have previously been used as a marker for tumour-associated inflammation (Paik et al.
2014; Yuksel et al. 2016), and that treatment with the S1 extract, naringenin and subsequent
gold nanoparticles yielded varying degrees of tumour growth inhibition, it may be assumed
that the reduction in WBC counts observed in each group may indicate a lowered overall

systemic inflammation as a result of tumour growth inhibition.

While lowered overall systemic inflammation and tumour growth inhibition is a favourable
outcome toward prostate cancer, it must be mentioned that each treatment group also yielded a
slight increase in the lymphocyte count above both tumour bearing and tumour free control
groups. Elevated lymphocyte counts are generally associated with the cortisol-induced stress
response (Geiger et al. 2015; Yuksel et al. 2016), and it may therefore be assumed that these
elevated levels indicated a degree of systemic stress in response to treatment with the S1
extract, naringenin and gold nanoparticles. However, while elevated, the increased lymphocyte

counts were not found to be statistically significant, and thus may not indicate cause for
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concern, particularly when the overall tumour growth inhibition and improved bodyweight

scores are considered.

Furthermore, each treatment group also yielded decreased neutrophil counts when compared
to tumour bearing controls, with mice receiving 1.5 mg/kg of the S1-AuNP’s exhibiting levels
more consistent with healthy controls. Considering that elevated neutrophil counts are
generally associated with cancer-related inflammation as a result of tissue destruction, tumour
progression and angiogenesis (Yuksel et al. 2016; Sembratowicz and Ognik 2019), the
reduction exhibited in each treatment group may further support the aforementioned notion that
tumour growth was inhibited by the actions of S1 extract, naringenin and the subsequent gold
nanoparticles. If true, treatments may thereby have led to lower cancer-related inflammation,
and thus lowered neutrophil counts. This notion may be further supported by considering the

neutrophil to lymphocyte ratios (NLR).

The NLR has previously been shown to be a string predictor of systemic inflammation, has
been found to be a significant prognostic tool for multiple tumour types and stages. An elevated
NLR has been associated with poor prognosis of gastric cancer, renal cancer, lung cancer,
oesophageal cancer, and prostate cancer (Faria et al. 2016; Zhang et al. 2017; Li et al. 2018;
Ferro et al. 2019). Thus, the ability of anti-cancer agents to lower the NLR may confer lowered
systemic, cancer-related inflammation, and thereby better prognosis. The present study noted
that each treatment group exhibited an NLR lower than the tumour bearing controls by the end
of the study, where groups treated with 1.5 mg/kg of the S1-AuNP’s exhibiting a significantly
lowered NLR, when compared to the controls. Based on the lowered NLR, the currently
reported treatments may represent a viable means of improving prognostic outcomes, by
yielding lowered levels of cancer-associated systemic inflammation. Furthermore, these

favourable effects coincide with the previously reported tumour growth inhibition, which may
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further support the notion that the present treatments exerted favourable anti-cancer activities,

Moreover, this notion may be further supported by the effects toward platelet counts.

Previously, platelets have been shown to play key roles in tumour formation, progression and
angiogenesis. Platelets can be activated by tumour cells, resulting in the release of various
biological molecules, such as vascular endothelial growth factor, leading to the modulation of
tumour progression and metastases (Yuksel et al. 2016; Meikle et al. 2017; Elaskalani et al.
2017). Apart from those treated treatment groups with 0.5 mg/kg of the S1-AuNP’s, each group
yielded a decreased platelet counts at the end of the study. Those in the 0.5 mg/kg S1-AuNP
group exhibited platelet levels elevated beyond rhea tumour-bearing controls. Based on the role
of platelets outlined by (Meikle et al. 2017; Elaskalani et al. 2017), the present findings toward
platelets may suggest that the S1 extract, naringenin, Ng-AuNP’s and high dose S1-auNP’s
may have had an inhibitory effect toward platelet-modulation of tumour growth. However, it
is also possible that the lowered platelet count is simply due to overall tumour growth
inhibition, leading to lowered platelet activation, and overall lowered platelet count.
Furthermore, it must be mentioned that the group receiving the 1.5 mg/kg S1-AuNP’s exhibited
platelet counts below healthy controls. While the reduction was not statistically significant, it
is notable and may due to the anti-cancer actions of these nanoparticles, as chemotherapeutic
agents have previously been show to lower overall platelet counts (Elaskalani et al. 2017).
Nevertheless, the overall reduction in platelet counts coincides with the favourable effects
observed total WBC count, lymphocytes and overall tumour growth, which may further suggest

that each treatment acted to inhibit the growth of prostate cancer tumours.
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4. Conclusion

It may be concluded that aqueous T. capensis rhizome extracts, along with the bioactive
compounds quercetin and naringenin, are well suited to the synthesis of highly stable gold
nanoparticles encapsulated with a plethora of phytochemicals, using green synthesis
techniques. More importantly, this study reports for the first time the successful synthesis of
highly stable gold nanoparticles using the bioactive compound naringenin in isolation, as both
reducing and stabilising agent. Subsequently, these nanoparticles exhibited robust stability
under in vitro conditions and clear signs of cell internalisation, observed using dark-field
microscopy and TEM. When compared to the effects of the extracts, similar levels of toxicity
were observed in the case of the LNCaP and PC-3 cells. However, these nanoparticles were
found to yield improved toxicity toward Pancl cells in both a dose- and time-dependent
manner. Nevertheless, these findings indicated their potential use as treatment agents in

multiple forms of cancer.

Despite these positive outcomes, however, the effects observed toward the non-cancerous
HAEC cells demonstrated the potential for adverse effects when using the S1 and S2 extracts,
naringenin, and the subsequent nanoparticles, suggesting that a degree of caution must be
exercised, particular when intended for clinical use. Moreover, these observations highlighted

the need for more extensive investigation into the overall safety of these agents.

Furthermore, the present study demonstrated for the first time the positive therapeutic effects
of T. capensis extract toward prostate cancer under in vivo conditions, adding a degree of
validity to its clinical usage suggested by llIfergane (2016). However, these positive effects
were not found to be improved, nor maintained, by nano-encapsulation of the extract. The Ng-
AuNP’s, however, were able to maintain the anti-cancer effects of free naringenin under in vivo
conditions, having favourable outcomes toward tumour growth, body weight and blood
parameters in tumour-bearing SCID-mice. While the Ng-AuNP’s held no improvement over
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free naringenin, the nanoparticle-bound naringenin would be far less likely to be subject to the
limitations inherent to the flavonoid, such as rapid metabolism and poor bio-availability. Thus,
based on the these findings it may be concluded that the Ng-AuNP’s represent a potential
means of greatly improving the clinical application of the flavonoid, thereby opening new
channels in the treatment of prostate cancer. Furthermore, it may also be concluded that crude
T. capensis extracts, particular those produced in the summer season, are well suited to the

treatment of prostate cancer under clinical settings.
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