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Abstract

The chemotherapy drug doxorubicin (DOX) is a widespread and effective treatment for
many different types of cancer. However, it is known for causing significant and dangerous
side effects due to high cardiotoxicity. Gold nanoparticles (GNPs) are a promising field
of nanomedicine due to their stability, customizability, and radiosensitization properties as
demonstrated using in vitro and mice models. They accumulate preferentially in tumours
due to the enhanced permeability and retention effect. The combination of GNP mediated
radiotherapy and DOX has the potential to deliver highly targeted and effective therapeutics
while sparing surrounding healthy tissue.

This work used GNPs conjugated with PEG and RGD, DOX, and radiotherapy in com-
bination to investigate possible synergistic cancer therapeutics. MDA-MB-231 cells were
dosed for 48 hours with GNPs at a clinically relevant concentration of 7.5 pg/mL. DOX was
dosed at the measured IC50 concentration of 144.4 nM for a 48 hour exposure. Radiation
doses of 2 Gy and 5 Gy were used, as 2 Gy is commonly used for fractionated radiotherapy
and recent clinical trials have also shown 5 Gy to be an effective fractionated radiation dose.

A cytotoxicity assay was conducted to determine the IC50 of DOX which was used as
the dosing concentration for all other assays. Live cell images were taken to demonstrate
the internalization of DOX and GNPs in the cells. To quantify if DOX affected the uptake
of GNPs into the cells, a cellular uptake study was conducted. As previous research has
indicated that DOX causes cell cycle arrest, a cell cycle assay was conducted. To assess
the cytotoxicity and radiosensitization properties of GNPs and DOX, a cellular proliferation
study and a clonogenic assay were conducted. Additionally, a DNA double strand break
assay was conducted to assess the amount of DNA damage caused.

The cellular uptake study revealed that DOX caused an increase in GNP uptake, with
(1.27£0.16) x 10° GNPs per cell when treated with DOX, and (0.76+0.05) x 10° GNPs per cell
when untreated. DOX showed evidence of radiosensitization in the proliferation assay with
the combination of DOX and radiation causing a (5442)% reduction in cell growth when 2
Gy was administered, and a (69£8)% reduction in cell growth when 5 Gy was administered.
However, this effect was not synergistic. In the other assays conducted, DOX caused cell
cycle arrest, extensive DNA damage, and no clonogenic growth. It was concluded that DOX
was inducing senescence at the given dose.

GNPs showed some radiosensitization in the proliferation assay at 2 Gy, with (24+2)%
reduction in growth after 3 days in the 2 Gy GNP sampled compared to (15+2)% reduction

in growth in the 2 Gy control sample. No other significant differences in growth due to
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GNPs were seen in the proliferation assay. The clonogenic assay showed that 2 Gy radiation
caused a (67£5)% decrease and 5 Gy caused a (97.940.6)% decrease in clonogenic survival
of cells treated with radiation only when compared to the unirradiated control. The GNP
incubated sample demonstrated some radiosensitivity in the clonogenic assay as it had a
(78+3)% lower surviving fraction when irradiated with 2 Gy then the unirradiated control.
The GNPs also showed toxicity in the unirradiated sample, with (30+£11)% lower surviving
fraction than the control in the clonogenic assay. A Bliss independence test found the GNPs
and 2 Gy radiation to have independent effects. There was no significant difference between
the GNP and control cells in the clonogenic assay when irradiated with 5 Gy. The DNA
double strand break assay showed that 2 Gy radiation caused an increase in DNA damage
foci from 2.0£0.2 to 5.1£0.5 foci per cell. No significant difference in foci was seen between
the control and the GNP incubated cells.

While the results from this work did not demonstrate a conclusive benefit from the
combined therapy of doxorubicin, GNPs, and radiation, the system is still of interest. Future
experiments could be performed using a reduced doxorubicin concentration such as the 1C20,
to reduce the toxicity while still causing an effect. If a synergistic effect can be observed, it
could be exploited to significantly reduce normal tissue toxicity in cancer patients while still

delivering a lethal dose of chemotherapy and radiotherapy to the tumour.
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Section 1

Introduction

Cancer is not just one disease but a range of diseases in which cells undergo unchecked or
abnormal growth. It can affect anyone regardless of age, race, gender, or socioeconomic
status. Globally, approximately one in five people will develop cancer in their lifetime, and
it is responsible for 16.8% of deaths [1]. It is the leading cause of death in Canada, where
two in five Canadians will develop cancer in their lifetime and one in four will die from it
[2]. While cancer can arise from spontaneous mutations, many cancers are strongly linked

to specific causes, such as smoking and lung cancer or HPV and cervical cancer.

1.1 Current Cancer Treatments

Most cancer treatments fall into three categories: surgery, chemotherapy, and radiotherapy.

Frequently, a combination of the three treatment modalities is used.

1.1.1 Radiotherapy

Radiotherapy is the use of ionizing radiation to reduce or eradicate tumours. Most radiother-
apy today takes the form of external beam radiotherapy (EBRT) with high energy photons
generated by a clinical linear accelerator (linac) [3]. Linear accelerators use a magnetron to
accelerate electrons into a target (such as tungsten), where they produce Bremsstrahlung
photons. The target can be removed if electrons are the desired treatment modality [4].
Radioactive sources may also be used to generate high energy photons, such as cobalt-60.
In some cases, protons, or heavy ions such as carbon may be used instead of photons [5].
Models estimate that approximately 50% of cancer patients would benefit from radiotherapy
in some form [6].

When it was first used, radiotherapy was limited in energy to kilovoltage (kV) X-rays,

so it was only able to treat superficial tumours that were near the skin [7]. In the 1950s,
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Figure 1.1: Common methods of cancer treatment. Cancer treatment is a multidisciplinary
problem, and most patients will receive multiple forms of treatment.

cobalt-60 sources and linacs enabled the treatment of deep-seated tumours with megavoltage
(MV) photons [8]. Since then, advances in technology have allowed for more sophisticated
techniques and equipment, including the introduction of intensity-modulated radiotherapy
(IMRT) in the late 1990s [9]. The invention of multileaf collimators was key to the develop-
ment of IMRT as they shape the beam fluence. This allows for highly conformal dose delivery
to tumours while sparing nearby organs, enhancing treatment efficacy and minimizing side
effects [10].

Volumetric modulated arc therapy (VMAT) further optimized treatment by combining
fluence shaping with continuous adjustments in dose rate, gantry arcing, and couch motion

[11, 12]. This reduced treatment times while maintaining the precise level of dose deliv-



ery. Stereotactic body radiotherapy (SBRT) uses image guidance, dose conformality, and
hypofractionation to exploit radiobiological principles and provide more effective treatment
[13]. High biological variability between patients necessitates the use of individualized treat-
ment plans. [14].

Brachytherapy is a form of internal radiotherapy where radioactive sources are placed
near or inside the tumour. It allows for high doses of radiation to be delivered directly to
cancerous tissue while minimizing exposure to surrounding healthy tissue [15]. Low dose
rate (LDR) brachytherapy involves placing sources inside the tumour that emit radiation
at a low rate and may be left in place for days or even permanently. This method is often
used with prostate cancer [16]. High dose rate (HDR) brachytherapy uses highly radioactive
sources that enter the body through carefully placed catheters. They are left in place for
a specifically calculated dwell time, on the order of minutes, and then removed. HDR is
more common for cervical or breast cancer [17]. Both LDR and HDR brachytherapy may
be combined with EBRT for optimal tumour control [18].

There is potential to enhance treatment outcomes further through better understanding
of the tumour microenvironment and the varying radiosensitivities of different cell lines
[19]. Additionally, enhanced tumour control and reduced side effects could be achieved by
integrating radiotherapy with concomitant synergistic treatments such as chemotherapy [20],

immunotherapy [21, 22], and nanomedicine [23].

1.1.2 Chemotherapy

Chemotherapy plays a pivotal role in cancer treatment, and is often used in conjunction
with radiotherapy, surgery, or both to enhance therapeutic efficacy. While anti-cancer drugs
may offer curative potential in specific cancers, chemotherapy primarily aims to reduce mi-
crometastases and prevent further cancer spread when used as adjuvant therapy [24].

Chemotherapy is the administration of cytotoxic compounds, with treatment goals vary-
ing based on cancer type and therapeutic objectives. Drugs like docetaxel, bleomycin, dox-
orubicin, and cisplatin have demonstrated effectiveness in limiting cancer growth [25]. For
combined chemotherapy and radiotherapy, the order of treatment depends on factors such
as cancer type, stage, and treatment goals. Each patient’s treatment plan is tailored to
their specific needs, considering factors such as tumour characteristics, overall health, and
treatment tolerance [26].

Chemotherapy poses several challenges, including issues related to biodistribution, lim-

ited tumour specificity, short plasma half-life, poor solubility and stability, and nonspecific



toxicity [27]. Overcoming these challenges requires innovative approaches to drug delivery
and formulation to enhance tumour targeting while minimizing adverse effects on healthy
tissues. Despite the complexities involved, ongoing research aims to address these challenges

and improve the efficacy and safety of chemotherapy in cancer management.

1.1.3 Other Cancer Treatments

Surgery is used to remove solid tumours. Historically, it was the primary avenue of cancer
treatment, but as chemotherapy and radiotherapy techniques have progressed they have
rendered surgery unnecessary for many cancers. Chemotherapy and radiotherapy are less
invasive, and can be just as effective if not more effective than surgery at treating many
cancers [28]. Despite advances in other treatment modalities, surgery remains a highly
effective and critical treatment, with approximately 60% of patients receiving surgery in the
course of their treatment in the United States [29]. Globally, it is estimated that 80% of
cancer cases will require surgery in some form, including preventative and palliative care
[30].

Stem cell therapy in the form of a bone marrow transplant is typically used when treating
leukemia, after high doses of total body radiation, to restore the patients ability to generate
new blood cells and their immune system [31]. However stem cells are also being investigated
for other promising treatments, such as modifying them to produce antitumour agents in
situ [32].

Another evolving area of cancer treatments is immunotherapy. This takes advantage of
the fact that the immune system is inherently capable of destroying cancer cells, it simply
needs to recognize the cancerous cells as something that should be destroyed [33]. Personal-
ized cancer vaccines are one of the promising avenues of treating cancer which have emerged
from immunotherapy research [34].

Other treatments for cancer include thermal or microwave ablation, cryotherapy, hyper-
thermia, and others [35]. Recent breakthroughs in gene therapy have also opened that up
as a promising avenue of cancer treatment [36, 37]. Given the numerous types of cancer
and the unique ways in which both the disease and treatments can affect each patient, it is

crucial to explore all potential options when considering cancer treatment strategies.

1.2 Treatment Challenges

Ideally, cancer treatment will achieve 100% tumour control and completely halt the division

of cancerous cells. However, due to challenges in precisely targeting cancer therapies, this is



often not practically achievable, as the damage to healthy tissues in the patient could result
in death or other unacceptable side effects. The therapeutic index (TI) is used to evaluate
the balance between tumour control and the patients quality of life.

For radiotherapy, the therapeutic index is the ratio of tumour control probability to the
probability of normal tissue damage or complications. This assessment considers not only
acute side effects but also long-term damage and patient quality of life [38]. Physicians set an
upper tolerance for complications for a given treatment, which limits the achievable tumour

response. With chemotherapy the therapeutic index is defined more explicitly as the ratio,

_ TDs

TI =
EDs

(1.1)

where T' Dy is the dose at which 50% of the population experiences a toxic effect, and EDsg
is the dose at which 50% of the population experiences a therapeutic effect [39]. Much
research in cancer therapy focuses on finding treatments or combinations of treatments that

increase the therapeutic index or ratio.

