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Abstract

The aim of this thesis was to develop novel embolic particles for cancer therapy using
a combination of nano and microparticles. The particles have been designed and
synthesised to have a polystyrene core, be radiopaque, act as a radiosensitiser and have

a high capacity for loading of chemotherapy drugs.

The polystyrene core has been designed so it effectively blocks the tumour vascualture
thereby limiting oxygen and nutrient delivery to the tumour thus causing tumour
necrosis. The core of the polystyrene particle incorporates tantalum oxide nanoparticles

to provide X-ray contrast to the embolic microparticles.

The surface of the polystyrene particle has been coated with rare earth doped
titanium dioxide (TiO5) nanoparticles which produce reactive oxygen species upon X-ray
activation. This allows the embolic particle to act as a radiosensitising agent and has

been shown to reduce cell proliferation in the presence of X-rays.

The surface of the polystyrene particles has also been coated with mesoporous SiO,
nanoparticles which allow for the high loading capacity of chemotherapeutic drugs. This
permits chemotherapy to be delivered directly to the tumour location, thereby reducing
the toxic side effects of systemic treatment. As a proof of concept, the chemoembolization
particles have been loaded with a novel fungal derived chemotherapeutic Ophiobolin
A and the controlled release has been demonstrated. The OphA chemoembolization
particles reduced cell viability by approximately 70% compared to the blank chemoem-

bolization particles.



Abstract

The mechanism of cell death of OphA on eight cancer cell lines and one control cell
line has also been studied and its effect on cellular organelles elucidated. OphA shows

great promise as a novel chemotherapeutic which could be taken forward to animal trials.
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Chapter 1

Introduction

1.1 Cancer

Cancer is the uncontrolled growth of tissues which arises after damage to genetic material
which controls the cell cycle in healthy cells [1]. The damage can occur from a range
of factors such as environmental carcinogens, an unhealthy lifestyle and/or genetic
predisposition. Normally healthy cells would be able to repair the damage or trigger
cell death, however cancerous cells are unable to do this [1]. Several ‘hallmarks’ of
cancer have been defined and these include growth signal autonomy, resistance to anti-
growth signals, the ability to invade and metastasize, an unlimited replication potential,
sustained angiogenesis and the escape of apoptosis [2]. Since cancer cells have rapid
cell division they require high metabolic rates which results in increased respiration
and production of lactic and carbonic acid [3]. This causes a drop in pH in the tissue

surrounding the tumour which promotes local invasive growth and metastasis [4].

Over the past several decades, remarkable breakthroughs have been made in advancing
our understanding of cancer biology, how it originates and how it develops [5]. This has

led to more effective methods for the diagnosis and treatment of cancer, however it still
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remains a major global health problem accounting for approximately 8 million deaths per
year worldwide or 20% of all deaths [6]. The major reason for the high mortality rate lies
in our inability to deliver treatment only to the cancerous cell without inducing severe
side effects to healthy tissues and organs. Therefore the development of therapeutics
which can effectively target the tumour cells while sparing the healthy tissue is highly

desirable.

1.2 Current cancer diagnosis and treatment

Currently cancer is diagnosed through a range of tests and scans. The tests include
blood tests and biopsies while the scans include computerised tomography (CT) imaging,
positron emission tomography (PET) imaging, magnetic resonance imaging (MRI) and
ultrasound imaging. These are used to determine the size and location of the tumour
and for subsequent planning and monitoring of the treatment given. After cancer has
been diagnosed it will normally be treated with surgery, radiotherapy, chemotherapy or
some combination of these. Other treatment modalities which are less common include

embolization treatment, hyperthermia treatment, gene therapy and immunotherapy.

1.2.1 Surgery

Surgery is often used in the treatment of cancer when an early diagnosis has been made
and therefore the tumour is localised and has not had sufficient time to spread. The
tumour and some healthy tissue surrounding the tumour are excised to ensure all the
cancerous tissue is removed. The main disadvantages of surgery are that it can only be
performed before the tumour has spread and cannot be performed if the tumour is close
to other important organs or blood vessels. Often radiotherapy and/or chemotherapy is
administered before surgery to induce a reduction in the tumour volume and/or after

surgery to ensure that any remaining cancerous cells are killed.
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1.2.2 Radiotherapy

Radiotherapy has been used in the treatment of cancer since the 1900s and still remains
one of the most common forms of treatment. Approximately 50% of cancer patients
will receive at least one cycle of radiotherapy during the course of their treatment [7].
Radiotherapy is an extremely cost effective treatment and in 2000 it was estimated
to represent only 5% of Sweden’s total cost of oncology care [8] Radiotherapy uses
ionising radiation, most often X-rays but can include gamma rays or other particle
beam radiations, to induce both direct and indirect DNA damage in the cancerous cells.
Indirect DNA damage arises from the generation of reactive oxygen species (ROS) such
as hydroxyl OH®, superoxide O, , and water ions HyO", H;O" which can subsequently
induce DNA damage [9)].

The major limitation of radiotherapy is that in order to treat the cancerous cells,
radiation is also delivered to the healthy cells causing them damage. Often this means
that a lower magnitude dose of radiotherapy than necessary to kill all the cancerous
cells is given to reduce the damage to the surrounding healthy tissue [10]. Healthy
cells have a greater propensity to repair their damaged DNA compared to cancerous
cells, however secondary malignancies are still common. Several methods such as
intensity modulated radiotherapy (IMRT), brachytherapy and the application of contrast
enhanced radiotherapy (CERT), have been developed to reduce the radiation dose

received by the healthy tissue and therefore increase its effectiveness.

In IMRT CT and/or MRI images of the tumour and surrounding tissues are used to
carefully plan the treatment area so that a high radiation dose is delivered to the tumour
while protecting vital organs such as the spinal cord and the brain [11]. X-ray beams

are controlled by complex computer algorithms so that their intensity is modulated and
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therefore the exact tumour morphology can be matched [12]. Thus IMRT requires a
team of specialists to ensure the cancerous tissue is treated through the careful planning

and delivery of the radiation[12].

In brachytherapy, a capsule or wire containing a radiation source is used to deliver
radiotherapy directly at the tumour location [13]. This allows a highly localised dose
of radiation to be delivered to the cancerous cells while reducing the probability of
damaging the surrounding healthy cells. Furthermore radiolabelled antibodies, targeted
to cancerous cells, have also been used to deliver radiation directly at the tumour location

after systemic administration [14].

In CERT, radiotherapy is combined with the administration of high atomic number
(Z) contrast agents [15]. These increase the local radiation dose due to the differing
absorption properties of the element and the surrounding soft tissue. This effect is most
pronounced at kilovoltage energies and thus kilovoltage X-rays are generally considered

to be optimum for CERT.

1.2.3 Chemotherapy

Chemotherapy is a systemic treatment whereby cytotoxic drugs are introduced into the
blood stream to kill the cancerous cells. The major challenge with using chemotherapy for
cancer treatment is that it also kills the healthy cells leading to off-target effects resulting
in severe side effects (nausea, vomiting and hair loss). Furthermore the emergence of
multidrug resistance by cancer cells is reducing the efficacy of current anticancer drugs
[16]. Natural products have been shown to be effective at treating cancer for more than
40 years and the search for novel drugs remains a priority due the rapid development of

cancer cells to drug resistance and current undesirable side effects of chemotherapy [17].
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The first chemotherapy agent discovered in the 1940’s was Nitrogen Mustard and this
led to the rapid development of other alkylating cytotoxic agents such as cisplatin [18].
Alkalating agents work by directly damaging the cells DNA and therefore they stop the
cells from reproducing. The second group of chemotherapeutics to be discovered was
the antimetabolites which work by interfering with both DNA and RNA growth during
S phase of the cell cycle and therefore inhibit cell division. Common antimetabolites
include methotrexate and 5-fluorouracil. Chemotherapy drugs are often given in

combination with the aim of increasing their effectiveness by inducing a synergistic effect.

1.2.3.1 Natural products for cancer therapy

Natural products represent a rich source of biologically active compounds and therefore
approximately 50% of the best selling pharmaceuticals are either natural products or
natural product derivatives (Fig 1.1) [19]. Natural products used in chemotherapy are
often small molecule secondary metabolites which the organism has evolved to ensure
its survival in response to its own needs and by challenges presented in its environment
[20]. Natural products statistically tend to have a higher molecular weight, more chiral
centres, more oxygen atoms but fewer nitrogen atoms and more varied ring structures
compared to fully synthetic drugs [21]. Complex natural products often only have one

group of target molecules (although there are some exceptions to this) [22].

In 1964 Actinomycin D (Act D), derived from soil bacteria, was the first natural product
to be approved for clinical use in the treatment of cancer [22]. The mode of action of
Act D works by intercalating DNA thereby inhibiting mRNA and protein expression
[23]. Its clinical use however has been limited by its extreme cytotoxicity and therefore
it requires careful dose calculations before administration to patients [24]. Act D is often

used for the treatment of patients with rhabdomyosarcoma and Wilms’ tumour. Other
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Epothilone Vinblastine

Vincristine

Figure 1.1: Chemical structures of some natural products used for cancer
therapy.

microorganism derived natural products include the anthracyclines, Daunorubicin and

Doxorubicin (Adriamycin), which are also DNA intercalating agents.

In 1960 the Natural Cancer Institute (NCI) set up a large screening programme of plant
derived products active against two mouse leukaemia cell lines [25]. The most significant
discovery from this screen was paclitaxel (Taxol®) which was obtained from the bark
of the the Pacific yew tree Tazus brevifolia. More recently, Taxol was also found to be
a fungal secondary metabolite [26]. The mode of action of Taxol works by stabilising
the cells microtubules through A-tubulin which interferes with the normal breakdown
of the microtubules during cell division [27]. Taxols have also been shown to block the

anti-apototic activity of Bel-2 [28].

The vinca alkaloids, such as vinblastine and vincristine, are another group of plant
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derived natural products which are isolated from the Madagascar periwinkle plant
Catharanthus roseus [29]. The effectiveness of vinblastine as an anticancer agent was
discovered by chance in the 1960s by a group researching it as a novel diabetes drug [30].
They found that high concentrations of vinblastine reduced the white blood cell count
and caused the destruction of bone marrow in rats. The mode of action of the vinca
alkoloids works by blocking the polymerisation of tubulin molecules in the microtubules
which prevents the formation of the mitotic spindle [27]. Although, both Taxol and
the vinca alkoloids interfere with the the microtubules, they work through different

mechanisms.

In 1985 the NCI started a new screening programme which included extracts from plants,
animals and microorganisms [25]. They screened the extracts against a panel of 60 cancer
cell lines derived from lung, colon, skin, kidney, ovary, brain, breast, brain, prostate
tumours and leukaemia (NCI 60 cell lines). In the 1980s and 1990s approximately
10,000 natural products per year were tested on the 60 cell lines in triplicate and at
five concentrations [31]. From 1985-2007 this screening produced 21 (12 small molecule
and nine biologics) potential hits which went into clinical trials [32]. The NCI screening
programme was widely perceived as the single most effective mechanism for identifying
novel chemotherapeutics and developing them for clinical use, however its cessation has

limited new developments [32].

From 1997-2007, pharmaceutical companies focused their research on targeted therapies
and therefore there were no new natural product derived chemotherapeutics approved for
clinical use during this period [22]. Recently, natural products for cancer therapy have re-
emerged with 12 novel natural product derivatives being approved for cancer treatment
from 2007-2014 [22]. Marine organisms in particular show great potential for developing

novel cancer treatments. Natural products from marine sources have not been widely
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researched due to limitations in collecting the material which is often present in a hostile
environment and at low concentrations within the organism. Natural products could
be derived from a range of marine sources such as marine microorganisms, seaweeds,

sponges, soft corals, marine invertebrates, marine fungi and cyanobacteria.

