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ABSTRACT

Colorectal cancer (CRC) is among the leading cause of cancer-related deaths in South Africa and
worldwide. Efforts are being made at finding improved diagnostic tools, as early detection
(before metastasis) is a major factor in CRC treatment. Colonoscopy is the most reliable detection
method, but is a specialised and expensive procedure, which is invasive, not readily available and
not patient-friendly. There is a risk of developing interval cancers, as colonoscopies are
performed every 10 years after the age of 40. The development of non-invasive, cost efficient
and readily available diagnostic tools to CRC, which can be performed at more regular intervals,

using tumour-targeting molecular imaging agents, is of urgent attention.

Gold nanoparticles (AuNPs) possess several physicochemical properties, including ease of
synthesis, biocompatibility, and the ability to be conjugated by ligands or biomolecules such as
polyethylene glycol (PEG) and peptides for improved stability, tissue targeting and selectivity.
These factors potentiate the role in biomedical applications, including cancer theranostics.
Conjugation of AuNPs with a targeting molecule (e.g. antibody or peptide) is directed against
cancer cell receptors. The peptides, p.C, p.L, and p.14, bind to CRC cells in vitro. Conjugation of
AuNPs with these peptides should be investigated for CRC diagnosis in vivo, as it is hypothesised
to allow examinations at shorter intervals through imaging techniques. This could reduce the risk
of interval cancers, but before developing this novel tool, in vivo toxicity evaluations are essential.
This study was therefore aimed at investigating the short- and long-term toxicological effects of
a single intravenous injection of peptides (p.C, p.L, and p.14) conjugated to AuNPs in a healthy

rat model.

Citrate-capped AuNPs were synthesised by the citrate-reduction method, and conjugated with
each peptide (biotinylated) using a combination of PEG (99% PEG-OH and 1% PEG-biotin) as a
stabilising agent and linker, via biotin-streptavidin interaction. Healthy male Wistar rats were
intravenously injected with 14 nm citrate-AuNPs, PEG-, p.C-PEG, p.L-PEG, and p.14-PEG-AuNPs
(100 pg/kg body weight), and the control rats were injected with phosphate buffered saline. The

animals were monitored for behavioural, physiological, biochemical, haematological and

Xi



histological changes, as well as inflammatory responses. Phase 1 rats were sacrificed 2 weeks
post-injection to determine the immediate or acute toxicity of the AuNPs, while phase 2 animals
were sacrificed 12 weeks post-injection, to investigate the delayed or persistence toxicity of the

AuNPs.

Results revealed no significant toxicities (p>0.05) with the citrate, PEG-, p.C-PEG and p.14-PEG-
AuNPs over 12 weeks post-exposure, as evidenced by biochemical assays such as serum marker
enzymes, liver and kidney function markers, and cholestatic indicators; haematological
parameters; oxidative stress markers; and histopathological examinations. P.L-PEG-AuNPs,
however, caused significant toxicity (p<0.05) to rats, as evidenced by increased relative liver
weight, increased malondialdehyde levels, and total white blood cell counts 2 weeks post-
exposure when compared to the control group. This was, however, reversed during the 12 weeks
post-exposure. Further, there were no evidence of inflammatory responses, using pro-
inflammatory markers including phospho 1kB-a (p-1kB-a), interleukin 18 (IL-18) and interferon-y
(IFN-y), as indicated by immunohistochemical staining of the liver, spleen, kidney and colon of

rats 2 weeks post-injection of AuNPs.

Citrate, PEG-, p.C-PEG, and p.14-PEG-AuNPs did not induce immediate, acute or persistent

toxicity, while p.L-PEG-AuNPs induced a transient acute toxicity.