1.2.1 Radiotherapy Challenges

Radiotherapy is more targeted than chemotherapy, but in most cases there is still a sig-
nificant radiation dose delivered to healthy tissue. There are many strategies to improve
radiotherapy outcomes, most of which focus on providing treatment which is highly local-
ized on the tumour, to reduce the dose to normal tissue as much as possible. Side effects from
radiotherapy may be immediate, or may occur years later. These side effects can also include
secondary cancers caused by the treatment itself, as high doses of radiation to normal tissue
are a known cause of cancer [40]. The side effects associated with radiotherapy can vary in
severity and timing, depending on factors such as the tumour site, the organs involved, and
the specific treatment regimen [41]. Understanding these potential side effects is crucial for
optimizing patient care and improving quality of life post-treatment.

Prostate cancer treatment with radiotherapy can lead to side effects such as incontinence,
cystitis, diarrhea, erectile dysfunction, and proctitis [42]. Similarly, in cervical cancer, where
radiotherapy is often used concurrently with chemotherapy, side effects can occur in organs
at risk like the bladder, rectum, and small intestine [20]. These side effects can manifest as
gastrointestinal issues, urinary problems, and gynaecological complications [43].

With breast cancer, surgery is a frontline treatment and many patients undergo a mas-
tectomy or lumpectomy. In both cases radiotherapy is often used as an adjuvant therapy,

to prevent reoccurrence [44]. Given the proximity of the breast to the lung, pulmonary



complications such as pneumonitis and lung fibrosis can develop after radiotherapy [45].
Additionally, lymphoedema (swelling in the arm) [46], and brachial plexus neuropathy oc-
cur frequently, which can impair arm mobility and significantly impact quality of life [47].
Breast radiation can also contribute to late effects of cardiotoxicity, which can compound
upon damage caused by concurrent chemotherapy such as doxorubicin [48].

Minimizing normal tissue toxicity while optimizing cancer cell kill is a key focus in im-
proving treatment outcomes and enhancing the quality of life for patients undergoing ra-
diotherapy. Continued research and innovation in radiotherapy techniques, along with a
multidisciplinary approach to cancer care, are essential for further refining treatment strate-

gies and maximizing the benefits of radiotherapy while minimizing its potential side effects.

1.2.2 Chemotherapy Challenges

Chemotherapy penetrates the whole body, and causes damage to healthy tissue just as much
as to cancerous tissue. Chemotherapeutic drugs cause many unwanted side effects. The
most reported are fatigue, loss of appetite, and diarrhea [49]. Other common side effects
are hair loss, nausea and vomiting, dry mouth, and constipation [50]. A major focus of
chemotherapy research is to determine methods of targeted delivery of drugs to cancerous
cells, in the hopes of reducing the normal tissue complications.

Another significant challenge with chemotherapy is multidrug resistance (MDR). MDR is
responsible for over 90% of deaths in patients receiving chemotherapy drugs [51]. Prolonged
use of chemotherapeutics can lead to the development of drug resistance in cancer cells,
reducing their effectiveness over time, however it may have a genetic component as well
[52, 53]. This is a common challenge in cancer treatment and may require adjustments
to the treatment regimen or the addition of other drugs to overcome. Current research is

focused on understanding the causes of MDR and preventing it from developing [54, 55].

1.2.3 Other Treatment Challenges

If surgery fails to remove the whole tumour it can cause the remaining cancerous cells to
spread through the body and metastasize [56]. Surgical treatment can involve long and
difficult recovery, and it can result in other outcomes not directly related to cancer such as
stroke, infection, or bleeding, and can lead to long and expensive hospital stays for patients
[57-60]. Immunotherapy can cause a wide range of side effects depending on the treatment,
including cardiotoxicity, arrhythmia, thyroid dysfunction, and dermatological toxicities [61].

All cancer therapies come with a wide range of side effects, creating an extensive list of



potential complications. While many effective cancer treatments exist, contemporary cancer

research often focuses on reducing these side effects.

1.3 Radiobiology

1.3.1 The Five R’s of Radiobiology

Reoxygenation Radiosensitivity

The 5 R’s of
Radiobiology

WGT5791%
WG2: 1859%
S 23.50%

Repopulation

0 100 200 300
P L

400 500
ropidium lodide::FL2-H
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Figure 1.2: The five R’s of radiobiology. These are the key principles that govern how cancer
responds to radiation and they are used to guide the design of radiotherapy treatment.

The 5 R’s of radiobiology are essential principles that describe the biological responses
of cells and tissues to ionizing radiation [62]. Originally proposed as an explanation for the
tissue sparing effects of fractionated radiotherapy [63], these principles help in understanding
how radiation therapy can be optimized to treat cancer effectively while minimizing damage

to normal tissues. They guide the design and implementation of radiotherapy protocols,



aiming to maximize the destruction of cancer cells while preserving the function of normal

tissues.

Repair Cells have the ability to repair sub-lethal damage caused by radiation. Normal tissue
is usually able to repair itself more quickly than cancerous tissue [64]. Fractionated
doses of radiation allow normal cells time to repair, limiting normal tissue toxicity

while the cancer cells stay in a damaged, vulnerable state.

Redistribution Cells move through different phases of the cell cycle, and their sensitivity
to radiation varies with these phases (See Section 1.3.2). Cells are most radiosensitive
during the G2 and M phases and most radioresistant during the S phase [65]. A dose
of radiotherapy typically results in the cells in the radiosensitive phases dying off,
leaving the remaining cells in the radioresistant phases of the cell cycle. Increasing
time between fractions of radiation treatment allows the cells to redistribute in the cell

cycle, putting more cells in the radiosensitive phases for the next treatment.

Repopulation After radiation damage, both normal and cancerous cells will proliferate to
replace those that were killed. Sometimes, tumour cells can repopulate faster than nor-
mal cells. Additionally, repopulating tumour cells may be more radioresistant [66]. The
timing and dosing of radiation must be carefully planned to control the repopulation

of tumour cells while allowing sufficient recovery of normal tissues.

Reoxygenation Oxygen is essential to radiotherapy through the production of reactive
oxygen species which can cause lethal damage. Tumours that are hypoxic (low oxygen)
are more resistant to radiation [67]. After an initial radiation dose kills oxygenated cells,
previously hypoxic cells can become oxygenated and thus more sensitive to subsequent
doses. Fractionated radiotherapy allows for reoxygenation of hypoxic tumour areas,

improving the overall effectiveness of the treatment.

Radiosensitivity The inherent sensitivity of cells to radiation varies [62]. Factors influenc-
ing radiosensitivity include the type of cell, the phase of the cell cycle, and the presence
of oxygen. Understanding the radiosensitivity of different tissues helps in tailoring the
treatment plan to maximize damage to cancer cells while minimizing harm to normal

cells.
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Figure 1.3: The life cycle of a eukaryotic cell.

1.3.2 The Eukaryotic Cell Cycle

The cell cycle is a tightly regulated process that governs the proliferation and division of
normal cells. It ensures that cells duplicate accurately and distribute their genetic material
evenly to daughter cells. There are four main phases to the cell cycle, G1, S, and G2, which
are collectively called the interphase, and mitosis or the M phase. Progress through the cell
cycle is regulated by cyclin-dependent kinases (CDKs), which phosphorylate other proteins
required for cells to proceed through the cell cycle checkpoints [68].

G1, or gap 1 phase, is the first growth phase of the cell. During this phase the cell is
metabolically active and grows in size while performing its regular functions. It also increases
its supply of proteins and organelles in preparation for the next phase. Prior to entering
the S phase, the cell goes through the G1/S checkpoint, which is intended to prevent cells
containing DNA damage from proceeding to S phase. The G1/S checkpoint is activated by
the p53 and p21 proteins. A cell that fails the G1/S checkpoint can be arrested in the G1
phase until DNA damage is repaired. If the cell is arrested in G1 due to a lack of extracellular

growth factors, it may enter GO or resting phase and become quiescent. Cells in GO are still
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viable, and can resume proliferating in the presence of sufficient growth factors [69].

If the cell passes through the G1/S checkpoint, it is committed to dividing and enters
the synthesis or S phase [70]. This is typically the longest phase of the cell cycle, during
which the cell duplicates all of its DNA in preparation for mitosis. During S phase, the cell
monitors the DNA replication process, and any issues can trigger the S phase checkpoint,
which slows the DNA replication process and extends S phase until the issue is resolved.
This checkpoint is regulated by the proteins ATM, CHK1, and CHK2 [71], and can also be
influenced by the BRCA1 and BRCA2 proteins [72].

After duplicating its DNA, the cell leaves S phase and enters the second gap phase, G2.
It now contains two identical sets of chromosomes. G2 phase consists of rapid growth and
protein synthesis. There are two G2 phase checkpoints. The early G2 checkpoint ensures
that all DNA has been replicated. Failure of the early G2 checkpoint will arrest the cell in
the G2 phase until DNA replication is finished. The late G2 checkpoint is the final check
for DNA damage prior to mitosis [73]. Both G2 checkpoints are activated by a similar
mechanism which involves the proteins ATM or ATR, CHK1/2, and CDC25A/C [72].

Finally, the cell undergoes division into two daughter cells during the M phase, mitosis.
The M phase consists of several stages: prophase, prometaphase, metaphase, anaphase, and
telophase, culminating in cytokinesis where the cytoplasm is divided into two daughter cells.
During prophase, chromosomes condense, the nucleus breaks down, and the mitotic spindle
begins to form. Prometaphase is marked by the fragmentation of the nuclear envelope,
allowing microtubules to attach to chromosomes via their kinetochores. In metaphase the
chromosomes have lined up in the middle of the cell and the centrosomes are at opposite
poles. During anaphase, the sister chromatids separate and the cell elongates. Telophase
sees the reformation of nuclear membranes, with chromosomes de-condensing to form two
nuclei. Cytokinesis completes the process, splitting the cytoplasm into two daughter cells
[74]. Understanding of the G2 and M phases is key for radiotherapy, as this is when cells are
the most radiosensitive [65].

Many cancer cells have mutations in the p53, p21, or BRCA genes [75], which enable them
to pass the G1/S and S phase checkpoints despite the presence of possible DNA damage.
This enables cancer cells to proliferate rapidly when other healthy cells would have been
halted in the cell cycle, and also to pass on genetic mutations. Accumulation of genetic
defects compromises cell cycle regulation, preventing proper cell cycle exit and initiation of
apoptosis. This continuous cell division and accumulation of genetic alterations contributes
to tumour growth and survival, highlighting the importance of understanding and targeting

cell cycle pathways in cancer therapy.
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1.3.3 DNA Damage and Repair

DNA damage is a key focus of radiotherapy, because every time there is a break in a DNA
strand, the cell must repair it in order to function properly. The more breaks there are, the
more likely it is that the cell will repair the break incorrectly or fail to repair it altogether,
and cause a catastrophic failure resulting in cell death.