Secondary metabolites derived from terrestrial fungi have been intensively studied and
these produce a range of compounds such as polyketides, terpenes, steroids and peptides
[33]. Fungal derived chemotherapeutics include taxol, camptothecin and fumagillin.
Camptothecin is a modified monoterpene indole alkaloid produced by the endophytic
fungus Entrophospora infrequens and is is a type 1 DNA topoisomerase [34]. Fumagillin
is a secondary metabolite of Aspergillus fumigatus which acts a an anti-angiogenesis
compound thereby stopping the recruitment of new blood vessels starving the tumour
of oxygen and nutrients. Fungal metabolites are easy to culture and therefore easy to

scale up for large scale manufacturing.

1.2.3.2 Ophiobolins

Ophiobolins are a group of naturally occurring sesterterpene compounds which all
possess an unusual tricyclic or tetracyclic skeleton (Fig 1.2A). Historically, much of
the research on ophiobolins focused on their effects on plants showing that they reduce
seed germination, the growth of roots and the celeoptiles of wheat seedlings [35]. At
the cellular level they cause rapid disorganisation of the plant cell membrane resulting
in electrolyte and sugar leakage, [36], respiratory changes and inhibition of calmodulin-
activated cyclic nucleotide phosphodiesterase [37]. They have been shown to induce a

broad spectrum of inhibitory activity against nematodes, fungi and bacteria [38].

Ophiobolin A (OphA) was the first member of the group to be isolated and characterised

in the mid 1960s (Fig 1.2A). OphA is a secondary metabolite produced by the pathogenic
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Figure 1.2: Ophiobolins are a fungal metabolites produced by the Bipolaris
species. A) Chemical structure of Ophiobolin A (OphA) showing the tricyclic skeleton
characteristic of the Ophiobolins. B) Photograph of a plant with brown spot disease
which is caused by Ophiobolins.

fungi Bipolaris species which is known to attack rice, maize and sorghum to produce
brown spot lesions (Fig 1.2B) [38]. OphA has been shown to exhibit a broad spectrum
of inhibitory activity in vitro on various cancer cell lines including A549 (lung cancer),
SKMEL28 (melanoma), Hs683 (brain cancer), and OVCARS3 (ovarian cancer) [39, 40].
Half maximal inhibitory concentrations (ICsy) were found to vary between 0.28 to
0.62nM after three days treatment. More recently, OphA has also been shown to
induce paraptosis in U373-MG, T98G and GL19 (Glioblastoma multiforme (GBM)) cell
lines [41]. Paraptosis is a type of programmed cell death which is morphologically and
biochemically distinct from apoptosis [42]. OphA induced cytoplasmic vacuolization
and the swelling and fusion of the mitochondria and endoplasmic reticulum (ER)
characteristic of paraptosis [41]. Furthermore they showed that OphA could inhibit
big conductance Ca*"-activated K channels (BKCa) which causes an imbalance in the
calcium and potassium ion homeostasis. Moreover, OphA has also been shown to be

effective at treating MDR cells with the same ICso value as the parent cell line [39].

OphA has also been shown to reduce viability, inhibit motility and reduce the

mitochondrial membrane potential of boar spermatozoa [43]. Boar spermatozoa can be
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used as a model target for monitoring mitochondrial toxins because they are insensitive
to substances affecting the synthesis or regulation of proteins and nucleic acids in the
cytoplasm [44]. Furthermore, all the signalling pathways known to operate in somatic

cells are also found in spermatozoa.

Other ophiobolins which have shown promising results in cancer therapy include
Ophiobolin O and 3-anhydro-6-hydroxy-ophiobolin (X15-2). Ophiobolin O has been
shown to induce growth inhibition though Go/G;y cell cycle arrest in MCF7 (breast)
cells [45, 46]. Furthermore, low concentrations (0.1 pM) were shown to down regulate
the expression of the drug resistant protein P-Glycoprotein (P-gp) which reversed
Adriamycin resistance in the Adriamycin-resistant MCF7/ADR cell line [47]. X15-2
has been shown to induce apoptosis in the K652 cell line with a 1C5q value of 4.06 pM
[17]. Furthermore, X15-2 has been shown to induce autophagic cell death through the
degradation of a-synuclein in PC12 cells [48]. This was accompanied by an increase in

cellular and mitochondrial ROS and a reduction in mitochondrial membrane potential.

1.3 Embolization therapy

Embolization is a non-surgical, minimally invasive procedure in which blood vessels are
selectively occluded by introducing emboli. This technique can be used to treat a number
of different conditions such as aneurisms, uterine fibroids, and cancer [49]. It is often used
in cancer treatment as a form of palliative care for patients with unresectable tumours.
Embolic particles can be introduced in to the blood stream close to the target using a
catheter where they lodge in the small vessels which feed the tumour (Fig 1.3). This
restricts the blood flow which limits oxygen and nutrient supply to the tumour causing

tumour necrosis [50].

42



1.3 Embolization therapy

Infusian of Infusion af DRt
— ::;';?Iri;:e' - embalization 4."";; E)aEﬂEI;:
&7 padichs — -
catheter ___--—fé._'?_".-—-?k-ﬁ via cathster s Eﬁ:?
Pl f - / y
- - f \ T )
a '\' \'
]
K Adery

i

'

Cancerous mass Cancerous mass Cancerous mass

Figure 1.3: Schematic of embolic particles combined with chemotherapy for
cancer treatment. (Image taken from [51]). A) Injection of chemotherapy by a
catheter to induce cell death at the tumour location with B) the subsequent addition of
embolization particles to induce tumour necrosis by blocking blood supply. C) Injection
of drug eluting beads (DEB) which combine chemotherapy and embolization therapy
into the same particle thus increasing efficacy.

Embolization has been used to treat liver tumours since the late 1970s since the liver
has two blood supplies, an arterial source and the portal vein [52]. Blood is often
supplied to the noncancerous liver tissue through the portal vein while the cancerous
tissue is often supplied by the arterial source [53]. This means the cancerous tissue can
be selectively targeted by blocking the arterial source while maintaining blood flow to
the liver. Chemotherapy is often administered during the embolization procedure as this
delivers the chemotherapy to tumour tissue thereby increasing the local concentration
of the drug, prolonging the tumour contact time due to reduced chemotherapy washout

and reducing the toxic systemic effects [51].

Several materials have been developed for use in embolization procedures including
gelatin sponge, polyvinyl alcohol (PVA) particles, coils, polymeric particles, and
degradable starch particles [54, 55]. The usefulness of embolic particles can be increased
by combining them with either chemotherapy or a radioactive material to deliver localised

radiotherapy. Furthermore, radiopaque embolic particles have been previously prepared
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using iodine [56, 57] tantalum [58] and barium [59] to provide X-ray contrast of the
embolic particle. There are several suppliers of embolic particles for the treatment of

hypervascularized tumours in clinical use and these are reviewed in Table 1.1

One of the limitations of embolization therapy is postembolization syndrome (PES)
which can cause severe pain and fever [60] . PES is likely to be caused by an inflammatory
response of the necrotic tissue after embolization. Patients can be treated with steroids

after an embolization procedure to reduce the likelihood of PES [61].

1.3.1 Chemoembolic particles

Combining embolic particles with chemotherapy drugs to create with drug-eluting beads
represents a relatively new mechanism of enhancing the delivery of potent anticancer
agents to the tumour site. Embolic particles can be loaded with chemotherapy drugs
which allows for the controlled and sustained release of the drug while reducing the toxic
side effects. Examples of drug eluting beads include DC bead® and HepaSphere”™

which have can both be loaded with doxorubicin (Table 1.1).

There have been several clinical trials showing that chemoembolization particles are safe
and effective for the treatment of tumours [52]. For example, a trial with 27 patients with
hepatocellular carcinoma (HCC) treated with drug eluting beads had a response rate of
75% [66]. Furthermore they showed that the peak plasma concentration of doxorubicin
was (78.97 4= 38.3) ngmL ! after release from the drug eluting beads compared to (895.66
+ 653.1) ngmL ™! for doxorubicin administered at the same time as blank embolic beads
were administered. This indicates that the use of drug eluting beads can reduce off

target effects and systemic toxicity.
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Another trial comparing the effectiveness of doxorubicin-eluting beads and blank
embolization particles showed that while the embolization particles induced ischemia
resulting in tumour necrosis there was a clear additional benefit from the addition of
doxorubicin [67]. The study showed that after six months the original tumour could
no longer be measured in 26.8% of the patients treated with the drug eluting beads
compared to 14% of patients treated with only the embolic particles. Furthermore, the
time to progression was significantly (p=0.008) increased to (42.4 £+ 9.5) weeks for the
patients receiving the drug eluting beads compared to (36.2 4 9.0) weeks for the patients

receiving embolization treatment alone.

1.3.2 Radioactive embolic particles

Radioembolic particles allow radiotherapy to be administered internally by injecting
resin or glass microspheres containing a radioisotope such as Yttrium (*°Y) into the
arterial supply of a tumour [68]. Y emits 3 radiation with a maximum energy of
2.3MeV (average 0.94 MeV ) via a half-life of 64 hours to form the stable Zirconium
atom (*°Zr) [69]. Radioembolization can deliver radiation doses of up to 150 Gy without

the complications observed in traditional external beam radiotherapy [52].

There are two types of commercially available radioembolic particles, TheraSpheres®
which are glass microspheres and SIR-Spheres® which are resin microspheres (Table 1.1).
These have both been shown to produce a high dose of radiation selectively to human
liver tumours but not surrounding healthy tissue [69] due to the low penetration range
of f-radiation (mean 2.5mm and maximum 11mm) [52, 70]. Additionally, combining
radioembolisation with chemotherapy has been shown to have a synergistic effect [68].
Recent research has investigated using phosphorus-32 (32P) because it has a much longer

half-life (14.3 days) than Y. This means that treatment can be given over a much
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longer time frame as the microspheres will have decayed less between manufacture and

administration and once inserted they will remain radioactive for longer [70, 71].

Similarly to chemoembolization, radioembolization has also been shown to be safe and
effective. Sangro et al. showed a tumour volume reduction of at least 30% in 19/21

patients treated with Y SIR-Spheres® [72].

1.4 Nanoparticles for cancer diagnostics and ther-

apy

Nanoparticles are technically defined as small particles which have at least one dimension

b

in the range of 1 to 100nm [73] however the prefix "nano”’ is commonly used in drug
delivery for particles up to several hundred nanometers in size [74]. These sizes are
similar to biological molecules and therefore nanoparticles are able to be taken up into
the cells through endocytosis. Nanoparticles generally possess dramatically different
physical properties compared to bulk particles of the same composition [75]. Due to
their small size they have a large surface area and therefore a larger proportion of atoms
are on the particle surface leading to changes in surface properties including energy
level, electronic structure and reactivity. Furthermore, their physicochemical properties
such as their size, shape, structure, morphology and surface properties, can be finely
tuned for the appropriate application (Fig 1.4). Nanoparticles show great promise for
the diagnosis and treatment of cancer. The following nanoparticles have been studied for

their use in cancer therapy: quantum dots (QD), metal oxides, superparamagnetic iron

oxides (SPIONs), gold nanopartilces (AuNPs), carbon nanotubes (CNTs) and liposomes.