It can be concluded that 14 nm spherical citrate-AuNPs at 100 pg/kg body weight is a good
candidate for biomedical applications, and as a suitable carrier for diagnostic and/or therapeutic
molecules. Combination of 99% PEG-OH and 1% PEG-biotin is an appropriate option for stabilising
AuNPs in biological environment, and conjugating secondary diagnostic or therapeutic
biomolecules or agents to citrate-capped AuNPs. Peptide-conjugated AuNPs are suitable for the

development into a diagnostic tool for CRC in vivo.
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CHAPTER ONE

INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer and the fourth leading cause of cancer-
related deaths worldwide. The incidence and mortality cases are estimated to increase by 60%
by 2030 (Arnold et al., 2017). The most effective treatment option for CRC to date remains
surgery, which is costly and has associated side effects, such as damage to surrounding organs, a
high rate of post-operative recurrence, and the development of adhesions and thromboses.
Chemotherapy that often follows surgery lacks tissue selectivity. Worldwide, the major challenge
to CRC treatment is early detection. Current treatment options are often started too late,
typically after metastasis has occurred. The most reliable detection method is a colonoscopy, but
it is a specialized and expensive procedure, it is invasive, not readily available and not patient-
friendly. Colonoscopy should normally be performed once every 10 years, after the age of 40,
during which time cancers (interval cancers) may develop (Richter et al., 2015). These could arise
from failing to detect all polyps (another challenge to colonoscopy) during a colonoscopy
(Rabinsky et al., 2016). There is therefore a need for the development of effective non-invasive,
cost efficient and readily available diagnostic tools to CRC, which can be performed at regular

intervals, using tumour-targeting molecular imaging agents.

Recently, the use of nanoparticles (NPs) has expanded into biomedical research, in the form of
vectors of antisense cancer drugs, agents for molecular imaging, and as targeting and therapeutic
agents in cancer theranostics. Gold NPs (AuNPs) are well-suited for biomedical applications as
they are characterised by ease of synthesis, biocompatibility, ease of shape control, and the
ability to easily incorporate secondary molecules (Thakor et al., 2011; Elia et al., 2014). Such
molecules, including ligands, antibodies, nucleic acids and peptides, afford selectivity (Bohl

Kullberg et al., 2002; Goodman et al., 2004; Alkilany et al., 2014).

Following the interest of AuNPs in biomedical applications, research into the possible toxic or

adverse effects of these particles are of utmost importance. Various conflicting toxicological
1



evaluation studies on AuNPs have been reported using in vitro, in vivo, and in ovo models. Some
researchers have reported its safety in fish (Kunjiappan et al., 2015), mice (Lasagna-Reeves et al.,
2010), rats (Venkatpurwar et al., 2012; Jo et al., 2015), rabbits (Glazer et al., 2011) and various
cell lines (Venkatpurwar et al., 2012; Uchiyama et al., 2014), although the toxic effect of AuNPs
have also been reported in each of these models (Ghahnavieh et al., 2014; Boyles et al., 2015;
Ferreira et al., 2015; Shetty et al., 2015; Senut et al., 2016). These conflicting results could be
linked to differences in the protocols and models used. Differences in size, shape, morphology,
surface charge, surface chemistry, and concentration of AuNPs injected, as well as the model
(cell- or animal-based) and the route of administration used, could account for these

discrepancies (Fratoddi et al., 2015; Jo et al., 2015; Schmid et al., 2017).

In this study, AuNPs were conjugated with biotinylated peptides (p.C, p.L and p.14). These
peptides were shown to selectively bind to CRC cells in vitro (Wang et al., 2012; Mazyambe,
2013). It is thus hypothesised that these peptides can be useful in CRC diagnosis in vivo. It is
therefore important to investigate the toxic effects of these conjugated NPs (p.C-, p.L- and p.14-

polyethylene glycol (PEG)-AuNPs) in vivo.

To our knowledge, no reports on either the short- or long-term effects of a single intravenous
injection of these conjugated AuNPs in the diagnosis of CRC have been published. A single
intravenous injection in healthy rats was considered to mimic the potential diagnostic
applications. This procedure could allow examinations through imaging techniques that can be
performed more regularly with shorter intervals between examinations, thereby reducing the
risk of interval cancers. If proved to be safe, the conjugated AuNPs could be developed for early
CRC-patient-friendly imaging, thereby improving the current methods of CRC detection and
prevention. This study was therefore aimed at investigating the short- and long-term effects of

peptide-conjugated AuNPs using the rat model.