Ionizing radiation can cause DNA damage directly by striking the DNA strands and
breaking the bonds [76]. However, given the small volume that the DNA takes up relative
to the total volume of the cell [77], the fraction of the radiation beam interacting directly
with DNA is very small. It is more likely that the radiotherapy deposits energy into the
cytoplasm of the cell, which is mostly water, and generates free electrons and reactive oxygen
species which then react with DNA and cause damage [78]. Cells have evolved several DNA
repair pathways to maintain genomic integrity and ensure cell survival in the face of DNA
damage. These pathways can be broadly categorized into mechanisms that repair base
damage, single-strand breaks (SSBs) and double-strand breaks (DSBs).

DNA base lesions are any number of chemical modifications to the base of a nucleotide,
and are the most common type of genomic damage [79]. They can be repaired through direct
lesion reversal or base excision repair [80]. Single strand breaks are the next most common
type of damage. They are related to base lesions but typically involve a missing section
of one strand of the DNA. The single strand break repair (SSBR) process is closely linked
to base excision repair [81]. Another repair pathway, mismatch repair, corrects base-base
mismatches and insertion-deletion loops that escape proofreading during DNA replication.

Double strand breaks, where both strands of DNA are damaged at the same spot, are
the rarest but the most deadly type of DNA damage [82]. DSBs can be repaired by non-
homologous end joining (NHEJ) or homologous recombination (HR). NHEJ simply joins the
two broken ends together again [83]. It often results in a small portion of DNA missing from
the repaired strand. HR uses a similar or identical undamaged DNA as a template, which
is replicated to complete the repair.

When a DSB occurs, it triggers a complex cellular response to detect and repair the
damage. One of the earliest events in this response is the phosphorylation of the histone
protein H2A X, after which it is called YH2AX. After radiation exposure, this phosphorylation
is primarily carried out by the ataxia telangiectasia mutated (ATM) protein. In humans,
ATM is recruited to the DSB by a complex of three proteins: MRE11, RAD50, and NBS1
(collectively known as MRN). Once phosphorylated, yYH2AX spreads along the chromatin

over a large region surrounding the DSB, forming what are known as YH2AX foci. These
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foci are a platform for the recruitment of various DNA repair proteins and help to activate
DNA repair pathways and cell cycle checkpoints [84].

Another crucial regulator of the DNA DSB repair mechanism is p53-binding protein 1
(53BP1). This protein has multiple functions, one of which is to direct DSB repair via NHEJ
[85]. Like yH2AX, the recruitment of 53BP1 can be tracked by the foci that form at sites
of damaged chromatin. 53BP1 can be recruited independently of YH2AX, but it can also be
recruited by the yH2AX platform, causing both foci to localize together [86].

1.4 Gold Nanoparticles

Gold nanoparticles (GNPs) have been studied for a number of different medical uses, includ-
ing as a vehicle for drug delivery and as a contrast agent for medical imaging [87]. This work

will focus on the use of GNPs as a radiosensitizer.

1.4.1 Characteristics of Gold Nanoparticles

GNPs exhibit highly customizable behavior, making them effective platforms for a range
of treatments. Many studies have investigated gold nanoparticle systems of different size,
shape, and surface chemistry [88]. Various gold-based nanotherapeutic systems, such as
spherical GNPs, gold nanorods, gold nanoshells, gold nanoclusters, and GNP-incorporated
liposomal nanoparticles, offer unique advantages and functionalities. Spherical GNPs are
particularly favoured for their ease of production, and modifiable surface chemistry.

Gold nanoparticles exhibit a phenomenon called localized surface plasmon resonance
(LSPR). This phenomenon occurs because the nanoparticles are similar in size or smaller
than the wavelength of the light incident upon them. The cloud of electrons around the GNP
resonates with the frequency of the incoming photons, and this causes a band of absorption
in the electromagnetic spectrum. LSPR is affected by the size, shape, charge, and surface
composition of the nanoparticles, as well as other factors like the temperature and pressure
at which they are stored [89]. It is also responsible for the distinct range of colours taken on
by gold nanoparticle solutions, with small gold nanoparticles appearing red and the colour
shifting through purple and becoming blue as the size of the GNPs increases [90].

Chithrani, et al. showed that undecorated, spherical GNPs have highest cellular uptake
when 50 nm in size [91]. However further studies showed that after functionalization with
PEG and RGD, higher uptake was found with 14 nm diameter GNPs [92]. GNPs enter the
cell through receptor-meditated endocytosis (RME). This process is also dependent on the
size, shape, and surface chemistry of the GNPs [93].
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The cytotoxicity and biocompatibility of GNPs depend on factors like size, shape, and
surface functionalization. Smaller nanoparticles may exhibit greater cytotoxicity due to
increased interaction with biomolecules, but surface modification, such as PEGylation, can
mitigate adverse effects. Additionally, the shape of GNPs influences their biocompatibility,

with nanospheres generally considered safer than nanorods [94].

1.4.2 Surface Ligands

Nanoparticles functionalized with PEG (polyethylene glycol) and RGD (Arg-Gly-Asp) serve
a crucial role in various biomedical applications, particularly in targeted drug delivery sys-
tems. The functionalization of nanoparticles with PEG and RGD offers several advantages,
such as improved stability, targeted delivery, and increased therapeutic efficacy.

PEGylation, the process of attaching PEG chains to the surface of nanoparticles, en-
hances their stability in biological environments because PEG acts as a steric barrier, pre-
venting non-specific interactions with proteins and other biomolecules [95, 96]. This reduces
the likelihood of triggering an immune response and prolongs circulation time in the blood-
stream [97]. The length of the PEG molecules and the density at which they are attached
to the nanoparticles can affect the uptake and toxicity of the PEGylated system [98].

The incorporation of RGD ligands onto the surface of nanoparticles enables specific tar-
geting of cancer cells and tissues that overexpress integrin receptors, such as o, /33 and a5
[99]. The RGD motif binds selectively to these receptors, facilitating the internalization of
nanoparticles into cancer cells while minimizing uptake by healthy cells. This targeted ap-
proach enhances the efficacy of drug delivery while reducing off-target effects and minimizing
systemic toxicity. While the benefits of RGD have been confirmed extensively in vitro, the
same benefits are not always seen in vivo [100].

The selective accumulation of nanoparticles in tumour tissues enhances the efficacy of
anticancer drugs while minimizing their exposure to healthy tissues, thereby reducing side
effects and improving patient outcomes. By combining PEGylation with RGD targeting,
nanoparticle-based drug delivery systems can achieve higher drug concentrations at the site
of action, leading to improved therapeutic outcomes [101]. Overall, the functionalization of
nanoparticles with PEG and RGD represents a versatile strategy for designing targeted drug
delivery systems with enhanced stability, biocompatibility, and therapeutic efficacy, holding

great promise for the treatment of various diseases, particularly cancer.
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1.4.3 Radiotherapy Applications of Gold Nanoparticles

Gold nanoparticles (GNPs) are a promising radiosensitizer [102-104]. One of the first studies
demonstrating GNP radiosensitization was done by Hainfeld, et al. using 1.9 nm diameter
GNPs in mice [105]. Due to their high atomic number (Z=79), gold atoms have a high
interaction cross section with X-rays [106] and other forms of ionizing radiation. Gold also has
an increased photoelectric absorption at low energies (E), as the probability of photoelectric
interaction is proportional to (Z/E)3. The increased photoelectric effect results in a surge
of free electrons which generate reactive oxygen species (ROS) in the cell [107, 108]. These
secondary particles and ROS cause significant DNA damage in cancer cells, improving the
effectiveness of the radiation treatment. This allows for higher radiation doses to be delivered
to the tumour while sparing surrounding healthy tissue.

Continued research efforts are focused on refining GNP based approaches to radiation
therapy, with the ultimate goal of achieving clinically relevant outcomes. Optimizing GNP
properties, such as size, shape, and surface modification, will be critical in realizing the full

potential of GNP mediated radiation dose enhancement in clinical practice [109].

1.5 Doxorubicin

O OH O

Figure 1.4: The chemical structure of doxorubicin. (Source: Wikimedia Commons in the
public domain. Left image. Right image.)

Doxorubicin hydrochloride (DOX, sold under brand name Adriamycin®) and PEGylated
liposomal doxorubicin (LNP-DOX, sold under brand names Doxil® or Caelyx®) is used to
treat a wide variety of cancers and is commonly used to treat breast cancer. It is an effective

form of chemotherapy but has a high level of normal tissue toxicity, particularly in cardiac
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tissue [110]. Due to the severity of the side effects and the bright red colour of the drug, it
is known colloquially by the name “red devil”.

Doxorubicin is derived from the bacterium streptomyces peucetius. The same bacterium
is used to produce daunorubicin, a distinct but related chemotherapy drug. Doxorubicin
belongs to a family of drugs known as anthracyclines. It was discovered in the 1960’s and
approved for clinical use in 1974 by the US Food and Drug Administration (FDA) [111].

One of the major limiting side effects of doxorubicin is its potential for causing cardiotox-
icity, which can lead to irreversible heart damage and congestive heart failure. The risk is
dose-dependent, with higher cumulative doses increasing the risk [112]. Doxorubicin can
also cause significant myelosuppression, leading to decreased levels of white blood cells, red
blood cells, and platelets. This increases the risk of infections, anemia, and bleeding. Other
side effects include nausea, vomiting, alopecia (hair loss), mucositis (inflammation of the

intestinal lining), and fatigue [113].

1.5.1 Mechanisms of Action

Doxorubicin works by intercalating DNA, which means it inserts itself between DNA bases,
disrupting the DNA structure. It also inhibits the enzyme topoisomerase II, which is es-
sential for DNA replication and transcription [114]. As a result, doxorubicin prevents the
proliferation of cancer cells and induces apoptosis (programmed cell death).

Its anticancer molecular action is complex and includes, among others: inhibition of
topoisomerases I and II, formation of DNA adducts and free radicals, interaction with mem-
brane proteins, histone eviction and ceramide overproduction [115]. Studies have demon-
strated that doxorubicin can induce cell cycle arrest in the GO/G1 phase [116], the S phase
[117], and the G2/M phase [116-118]. Additionally, anthracyclines including doxorubicin
have been shown to increase the levels of polyunsaturated fatty acids in cells [119]. The
mechanism of action may depend on the concentration of the drug, but at typical dosing

concentrations the primary mechanism of action is via topoisomerase II inhibition [120].

1.6 Scope of this Thesis

Given the radiosensitization properties of GNPs and the anticancer properties of doxorubicin,
these treatments may have a synergistic effect when used in combination. If so, the combined
effect would be greater than the sum of the individual effects, which could lead to improved
cancer therapeutics.

This work used doxorubicin, gold nanoparticles, and radiation. Breast cancer cells were
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administered different combinations of the examined treatments, in order to ascertain the
effectiveness and investigate possible synergy. To facilitate this, gold nanoparticle uptake,

cellular proliferation, clonogenic survival, and DNA damage were quantified.
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Section 2

Materials and Methods

2.1 Synthesis, Functionalization, and Characterization of Gold Nanoparticles

2.1.1 Synthesis

Gold nanoparticles (GNPs) of size ~12 nm in diameter were prepared via a citrate reduction
method adapted from the Turkevitch method [121, 122]. First, a 1% solution of chloroauric
acid was produced by dissolving gold(III) chloride trihydrate (HAuCly- 3H,O; Sigma Aldrich)
in double distilled water. From this a 1 mM solution of gold was prepared by adding 28.82
mL of distilled water and 1.18 mL of the 1% chloroauric acid solution to an Erlenmeyer
flask. The flask was covered with aluminum foil to reduce evaporation, and the solution was
heated to boiling while stirring continuously. Once the solution was boiling, 1.2 mL of 5%
sodium citrate tribasic dihydrate (HOC(COONa)(CHyCOONa),-2H,0; Sigma Aldrich) was
added. The solution shifted rapidly from pale yellow to clear to dark purple. It boiled for
a further 5 minutes until it was ruby red, and was brought to room temperature, all while

stirring continuously (Figure 2.1).