Nanoparticles can be targeted to tumour cells through passive or active mechanisms
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Figure 1.4: Schematic showing the different nanoparticle properties which
can be controlled during the production of nanoparticle based drug delivery
systems(Image taken from [6]).

and once they are present at the tumour location they are likely to be taken up by the
cancerous cells because they are a similar size to biological molecules [76]. Passive
targeting of nanoparticles occurs through the enhanced permeability and retention
(EPR) effect. The EPR effect allows the preferential uptake and accumulation of
molecules of a certain size such as liposomes, nanoparticles, and macromolecular drugs,
into tumour tissue compared to normal tissue [77]. Since cancer cells have increased
proliferation they must stimulate the production of new blood vessels (angiogenesis). Due
to the rapid formation of these blood vessels they are abnormal in form and architecture
and therefore they have wide fenestration and lack a smooth muscle [78]. Furthermore,
tumour tissue often lacks effective lymphatic drainage. These two mechanisms cause an
increase in drug concentration of 10-100 fold in the tumour from drug loaded particles
compared to free drug administration[79]. In the 1980s the first passively targeted
nanocarriers reached clinical trials while in the mid 1990s the first products based on

lipsosomes and polymer-protein conjugates were approved for clinical use [80].
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Active targeting involves the use of ligands conjugated onto the surface of nanoparticles
which specifically increase the retention and uptake of the nanoparticles at the tumour
location [81]. Ligands are selected to bind to the molecules or proteins overexpressed on
the surface of the cancerous cells. Typical ligands include antibodies, proteins, aptamers,
saccharides and small molecules such as vitamins (Fig 1.5) [81]. Nanoparticles tend
to circulate within the body for longer than small drug molecules when administered
intravenously (IV) provided that they are large enough not to be excreted by the
kidneys or too large to be trapped by the reticuloendothelial system (RES) [82]. The
most common method of reducing RES uptake is PEGylation which creates a hydrated
barrier which stops the attachment of phagocytes by steric hindrance and increases the

nanoparticle circulation time [83].
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Figure 1.5: Schematic of the types of different types of molecules which can
be used to actively target nanoparticles to tumour cells. [Image taken from [81]]
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1.4.1 Nanoparticles as X-ray contrast agents

Nanoparticles have been developed for use as tracers or contrast agents for a wide variety
of medical imaging modalities such as CT, MRI, and ultrsound imaging. The most
common nanoparticles used for MRI contrast enhancement are superparamagnetic iron
oxide (SPIO) nanoparticles [84] while microbubbles are often used as ultrasound contrast
agents [85]. Combining magnetic nanoparticles with microbubbles creates dual modality

MRI and ultrasound contrast agents [86].

Nanoparticles were first proposed for use as an X-ray contrast agent in the 1980s but
due to their non-tolerable side effects they did not become commercially successful [87].
However in the last five years there has been a rapid growth in research into nanoparticle
based contrast agents. Nanoparticles are able to provide excellent contrast compared to
single molecule based contrast agents [88]. The most commonly studied nanomaterials
for X-ray contrast are gold (Au) and bismuth (III) sulfide (BisSs) [89]. The cost of
gold as an X-ray contrast agent limits its clinical uptake while the intrinsic toxicity of
BiyS; limits its use [90]. Other elements have also been studied for there use as contrast
agents such as iodine, bromine, tantalum, platinum, ytterbium, yttrium, gadolinium and
tungsten [87]. Tantalum was selected for use as an X-ray contrast agent in this thesis

due to good radiopacity and biocompatibility [91].

1.4.2 Nanoparticles for radiotherapy

There is growing interest in using nanoparticles as radiosensitisers which are inert
except in the presence of radiation therapy. The most common nanoparticle based
radiosensitiser are gold (Au) nanoparticles however gadolinium, TiO,, silver, hafnium

oxide, quantum dots, superparamagnetic iron oxide nanoparticles have also been studied

[9].
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Hainfeld et al. [92] were the first to show the effectiveness of gold nanoparticles as
a radiosensitiser. They found that mice treated in combination with gold nanoparticles
and radiotherapy had an increased survival compared to mice treated with radiotherapy
alone. Zheng et al. [93] showed the ability of gold nanoparticles to induce DNA damage
in plasmid DNA. Gold nanoparticles induced an approximately 2.5 fold increase in
the number of single and double stranded DNA breaks after radiation treatment with
60 keV X-rays compared to radiation treatment alone. Brun et al. [94] showed that
larger nanoparticles (92 nm), high molar concentration and X-ray radiation using 50 keV
provided the best dose enhancement of the gold nanoparticle samples tested. In wvitro
studies carried out by Joh et al. [95] with gold nanoparticles and ionizing radiation
showed DNA damage and a reduced colongenic survival in brain cancer cells. Subsequent
in vivo studies with the same gold nanoparticles and ionizing radiation showed an
increase survival time for mice with brain tumours [95]. Bobyk et al. [96] observed
similar results to Joh et al. for brain cancer cells in vitro and rats with brain tumours
in vwo. Hafnium oxide nanoparticles have been shown to be taken up by cells in vitro
through endocytosis and then when combined with radiotherapy cause a reduction in the
number of cells remaining after a clonogenic assay compared to the control cells [97]. In
vivo the hafnium nanoparticles caused a reduction in tumour volume and increased the
survival time of the mice after treatment with radiotherapy compared to radiotherapy

alone.

TiOy nanoparticles have also been studied as potential radiosensitiser. Titanate
nanotubes have been shown to induce cell death in the presence of X-rays [98]. TiO,
nanoparticles have been shown to reduce cell survival in MCF7 and MKN-45 cell lines in
the presence of °Co y-rays [99]. Furthermore, TiO, nanoparticles have been doped with

rare earth elements to increase their effectiveness both in vitro and in vivo [100, 101].
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These nanoparticles will be discussed in detail in chapter 5.

1.4.3 Nanoparticles for drug delivery

Nanoparticles have been loaded with a range of chemotherapy drugs such as Taxol,
doxorubicin and vinblastine because they offer so many advantages compared to current
systemic treatment. They can be loaded with a high concentration of chemotherapy drug
due to their large surface area which through nanoparticle targeting can be delivered
directly at the tumour location thereby reducing the toxic side effects [102]. Moreover
the drugs can be released in a controlled manner or on demand using sophisticated,
stimuli-responsive systems [29]. Furthermore, chemotherapy drugs which are poorly
soluble in water can be delivered therefore increasing the potential of currently unused
hydrophobic drugs. The nanoparticles can protect the drug from degradation in the harsh
environments found in the body such as the highly acidic stomach or the cell lysosomes
and by enzymes in the blood stream [103]. This increases the plasma half life of the
drug and therefore more effective treatment can be provided. Finally nanoparticles can
be used for the co-delivery of multiple types of drugs allowing for combination therapy
or they can be combined with diagnostic agents such as contrast agents for real time

readout of treatment efficacy [103].

1.5 Aims and Objectives

The aim of the work presented in this thesis was to develop novel embolic particles for use
in cancer therapy using a combination of nanoparticles and polystyrene microparticles.
A general methods chapter is provided in chapter 2. The aim of the work presented
in chapter 3 was to optimise the synthesis of polystyrene microparticles to ensure that
the correct size and distribution of microparticles was produced for effective occlusion

of the the tumour vasculature. Chapter 4 outlines work to determine if the radioopaque
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embolic particles could be synthesised by doping with tantalum oxide. The aim of
work presented in chapter 5 was to determine if a radiosensitizing embolic particle
could be developed. This work investigated possible synthesis methods to combine the
polystyrene microparticles and rare earth doped TiO5 nanoparticles to create core shell
particles which have previously been shown to produce reactive oxygen species upon
X-ray irrdation. Chapter 6’s work aimed to produce embolic particles which had a high
capacity for drug loading using silicon dioxide (SiOy nanoparticles. The aim of the final
chapter, chapter 7, was to investigate the types of cell death induced by a novel natural

product with promising anticancer activity, Ophiobolin A.
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Chapter 2

General methods

Several methods are used in multiple chapters of this thesis and therefore they have
been outlined here with specific details provided later in the text. Methods which are
only relevant to one chapter have been included within the appropriate chapter. A table
providing all the materials used within this thesis, the supplier and a justification for

using them is provided in appendix A.

2.1 Particle characterization

The nanoparticles and microparticles were characterised using a range of techniques as

outlined below.

2.1.1 Electron microscopy

Electron microscopy allows particles in the micro and nanoscale to be imaged using
an electron beam due to the small de Broglie wavelength of electrons. Two types of
electron microscopy were used in this work, transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). In TEM, images are formed by the electron

beam interacting with the specimen as it passes through the ultra-thin specimen. In
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SEM, an tightly focused beam of electrons scans across the sample. The interaction of
the beam with the sample produces signals which reflect the sample’s surface topography

and composition.

2.1.2 Transmission electron microscopy

The morphology and crystal structure (through observation of high-resolution lattice
fringe data) of the TiO,, SiOy or tantalum nanoparticles were characterised by
transmission electron microscopy (TEM). A JEOL JEM-2010 TEM equipped with a
LaBg thermionic electron gun and operating at a primary beam energy of 200 keV
was used. TEM specimens were prepared by resuspending nanoparticles in absolute
ethanol, sonicating and drop-casting onto holey carbon coated copper TEM grids (Agar

Scientific).

2.1.3 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to characterise the nanoparticles and the
microparticles using a JEOL JSM-840F SEM and a JEOL JSM-840A SEM. The 840F
SEM was operated at a primary beam energy of 3-5 keV and images were collected in
the secondary electron (SE) imaging mode which investigates the surface topography.
The 840F preformed well for high resolution images. The 840A SEM was operated at a
primary beam energy of 10 keV and images were collected in both the secondary imaging
mode and the backscattered electron imaging mode which investigates the materials
composition. SEM specimens were prepared by dusting onto a carbon taped SEM stub
(Agar Scientific) and then coating with a 3nm layer of platinum. The platinum layer

adds a conductive layer which reduces charging during operation.
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2.1.4 Energy Dispersive X-ray Spectroscopy

The elemental composition of the nano and microparticles was determined by Energy
Dispersive X-ray Spectroscopy (EDX). Both the JEOL-2010 and the 840A were equipped
with an Oxford Instruments INCA X-ray analysis system for carrying out energy
dispersive x-ray spectroscopy. By analysing the characteristic X-rays produced by the
interaction of the primary electron beam with the sample, elements (>1% by weight)

present in the sample were determined.

2.1.5 Disc centrifuge

The hydrodynamic diameter of the nanoparticles was measured using a CPS disc
centrifuge (DC 18000; CPS instruments Europe).The machine was operated at 24,000
rpm and sucrose density gradient ranging from 8% to 24% (w/v) was built up by injecting
decreasing concentrations of sucrose into the centrifuge. This density gradient stabilizes
the particle sedimentation within the centrifuge. The highest density layer must be
lower magnitude than the density of the particles in the sample or the particles will
not arrive at the detector. Samples (100 pl) were inserted into the centre of the disc
and the time taken to reach the outside of the disc measured. The size distribution
can then be calculated based on the density of the particles (assumed to be the bulk
tabulated density) and the rotation speed. Samples were prepared by resuspending the
nanoparticles in double distilled water (ddH,0), sonicating with an ultrasonic probe
(Sonic Vibra-Cell) for 5 minutes (104 W (80 %) 5 seconds on/5 seconds off ) and filtering
with a 0.2 pm filter (33 mm cellulose acetate syringe filter, Anachem) . Samples were
calibrated against particles of a known diameter (Polyvinyl chloride, 0.377 pm, CPS

Instruments Europe).
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2.1.6 Zeta sizer

Zeta (C) potential, also known as electrokinetic potential, is a measure of the electric
charge on the nanoparticle surface and quantifies the stability of a colloidal suspension
(Fig 2.1). The magnitude of the zeta potential provides information on the nanoparticles
stability since particles with a higher magnitude potential have increased electrostatic
repulsion and therefore increased stability. The zeta potential of the nanoparticles was
measured using a Malvern Zetasizer Nano. Samples were prepared at a concentration of
0.2 to 0.3mgml ™! in tris (hydroxymethyl) aminomethane (Tris) (0.001 mM) buffered to

a range of pHs using HCL (Sigma) and NaOH (Sigma).
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Figure 2.1: The zeta potential is used to quantify the charge on a particle.
(Image taken from [104]) It originates from a net electrical charge on the nanoparticle
contained within the region bound by the slipping plane. The surface charge on a
nanoparticle is screened by ions of the opposing charge near the particle surface. The
zeta potential is a measure of the difference in potential between the bulk fluid that the
particle is dispersed in and the layer of fluid containing the oppositely charged ions that
is associated with the nanoparticle surface.