A literature review follows in chapter two which discusses the problem (colorectal cancer),

potential solution (AuNPs), and nanotoxicty (study focus).



CHAPTER TWO

LITERATURE REVIEW

2.1 COLORECTAL CANCER

Colorectal cancer originates in the cells lining the lumen of the colon and rectum. The colon,
together with the rectum, forms the large intestine, which is the last segment of the digestive

tract (Figure 2.1).

Right colic

(hepatic) flexure Left colic
(splenic)
flexure

Transverse

colon

Ascending Descending|

colon colon

lleum

Cecum

Vermiform ——— Sigmoid

appendix colon

Anal canal — Rectum

Figure 2.1: Anatomy of the colon and rectum. Adapted from Openstax (2013).

Colorectal cancer often begins as a polyp (an abnormal growth of tissue in an organ), that forms
on the luminal wall of the colon or rectum. Removal of these polyps, upon early detection, can

prevent the progression of CRC, thereby reducing incidence and mortality rates (Zauber et al.,



2012). Colorectal cancer is one of the most common malignant tumours of the gastrointestinal
tract. It is difficult to cure, and has a high post-operative recurrence rate (De Jong et al., 2009;

Kobayashi and Sugihara, 2012).

Colorectal cancer can be described by stage, depending on the size of the tumour, how far it has
grown into the colon or rectal wall, and whether the cancer has metastasised to lymph nodes or
secondary sites (American Cancer Society, 2017). There are five numerical stages of CRC (Figure

2.1), which include:

Stage 0 — This is when cancer cells are located in the luminal wall of the colon or rectum. This is

typically confined to the surface of a polyp, also referred to as carcinoma in situ.

Stage 1 — It is when cancer cells have spread from the inner lining into the middle layers of the

muscular wall of the colon or rectum.

Stage 2 — In this stage, cancer cells have spread to the outside surface of the colon or rectum,

which may also involve surrounding tissues, but not lymph nodes.

Stage 3 — It is when cancer cells have spread to the nearby lymph nodes.

Stage 4 —This is when cancer cells have metastasised to secondary sites, such as the liver or lungs

(Herbst, 2017).



» Spread to other organs

Figure 2.2: Stages of colorectal cancer. Adapted and edited from American Cancer Society (2014).

2.1.1 Incidence and mortality rates of colorectal cancer

Globally, CRC s the third most common type of cancer in both men and women (American Cancer
Society, 2016). The incidence rates of CRC were reported to be higher in more developed regions,
such as Australia, New Zealand, Europe, Northern America and South Korea, when compared to
less developed regions including Africa and South-Central Asia (American Cancer Society, 2015;
Torre et al., 2015). In 2012, approximately 693,900 deaths resulted from CRC, accounting for 8%
of all cancer deaths worldwide (American Cancer Society, 2015). In 50 years and older, mortality
rates of CRC patients have declined since 1980. This was linked to changes in risk factors, such as
decreased smoking and increased use of non-steroidal anti-inflammatory drugs, various
screening tests that aid detection, and the subsequent removal of early-stage cancer and pre-
cancerous polyps (Edwards et al., 2010; American Cancer Society, 2016). Although the incidence

rate declined by 4.5% per year among adults above 50 years of age, there was an increased



incidence (1.8% per year) among adults younger than 50 years of age (American Cancer Society,

2016).

The incidence rates of CRC between Blacks and Whites in the United States were predominantly
higher in Whites than in Black populations for both sexes prior to 1980. As from 1989, however,
incidence rates were higher in Blacks than in Whites for both men and women. These changes
may result from differences in socio-economic status, racial differences in risk factors of CRC, as
well as greater access by the Whites to recommended screening tests that detect and remove
pre-cancerous polyps (Lansdorp-Vogelaar et al., 2012). The overall incidence and mortality rates
of CRC are about 30% to 40% higher in men than in women (American Cancer Society, 2014),
which may be linked to the protective role of endogenous oestrogens against CRC formation

(Murphy et al., 2015).