2.1.2 Functionalization

The GNPs were functionalized using PEG and RGD. With the goal of moving to in vivo work
in the future, PEG is used as it prolongs the circulation time of the nanoparticles in the body
[97]. However PEG also reduces the uptake of nanoparticles into cells so a peptide containing
RGD (Cys-Lys-Lys-Lys-Lys-Lys-Lys-Gly-Gly-Arg-Gly-Asp-Met-Phe-Gly) was also used to
improve cell internalization [92].

To PEGylate the nanoparticles, PEG-thiol was added to the GNP solution at a ratio
of 1 PEG molecule per 1 nm? of surface area on the GNPs [92]. The GNPs were assumed
to be perfect spheres for the purpose of this calculation. The PEG and GNP mixture was
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Figure 2.1: GNP Synthesis via the Turkevich method.

mixed thoroughly. Then RGD was added at a ratio of 1 RGD molecule per 2 PEG molecules
[123]. The solution was mixed thoroughly and monitored for changes in colour or opacity.
The characteristics of the PEG and RGD functionalized GNPs were verified as discussed in
the next section. Except for live cell imaging, all experiments were conducted using GNPs
functionalized with both PEG and RGD.

For live cell imaging, the GNPs were functionalized using a fluorescent marker so they
could be imaged with a laser scanning confocal microscope. Half of the standard PEG
molecules were replaced with PEG-thiol-Cy5. First the PEG was added to the GNPs as
described above, except half as many were used. Then the PEG-thiol-Cy5 was added in

equal proportion of molecules. It was mixed well, then RGD was added as before.

2.1.3 Characterization
UV-Vis Spectroscopy

To determine the size and concentration of the nanoparticles, ultraviolet-visible (UV-Vis)
spectroscopy was conducted using a Perkin Elmer Lambda 365 UV /Vis Spectrophotometer
using a wavelength range of 400-600 nm and a resolution of 0.05 nm. As the GNPs produced
were very concentrated, they were diluted by half in distilled water before 1 mL was added
to a quartz low-volume cuvette with a 1 cm path length. A cuvette of deionized water was

used as the blank signal.
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To determine the absorbance (A) of the sample, light is passed through the cuvette and
the intensity of the transmitted light (/) is measured. The absorbance is then calculated

according to the equation,
I

where [ is the intensity of the light transmitted through the reference material. The Beer-

Lambert Law relates the absorbance to the concentration (C') of the sample according to,
A=eCL (2.2)

where L is the path length through the sample and e is the extinction coefficient. [124]
The absorbance of 450 nm incident light (A4s0) and the peak absorbance were measured

and used with a lookup table to determine the size of the nanoparticles. A second lookup

table was used with As50 to get the extinction coefficient €459, from which the concentration

was calculated using Equation 2.2 [125].

Dynamic Light Scattering

Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter of the
nanoparticles. The hydrodynamic diameter is the diameter of a hypothetical hard sphere
that diffuses with the same speed as the particle being measured. Nanoparticles may not
be perfectly circular and they are often used with surface modifications (such as PEG and
RGD for this work) which affect the particles’ motion in solution as well as how they interact
with proteins and cells in the body [126]. Because of this, the hydrodynamic diameter is an
important characteristic to know when planning for in vivo work.

Particles in a solution exhibit random motion known as Brownian motion. Light scatters
off of the randomly moving particles which introduce randomness to the phase of the scat-
tered light. Time-dependent fluctuations in the intensity of the scattered light are measured
by a fast photon counter [127]. The fluctuations are directly related to the rate of diffusion
of the molecule through the solvent, which is related in turn to the particle’s hydrodynamic

diameter by the Stokes-Einstein equation,

_ Tkp
b 37TI/dH

(2.3)

where D, is the diffusion coefficient, T" is the temperature, kg is the Boltzmann constant, v

is the viscosity of the medium, and dy is the hydrodynamic diameter [128].
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DLS was performed using a 1 cm path length quartz cuvette in an Anton Paar LiteSizer

500 with a light source of wavelength 658 nm.

Zeta Potential

The zeta or electrokinetic potential of a nanoparticle in solution is the electric potential at
the shear plane. A charged nanoparticle in solution will attract ions of the opposite charge,
which form a layer on the surface known as the Stern layer. Past this layer, the electrostatic
effects of the particle’s surface charge decrease with distance, and a second layer of both same
and opposite charged ions forms called the diffuse layer. When an electric field is applied
to the solution, charged particles move towards the opposite electrode. The shear plane is
a hypothetical plane within the diffuse layer which forms an interface between the moving
particles and the surrounding solution during this process. The zeta potential is measured
at this plane [127].

In nanoparticles, a high zeta potential is an indicator of stability, as the particles repel
each other and are less likely to aggregate. It is also useful to confirm successful PEGylation,
as the zeta potential will change in the presence of surface ligands. For this work, zeta
potential was measured with electrophoretic light scattering using an Anton Paar LiteSizer

500 with an Anton Paar Omega cuvette.

2.2 In Vitro Cell Culture Experiments

2.2.1 Cell Lines and Materials

MDA-MB-231 (ATCC# HTB-26), a breast cancer cell line, was the primary cell line used.
It was cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supple-
mented with 10% fetal bovine serum (FBS; Gibco), 1% penicillin and streptomycin (Gibco),
and 4 mM GlutaMAX (Gibco). Additional experiments were conducted using LNCaP
(ATCC# CRL-1740), a prostate cancer cell line. It was cultured in Roswell Park Memo-
rial Institute 1640 Medium (RPMI; Gibco), supplemented with 10% FBS, 1% penicillin and
streptomycin, and 2 mM GlutaMAX. Both cell lines were maintained in an incubator at 5%
CO, and 37°C, and passaged as needed when they reached 80% confluency. For cell dissoci-
ation, 0.25% Trypsin-EDTA (Gibco) was used. Experiments using live cells were performed
in a biosafety cabinet (BSC).

For the DNA double strand break assay, two different DNA repair markers were examined.
For labelling yH2AX foci, Anti-phosphone-Histone H2A.X (Ser139; Sigma-Aldrich) was used
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as the primary antibody and Donkey anti-Mouse IgG, Alexa Fluor 647 (Invitrogen) was
used as the secondary antibody. For labelling 53BP1 foci, Phospho-53BP1 (Ser1778; Cell
Signalling Technology) was the primary antibody and Donkey anti-Rabbit IgG, Alexa Fluor
488 (Invitrogen) was used as the secondary antibody.

Gold nanoparticles were prepared as previously discussed. Doxorubicin hydrochloride
(DOX; Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich), aliquoted,
and kept frozen at -20°C. When required for dosing cells, one aliquot was thawed and fur-
ther diluted in PBS before adding to cell media to make the desired concentration. Unused
portions were discarded and not refrozen. When GNPs were used, all cell lines were dosed

with GNPs at a clinically relevant concentration of 7.5 ug/mL of gold.

2.2.2 Dosing Concentration

To determine the 50% inhibitory concentration (IC50) of free DOX for the cell lines used,
cells were seeded in all the wells of a 96-well, black, flat bottomed tissue culture plate
(Costar®, Corning Inc.) except column 1. Enough cells were seeded that untreated cells
would be 80% confluent after four days. During incubation periods, the plates were sealed
with a breathable membrane (Breathe-Easy®, Sigma-Aldrich) to reduce evaporation. After
waiting 24 hours for the cells to adhere, the cells were dosed with DOX at doses ranging
from 50 uM to 1.9x10~4 pM, with a dilution factor of 4 between each column (see Figure
2.2). Cells were incubated with the drug for 48 hours, at which point the drugged media
was removed and replaced with fresh media. The cells were allowed to grow for a further 24
hours. The media and PBS was removed and replaced with 100 pL of 10% PrestoBlue'
Cell Viability Reagent (Invitrogen) in media which was incubated for one hour before the
amount of fluorescence was measured with a Biotek Cytation 1 plate reader. Viable cells
reduce the reaszurin compound in the PrestoBlue, and the resulting fluorescence correlates
linearly to the number of viable cells.

The fluorescence was averaged down the columns to get the average fluorescence per con-
dition. The blank wells are necessary as the PrestoBlue alone yields some fluorescence even
without cells, and this value was subtracted from the other conditions as the background.
The fluorescence of the dosed columns were divided by that of the untreated control column
to calculate the relative growth. This was plotted against the drug concentration, and the

resultant dose-response curve was fitted with the four-parameter log-logistic function (L14,
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Figure 2.2: 96-well plate layout used for determining IC50.

Equation 2.4) using the optimize.curve_fit function from the Python package SciPy.

d—c
@) =c+ 1+ exp(b(Inz —1Ina)) (2:4)

The IC50 is the dose at which 50% of cells remained viable relative to the control, and was
interpolated from the fitted curve [129]. For all further experiments, cells were dosed at the

IC50 concentration of DOX for a 48 hour exposure.

2.2.3 Live Cell Imaging

Cells were seeded in 35 mm glass coverslip bottom dishes (MatTek) and incubated. After
24 hours they were dosed with DOX and GNPs functionalized with PEG-thiol-Cy5 and
RCGD. Cells were dosed for 48 hours. Four drops (2 drops/mL) of NucBlue " Live Cell Stain
ReadyProbes’ " (Invitrogen) were added to the dish and it was incubated for a further 30
min before imaging on a laser scanning confocal microscope (Zeiss). NucBlue uses Hoechst
33342 to stain cell nuclei.
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2.2.4 Cellular Uptake

Cells were plated in 6-well cell culture plates (CELLSTAR®, Greiner Bio-One) and incubated
for 24 hours so the cells could adhere. After 24 hours, they were dosed with GNPs alone
or DOX and GNPs according to Figure 2.3. Each condition was seeded in triplicate. Cells
were incubated with the dosed media for 48 hours, then the media was removed. Each well
was washed with PBS for five minutes, three times. Cells were dissociated from the plate
by incubation with 250 pL trypsin for 5 minutes. 1 mL media was added to neutralize the
trypsin and the samples were transferred to 1.5 mL microtubes. 100 plb was removed from
each sample and the cell concentration was calculated using a hemocytometer. Samples were

refrigerated until the day before data collection.

G GNP

D+G Doxorubicin+GNP

OOC
000

Figure 2.3: 6-well plate layout used for cellular uptake of GNPs.

To measure the gold in each sample, a portion of each sample was transferred to a glass
test tube. The full sample was not used as the amount of gold would have been too high
and it would saturate the detector. Samples were first mixed with a micropipette as they
had settled after sitting in the fridge for a few days, and then a volume between 100-500
pul was transferred to the test tube in order to have 50,000-100,000 cells in the test tube.
To reduce evaporation, a plastic cap was added to each tube. Tubes were placed in mineral
oil to improve heat distribution and heated to 90°C on a hot plate in a fume hood. 250
ul of aqua regia was added to each sample, and they were maintained at 90°C for 30 min.