2.1.7 X-ray diffraction

The crystal structure of the TiOs and TaOx nanoparticles was obtained by X-ray

diffraction (XRD) using a fully automated Siemens D5000 powder diffractometer
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employing copper Ka radiation (A=0.154 06 nm) and a secondary monochromator. The
sample was supported on a single crystal of silicon and continuously spun during data
collection. The sample was scanned using a step size of 0.05°20, between the range
of 10°-90°20, and a count time of 12 seconds per step (where © is the angle between
the incident rays and the sample). The crystal phases were determined by comparing
the diffraction pattern obtained with standard data from the International Centre of

Diffraction Data (ICDD).

2.2 Ophiobolin A

Ophiobolin A (OphA) was prepared by Prof Antonio Evidente lab (Department of
Chemical Sciences, University of Naples Federico 11, Italy) and obtained as white crystals
from Drechslera gigantea culture filtrates according the procedure previously reported
[36]. The purity of OphA was determined by RP-HPLC-UV to be >95 %. Stock OphA
solutions were prepared by dissolving OphA in ethanol (Aldrich) at a concentration
of 2500 pM and further dilutions were carried out in phosphate buffered saline (PBS;

Aldrich). PBS was used as a no drug control for all samples.

2.3 Cell culture

Eight human tumour cell lines (RD, RH30, MCF7, MDA-MBA-231, HeLa, KB-31, U-
87 MG and U20S) and one control cell line (Fibroblasts) were used to investigate the
effectiveness of the nanoparticles, their toxicity and the cell death induced by Ophiobolin
A. Information regarding the cell line, its American Type Tissue Culture (ATCC)
number, the tissue they originate from and the type of cancer they originate from can be
found in Table 2.1. Additionally, RD cells expressing green fluorescent protein (GFP)

were prepared by Miss Xinyue Huang (Department of Engineering Science, University of
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Oxford) using a lentiviral vector to transfect RD cells with GFP following the modified
method presented by Kafri et al. [105] for use in some of the flow cytometry experiments.
The vinblastine resistant KB-VI cells [106] which are a derivative of the parental KB-31
cell line were used to test the effectiveness of OphA on a drug resistant cell line. One
healthy control cell line derived from human fibroblasts was a gift from Mrs Tiffany

Lodge (Nuffield Department of Obstetrics and Gynaecology, Oxford University).

Cells were grown in Dulbecco’s Modified Eagle’s Medium -high glucose (DMEM; Aldrich)
supplemented with 10% Fetal calf serum (FCS;Aldrich), 2mM L-Glutamine (Aldrich),
100 U/ml Penicillin (Aldrich) and 0.1mgml™! Streptomycin (Aldrich). Cells were
incubated at 37°C in a 5% CO, atmosphere and passaged when confluent (approximately

every four days).

Table 2.1: Summary of the cell lines used in this study indicating the tissue
and disease of origin. (*American Type Tissue Culture Collection).

Cell line ATCC* number Tissue Disease
RD CCL-136 muscle embryonal rhabdomysarcoma
RH30 CRL-7763 muscle alveolar rhabdomysarcoma
MDA-MB-231 HTB-26 breast adenocarcinoma

MCF7 HTB-22 breast adenocarcinoma
HeLa CCL-2 cervix adenocarcinoma
KB-31 CCL-17 HeLa contaminant carcinoma, papilloma

Fibroblast connective control cells
U20S HTB-96 bone osteosarcoma

U-87 MG HTB-14 brain glioblastoma
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2.3.1 Mycoplasma testing

tTM mycoplasma detection kit

Cells were tested for mycoplasma using the MycoAler
(Lonza, UK) as per the manufacturers instructions. In brief, media supernatant from
the cells prior to trypsinisation was collected and centrifuged at 1500 rpm for 5 minutes
to remove any remaining cells. Cleared supernatant (100pl) was then placed in an

tTM

1.5 ml micro-centrifuge tube and 100l of MycoAler reagent was added to lyse any

viable mycoplasma. After 5 minutes the sample was measured in a luminometer with a

tTM gubstrate

4 second integration time to give Reading A. Then a luciferin MycoAler
(100 mL which produces light in the presence of ATP. After 10 minutes a second reading
(Reading B) was measured using the luminometer and the ratio of Reading B/Reading A
was calculated. A ratio of Reading B to Reading A of < 0.9 shows cells which are negative

for mycoplasma, between 0.9-1.2 indicates cells which are borderline for mycoplasma and

> 1.2 indicate cells which are contaminated with mycoplasma.

2.3.2 Cell viability assays

There are many different methods for assessing cell viability and proliferation including
cell counting and colorimetric techniques. Manual cell counting removes the need for
external dyes however it is time consuming to perform and has large sample variation.
Colorimetric techniques allow a rapid screening method to be carried out using a plate
reader based assay and by flow cytometry. Many dyes exist including, MTT, reaszurin,
crystal violet and BrdU however they often interact with nanoparticles and therefore
can provide misleading results. For example, the MTT (3-(4,5-dimethyl-2-thiazol)-2,5-
diphenyl-2H-tetrazolium bromide) assay works by the conversion of MTT to an insoluble
purple formazan product by mitochondrial enzymes [107]. There was a major problem
with using these colorimetric dyes for testing the viability of cells after nanoparticle

treatment because the nanoparticles were often also dyed by the colorimetric dye. For
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example, SiOs nanoparticles were dyed with crystal violet in a concentration dependent
manner which could lead to misleading results (Fig 2.2). Additionally, reactive oxygen
species produced by nanoparticles have been shown to convert MTT to the purple
formazan product thus overestimating viability. Therefore either manual cell counting or
flow cytometry was used to assess the cell death after nanoparticle treatment to remove

any misleading results.
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Figure 2.2: Ability of crystal violet to dye nanoparticles and therefore provide
misleading results. SiO; nanoparticles were stained with crystal violet for one hour,
washed and then resuspended in ddH,O and the absorbance was measured in a method
similar to that described in section 2.3.2.1 for staining cells with crystal violet. Data is
presented as mean + SD of triplicate samples and a linear fit has been applied to the
data (R?=0.97)

2.3.2.1 Crystal violet assay

The crystal violet assay was used to asses the cell viability of the cells after treatment
with microparticles or Ophiobolin A. Cells were seeded in 96 well plates at 1x10* cells
per well in 150 pl growth media and left overnight in the incubator for the cells to adhere.
after the appropriate treatment was applied, the media on the cells was removed and the
cells were washed in PBS twice. Cells were fixed in 100l of 1% (v/v) glutaraldehyde
(aq; Sigma Aldrich) for 30 minutes and stained with 100 nl of 0.5% (w/v) crystal violet

solution (aq; Sigma Aldrich) for at least one hour. Crystal violet stains the nucleus of the
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cell and therefore can be used to determine the number of cells. The plate was washed
with water, dried overnight and cells were solubilised using 150 pl of solubilising solution
(1% (w/v) sodium dodecyl sulphate (SDS; Fisher Scientific) and 10% (v/v) acetic acid
(Sigma Aldrich)). The absorbance of the solution was measured at 590 nm using a Tecan
Infinite £200 plate reader. Samples were blank corrected and expressed as a percentage of
the control cells viability. Experiments were performed in at least triplicate and repeated

on three separate occasions.

2.3.2.2 Manual cell proliferation assay

Cell proliferation was determined by manual counting of the cells using a hemocytometer.
After the appropriate treatment was applied the growth media was removed and the cells
were washed with PBS twice. Adherent cells were removed from the plate using 30 nul
of Tryspsin-EDTA. Both the adherent cells and the cells removed in the growth media
were counted separately. Trypan blue was initially used to stain the dead cells from
the adherent cells however this was deemed unnecessary as the majority of cells were
viable. Experiments were performed in at least triplicate and repeated on three separate

occasions.

2.3.3 Flow cytometer

Flow cytometry can be used to measure the physical and chemical properties of cells
which are fluorescently labelled with a range of dyes. Thousands of particles per second
can be analysed by the flow cytometer as they pass a laser in single file. Two flow
cytometers were used in this work due to availability of the equipment. The work
presented in chapter 6 was carried out using an Accuri C6 Flow Cytometer (BD) while
the work presented in chapter 7 was carried out FACS Calibur flow cytometer (BD).

Both cytometers have a blue 488 nm and a red diode 635 nm laser and filters for forward
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scatter and side scatter, and green, orange, red and far red fluorescence.

2.3.3.1 Sample preparation

For all flow cytometry experiments, cells were seeded in either 12 or 24 well plates
at 15x10% or 8x10* cells per well, respectively, in growth media and left overnight in
the incubator for the cells to adhere. Cells were treated with OphA (See later in the
text for the different treatments applied) and samples were prepared by collecting the
supernatant containing the non-adherent cells while the adherent cells were washed and
trypsinized (Trypsin-EDTA; Aldrich) and then combined with the first supernatant.
For unfixed cell analysis the combined cells were then centrifuged and washed in the
appropriate buffer twice before resuspended in 50 1l buffer. PBS was used as the buffer
for every sample except those dyed with Annexin V where Binding buffer (BioLegend)
was used. For fixed cell analysis cell the combined cells were then centrifuged and washed
in the appropriate buffer twice before being resuspended in 1 ml of 70% methanol (Fisher)
under gentle vortexing. Fixed cells were stored at 4 °C until the day of analysis where
they were were washed in cold PBS twice , suspended in 200 nl PBS and incubated at
37°C with 50 pgml~! RNase for one hour.

Cells were stained with dyes of interest (See later in the text for dyes used and the
appropriate incubation times). Subsequently, 200 nl of buffer was added to the cells
and then at least 10,000 cells from the samples were analysed using the flow cytometers
described above. Flowing Software version 2 (www.flowingsoftware.com) was used to
visualize the cell data and the debris was excluded from further analysis by gating the
area containing the cells (Fig 2.3). Subsequently the florescence intensity of the dyes of
interest were determined. Experiments were performed in triplicate and repeated on at

least two separate occasions.
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SSC-H
S5C-H

FSC-H 2

Figure 2.3: Representative flow cytometry data indicating the gating of the
cells for further analysis. The cells are in region 1 in red while the debris is black
(FSC= forward scatter and is related to cell size, SSC= side scatter and is related to
cell integrity.)

2.3.4 Statistical analysis

The data is presented as mean + standard deviation (SD) of triplicate samples
throughout the text unless specified in the figure legend. Statistical analysis was
performed by a one or two tailed students t-test in excel as appropriate. p<0.05 was

taken as the criteria for statistical significance.
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Chapter 3

Polystyrene Embolic Particles

3.1 INTRODUCTION

Embolization is a non-surgical, minimally invasive procedure in which blood vessels are
selectively occluded by introducing emboli. This technique can be used to treat a number
of different conditions such as aneurisms, uterine fibroids, and cancer [49]. In cancer
treatments, embolic particles can be introduced into the blood stream close to the target
and lodge in the small vessels which feed the tumour thus restricting blood flow. As such,
oxygen and nutrient supplies to the tumour are reduced which causes tumour necrosis
[50]. This thesis focuses on the development of novel multimodal embolic particles for

cancer therapy which have a polystyrene microparticle at its core.