In African countries, the incidence rate of CRCin 2008 was 6 per 100,000 people, with a mortality
rate of 5 per 100,000 people (Morhason-Bello et al., 2013). In the Global Cancer Statistics of 2012,
Southern Africa has the highest incidence and mortality rates of CRC when compared to other
regions of Africa (Torre et al., 2015). The incidence rates of CRC increased in West Africa (Nigeria
and Ghana) from 1954 to 2007. This was linked to lifestyle and diet changes, lack of or inadequate
medical facilities, as well as high cost of procedures and treatment (Irabor, 2017). In 2012, which
is the most recently reported formal statistics of CRC for South Africa, the incidence rate was
highest among Whites, followed by Blacks, Coloured groupings, and then Asians, in both men

and women (Graham et al., 2012).

2.1.2 Symptoms of colorectal cancer

Symptoms of CRC include loss of appetite and weight, rectal bleeding and blood in stool, change
in stool shape, a feeling that the bowel is not completely empty, and cramping pains in the lower
abdomen. Blood loss from the tumour can lead to anaemia in some cases, resulting in symptoms
such as excessive fatigue. As early stages of CRC are asymptomatic, screening for CRC is needed

(American Cancer Society, 2014; Herbst, 2017).
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2.1.3 Risk factors for colorectal cancer

Several factors increase the risk of developing CRC. These can be categorised into behavioural
factors, heredity- and medical-associated factors. Behavioural factors include tobacco smoking,
high or moderate alcohol consumption (> 12.5 grams/day), diet (high consumption of red and
processed meat, low calcium intake) (Raskov et al., 2014), physical inactivity, as well as being
overweight, and obesity. Hereditary factors include a family history of adenomas, Lynch
syndrome or familial adenomatous polyposis (Herbst, 2017). Medical factors associated with
increased risk include individuals with chronic inflammatory bowel disease, such as ulcerative
colitis or Crohns disease, a history of adenomatous polyps, and type-2 diabetes (American Cancer
Society, 2016; American Cancer Society, 2017). If high risk individuals are identified and screened

early, it could reduce the incidence and mortality rates of CRC (American Cancer Society, 2017).

2.1.4 Screening and diagnosis of colorectal cancer

Colorectal cancer is currently screened and diagnosed by: (1) structural (visual) examinations,
including flexible sigmoidoscopy, computed tomographic colonography (CTC), double-contrast
barium enema (DCBE) and colonoscopy, and (2) stool tests, such as the guaiac-based faecal occult
blood test (gFOBT), the faecal immunochemical test (FIT) and the FIT-DNA test (American Cancer

Society, 2014; American Cancer Society, 2017).

1. Structural examinations

a. Flexible sigmoidoscopy: This involves the insertion of a sigmoidoscope through the
rectum into the colon, providing a visual examination of the lower part of the colon
and the rectum. The procedure does not require sedation or a specialist, and is quick,
with few complications and minimal bowel preparation. There are, however, some
limitations associated with this procedure. These include limited availability, inability
to remove large polyps, failure to view the entire colon and risk of infection or bowel

tear (American Cancer Society, 2014; American Cancer Society, 2017). If there are
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polyps or a tumour present, the patient is referred for a colonoscopy to examine the

entire colon (American Cancer Society, 2014)

b. Computed tomographic colonography: This is also known as virtual colonoscopy. ltis a
non-invasive imaging procedure that gives detailed, cross-sectional, two- or three-
dimensional images of the entire colon and rectum with the use of an X-ray machine.
Limitations to this procedure include exposure to low-dose radiation, and an inability
to remove polyps or perform biopsies. Patients with polyps larger than 5 mm in size or
other abnormal results are further examined by colonoscopy (American Cancer
Society, 2014; American Cancer Society, 2017). Another challenge is its non-specificity
to tumours; there is thus a need for suitable contrast and CRC-specific targeting agents