Then 100 pL of hydrogen peroxide was added to each and they were maintained at 90°C for
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another 30 min. Samples were transferred to 15 mL centrifuge tubes, and the glass tubes
were washed down with 1 mL distilled water which was also added to the centrifuge tubes.
Distilled water was added to bring the volume up to 10 mL. The concentration of gold in
each sample was measured using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

To compute the number of GNPs in each cell, first the number of gold atoms per GNP,
N, was computed. Gold has a face-centered cubic crystal structure with a lattice constant
of a=0.4065 nm and the GNPs are assumed to be perfectly spherical with radius r, so N is

given by,
~ 16mr?

3a3

Knowing this, the gold concentration measured using ICP-MS, X (ug/L), can be converted

(2.5)

into GNPs per mL, U, according to,

X[/ 1g 1L 1 mol 6.022 x 10%* atoms
N \ 10%ug 103 mL 196.97 g Au 1 mol

A small volume of cells, V', was used for each sample, and then the final product was diluted

to 10 mL. Accounting for this dilution, the GNPs per cell is given by,

U(10 mL)

GNPs/cell =
s/ce oV

(2.7)
where C' is the cell concentration calculated before processing samples for ICP-MS.

2.2.5 Cell Cycle

Cells were seeded in 6-well plates, allowed to adhere for 24 hr, then dosed with DOX and
GNPs according to Figure 2.4. After dosing for 48 hours, media was removed and the cells
were washed with PBS. To dissociate the cells from the well bottoms, they were incubated
with 250 pL of trypsin until the cells had released. 1 mL of fresh media was added to each
well to neutralize the trypsin. Each sample was then transferred to a 15 mL conical centrifuge
tube and centrifuged for 5 min at 1400 rpm and 4°C. The supernatant was poured off, the
cells were resuspended in 1 mL PBS, and centrifuged again at the same settings. Then the
supernatant was poured off again and the cells were resuspended in 1.5 mL PBS. While
vortexing, 0.5 mL of 4% PFA was added dropwise to each tube, and vortexing continued for
an additional 10 sec. Samples were incubated on ice in the dark for 15 min, then centrifuged
at the previous settings. The supernatant was poured off and they were resuspended in PBS,

then centrifuged again. Supernatant was poured off and the cells were resuspended in 0.6
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mL of distilled water, then 1.4 mL of freezer cold 100% ethanol was added dropwise while
vortexing, and vortexing continued for a further 10 sec. Samples were then placed in a -20°C

freezer until the day of data collection (3-4 days).

/ Used for Additional Experiments
C Control
G GONP

D

Doxorubicin

D+G Doxorubicin+GNP

OO
DOL

Figure 2.4: 6-well plate layout used for cell cycle assay, double strand break assay, and for the
dosing and irradiation steps of the clonogenic assay. Multiple plates were seeded as required
for the given assay. For additional experiments see Appendix A.

On the day of data collection, samples were removed from the freezer and centrifuged
at 1400 rpm and 20°C for 10 min. Buffers of 0.5% Bovine Serum Albumin (BSA) in PBS
and 0.5% BSA and 0.1% Triton-X in PBS were prepared. Supernatant was poured off, cells
were resuspended in 1 mL 0.5%BSA/PBS, and centrifuged at 1400 rpm and 20°C for 5
min. Supernatant was poured off and cells were resuspended in 1 mL 0.5%BSA /0.1%Triton-
X/PBS. 50 pL of 2 mg/mL RNaseA was added to each tube to achieve a concentration of
100 pg/mL. Samples were incubated on a shaker at 37°C for 25 min. Propidium iodide was
added to a concentration of 0.01 mg/mL, and then samples were incubated on a shaker in
the dark at 4°C for one hour. Each sample was then passed through a 100 gm nylon net
filter (Millipore) while being transferred to a flow cytometry tube. Samples were read using
a FACSCalibur flow cytometer (BD Biosciences).
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2.3 Radiation Experiments

2.3.1 Radiation Treatment

For any assay where the cells needed to be irradiated, a Varian TrueBeam clinical linear
accelerator (linac) was used. Cell plates were positioned so the bottom of the plates, where
the cells were adhered, would be at isocenter (Source Axis Distance = 100 cm). Plates
were placed between two 5 cm thick blocks of Solid Water® (Sun Nuclear). Irradiation was
performed from below (Gantry angle 180°) to reduce the air gap between the Solid Water®
and the cells created by the culture plate. A 28x28 cm field was used, which was able to
accommodate up to six culture plates in a single beam, with at least 1 cm between the plate
edge and the field penumbra. Either 2 Gy or 5 Gy was delivered using a 6 MV beam at the
maximum dose rate of 600 MU/min. To maintain consistency of other growth conditions,
unirradiated plates were also brought to the linac location but were left outside the bunker.
2 Gy and 5 Gy were used as these are clinically relevant doses often used in fractionated

radiotherapy treatment regimes.

2.3.2 Proliferation Assay
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Figure 2.5: 96-well plate layout used for cellular proliferation assay.
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Cells were plated in 96-well plates such that there would be 40,000 cells in the control
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group after 6 days. 6 plates were seeded, 2 per radiation condition, and the experiment
was repeated 3 times. The A and H rows were not used, and were instead filled with PBS
to reduce edge effects. After seeding, the plates were sealed with a breathable membrane
and incubated for 24 hours to allow the cells to adhere. Cells were dosed with DOX and
GNPs according to the layout seen in Figure 2.5. Plates were resealed and incubated for 48
hr. After 48 hr, plates were irradiated with 2 Gy or 5 Gy using a clinical linear accelerator
(Varian) or were unirradiated (0 Gy). After irradiation, the media was removed from all wells
and replaced with fresh media, then the plates were resealed and returned to the incubator.
For each radiation condition, half of a plate including blank wells (columns 1-6 or 7-12) was
aspirated and 100 uL of 10% PrestoBlue in media was added. The plates were incubated for
1 hour and then the fluorescence of the open wells was read with a plate reader. Readings
were taken immediately after irradiation, and again every 24 hr after that for 3 days.

To compute relative growth on a given day, the average blank fluorescence was subtracted
from the average reading for each condition, and this was divided by the reading for that

condition from day 0 (immediately post irradiation).

2.3.3 Clonogenic Assay

Cells were seeded in 6-well plates and incubated for 24 hours for the cells to adhere. They
were dosed according to the plate layout in Figure 2.4. Cells were incubated with the dosed
media for 48 hours, and then irradiated with 0 Gy, 2 Gy, or 5 Gy. Immediately after
radiation, cells were dissociated from 6-well plates and each condition was counted using a
hemocytometer. The cell suspensions were diluted such that the desired number of cells to
seed could be found in a volume between 100 uL and 1 mL. Dilutions were performed 1:10
until the desired concentration was reached. 60 mm cell culture plates were labelled and
4 mL of media was added to each. The appropriate volume was added dropwise to each
plate to achieve the desired cell count. Plates were carefully transferred to a 37°C, 5% COy
incubator and incubated for 12 days to allow colonies to form.

During incubation, clonogenic assay plates were kept in a secondary incubator set aside
for this purpose to reduce jostling. After 12 days incubation the lid was removed from each
plate and the media was carefully poured off. Enough 0.5% methylene blue (BioShop) was
added to each plate to cover the bottom, and plates were stained for 15 minutes. Next,
the methylene blue was poured off and the plates were carefully rinsed face down in water.
Plates were then left overnight to dry. The next day, colonies were counted manually. Any

cluster of 50 or more cells was scored as a colony. This procedure was adapted from the
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methods given by Munshi, et al. [130].

To compute the surviving fraction of cells, first the plating efficiency (PE) is calculated by
dividing the number of colonies by the number of cells seeded. This was computed for each
plate, and then averaged for each condition, as all conditions had been plated in triplicate.
The survival fraction (SF) for a certain condition is given by its plating efficiency divided by

the plating efficiency of the unirradiated control cells.

# colonies PE

PE = F= — —
# cells seeded > PE of control

(2.8)

2.3.4 DNA Double Strand Break Assay

Cells were seeded in 6-well plates with a glass microscope coverslip placed in the bottom.
After 24 hours for cells to adhere, they were dosed with DOX and GNPs according to the
plate layout in Figure 2.4. After 48 hours incubation with the drug formulations, cells
received either 0 Gy (unirradiated), or 2 Gy of radiation from a clinical linear accelerator.
5 Gy was not used for this experiment as it causes so much DNA damage that the repair
foci are uncountable. After irradiation, media was aspirated and replaced with fresh media.
Cells were incubated a further 24 hours to allow DNA damage foci to form. After 24 hours
media was aspirated, then cells were washed with PBS and fixed with 4% paraformaldehyde
(PFA) for 10 min. Cells were washed twice more with PBS, 5 minutes for each wash, and
then blocked with a solution of 2% BSA and 0.1% Triton-X in PBS for 20 minutes. The
two primary antibodies and the two secondary antibodies were diluted 1:200 and 1:500,
respectively, in 0.5% BSA and 0.1% Triton-X in PBS. The coverslips were carefully lifted
out of the 6-well plates and placed cell-side down on 50 ul of each primary antibody on
clean parafilm. They were incubated with the primary antibodies in the dark for one hour.
Coverslips were placed back into their wells in the 6-well plates, cell-side up, and washed
two times with PBS, 5 minutes per wash. Next they were washed with 0.5% BSA and 0.1%
Triton-X in PBS. Then they were lifted out of the wells and placed cell-side down on 50
L each of the secondary antibodies, and incubated in the dark for 45 minutes. Coverslips
were returned to their wells in the 6-well plates, cell-side up, and washed with PBS for 5
minutes. They were fixed again with 4% PFA for 5 minutes, then given a final wash with
PBS. Coverslips were carefully dried and fixed to labelled microscope slides using ProLongTM
glass Antifade with NucBlue'" (Invitrogen). Slides were kept in the dark and left for 48
hours to cure. Imaging was done with a laser scanning confocal microscope (Zeiss). Multiple

images were taken in different areas of the slide, and each was taken as a z-stack to encompass
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the entire cell and then compressed into a single image to count the foci. Image processing

was performed in ImageJ and foci were manually counted.

2.4 Statistical Analysis

P values were calculated using a Welch’s independent t-test. This test was used as it applies
even when samples have differing variance and sample sizes. The test statistic, ¢, for a
Welch’s t-test is given by,
AX X, - X
t= =1 =2 (2.9)

SAY /2 2
AX 2 Z
8X1 + 8X2

where s, = s; /+/Nj is the standard error for the i*® sample with mean X, standard deviation

s;, and sample size ;. The degrees of freedom, v, for this test statistic is calculated using,

()
v M ) (2.10)

Sl + 52
Nf(N1—1)  N3(N2-1)

The test statistic and degrees of freedom are used with the Student’s t-distribution to cal-

culate the p value. P<0.05 was considered statistically significant.
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Section 3

Results and Discussion

3.1 Gold Nanoparticle Characterization
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Figure 3.1: Characterization figures for plain GNPs and GNPs functionalized with PEG and
RGD. (A) UV-Vis plot. (B) Zeta potential. (C) Hydrodynamic diameter measured using
DLS.

Table 3.1: Characterization data for GNP, GNP+PEG, and GNP4+PEG+RGD functional-
ized nanoparticles from UV-Vis Spectroscopy, Zeta Potential, and DLS.