3.1.1 Current embolic agents

There are many different types of embolic agent currently used in clinical practice such as
microparticles, coils and liquid agents. Balloons were historically used for embolization
procedures but these have been taken off the market due to the high risk of movement
within the body after administration [108]. The choice of embolic agent depends on its

desired clinical outcome, its material properties and if temporary or permanent occlusion
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is required.

3.1.1.1 Gelatin foam

Gelatin foam is made from purified skin gelatin and has been used as an embolic agent
for more than 30 years [54]. It is available as either thin sheets or as 40 pm to 60 pm
powdered microparticles [54]. Gelatin foam microparticles swell on hydration into larger
particles to provide temporary vessel occlusion which is not ideal for cancer treatment.
Gelatin foam is cheap and has clinical precedent for embolization treatment however the
particles often aggregate within the body trapping air bubbles within the vasculature

system and inducing infection.

3.1.1.2 Polyvinyl alcohol particles

Polyvinyl alcohol (PVA) particles have also been used as embolic agents for more than 30
years [54]. The particles are made from PVA foam sheets which are vacuum dried, rasped
and then sieved into different size bands. The prepared particles are irregular in shape
and present as oblong, oval, sharp and angulated particle fragments. This promotes
particle aggregation and therefore they tend to occlude vessels which larger than their
specified diameter and which are further from the tumour [109]. PVA particles provide a
permanent occlusion which is ideal for tumours, they are biocompatible and have clinical
precedent. The major disadvantage of using PVA particles for embolization treatment is
their tendency to aggregate which can cause occlusion of vessels which are more proximal

to the tumour and cause blockage of the catheter during the administration procedure

[110].

3.1.1.3 Tris-acryl getalin microspheres

Tris-acry gelatin microspheres (TAGM) have been used as embolic agents since 2000 and

are made from an acrylic polymer matrix which is embedded with porcine gelatin. Unlike
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PVA particles, TAGM microparticles are precisely calibrated, smooth and spherical
particles [108]. They do not have the problems associated with aggregation that occurs
in PVA particles and therefore tend to penetrate smaller vessels than PVA particles.
Furthermore, they rarely cause catheter blockage [111]. The main disadvantage of TAGM
microparticles is that they are likely to sediment and therefore require frequent agitation

to maintain the suspension.

3.1.1.4 Coils

Coils are permanent embolic agents which come in a variety of shapes and sizes and are
usually made of steel or platinum [54]. They are often used for the occlusion of larger
vessels by inducing thrombosis on the surface of the coil. Therefore the effectiveness
of the treatment is dependant on the patients ability to form clots [55]. Complications
arising from coils include the occlusion of non-target vessels, coil migration resulting
in pulmonary embolization, stroke or myocardial infarction and vessel dissection,

perforation or rupture [54].

3.1.1.5 Liquid embolic agents

Liquid embolic agents are made from cyanoacrylates (glue) which rapidly polymerize
once exposed to an ionic environment such as saline or blood forming a blockage inside
the vessel [108]. The polymerization reaction often induces an inflammatory reaction
within the occluded vessel. The major disadvantage of liquid embolic agents is that
expert knowledge of the vascular anatomy is needed to prevent embolization of non-

target vessels.
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3.1.2 Polystyrene microparticles

Polystyrene microparticles were selected for the core of the embolic particle because
they are non-biodegradable and therefore able to provide a permanent occlusion of
the blood vessels. The polystyrene particles were synthesised by suspension co-
polymerization which is a technique that is relatively simple to perform and therefore easy
to manufacture. Suspension polymerisation produces particles which are between 40 pm—
1000 pm [112] which are ideal for embolization particles. Furthermore, it produces high
yields of microparticles and therefore has the potential for producing embolic particles

at a commercial scale.

Polystyrene particles have previously been shown to be non-toxic in both in wvitro and
in vivo studies. They are often used as a negative control for comparing the toxicity of

other elastometers [113] demonstrating that they are non toxic.

3.2 Efficacy testing of embolic particles

The effectiveness of the embolic particles would ideally be tested using an animal model;
however, as this was not possible, alternative methods were sought for initial proof of
concept studies. Embolic particles have been used for the treatment of tumours since
the 1970s [52] which demonstrates the concept is possible. Moreover, in line with the

Three Rs (3Rs), the use of animals in scientific research should be limited.

The 3Rs, replacement, reduction and refinement, were first proposed in 1959 by Russell
and Burch [114] as the guiding principles for the more ethical use of animals in scientific
testing. Replacement involves the use of non-animal methods such as tissue culture,
perfused organs tissue slices, cellular and/or subcellular fractions rather than animal

methods whenever possible to test new scientific ideas [115]. Reduction minimises the
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number of animals required to provide sufficient scientific information on the tested
system or by using the same number of animals but gaining increased information about
the tested system. Refinement involves using methods which alleviate or minimize the
potential pain, suffering and/or distress to the animals used in the study. Therefore

alternative methods were sought for testing in this work.

3.2.1 Aims and Objectives

The aim of the work presented in this chapter was to synthesise and characterise the
polystyrene particles which form the core of the multimodal embolic particles. A
literature study was carried out to determine the size of vasculature surrounding tumours
and therefore determine the optimum diameter of embolization particles required for
effective occlusion. Furthermore, effective occlusion with the polystyrene particles was
investigated using a synthetic microvessel and by the modification of a perfusion cell

culture kit to match the size of tumour vasculature found in the literature.

3.3 MATERIALS AND METHODS

3.3.1 Polystyrene microparticles

The polystyrene microparticles were prepared by the method presented by Thara et al.
[116, 117]. Firstly, 2.5ml of styrene (Aldrich), 2.5 ml of ethylene glycol dimethacrylate
EGDMA (Aldrich) and 2.5mg of azobisisobutyronitrile (AIBN; Aldrich) were mixed
to create an oil phase. The oil phase was added to the 30ml of an aqueous phase
containing 4 wt % poly (vinyl alcohol) (PVA) (87-90% hydrolyzed, average molecular
weight (30.000-70.000 Aldrich) in a round-bottomed flask. The mixture was stirred
for one hour at room temperature and then left to stand for 24 hours at 60°C. The

stirring speed affected the resultant distribution of particle sizes. The particles were
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collected by centrifugation, washed twice in ddH5O, then re-suspended in 30 ml ddH,O
and refluxed overnight to remove any remaining PVA. The particles were finally collected
by centrifugation, washed twice with methanol (Rathburn) and dried under vacuum. A

reaction scheme is provided in Fig 3.1.
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Figure 3.1: Reaction scheme for the synthesis of polystyrene cross-linked with
ethylene glycol dimethacrylate. (1-styrene, 2-EGDMA, 3-polystyrene cross-linked
with EDGMA.) Reaction scheme adapted from Ajikumar et al. [118] .

3.3.2 Fluorescent dyed polystyrene embolic particles

The polystyrene particles were dyed with Rhodamine B and fluorescein isothiocyanate
(FITC) to create red and green fluorescent particles. Polystyrene microparticles (50 mg)
were resuspended in a mixture of 2.5 ml dichloromethane (Aldrich), 2.5 ml of isopropanol
and 25 mg of tween 80 (Aldrich). Subsequently either 2.5 mg of Rhodamine B (Aldrich),
or 2.5mg of FITC (Aldrich), was added and the mixture was stirred in the dark at 500
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rpm for three days. The dyed polystyrene microparticles were collected by centrifugation
and washed in isopropanol (Fisher) until the supernatant was colourless. The particles
were imaged with a Motic AE31 microscope equipped with a mercury lamp and filters

for TRIC (Ex. 547nm, Em. 572nm) and FITC (Ex. 495nm, Em. 519nm).

3.3.3 Particle characterization

The size and surface morphology of the polystyrene particles was investigated by SEM,
as described in section 2.1.3, and by bright field microscopy using a Motic AE31
microscope. The diameter of the particles was assessed (n > 200) using the Motic
AE31 microscope software. The change in zeta potential with pH of the polystyrene

particles was determined using a Malvern Zetasizer as described in section 2.1.6.

3.3.4 Cell viability assay

Cell viability of the RD cell line after 0.04mgml~! to 10mgml~! PS treatment was
assessed by crystal violet staining as described in section 2.3.2.1. Experiments were

performed in triplicate and repeated three times.

3.3.5 Microvessel models

Linear and branched synthetic microvessel models were custom made by SynDaver?™
Labs (USA) for use in this project. SynDaver’™ Labs have developed synthetic
arteries and veins which are designed to ensure that their material properties, such
as tensile modulus, abrasion resistance, penetration force, coefficient of friction, thermal

conductivity and dielectric constant, are similar to human tissue [119].

The custom made linear microvessels were specified to have internal diameters of 100 pm

and 200 pm and the custom made branched microvessel was specified to have branches
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with the following internal diameters 100 pm, 200 pm and 500 pm (Fig 3.2). Attempts
were made at blocking the microvessel with the PS particles by injecting the polystyrene

particles into the microvessels using a Hamilton syringe.

1.D=200um

1.D.=100um \,—\
%

1.D=500um

o'

]

Figure 3.2: Syndaver’™ Labs microvessel models. Photograph of a branched
microvessel with specified branches of 100 pm, 200 pm and 500 pm internal diameter.

3.4 RESULTS AND DISCUSSION

3.4.1 Literature review of the diameter of tumour vasculature

Before polystyrene microparticle synthesis was carried out, a review of the literature
was performed to ensure that the embolic particles were designed for the most effective
occlusion of tumour blood vessels (Table 3.1). In normal tissue, vasculature is very
organised and has a regular branching network beginning with arteries, continuing down
to arterioles and ending with capillaries. In contrast tumour vasculature is disorganized
due to rapid angiogenesis and therefore lacks the conventional hierarchy of blood vessels
[120]. Tumour vessels are also often dilated and contain bidirectional shunts [82]. Data
mining of a large number of studies in the literature showed that vessel diameter ranges
from 1pm—225pum depending on the tumour type and the species of origin (Table 3.1).
In all the reports which discussed size distribution, most of the vasculature was smaller

than 50 pm with only a few vessels larger than 50 pm (Table 3.1).
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Historically, most of the embolic particles developed have been large (> 100 pm up
to 1 mm) however recent research has suggested that using smaller microspheres (1 pm-—
2251m) could provide better treatment outcomes as the particles are able to penetrate
to more distal locations within the tumour thus providing more homogeneous blocking
[121]. This is supported by data from the literature review; there are only very few large
vessels that would become blocked by large particles and those are the vessels furthest

from the tumour.

3.4.2 Design and synthesis of polystyrene microparticles

In order to achieve good embolization along the tumour vasculature tree, embolic agents
were prepared as polydispersed polystyrene spheres (PS) ranging from 10 pm—250 pm
(Fig 3.3A). The polystyrene particles were synthesised by suspension co-polymerization
using a free radical initiator as described by Ihara et al. [116, 117]. An oil phase was
created by mixing styrene monomers with a cross linker ethylene glycol (EDGMA). The
monomer solution was then mixed with aqueous polyvinyl alcohol (PVA) which acts
as a stabilizer for the monomer mixture [116, 117]. The resultant oil-in-water (O/W)
suspension was subsequently heated to induce activation of the initiator ABIN which
starts the radical polymerisation reaction [112]. Based on the reactivity ratios for styrene
and ethylene glycol dimethacrylate [132], the copolymer is calculated to contain 55%

styrene monomers and 45% ethylene glycol dimethacrylate monomers.