to enhance imaging (Mody et al., 2010)

c. Double-contrast barium enema: In this procedure, barium sulphate is introduced into
the colon (via the rectum) to partially fill and open the colon. Air is then introduced to
expand the colon and increase the quality of X-rays. The entire colon can be visualised
with few complications, and no sedation is necessary. The procedure is less sensitive
than colonoscopy, as DCBE cannot visualize small polyps or cancers. Other
disadvantages include a level of false positive results, inability to remove polyps,
exposure to low-dose radiation, a limited number of radiologists adequately trained to
perform the procedure, and the requirement for a colonoscopy if abnormalities are

detected (American Cancer Society, 2017).

d. Colonoscopy: A colonoscopy allows for a direct visual examination of the colon and
rectum. It is the most sensitive method for the detection of CRC (Rockey et al., 2005),
and it is done every 10 years (Herbst, 2017). A colonoscope is used to visualize the
entire colon. If a polyp is present, it may be removed during the procedure.
Colonoscopy, however, has a highest risk of complications when compared to other
screening procedures. These include high cost of the procedure, the need for complete

bowel cleansing, use of sedation, as well as a high risk of bowel tears and bleeding,



especially in the removal of polyps (American Cancer Society, 2014; American Cancer

Society, 2017).

2. Stool-based test

The stool-based test, is non-invasive, and requires no bowel cleansing or sedation. These tests

are generally less sensitive than the structural procedures, with possibilities of false-positive

results (Liss et al., 2013; American Cancer Society, 2017).

a.

Guaiac-based faecal occult blood test: This is a non-invasive test that requires the use
of guaiac to detect blood in the stool. Several stool samples from multiple bowel
movements are required (Schreuders et al., 2016). In gFOBT, blood can be detected
from any source (including meat in the diet). Patients are therefore restricted from red
meat and nonsteroidal anti-inflammatory drugs for 3 days prior to the test to avoid
false-positive results, and from vitamin C, to avoid false-negative results. Other
limitations to this test include failure to detect most polyps and the requirement of
multiple stools. If abnormalities are detected, colonoscopy is necessary (American

Cancer Society, 2014; American Cancer Society, 2017).

Faecal immunochemical test: The FIT is a non-invasive test that uses antibodies against
haemoglobin to screen for blood in the stool. It is convenient, and requires no dietary
restrictions. It is specific for blood from the colorectum (American Cancer Society,
2017). The FIT is more effective and less expensive when compared to the gFOBT test
(Goede et al., 2017), and the faecal haemoglobin concentrations can be measured both
qualitatively and quantitatively with FIT (Schreuders et al., 2016). Disadvantages,
however, include non-capturing of most polyps and possibilities of false-positive results.
Blood does not appear in the stool during the early phases, therefore early detection is
not possible. Colonoscopy is necessary if abnormalities are detected (American Cancer

Society, 2014; American Cancer Society, 2017).



c. Faecal immunochemical test-DNA test: This is a non-invasive test, which requires a
single stool sample. It is called “Cologuard” and referred to as a multi-targeted test - it
can detect both blood as well as mutated DNA from large adenomas and CRC in the
stool (American Cancer Society, 2017). This test was approved in 2014 for CRC screening
by the Food and Drug Administration (FDA) in the United States. This screening test is
more expensive when compared to gFOBT and FIT alone, but has low specificity
(Schreuders et al., 2016). There are possibilities of failure to detect most polyps in the
small adenomas, which also limits early detection. In case of abnormalities, patients are

referred for colonoscopy examination (American Cancer Society, 2017).