Peak Absorption Zeta Hydrodynamic
Wavelength (nm) Potential (mV) Diameter (nm)
GNPs 524.55 £ 0.05 -32 £ 5 16.03 £ 0.03
GNPs+PEG 521.00 £ 0.05 -21+£04 28.68 4+ 0.09
GNPs+PEG+RGD 526.05 = 0.05 0.3 £0.2 26.2 = 0.5

Gold nanoparticles were prepared with a hydrodynamic diameter of 16.03+0.03 nm as
measured by DLS, and a zeta potential of -32+5 mV. From the UV-Vis results, the particle

diameter was calculated to be 12.8 nm, and the concentration was 240.12 pug/mL. After
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functionalization with PEG and RGD, the hydrodynamic diameter was increased to 26.2
nm and the positively charged RGD peptides shifted the zeta potential to 0.3+0.2 mV. The
DLS results showed a second small peak (Figure 3.1C) at 0.7 nm for the plain GNPs and at
1.7 nm for GNPs+PEG+RGD. This may be gold seeds leftover from the synthesis process
that never formed larger nanoparticles [131, 132]. As these seeds only make up a small
portion of the nanoparticles, they are inconsequential for the in vitro experiments performed
in this work. However this could be of concern in future in vivo studies, as different sized

nanoparticles may have different levels of toxicity [133].

3.2 Results for Breast Cancer Cell Line MDA-MB-231

DOX GNPs-Cy5 Nucleus-Hoechst33342 Merged

Figure 3.2: Live cell confocal imaging of MDA-MB-231 cells containing DOX (green channel)
and GNPs functionalized with PEG-Cy5 (red channel). Cell nuclei are stained with NucBlue
(Hoechst33342, blue channel).

Live cell images (Figure 3.2) were taken to demonstrate the internalization of DOX and
GNPs in the cells. DOX has an inherent fluorescence, with the excitation peak at 470 nm
and the emission peak at 560 nm [134]. GNPs were functionalized with Cy5, which has an
excitation peak at 647 nm and an emission peak at 665 nm. Cell nuclei were stained with
NucBlue containing Hoechst33342, which has an excitation peak at 360 nm and an emission
peak at 460 nm.

In Figure 3.2 it can be seen that the GNPs are found throughout the cell but tend to
cluster near the nucleus. DOX is seen distributed throughout the cell, with some brighter

spots that are likely lysosomes which have sequestered the drug [135].

3.2.1 Cytotoxicity Assay

Prior to beginning cell culture studies, it was necessary to determine the concentration that

should be used when dosing cells with DOX. Maass et al. used a novel method to measure the
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Figure 3.3: Relative cell growth versus DOX concentration used to determine the IC50 of
DOX for MDA-MD-231 cells after 48 hour drug incubation time. The IC50 was determined
to be 144.4 nM. The experiment was performed in triplicate and the error bars represent the
standard error in the mean between the three plates.

IC50 of DOX, and found that after 24 hours incubation the IC50 was 45 nM for MDA-MB-
231 [136]. Other experiments demonstrated a wide range of IC50 values for DOX, dependent
on the cell line, drug incubation time used, and growth conditions [137-140]. Based on that
data as well as preliminary experiments, a concentration range of 0.19 nM-50 M was used
as it was expected to encompass the inflection point of the curve. The IC50 of DOX for
MDA-MB-231 cells was determined from Figure 3.3 to be 144.4 nM. This is the concentration
at which DOX was dosed for all other experiments using MDA-MB-231 cells, including the
live cell images pictured in Figure 3.2. As the efficacy of DOX is impacted by cell passage
number [141], experiments were conducted in quick succession and only passage numbers

below 15 were used.
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Figure 3.4: Gold nanoparticle uptake by MDA-MB-231 cells treated with DOX. Cells were
treated for 48 hours with GNPs at 7.5 pg/mL and/or DOX at 144.4 nM. The experiment
was performed in triplicate and the error bars represent standard error between wells. *
indicates a significant difference between results (p<0.05, two-tailed Welch’s independent
t-test).

3.2.2 Cellular Uptake

To ascertain if DOX would affect the amount of gold that was taken up into the cells, which
could affect the cells’ response to radiation in later studies, the uptake of gold into the cells
was measured using ICP-MS. Control cells contained on average (0.7640.05)x 105 GNPs per
cell. Samples incubated with DOX contained on average (1.27+0.16)x10° GNPs per cell.
The significant increase (p<0.05) in GNPs per cell seen with DOX is likely due to DOX
interfering with the microtubule network [142]. The microtubule network is used to move
vesicles [143], which contain the GNPs, around the cell. Interfering with this network may

prevent the cells from expelling the GNPs, resulting in an increase in the measured uptake
[144].
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Figure 3.5: Flow cytometry results for MDA-MB-231 cells incubated with DOX and GNPs.
Cells were unirradiated, and data was collected at two time points after removing the treated
media, 0 hours and 46 hours. DNA content is based on the amount of propidium iodide
measured by flow cytometry. 2n and 4n DNA content was labelled based on the locations
of the peaks in the Ohr and 46hr control samples. 2n DNA indicates the G1 phase, and 4n
indicates the G2/M phase. Cells were treated for 48 hours with GNPs at 7.5 ug/mL and/or
DOX at 144.4 nM.

3.2.3 Cell Cycle

The flow cytometry results shown in Figure 3.5 indicate cell accumulation in G1 and S
phase at the 0 hour time point in the samples that were treated with DOX, however it is not
conclusive. After 46 hours the G1 peak is beginning to appear, but there is no indication of
the typical G2/M peak. The lack of clear cell cycle phases in the DOX samples, combined
with the large appearance of the cells in Figure 3.9, may indicate that the cells entered
senescence and ceased progressing through the cell cycle [145]. This will be discussed further
in Section 3.2.4.

3.2.4 Cell Growth

Two experiments were performed which assessed overall cell growth and survival. A prolifer-
ation experiment (Section 2.3.2) in 96-well plates was conducted to assess short term growth
of MDA-MB-231 cells after treatment. A long term colony formation assay (Section 2.3.3)
was also conducted, which assessed the cells’ ability to survive at least six cell divisions and

form new colonies. A cell that is capable of forming new colonies after treatment is referred
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Figure 3.6: Cellular proliferation over three days of MDA-MB-231 cells treated with DOX,
GNPs, and radiation. Cell growth is relative to the first set of measurements. The experiment
was performed in triplicate with 6 wells per condition per plate per reading, for a total of 18
wells for each data point. Prior to irradiation, cells were treated for 48 hours with GNPs at
7.5 pg/mL and/or DOX at 144.4 nM. Error bars represent the standard error. * indicates
a significant difference between results (p<0.05) and “ns” indicates no significant difference
(p>0.05) using a two-tailed Welch’s independent t-test.

to as clonogenic, and clonogenic survival is considered the highest standard when assessing
the effects of radiotherapy and other treatments on cancer cells [146].

The cellular proliferation results are shown in Figure 3.6 and Table 3.2. 2 Gy of radiation
caused a (154+2)% reduction in cell growth, compared to the unirradiated control. 5 Gy of
radiation had a much larger effect, with (484+4)% reduction in cell growth. MDA-MB-231
are known to be radioresistant [147], so the lack of response at the lower radiation dose is

expected.

Table 3.2: Relative growth values for MDA-MB-231 after 3 days of growth.

Day 3 Relative Growth
0 Gy 2 Gy 5 Gy
Control | 54+ 0.1 4.594+0.06 28 +0.2
GNP | 514+01 413+£005 26402
DOX | 29 +0.3 2.5+ 0.1 1.7 £ 0.1
DOX/GNP | 2.57 £ 0.07 2.28 £0.09 1.54 + 0.05
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The GNPs showed little effect in this assay, with no significant differences between the
DOX and DOX /GNP samples at any radiation level. The control and GNP samples showed
some evidence of radiosensitization at 2 Gy on day 3, with (24+2)% reduction in growth
between the 0 Gy control and 2 Gy GNP samples versus (154+2)% reduction in growth
between the 0 Gy and 2 Gy control sample. However this did not occur at 5 Gy where there
was no significant difference between the samples, and no significant differences between the
GNP and no-GNP sample pairs were observed on days 1 or 2.

DOX caused radiosensitization at 2 Gy with a (54+2)% reduction in cellular proliferation.
However, the treatment was not synergistic as the DOX only and 2 Gy only caused (46+£6)%
and (15£2)% reduction in growth, respectively. Similarly, the combination of 5 Gy radiation
and DOX caused a (6948)% reduction in growth, but 5 Gy only caused (48+4)% and DOX
only caused (46£6)% reduction in growth. Thus there is no evidence from this in vitro
study that concomitant administration of these therapies is more effective than adjuvant or

neoadjuvant administration.
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Figure 3.7: Clonogenic assay results for MDA-MB-231 cells. GNPs were dosed at 7.5 pg/mL
for 48 hours. Error bars represent the standard error between all plates for a given condition,
with at least three colony forming plates per condition. Prior to irradiation, cells were treated
for 48 hours with GNPs at 7.5 ug/mL. * indicates a significant difference between results
(p<0.05, two-tailed Welch’s independent t-test).



37

Table 3.3: Tabulated clonogenic assay results for MDA-MB-231. GNPs were dosed at 7.5
pg/mL for 48 hours. Given uncertainty is the standard error between all plates for a given
condition, with at least three colony forming plates per condition.

Survival Fraction
0 Gy 2 Gy 5 Gy
Control | 1.00 £ 0.07 0.33 £ 0.04 0.021 £ 0.006
GNP | 0.7+£0.1 0.22+£0.02 0.0076 £ 0.0005

Multiple clonogenic assays were conducted, with conditions plated in triplicate each time,
and Figure 3.7 shows the average of the results. Each time, no matter how many cells were
seeded initially, no colonies were counted in the DOX treated plates. This may be due to cell
death via mitotic catastrophe, where the DOX causes damage that does not induce cell death
until after the cell has undergone mitosis once or more [148]. This sort of damage would not
be seen in a shorter term assay such as cell proliferation (Section 2.3.2, Figure 3.6), which
only measures cell growth over three days and will only see one or two cell divisions. Another
explanation is that DOX is inducing senescence in the cells. Many studies have shown that
DOX induces senescence in multiple cell lines [149-154]. Doses of DOX ranging from 20 nM
[153] to 200 nM [152] have been used to intentionally induce senescence in order to study
it. The dose required depends on the cell line, dosing time, and growth conditions. As the
dose of 144.4 nM used to dose MDA-MB-231 cells for this experiment falls within this range,
it is reasonable to assume that it is sufficient to induce senescence. Senescent cells are still
metabolically active, so they will appear as viable cells in the proliferation assay. However
they no longer undergo mitosis, so they will not form colonies in the clonogenic assay. One
of the morphological changes associated with senescence is large flat cells [155], which can
be seen in Figures 3.9 and 3.2, providing further support for this hypothesis.