Suspension polymerisation is normally used to produce larger polymer particles (10 pm—
1000 pm) [88]. The size distribution of the prepared polystyrene spheres could be tuned
by changing the rotation speed from 200 rpm to 300 rpm during synthesis (Fig 3.3B). The

diameter of the particles produced (d) is dependent on the diameter of the vessel (D,) and
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Table 3.1: Review of vasculature diameters found in literature.

Diameter and

Human Stud range of Size
or Tumour type Hey & distribution
. size vasculature . . Ref
animal information
measured
579 Mean= 25.2 pm,
Human Prostate atients Range= Not reported 122]
P 12.9pm-55.6 pm
62
Human Prostate patients Mean=24.4 pm Not reported 23]
16 75% were
Human Laryngeal patients Range=>5->60 pm 51um—20 pm, 1% [124]
was >60pm
15 Majority of the
Mouse Colorectal N Range=2 pm-55 pm vessels were 125]
<10 pm
Mouse Colon ol Range= 4 pm-29 pm Not reported
vessels ge=nr . - [126]
Mammary 6 Mean= 39 pm, Majority of the
Mouse carcinomas tumours Range= 0pm-225pm vessels were [127]
ge= VIt B 0pm-55 pm
Human cervical 95
Mouse eplthel'lal vessels Range= 5 pm—60 pm Not reported 28]
adenocarcinoma
Rat Mammary 4 Range= 5 pm-225pm Mj;;)slzg v(s)/(fertehe
adenocarcinoma tumours 6= ol K [129]
small
99 Majority of the
Rat Colon HmOUTs Range= 5 pm-10 pm vessels were [130]
5 1m—50 pm
: 3138 Mean= 16.8 pm, Peak vessel size
Rat Glioma vessels  Range= 1pm-55pm was 10 pm [131]
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Figure 3.3: Characterisation of the polystyrene embolic particles for effective
embolization of branched tumour vasculature. A) Representative SEM image
of the polystyrene microspheres showing the size distributions. B) Results from an
independent experiment (n=3) showing the change in size distributions with rotation
speed during synthesis. Data is presented as mean £+ SD of triplicate samples. Insert
in B) shows the change in peak particle size with rotation speed. C) Results from an
independent experiment (n=3) showing the change in zeta potential of the PS particles
with pH. Data is presented as mean + SD of triplicate samples.
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the stirrer (Dy), the ratio of droplet phase to suspension medium (R), the stirring speed
(N), the viscosity of the droplet phase (p4) and suspension medium (i, ), the interfacial
tension between the two immiscible phases (¢) and the stabiliser concentration (Cs) and
an empirical factor (k) representing the reactor design, type of stirrer, self-stabilisation,

e.t.c as shown in equation (3.1) [133]

DUR,U,dG

d= szNumCs

(3.1)

As expected the peak particle size was found to be linear with respect to the rotation
speed during synthesis (Fig 3.3B insert). Subsequently, PS particles were prepared at
250 rpm as this would create particles with a peak size of 50 pm ideal for embolization
procedures. The PS particles are negatively charged with a zeta potential of < —30mV
at pH2-10 (Fig 3.3C). As the zeta potential is less negative than —30mV the PS particles

do not form a stable suspension and the particles settle quickly.

3.4.3 Polystyrene embolic particle cytotoxicity test

The toxicity of the polystyrene particles was determined using by a crystal violet assay
which showed that the polystyrene particles were not toxic to RD cells within the
range (0.04mgml™! to 10mgml™!) tested (Fig 3.4). Unlike the SiO, nanoparticles
shown in Fig 2.2, the PS particles were not dyed with the crystal violet at any of the
concentrations tested and therefore the crystal violet assay could be used to determine
cell viability. Polystyrene particles have previously been shown to be non-toxic in both
in wvitro and in vivo studies. For example, Hafeli et al. [134] showed that there was no
significant difference in cell viability between microspheres made from materials which are
commonly considered to be biocompatible, e.g. poly (lactic acid) and polystyrene latex
microspheres. Furthermore, Menei et al. [135] showed that polystyrene microspheres

(20 pm—30 pm) implanted into rat brains were still intact and had not induced neuronal
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toxicity after 9 months.
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Figure 3.4: Polystyrene embolic particles are not toxic to RD cells. Results
from an independent experiment (n=3) showing that there is no difference in cell number
after RD cells are treated with PS microparticles measured using a crystal violet assay.
Data is presented as mean £ SD of triplicate samples (where error bars are not visible
they are smaller than the point size.)

3.4.4 Visualization of fluorescent PS particles within microves-

sels

The prepared embolization particles were labelled with the fluorescent dyes Rhodamine
B (Ex.480nm, Em. 535nm; Fig 3.5A) or FITC (Ex. 350nm, Em. 460 nm; Fig 3.5B )

to allow for visualisation of embolic particles within the microvessels models.

To assess the ability of the particles to occlude vessels, bespoke microvessels were
purchased from SynDaver’™ Labs. After injection of the FITC and Rhodamine B
polystyrene particles into the SynDaver’™ Labs microvessel the particles could be
visualised using brightfield and fluorescent imaging (Fig 3.6). However, examination

of the vessels cross section showed that the vessels were not of the specified diameter.
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Figure 3.5: Representative fluorescence images of a polystyrene particles
dyed with A) Rhodamine B to provide red fluorescence and B) FITC to
provide green fluorescence.

The internal diameter of the vessels was between 370 um and 690 pm) (Fig 3.2) rather
than the specified 200 pm. The particles could clearly be seen within the vessel, although
no occlusion could occur because of the incorrect vessel size. Unfortunately it was not

economically viable to purchase further synthetic vessels for subsequent testing.

3.4.5 Occlusion of a perfusion 3D cell culture kit

Due to the cost of the synthetic SynDaver’™ Labs microvessel, it was decided to
investigate blockage of PEEKSsil® polymer-sheathed fused SiO, microtubing. CN Bio
(previously Zyoxel) manufacture a perfusion 3D cell culture kit designed for testing the
behaviour and function of cells in response to drug treatment. The kit is designed to
be a more representative of an in vivo response (Fig 3.7). The Zyoxel kit was modified
with 25 um and 50 pm internal diameter PEEKsil® tubing to represent the diameter of
tumour vasculature found in literature. While initial experiments planned to look at
the effect on the cells growing in the wells after introduction of the the particles in the
modified Zyoxel kit, the blockage was so effective that no liquid was able to pass through
the tubes. In fact, introduction of the particles resulted in such a large pressure build up

that eventually the joints in the system broke to relieve the pressure which led to leaks
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- 200 ym
\- \
- -

200 pm

Figure 3.6: Fluorescent embolic particles could be visualised within the
SynDaver’” Labs microvessels A) Representative brightfield and fluorescence
images of a cross section of the custom made SynDaver™ Labs microvessel showing
a FITC dyed polystyrene particle within the microvessel. The internal diameter was
designed to be 200 pm however from the image the internal diameter is between 370 pm
to 690 pm. B) Representative brightfield and fluorescence images of a lengthwise section
of the SynDaver”™ Labs microvessel containing several Rhodamine B dyed polystyrene
particles.

in the system. It was therefore not possible to investigate the effect of the particles on
the cells after occlusion however it does demonstrate the embolic particles would stop
the tumour receiving the required nutrients for growth providing effective embolization

had occurred.

3.5 CONCLUSIONS

The synthesis of the polystyrene microparticles was optimized to prepare microparticles
which were 50 pm and therefore they would effectively occlude the vasculature surround-
ing tumours. The resultant polystyrene microparticle diameter was finely tuned by

changing the rotation speed during synthesis and it was found that 250 rpm was optimal

81



Polystyrene Embolic Particles
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Figure 3.7: Zyoxel kit for the continuous perfusion of cells.  The kit was
modified to allow for perfusion through 25 pm and 50 pm PEEKsil® tubing as a model
of tumour vasculature.

to produce 50 pm particles. The polystyrene particles were not toxic to RD cells at any of
the concentrations tested showing that the particles are biocompatible. The polystyrene
particles were successfully dyed with Rhodamine B and FITC to allow for visualisation
within the synthetic branched microvessel. Effective occlusion of the modified Zyoxel kit
with the embolic particles was observed. These polystyrene particles form the basis of
the multimodal embolic particles which are presented later in chapter 4, chapter 5 and

chapter 6 of this thesis.
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Chapter 4

Development of a radiopaque

embolic particle

4.1 INTRODUCTION

The usefulness of embolic particles can be increased by formulating them so that they are
radiopaque. This allows the particle placement to be monitored during the procedure and
for post treatment monitoring. This chapter focuses on the theoretical and experimental
aspects of the development of a radiopaque embolic particle. The embolic particles have
been designed to include tantalum oxide (TaOx) nanoparticles which act as an X-ray

contrast agent inside the polystyrene microparticles (PS-TaOx).

4.1.1 X-ray attenuation

X-ray attenuation is key to understanding how changes in matter affect X-ray image
production. The image contrast on an X-ray film is dependent on the difference in
intensity of an X-ray beam hitting a film at neighbouring locations. When an X-
ray beam interacts with matter it causes photons to be absorbed or deflected. This

attenuation causes a reduction in the beam intensity which is dependent on the incident
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beam intensity (I), the thickness of the material (z) and its linear attenuation coefficient

(1)
I = Iyel=ro), (4.1)

The linear attenuation coefficient is dependent on the density of the material and
therefore the mass attenuation (u/p) of a material is often reported in the literature
[136]. Equation (4.2) can be used to convert between the mass attenuation coefficient

and the linear attenuation coefficient using the material’s density (p)

= (u/p)p. (4.2)

The mass attenuation coefficient, in the energy range used for diagnostic imaging, is
a combination of three interactions between X-ray photons and matter. These are:
coherent scattering (w), the photoelectric effect (1) and Compton scattering (). These

interactions sum together to give the mass attenuation coefficient

p=w-+T7+0. (4.3)

A schematic of these different interactions between X-rays and matter is shown in Fig 4.1.
Where these interactions originate from is explained further below. Coherent scattering
contributes to the noise on X-ray films, however it is a minor component in comparison to
the photoelectric effect and Compton scattering; and therefore is excluded from further

consideration.

The photoelectric effect is due to the interaction of X-ray photons and inner-shell
electrons. An electron can be ejected from its orbit when an incident photon impacts
on an electron with energy greater than its binding energy. The ejected electron is

absorbed almost instantly and the vacancy left in the inner shell is immediately filled
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by an outer shell electron producing lower magnitude energy radiation. The probability
of the photoelectric effect occurring is more likely when the photon energy is high. This
means that at high photon energy there is less X-ray attenuation and therefore 7 is

inversely proportional to the photon energy (F) to the third power

Toc 1/E. (4.4)

However, when K shell electrons have high binding energies, such as those absorbers

with high atomic number (Z), they are more likely to be involved in the photoelectric

Coherent scatter of x-ray offan atom

X-rayin X-ray out

Photoelectric absorption of X-ray releasing particles

X-rayin
X-rays and electrons out

Compton x-ray scatter with individual electron

X-rayin X-ray out

N
. Electron out

Figure 4.1: Diagram showing the three types of interactions which occur
when an X-ray beam interacts with matter, at the energy used for diagnostic
X-ray imaging, causing the beam to attenuate.These are: coherent scattering (w),
the photoelectric effect (1) and Compton scattering (9).
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effect and 7 is proportional to the third power of Z

Toc 23 (4.5)

To summarize, the contribution of the photoelectric effect to X-ray attenuation is high

under low energy radiation and in the presence of high Z absorbers.