Incidence of CRC is increasing in younger patients. In 2012, the diagnosed cases of CRC in South
Africa among 0-39 years of age was highest in Blacks, followed by Whites, Coloureds, and lowest
among Asians (Herbst, 2017). Research on frequent screening procedures, which are more
sensitive and specific, less expensive, non-invasive, and does not induce discomfort for patients
than the current procedures, are therefore encouraged. This should be focused in areas of
developing regions, where there is an increasingly growing westernised lifestyle and aging
population (Torre et al., 2015). These include African, Asian, and South American countries where
CRC screening initiatives are rare (American Cancer Society, 2014; American Cancer Society,

2015).

2.1.5 Treatment options for colorectal cancer

The first—line treatment of CRC is surgery. For cancers that have not metastasised, surgical

removal of the tumour may be the most effective treatment (American Cancer Society, 2014).
The main types of treatment that can be used for CRC and their possible side effects include:

a. Surgery - Stage 0 CRC may be treated by removing the cancer cells by colonoscopy.
Extensive surgery is needed to remove large cancerous part of the colon and rectum. If
cancerous cells are detected after the removal of polyps, this is followed by

chemotherapy, or preceded by chemotherapy and radiation therapy in case of a rectal
10



tumour that has spread to surrounding tissues and lymph nodes. Limitations of surgery
include pain associated with the procedure, post-operative bleeding, damage to nearby
organs, and loss of sexual function in the case of men (American Cancer Society, 2014;

American Cancer Society, 2017).

Radiation therapy — This involves the use of high-energy rays to destroy CRC cells. It is
performed as pre-operatively or post-operatively, usually combined with adjuvant
chemotherapy. It is used to slow the growth or shrink the tumour, and is more useful in
rectal cancer than colon cancer (Héfner and Debus, 2016; Herbst, 2017). Adverse effects
associated with radiation therapy include: skin irritation at the site of radiation, which
ranges from redness to blistering and peeling; rectal irritation, causing painful bowel
movements, diarrhoea or blood in the stool; bowel incontinence; pain associated with
urination or blood in the urine; and sexual problems (impotence in men and infertility in

women) (American Cancer Society, 2014; American Cancer Society, 2017).

Chemotherapy — Surgery and radiotherapy are commonly used in the treatment of locally
confined cancers, while chemotherapy targets both locally confined cancer cells and
metastatic cancer cells. Adjuvant chemotherapy in CRC prevents local recurrence or
distant metastases (Andre and Schmiegel, 2005; Herbst, 2017). Chemotherapeutic
agents, such as Oxaliplatin, 5’-Fluorouracil, Irinotecan and Capecitabine are used in CRC
treatment. Use is limited due to several dose-limiting side effects, and the ability of

tumours to rapidly develop resistance (American Cancer Society, 2017).

Targeted therapy involves the use of agents that antagonise growth factor receptors,
epidermal growth factor receptor (EGFR) and vascular endothelial growth factor (VEGF),
which are overexpressed in a variety of tumours - activation of these receptors initiates
signalling pathways that promote cell proliferation, cell division, tumour migration,
angiogenesis, and inhibits apoptosis (Andre and Schmiegel, 2005; Hagan et al., 2013).
Limitations to this treatment option for CRC include: acne-like rash dry skin, swelling or

pain in the fingernails or toenails, caused by the EGFR inhibitors (e.g. cetuximab), and
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nose bleeds, thromboses in the arteries or veins, hypertension, proteinuria, anorexia or
kidney damage, caused by the VEGF inhibitors (e.g. bevacizumab) (Hagan et al., 2013;

American Cancer Society, 2014).

In most cases, the major challenge to the success of these treatments is the inability to detect
the tumour before it metastasises. Nanotechnology is a technique which has promising potential

to address early diagnosis of CRC, as well as treatment.

2.2 NANOTECHNOLOGY

Nanotechnology is a branch of science that deals with the controlled manipulation, in terms of
design, synthesis and applications, of materials and devices at one billionth of a meter (10
meter). Nanostructured materials are categorised based on various divisions, including 1) zero-
dimensional nanomaterials, which include quantum dots, nanospheres, NPs array, hollow cubes,
and core—sh