At 0 Gy, the cells incubated with GNPs alone had (30£11)% less (p<0.05) clonogenic
survival than the control cells. The lower clonogenic survival in the unirradiated GNP
incubated samples indicates there may be some toxicity introduced by the GNPs. This
has been observed before in MDA-MB-231 cells. Jeyarani, et al. observed GNP toxicity in
MDA-MB-231 cells using spherical, 12 nm diameter, biomimetic gold nanoparticles at an
IC50 of 43.09+1.6 pg/mL [156]. Surapaneni et al. also observed gold toxicity in MDA-MB-
231, with IC50 values of 720 pg/mL using 212.7 nm citrate-capped GNPs, and 635 pg/mL
using 40 nm cysteamine-capped GNPs [157]. Abu-Dahab et al. used gold nanorods and
found an IC50 of 0.59 pg/mL [158]. Other research using a variety of cell lines and GNP
modifications has shown contradictory results on whether gold nanoparticles are cytotoxic
or not [133, 159, 160]. The level of toxicity depends on the cell line, the size and shape of the
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nanoparticles, any surface modifications, the dosing concentration, the growth conditions,
and the method by which the toxicity is measured [161, 162]. There is even evidence that,
when performing experiments in vivo, the method by which the GNPs are administered can
affect the toxicity [163]. While the broader question of whether or not GNPs are toxic is yet
to be answered, the studies listed show that MDA-MB-231 in particular is sensitive to GNP
toxicity, which supports the results shown here.

In the cells which received radiation only, 2 Gy radiation caused a (6745)% decrease and 5
Gy caused a (97.9£0.6)% decrease in clonogenic survival when compared to the control. The
combined treatment of GNPs and 2 Gy of radiation yielded a (78+£3)% decrease in clonogenic
survival, demonstrating some radiosensitization by the GNPs. A Bliss independence test
[164] was conducted to evaluate the synergy of the GNP and 2 Gy radiation treatments.

The Bliss independence model uses a combination index (CI) calculated by,

_ Es+ Ep— EaEp

CI
Eap

(3.1)

where E4 and Ep are the effect of treatment A and treatment B, respectively, and E4p is the
effect of the combined treatment, with 0 < E4, Eg, Eap < 1. The treatments are considered
synergistic if C'I < 1, independent if C'1 = 1, and antagonistic if C'I > 1 [165, 166]. In this
case, the effect used was the amount of clonogenic growth that was inhibited by the GNPs or
the radiation. GNPs plus 2 Gy radiation had a combination index of 0.9940.07, indicating
the effect was independent. At 5 Gy, there was no significant difference between the GNP
and 5 Gy control sample, which matches the 5 Gy proliferation results in Figure 3.6.

3.2.5 DNA Damage

DNA damage can be induced by radiation or by chemotherapy drugs. 53BP1 and vYH2AX are
both proteins which are known to regulate DNA repair, and are indicative of double strand
breaks [84, 167]. Here, both 53BP1 and yH2AX foci were imaged and counted. Figure
3.9 demonstrates this qualitatively while Figure 3.8 shows it quantitatively. The numbers
presented in Figure 3.8 represent the total number of 53BP1 and YH2AX foci counted. Co-
localized 53BP1 and YH2AX foci were only counted once. Multiple images from different
areas of the microscope slide were used such that at least 50 nuclei were counted. As can be
seen in Figure 3.9, DOX induced so much DNA damage that the foci were uncountable, so
those samples were omitted from Figure 3.8.

In Figure 3.9 the DOX incubated cells are much larger than the control cells, which

supports the conclusion that the cells have entered senescence, as discussed previously. The
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Figure 3.8: Number of DNA repair foci, YH2AX and 53PB1, counted in MDA-MB-231 cells.
Multiple images were taken so that at least fifty unique nuclei were counted for each sample.
Error bars represent the standard error amongst all of the nuclei counted for a sample. GNPs

were dosed at 7.5 ug/mL for 48 hours. “ns” indicates no significance difference (p>0.05, two-
tailed Welch’s independent t-test).

GNPs made no significant difference on the number of DNA damage foci, indicating that
they are causing harm to the cells in other ways. Research has indicated many possibilities
for the mechanism of action by which GNPs cause cell damage, including oxidative stress,
membrane damage, and mitochondrial damage [168, 169].

In the cells which were not treated with DOX or GNPs, 2 Gy radiation caused an increase
in DNA damage foci from 2.040.2 to 5.1£0.5 foci per cell. No significant difference in foci
was seen between the control and the GNP incubated cells at 0 or 2 Gy.
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Figure 3.9: Confocal imaging of DNA damage indicators in MDA-MB-231 cells containing
DOX and GNPs. Blue is Hoechst 33342 used to stain the cell nucleus. Red is Alexa Fluor
647, used to label YH2AX. Green is Alex Fluor 488, used to label 53BP1. Cells were treated
for 48 hours with GNPs at 7.5 ug/mL and/or DOX at 144.4 nM.
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Section 4

Conclusions and Future Work

4.1 Conclusions

The IC50 of doxorubicin (DOX) for MDA-MB-231 cells was found to be 144.4 nM. Cells
incubated with DOX showed an increase in GNP uptake, and it affected the distribution of
cells in the cell cycle but did not show definitive cell cycle arrest. The short term proliferation
assay showed approximately significant growth inhibition, as expected given it was dosed at
the IC50 concentration. There was evidence of radiosensitivity in the proliferation assay, but
the effect was not synergistic. However, it was evident from the clonogenic and DSB results
that DOX was having an extreme effect on the MDA-MB-231 cells, which resulted in no
colonies forming and in the DNA damage being so extensive that the foci were uncountable.
The conclusion reached was that DOX was inducing senescence in the MDA-MB-231 cells.
As this was unexpected given the cells were being dosed at the IC50 of DOX, the method
of determining the IC50 should be reassessed.

The data gathered for this thesis showed no GNP toxicity in the short term proliferation
assay, but did show toxicity in the long term clonogenic assay. While some research per-
formed with gold nanoparticles (GNPs) similar to those used in this work has shown they
are biocompatible with MDA-MB-231 cells [92, 103, 170], those studies used lower dosing
concentrations, a much shorter treatment time (24 hours or less), and were not studying
toxicity specifically. As the question of GNP toxicity in general is yet to be answered, it
would be prudent for future work to examine this in more detail. Additionally, there was
evidence of radiosensitization by GNPs at 2 Gy in the proliferation and clonogenic assay,
however there was no synergy due to the GNP toxicity. No radiosensitization by GNPs was
seen when 5 Gy of radiation was used, and it was not seen in the DOX treated cells either.
Additionally, the GNPs did not affect the amount of DNA double strand breaks at 0 Gy or
2 Gy.
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In summary, DOX was more effective as a cytotoxic agent against the MDA-MB-231 cells
than expected, due to inducement of senescence in the cells. Additionally, the GNPs showed

evidence of GNP induced toxicity, and evidence of radiosensitization at 2 Gy, but not at 5
Gy.

4.2 Future Work

While cellular senescence was determined to be a plausible explanation for the DOX results
shown here, it would be worthwhile to further validate this experimentally. There is no single
marker which indicates that cells have entered senescence, however cell cycle arrest, lack of
proliferation, morphology changes to large and flat cells, and the DNA damage markers
~vH2AX and 53BP1, all of which were observed in this work, are all markers of senescence
[145]. Vassilis, et al. proposed testing first for senescence-associated beta-galactosidasde (SA-
3-gal) activity and then the p16™k* and p21WAF/CiPl proteins, as part of the senescence
identification workflow [171]. Adewoye, at al. developed a flow cytometry based protocol to
detect SA-B-gal activity in addition to p16™4* and yH2AX expression to verify senescence
[152], which could be applied here.

In order to continue studying the use of DOX as a radiosensitizer, it will need to be dosed
at a low enough concentration that it is not inducing a significant amount of senescence.
First, the IC50 could be reassessed using a more robust method which will exclude senescent
cells from the viable cell count, such as a colony forming assay [172]. Then concentration
and drug exposure time should be adjusted so that some toxicity is seen but senescence is
not induced. Alternatively, experiments could be performed with a cell line which responds
differently to DOX, such as Hela [173].

The toxicity of gold nanoparticles is still very uncertain, and given the number of variables
that can affect cellular response, including size, shape, surface capping, exposure time, and
cell line used, future work should first evaluate this GNP formulation’s toxicity [169]. This
could take the form of measuring the IC50, or by administering the desired treatment and
conducting a colony formation assay. The toxicity should be reevaluated if there are any
changes in the treatment protocol, such as if the exposure time is changed, or if a different
cell line is used.

Once the appropriate dosing concentrations for DOX and GNPs has been determined, the
effectiveness of the combined treatment can be verified in monolayer cell culture. The next
stage of the research is to use three dimensional in vitro cell models, such as tumour spheroids.

Spheroids are able to better mimic the tumour microenvironment which is observed in situ
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[174]. They have an oxygenation gradient from the outside to the center, with a hypoxic core,
and also display similar concentration gradients for GNPs and drugs which they are exposed
to [175]. Additionally, co-culture methods can be used to replicate other aspects of the
tumour microenvironment such as the presence of cancer associated fibroblasts [176]. This
technique can also be used to investigate the immune response to the treatment, something
which is lacking from many in vitro experimental techniques [177]. Co-culture of cancer
cells with immune cells enables the replication of immune penetration into the tumour [178],
which is of particular interest for this research as immune cells can take up GNPs and affect
the number of GNPs circulating in the blood, thus reducing the uptake of GNPs into the

cancer cells.
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Appendix A

Treatment of MDA-MB-231 Cells With Liposomal

Doxorubicin

A.1 Nanomedicine Formulations of Doxorubicin

PEG

Doxorubicin

Lipid Bilayer

Figure A.1: A diagram illustrating the structure of PEGylated liposomal doxorubicin. Dox-
orubicin is enclosed in an aqueous core surrounded by a lipid bilayer forming a spherical
liposome, and PEG molecules are attached to the surface.

In chemotherapy, nanoparticles serve as effective platforms for delivering chemotherapeu-
tic agents, overcoming biological barriers and enhancing drug accumulation at the tumour
site. Many nanoparticle based drug delivery systems are already in clinical use, [179]. Ad-
ditionally, nanomedicine and lipid nanoparticles were a key component of the success of the

COVID-19 vaccines [180].

Liposomal doxorubicin (LNP-DOX) encapsulates the drug in an aqueous core inside of li-
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posomes, which preferentially accumulate in tumour tissue due to the enhanced permeability
and retention (EPR) effect [181]. This reduces the exposure of normal tissues to DOX and
lowers the risk of cardiotoxicity [182]. Myocet'  (Elan Pharmaceuticals) is an unPEGylated
liposome-encapsulated doxorubicin citrate which has shown to be less cardiotoxic and have
an improved therapeutic index versus free DOX [183].

Doxil is a formulation of DOX encapsulated in PEGylated liposomes. It was the first
nanomedicine drug to be approved by the FDA in 1995 [184]. The liposomal encapsulation
allows for controlled release of doxorubicin at the tumour site, reducing systemic exposure
and minimizing side effects such as cardiotoxicity. Clinical trials have demonstrated Doxil’s
efficacy in various cancers, including recurrent ovarian cancer, metastatic breast cancer, and
multiple myeloma [185]. In metastatic breast cancer, it offers equivalent efficacy with reduced
cardiotoxicity compared to free doxorubicin [186]. For Doxil, the mean residence time of the
doxorubicin inside the liposome was found to be 128 hours [187], which gives the liposomes
more time to accumulate at the target site before releasing the drug. To further localize
the treatment, studies have examined mechanisms for triggering release at the tumour site
[188, 189].

One side effect of liposomal doxorubicin that does not occur with free doxorubicin is

hand-foot syndrome, where the palms and soles of the feet become red, swollen, and blistered
[190].