Compton scattering (6) arises from the interaction of an X-ray photon with an outer
shell electron causing it to be ejected from its orbit. The photon is deflected as scattered
radiation with lower magnitude energy and a different direction. The probability of
Compton scattering occurring, depends on the number of electrons present in the
absorber and is independent of atomic number. Compton scattering dominates X-
ray attenuation for low Z matter, while at high Z, the photoelectric effect dominates.
Compton scattering is responsible for most scattered radiation which increases noise
and decreases the contrast on an X-ray image. The quantity of Compton scattering
diminishes as the X-ray photon energy increases, so that high energy photons are more
likely to pass through the body than low energy photons. This means the magnitude of
the radiation dose received by patients is lower with high energy X-rays compared to low
energy X-rays. However, a compromise is required to ensure that good image contrast

is obtained, whilst at the same time minimizing the radiation dose the patient receives.

4.1.2 X-ray contrast agents

X-ray contrast agents are used in medicine to increase the image contrast whilst
minimizing the radiation dose received by the patient. All contrast agents contain a
high atomic number element which means they have high X-ray attenuation due to the
photoelectric effect described in equation (4.5). Common X-ray contrast agents contain

iodine or barium with Z numbers of 53 and 56 respectively. Iodine is cheap and safe to
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use however it is not an optimal X-ray attenuator [137]. Most diagnostic X-ray machines
use a tungsten tube to produce the X-rays. The attenuation characteristics of iodine are
mismatched to the X-ray photon energy provided by the tungsten tube and therefore
non-optimal contrast is obtained. By appropriately matching the mass attenuation of a
heavy element to the X-ray photons produced by the tungsten tube better contrast can
be achieved. Additionally, by selecting a heavy metal with greater magnitude intrinsic
contrast then a lower magnitude of radiation exposure or a smaller volume of contrast

material can be used for effective imaging.

Recently, interest in nanoparticles as X-ray contrast agents has grown in interest due
to their favourable properties allowing for increased in vivo detection [138]. The most
studied nanomaterials for X-ray contrast are gold (Au) and bismuth (III) sulfide (BiyS3)
[89]. The use of BiyS3 is limited by the intrinsic toxicity of bismuth and while the
synthesis of gold nanoparticles is straight forward, the cost of gold as an X-ray contrast

agent is an obstacle to clinical uptake [90].

4.1.3 Tantalum oxide

Tantalum oxide is chemically stable and is resistant to corrosion [139]. Tantalum has a Z
number of 73 and hence it is highly radiopaque with an attenuation of 1.08 times iodine
at 60keV and 3.3 times iodine at 80keV [140]. Tantalum has been historically used as
an X-ray contrast agent since the late 1960’s for imaging the lungs [141, 142, 143, 144],
sinuses [145], larynx [146, 147] and the brain [148]. In the majority of these applications
it showed rapid clearance from the body [139]. Additionally, tantalum oxide is non-
magnetic which means the patient can still undergo magnetic resonance imaging (MRI)

postoperatively; a technique often used to track tumour progression postoperatively.
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Recently, various groups have investigated using tantalum oxide nanoparticles as X-ray
contrast agents. In 2009, Colborn et al.[149] patented a technique for preparing tantalum
oxide nanoparticles coated with a material containing a zwitterionic functional group for
use as an X-ray contrast agent. Their first publication showed that 6 nm tantalum
oxide nanoparticles provided greater contrast enhancement than iodine, at equimolar
concentrations, from 80 to 140kVp [150]. Subsequently, they published work using
diethylphosphatethyl-derivatized siloxane coated tantalum oxide nanoparticles. These
showed no physiological effects in rats at 400mgkg™' body weight and only minimal
effects at 1500mgkg™ body weight [151]. However, they identified some problems
which would stop the diethylphosphatethyl-derivatized siloxane coated tantalum oxide
nanoparticles being used in clinical practice and hence suspended their future devel-
opment. For example, the tantalum nanoparticle formulation had a high viscosity,
the nanoparticles had a long tissue retention time and the nanoparticles induced a
pathological response in the kidneys. Instead, they investigated coating the tantalum
oxide nanoparticles with a zwitterionic siloxane polymer which reduced the viscosity of
the tantalum oxide nanoparticle solution by a factor of 5, decreased the tissue retention
time of the tantalum oxide nanoparticles by a factor of 10 and reduced the build up of

tantalum oxide nanoparticles within the kidneys [152].

Oh et al. [153] synthesized bioinert tantalum oxide nanoparticles which showed in vitro
and in vivo X-ray contrast enhancement which was linear in relation to tantalum oxide
concentration. There were no histological changes in the liver, spleen, heart, kidney and
lung after 2 weeks when rats were injected with 840 mgkg™! body weight. They also
prepared core-shell iron oxide, tantalum oxide nanoparticles which can be used as both

X-ray and MRI contrast agents [154].

Herein the tantalum oxide nanoparticles will be embedded into PS-TaOx microparticles
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and so the tantalum oxide will not be in direct contact with the body and therefore
there is less concern regarding the toxicity of the tantalum oxide nanoparticles and the

possibility of them causing a pathological response in untreated areas of the body.

4.1.4 Aims and Objectives

The aim of the work in this chapter was to prepare embolic particles which provide
X-ray contrast. Doping of the polystyrene particles with tantalum oxide nanoparticles
was investigated to determine if sufficient X-ray contrast could be obtained. This was
supplemented by calculations being performed to determine the number of particles
required for the particles to be seen within the body. Furthermore, characterisation of

the tantalum nanoparticles was carried out to determine their material properties.

4.2 MATERIALS AND METHODS

4.2.1 Tantalum oxide nanoparticle synthesis

Tantalum oxide nanoparticles were prepared according to the method presented by Oh et
al. [153]. An oil phase was created by mixing 2.3 g of the non-ionic surfactant Igepal Co-
520 (Aldrich), 0.75ml of ethanol (Fisher) and 20 ml of cyclohexane (Aldrich) by stirring.
A microemulsion was then created by adding 250l of 2mM NaOH (aq; Aldrich).
Finally, 50l of tantalum(V) ethoxide (Aldrich) was added to the microemulsion at
room temperature and incubated for 5 minutes. Ethanol was then added to the mixture
to allow the particles to sediment. Particles were collected by centrifugation, washed in

ethanol three times and dried in a desiccator overnight.
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4.2.2 PS-TaOx microparticle synthesis

The PS-TaOx microparticles were prepared by a modification of the method previously
described in section 3.3.1 for the synthesis of polystyrene microparticles. Different masses
of TaOx nanoparticles were mixed into the oil phase to create PS-TaOx microparticles
containing theoretically 0 wt %, 5 wt %, 10 wt %, 20 wt % and 50 wt % TaOx
nanoparticles (Samples A —FE, respectively). The oil phase was then sonicated using
an ultrasonic probe (Sonic Vibra-Cell) for one minute (104 W (80 %) five seconds on/
five seconds off) to increase the dispersion of the nanoparticles throughout the oil phase.
The oil phase was then added to the standard aqueous phase and synthesis carried out

as described in section 3.3.1.

4.2.3 Oleic acid coating

In one iteration, TaOx nanoparticles were coated with oleic acid to increase the
hydrophobicity of the nanoparticles and therefore increase their dispersion in the oil
phase during polymer synthesis [155]. The majority of methods in the literature for
coating nanoparticles with oleic acid relate to iron oxide nanoparticles and the coating
often takes place during the synthesis of the nanoparticles rather than post-synthesis
[156, 157, 158]. The coating method was modified from the method presented by
Majewski and Krysinki [159] for the surface modification of ferrite nanoparticles with

oleic acid.

Pre-prepared tantalum oxide nanoparticles (200 mg) were resuspended in 20 ml of ddH,O
and the pH of the mixture was then adjusted to 2 using 2 M nitric acid (Aldrich). The
TaOx nanoparticles were subsequently flocculated by the addition of 0.5 M ammonium
hydroxide (Aldrich) until the solution reached pH 6.5. The nanoparticles were collected

by centrifugation and washed in ddH,O twice. The particles were once again resuspended
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in 20ml of ddH,O and then 2ml of oleic acid (Aldrich) was added. The mixture was
shaken vigorously for 5minutes on a vortex mixer and then the oil and water phases
were left to settle. The oil phase was then extracted, centrifuged and washed in 10 ml of
a 3:1 (v/v) methanol (Rathburn) /water mixture twice. Finally, the unbound oleic acid
was reacted with 10ml of 0.1 M ammonium hydroxide to form the ammonium salt and

again this was washed with a 3:1 (v/v) methanol /water mixture twice.

PS-TaOx microparticles were also synthesised using oleic acid coated tantalum oxide
nanoparticles. The method was exactly the same as that described in section 4.2.2.
Samples with 10 wt % maximum possible concentration of oleic acid coated tantalum
oxide nanoparticles (Sample CQOA) and 20 wt % maximum possible concentration of

oleic acid coated tantalum oxide nanoparticles (Sample DQOA) were synthesised.

4.2.4 Particle characterization

The size of the tantalum oxide nanoparticles was measured by both TEM and centrifugal
sedimentation as described in section 2.1.2 and section 2.1.5 respectively. The change in
zeta potential of the tantalum oxide nanoparticles before and after coating with oleic acid
was monitored using the Malvern Zetasizer as described in section 2.1.6. The crystal
structure of the TaOx nanoparticles was obtained by XRD using a fully automated

Siemens D500 powder diffractometer as described in section 2.1.7.

The dispersion of tantalum oxide within the PS-TaOx microparticles was investigated
by sectioning the microparticles and then imaging using TEM, and also by fracturing
the microparticles with liquid nitrogen and then imaging using SEM. For the sectioning,
the composite particles were embedded into epoxy resin using the Agar 100 Resin Kit

as per the manufacturer’s instructions. In brief, 10ml of Agar 100 epoxy resin, 4.5 ml
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of dodecenyl succinic anhydride (DDSA) and 6 ml methyl nadic anhydride (MNA) were
prewarmed to 60 °C and then mixed together at 60 °C by gentle hand rotation for a few
minutes. Once fully mixed, 0.6 ml of benzyl dimethylamine (BDMA) was added and the
mixture was shaken for a further two minutes. The epoxy resin mixture was then poured
onto the PS-TaOx microparticles inside a resin holder (Gilder Grids, EM 5 Embedding
Mould). The resins were left to set for at least 36 hours at 60 °C. Sections were cut using

an Ultratome Nova microtome and placed on copper mesh TEM grid. The grids were

imaged using a JEOL-2010 TEM.

The PS-TaOx microparticles were fractured in a small volume of liquid nitrogen using
a precooled mortar and pestle. The fractured pieces were then dusted onto a standard
SEM stub (further details can be found in section 2.1.3). The surface morphology and
changes in elemental composition of the fractured surface was examined using a JEOL
JSM-840A SEM. The 840A SEM was operated at a primary beam energy of 10keV and
images were collected in both the secondary imaging mode and the backscattered electron

imaging mode. EDX was also performed to determine the elements present in the sample.

The mass concentration of tantalum oxide nanoparticles within the different PS-TaOx
microparticle samples was interpolated from thermogravimetric analysis (TGA). A TG
DTA 6300 (PerkinElmer) was used to measure the change in mass of each sample when
heated from 30°C to 650°C at a rate of 10°Cmin~!. The percentage change in mass
of TaOx nanoparticles and polystyrene microspheres was then used to interpolate the

concentration of TaOx within the PS-TaOx microparticles (%7 aOxy)

SOz, — =) o 100%, (4.6)
MTe0x
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where m, is the percentage mass remaining in the tested sample, m,s is the percentage
mass remaining in the polystyrene sample and my,0, is the percentage mass remaining

in the TaOx nanoparticle sample after heating to 650 °C.