A.2 Materials and Methods

Clinical grade PEGylated liposomal doxorubicin hydrochloride (LNP-DOX; Taro Pharma-
ceutical Industries) was kept refrigerated at 4°C and diluted in PBS and cell media as needed
for dosing. Cells were dosed for 48 hours with LNP-DOX at the IC50 dose as determined for
a 48 hour incubation of DOX (144.4 nM for MDA-MB-231). Experiments were performed

as described in Section 2 with modifications to the plate layouts as shown in Figure A.2.
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(c) 96-well plate layout used for cellular proliferation assay.

Figure A.2: Modifications to cell culture plate layouts used for LNP-DOX experiments.
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A.3 Results

DOX GNPs-Cy5 Nucleus-Hoechst33342 Merged

DOX

LNPDOX

Figure A.3: Live cell confocal imaging of MDA-MB-231 cells containing either DOX or LNP-
DOX (green channel) and GNPs functionalized with PEG-Cy5 (red channel). Cell nuclei
are stained with NucBlue (Hoechst33342, blue channel).

In Figure A.3 it can be seen that the GNPs are found throughout the cell but tend to
cluster near the nucleus. DOX and LNP-DOX are both seen distributed throughout the cell,
with some brighter spots that are likely lysosomes which have sequestered the drug [135].
These images were taken right at the end of the 48 hour drug incubation period, and the
DOX treated cells appear larger than the LNP-DOX cells. This size difference is much more
significant in Figure A.9, in which the cells were incubated in fresh media for an additional
24 hours after treatment.

Samples incubated with LNP-DOX contained on average (0.7540.04)x10° GNPs per
cell. This is consistent with having the same amount of uptake as the control cells (p>0.05).
The LNP-DOX having no effect on GNP uptake when the DOX had a large effect is an
indicator that the liposomes are not delivering as much doxorubicin to the cells as they are
receiving when dosed with the free DOX. There are two contributing factors to this. Firstly,
the LNP-DOX is PEGylated, and while PEG is useful in vivo as it prolongs circulation
time in the body [186], it has been shown to reduce uptake of nanoparticles in vitro [92].
Secondly, once in the cell, the liposomes must release the doxorubicin for it to be effective.
The release process is still not fully understood, and it is likely that some of the LNP-DOX is
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Figure A.4: Gold nanoparticle uptake by MDA-MB-231 cells treated with DOX or LNP-
DOX. The experiment was performed in triplicate and the error bars represent standard
error between wells.

being expelled from the cell before the doxorubicin can be released. Seynhaeve et al. found
that liposomal doxorubicin had reduced bioavailability when compared to free doxorubicin,
and only 0.4% of doxorubicin administered as LNP-DOX entered the nucleus [135]. This is
consistent with the live cell images in Figure A.3 where there is significantly less doxorubicin
fluorescence in the nuclei of the LNP-DOX sample than there is in the DOX sample.

In the flow cytometry results (Figure A.5), the LNP-DOX and LNP-DOX /GNP samples
had no significant differences from the control and GNP samples at either time point, in-
dicating that the LNP-DOX was not effective. In the cellular proliferation results (Figure
A.6) the LNP-DOX and LNP-DOX/GNP samples do not show a significant difference from
the control and GNP samples, respectively, at either 2 or 5 Gy of radiation. This supports
the conclusion that the LNP-DOX was not effective at the given dose, as discussed.

In Figure A.7, the LNP-DOX samples did not have a significant difference in clonogenic
growth from the control samples at 0 Gy (p>0.05). At 2 Gy, the LNP-DOX surviving fraction
was (48+7)% lower than the 2 Gy control cells (p<0.05). At 5 Gy, the difference between
control and LNP-DOX was (71£13)% (p<0.05). While these results indicate that the LNP-
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Figure A.5: Flow cytometry results for MDA-MB-231 cells incubated with DOX or LNP-
DOX, and GNPs. Cells were unirradiated, and data was collected at two time points after
removing the treated media, 0 hours and 46 hours. DNA content is based on the amount of
propidium iodide measured by flow cytometry. 2n and 4n DNA content was labelled based
on the locations of the peaks in the Ohr and 46hr control samples. 2n DNA indicates the G1
phase, and 4n indicates the G2/M phase.

DOX was having some effect in conjunction with the radiation, a Bliss independence test
[164] was conducted to evaluate the synergy of the two treatments (see Section 3.2.4). In
this case, the effect used was the clonogenic growth that was inhibited by LNP-DOX or
the radiation. At 2 Gy, the combination index for LNP-DOX and radiation was 0.86+0.09,
indicating there was a synergistic effect. At 5 Gy, the combination index was 0.9940.07,
indicating the effect was independent. Additionally, the LNP-DOX /GNP surviving fraction
was 37% lower (p<0.005) than the LNP-DOX sample at 0 Gy. This trend did not continue
through the irradiated LNP-DOX samples.

In Figure A.8 at 0 Gy, the LNP-DOX incubated cells exhibited twice as many foci per cell
than the control and GNP samples (p<0.05). At 2 Gy, there was no significant difference in
the number of foci between the samples. The increase in DNA damage with the LNP-DOX
at 0 Gy indicates that sufficient doxorubicin is being released from within the liposomes to
have some effect, albeit a weak one, which agrees with the clonogenic assay results in Figure
AT
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Figure A.6: Cellular proliferation of DOX, LNP-DOX, GNP, and radiotherapy treated MDA-
MB-231 cells over three days. Cell growth is relative to the first set of measurements. The
experiment was performed in triplicate with 6 wells per condition per plate per reading, for
a total of 18 wells for each data point. Error bars represent the standard error.

A.4 Conclusions

Dosed at the same concentration as the free DOX, the cells showed a lack of response to
LNP-DOX in the uptake, cell cycle, and proliferation results. It was not until the clonogenic
and DNA double strand break assays that it had any effect, and in those it was slight.
This is likely due to a combination of factors. First, the LNP-DOX is PEGylated, which
reduces the uptake of the liposomes into the cells. Second, the liposomes can be slow to
release the doxorubicin into the cell once they have been internalized, and they generally
have reduced bioavailability. The clonogenic and DSB assay do show some toxicity from
the LNP-DOX, and the clonogenic results show that it is synergistic with the radiation at 2
Gy. However this did not apply at 5 Gy, indicating the radiation was the dominant effect.
The fact that a therapeutic benefit was seen at 2 Gy indicates future studies with higher
doses of LNP-DOX may yield better results. It would be worthwhile to investigate this
further as liposomal doxorubicin is already in clinical use in the form of Doxil or Caelyx,
and a synergistic effect with radiation could be exploited for improved treatment outcomes.
Liposomal doxorubicin had no significant effect in vitro at the given dose, however it did

show evidence of radiosensitization which merits further investigation.
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Figure A.7: Clonogenic assay results for MDA-MB-231 cells treated with LNP-DOX and/or
GNPs. Error bars represent the standard error between all plates for a given condition, with
at least three colony forming plates per condition.

A.5 Future Work

One study has already been conducted to assess the safety of concomitant LNP-DOX and
radiotherapy, and found that it was feasible and has potential for further study [191]. A more
recent study administered LNP-DOX in the form of Caelyx concomitantly with radiotherapy
using a mouse model and found it to have a favourable therapeutic effect [192]. Future in
vitro work should use a higher LNP-DOX than was used here, in order to better demonstrate
any effect it may be having. Additionally, experiments could be performed using spheroids,
which are increasingly being used for in vitro experiments to asses radiotherapy techniques
[193]. They are better able to mimic the tumour microenvironment and may provide more
accurate estimations of how the tumour will respond in vivo. However, given that LNP-DOX
is already being used in a clinical setting, it may be advantageous to proceed directly to in

vivo studies of combined chemoradiotherapy using LNP-DOX.
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Figure A.8: Number of DNA repair foci, YH2AX and 53PB1, counted in MDA-MB-231
cells treated with LNP-DOX and/or GNPs. Multiple images were taken so that at least
fiftty unique nuclei were counted for each sample. Error bars represent the standard error
amongst all of the nuclei counted for a sample.



74

Control DOX LNP-DOX

2 Gy 0 Gy with GNP 0 Gy

2 Gy with GNP

Figure A.9: Confocal imaging of DNA damage indicators in MDA-MB-231 cells containing
either DOX or LNP-DOX, and GNPs. Blue is Hoechst 33342 used to stain the cell nucleus.
Red is Alexa Fluor 647, used to label YH2AX. Green is Alex Fluor 488, used to label 53BP1.
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Appendix B

Results for Prostate Cancer Cell Line LNCaP

DOX GNPs-Cy5 Nucleus-Hoechst33342 Merged

DOX

LNPDOX

Figure B.1: Live cell confocal imaging of LNCaP cells containing either DOX or LNP-
DOX (green channel) and GNPs functionalized with PEG-Cy5 (red channel). Cell nuclei
are stained with NucBlue (Hoechst33342, blue channel). LNCaP is an androgen-sensitive
cell line derived from cells taken from the lymph node of a patient with prostate cancer
(194, 195]. Tt has been the subject of several studies examining how different compounds
affect its sensitivity to DOX [196, 197]. As none of the treatments being examined showed an
effect on the LNCaP cells in the initial experiments, cell cycle analysis, DNA double strand
break assay, and clonogenic assay were not performed.
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Figure B.2: Relative cell growth versus DOX concentration used to determine the 1C50
of doxorubicin for LNCaP cells after 48 hour drug incubation time. The experiment was
performed in triplicate and the error bars represent the standard error in the mean between
the three plates. The IC50 of doxorubicin for LNCaP cells was determined to be 11.5 nM.
This is the concentration at which DOX and LNP-DOX were dosed for all other experiments
using LNCaP cells, and is consistent with other IC50 experiments measuring the sensitivity
of LNCaP to DOX [198].
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Figure B.3: Gold nanoparticle uptake by LNCaP cells. The experiment was performed in
triplicate and the error bars represent standard error between wells. There was no significant
difference in the amount of GNPs taken up by LNCaP in the presence of DOX or LNP-DOX.
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Figure B.4: Cellular proliferation of LNCaP cells over three days. Cell growth is relative
to the first set of measurements. The experiment was performed in triplicate with 6 wells
per condition per plate per reading, for a total of 18 wells for each data point. Error bars
represent the standard error. While the 2 Gy samples showed growth inhibition as expected,
neither DOX, nor LNP-DOX, nor GNPs made a significant difference in the amount of
growth when compared to the control at either radiation dose.
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Figure B.5: Number of DNA repair foci, YH2AX and 53PB1, counted in LNCaP cells.
Multiple images were taken so that at least fifty unique nuclei were counted for each sample.
Error bars represent the standard error amongst all of the nuclei counted for a sample.
The combination of DOX/GNPs showed higher average counts of foci in the 0 Gy samples,
but no other significant differences were seen. This trend did not continue in the 2 Gy
irradiated samples where there was no significant difference in foci counts between any of
the treatments.
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Figure B.6: Confocal imaging of DNA damage indicators in LNCaP cells containing either
DOX or LNP-DOX and GNPs. Blue is Hoechst 33342 used to stain the cell nucleus. Red
is Alexa Fluor 647, used to label YH2AX. Green is Alex Fluor 488, used to label 53BP1.
Unlike in the MDA-MB-231 cells, no changes in morphology were observed.
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