4.2.5 X-ray contrast experiments

To determine the contrast enhancement of the PS-TaOx microparticles compared to
the polystyrene spheres, the PS-TaOx microparticles (Samples B-E) were irradiated
with superficial X-rays using a tungsten anode Comet MXR-321 tube and an X-ray
transmission image was obtained. Additionally, the polystyrene microparticles (Sample
A) and the TaOx nanoparticles (Sample F) were also tested. The nanoparticles and
microparticles were resuspended in ddH,O at 50 mg mL~! and 100 mgmL~! respectively
and 200 pL. of each sample was placed into 96 microwell plate sparsely to ensure no
scatter from neighbouring wells. The surface area of the base of the well was 0.32 cm?.
The plate was placed on a 1.5 mm thick Perspex (PMMA) shelf which sat on top of an
applicator and a sheet of Gafchromic EBT3 film (Vertec Scientific) film was subsequently
placed on the lid of the plate. The films were exposed to bremsstrahlung X-rays with a
peak energy of 50keV, a tube current of 20 mA and with no additional filtration other
than the 1.5 mm Perspex shelf and the beryllium window of the X-ray tube to obtain
a transmission image. Three films of each plate was taken and the experiment was

repeated three times.

The films were scanned in transmission mode using a flatbed scanner [Epson Expression
10000XL] with the optional transparency unit [Epson B12B813363] and a calibration
curve was used to convert the optical density of the X-ray film to the dose of radiation
received in each well location. The calibration curve had previously been prepared

by Dr James Thompson (Gray Institute for Radiation Oncology and Biology, Oxford
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University). Local background subtraction was performed to reduce errors arising from
the uneven change in optical density across the X-ray film. The contrast of the PS-TaOx

microspheres was compared to the undoped PS microspheres.

4.2.6 CT scan of the PS-TaOx microparticles

A CT image of the TaOx nanoparticles, the PS-TaOx microparticles and the undoped PS
microparticles was obtained using a small animal radiation research platform (SARRP)
(Xstrahl Ltd, Camberley, UK) to show that the particles are able to show contrast
using a pre-clinical setup. A sample holder was prepared by cutting holes in the top
of a T25 tissue culture flask and inserting thin walled PCR tubes to hold the samples.
Powder samples of the TaOx nanoparticles, PS-TaOx microparticles and undoped PS
microparticles were placed into the PCR tube and were exposed to X-rays with a peak

voltage of 50keV filtered with 0.22 mm of copper to obtain the CT image.

4.2.7 X-ray contrast calculations used to ascertain the level
of TaOx doping required for sufficient PS-TaOx X-ray

contrast

Calculations were used to ascertain the concentration of TaOx required within PS-TaOx
microparticles to ensure sufficient X-ray contrast within a tumour volume. A schematic
to aid understanding of the calculations is shown in Fig 4.2. The patient thickness was
set as a constant. The region of interest was calculated as a one dimensional line of
between zero and one hundred 50 pm PS-TaOx microparticles containing 0 wt%, 5 wt%,
10 wt%, 20 wt%, 50 wt% and 100 wt% TaOx which is equivalent to the transmission of

the X-ray beam through 0 to 5 mm of PS-TaOx material.

The change in intensity of the X-ray beam through the patient (I; on Fig 4.2) was
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Figure 4.2: Diagram showing the % change intensity of an X-ray beam as
it attenuates from interactions from a patients body or region of interest
containing the PS-TaOx microparticles. This is used to help understand the x-ray
contrast calculations.
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Figure 4.3: Change in mass attenuation coefficients with photon energy for
tantalum, polystyrene, iodine, bone and tissue. Data taken from NIST [160]

calculated from equation (4.7) which combines equation (4.1) and equation (4.2) to give

I, = [06—(/1//))t/7t96t7 (4.7)

where Iy is the initial intensity of the X-ray beam, (u/p); is the mass attenuation
coefficient of the tissue, p; is the density of the tissue and x; is the thickness of the

patient. The change in mass attenuation with photon energy is provided by NIST [136]
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and relevant plots for tantalum, polystyrene, iodine, bone and tissue, soft (ICRU-44) are
shown in Fig 4.3. The peak energy of the X-ray beam used was 50keV and SpekCalc
was used to generate the spectrum of energy from of the X-rays with the following
settings: Energy range = 5 to 50keV, Theta = 30 Degree, 1000 mm of air and 3 mm of
beryllium [161]. Furthermore the mass attenuation coefficient and density of Polymethyl
Methacrylate, taken from the NIST database [136], were used to include the 1.5mm

Perspex shelf.

The change in intensity of the X-ray beam through the patient and the region of interest

(I on Fig 4.2) was calculated from a modified version of equation (4.7)

12 — Ioe_(M/P)tﬂt(xt—zp)_(N/P)pppxp’ (48)

where the suffix p refers to particle.

The mass attenuation coefficient of the particles was estimated using the mixture rule
[136]

(1/p)p = Ziwi(p/p)i, (4.9)

where w; is the mass proportion of the ¥ element in the compound and a similar

expression was used to estimate the density of the particles,

pp = Lswi(p)i- (4.10)

The TaOx was assumed to be TaOx which is the chemical formula determined by the

paper that the TaOx synthesis was taken from [153].
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Finally the contrast enhancement (C) of the particles can be calculated from

C = —1-2 (4.11)

Assuming a perfect detector with a response independent of photon energy and ignoring

photon scatter.

4.2.8 Further development of the calculations for comparison

with experimental results

The calculations were further developed to estimate the contrast enhancement expected
from the X-ray contrast experiments described previously in section 4.2.5. The particles
were irradiated in 96 well plates and an X-ray transmission image of the plate was
obtained. The thickness of particles within each well (X)) was estimated based on the
mass of particles within the well (m,), the density of particles (p,), the area of each well

(Ay) and an estimate of the packing density of the particles (e)

€Em
X, = L. 4.12
p ppAw ( )

The packing density was assumed to be 0.95 and the area of each well in the 96 well
plate was 0.32cm. The change in intensity of the beam was then calculated using
equation (4.11). Finally the change in contrast for the PS-TaOx microparticles compared

to polystyrene microparticles was estimated based on,

[o styrene— Ips- atr
o — 1p lysty Ips-Ta0z _ 1 _ “PS-TaOx (4.13)

I polystyrene I polystyrene
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4.3 RESULTS

4.3.1 Synthesis of 5-8 nm amorphous TaOx nanoparticles

Tantalum oxide nanoparticles were synthesised to act as X-ray contrast agents. TEM
images of the synthesised TaOx nanoparticles show monodispersed 5 to 8 nm nanoparti-
cles (Fig 4.4A). The nanoparticles were shown to be amorphous TaOx by both the Fast
Fourier transform of the TEM image of the TaOx nanoparticles (Fig 4.4B) and from
XRD (Fig 4.4C). The composition of the nanoparticles was confirmed to be tantalum
oxide by EDX (Fig 4.4D). In one iteration of the method, TaOx nanoparticles were
coated with oleic acid to increase the uptake and dispersion of the nanoparticles within
the polystyrene matrix. The presence of the coating on the nanoparticles was confirmed
by measuring the change in zeta potential pre- and post- coating across a wide range of
pH values. The data shows that the zeta potential of the TaOx nanoparticles becomes
more negative across the pH range 2-9 after coating with oleic acid, compared to the
uncoated TaOx nanoparticles (Fig 4.4E). The zeta potential of the oleic acid coated TaOx
nanoparticles is less than —30 mV across the pH range 2-9 and therefore the nanoparticles

can be deemed to be stable.

4.3.2 TaOx nanoparticles were successfully incorporated into

the polystyrene matrix of the embolic particles

Radiopaque polystyrene microspheres were prepared by incorporating the tantalum oxide
nanoparticles into the polystyrene microspheres during the synthesis. The incorporation
of TaOx nanoparticles into the polystyrene matrix of the embolic particles was confirmed
by (i) sectioning the microparticles and imaging with TEM, and (ii) fracturing the
microparticles with liquid nitrogen and imaging using SEM. A representative section of a

PS-TaOx microparticle shows areas of high contrast which are due to TaOx nanoparticles
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Figure 4.4: Characterisation of the tantalum oxide (TaOx) nanoparticles to
act as X-ray contrast agents. A) Representative transmission electron microscope
(TEM) image of the TaOx nanoparticles with an external diameter of approximately
5 to 8nm (scale bar 20nm). B) Fast Fourier Transform of the TaOx nanoparticles
in A) showing amorphous rings. C) Representative X-ray diffraction trace showing
that the TaOx nanoparticles are amorphous. D) Representative energy dispersive X-
ray spectroscopy (EDX) confirming the presence of tantalum within the nanoparticles.
E) Results from an independent experiment (n=3) showing the change in zeta potential
of the TaOx nanoparticles before and after coating with oleic acid resuspended in ddH,O
across a range of pH values. Data is presented as mean £+ SD of triplicate samples.
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and the outline of the polystyrene curvature (Fig 4.5A,B). The liquid nitrogen fractured
PS-TaOx microparticles were imaged by SEM using both secondary electron (SE) and
backscatter (BS) electron mode. SE imaging mode is most suitable for investigating
the surface topology of a sample, and the surface fracture lines can be seen (Fig 4.5C).
BS imaging mode is used to assess changes in elements within the sample since high
atomic mass (high Z number) elements cause greater backscatter of electrons than low
Z elements; therefore areas of high Z show up more brightly on the image than low Z.
Since tantalum has an atomic mass of 73, compared with an atomic mass of 12 for the
carbon found in the polystyrene, the tantalum shows up as bright areas on the image.
Therefore the especially bright areas seen in the BS image are likely to be aggregates of
TaOx nanoparticles (Fig 4.5D) and the presence of tantalum in these areas was confirmed
by EDX. Since the nanoparticles are 5 to 8 nm (Fig 4.4A) individual nanoparticles are too
small to be resolved by SEM and therefore it is likely that the particles are distributed

throughout the sample.

The percentage (w/w) of TaOx nanoparticles incorporated into the polystyrene matrix
was quantified using TGA. Polystyrene microparticles (Sample A; 100% PS) started
to decompose above 300°C and were completely burnt off after heating to 550°C
(Fig 4.5E,F). Over this temperature range the TaOx nanoparticles (Sample F; 100%
TaOx) show a reduction in mass of 14%. The mass lost for the PS-TaOx microparticles
(Samples B-E; 0.8-9.7% TaOx in PS-TaOx) is less than the loss in mass seen from the
polystyrene-only microparticle (Sample A). The percentage of TaOx within each PS-
TaOx microparticle was interpolated using equation (4.6) to produce the results shown
in Table 4.1. The overall trend of TaOx incorporated into the PS-TaOx microparticle
sample was as expected but the extent of incorporation is low compared to the maximum

possible TaOx nanoparticle loading for each sample. Coating the nanoparticles with oleic
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Figure 4.5: Characterisation of the PS-TaOx microparticles to act as
radiopaque embolization agents. A ,B) Representative transmission electron mi-
croscope (TEM) images of a section of the synthesised PS-TaOx microparticles showing
the tantalum oxide (TaOx) nanoparticles as areas of high contrast and the outline of the
microparticle disc (Black arrows; Scale bar 1pum). Representative scanning electron
microscopy (SEM) images of a synthesised PS-TaOx microparticle which has been
fractured using liquid nitrogen. C) Secondary electron image to show topographical
features. D) Backscatter electron image to show changes in elements in the sample.
Bright areas are due to greater backscatter of electrons from greater magnitude atomic
number (Z number) elements. Energy-dispersive X-ray (EDX) confirmed the presence
of tantalum within the bright areas on D (Scale bars 50 pm).
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Figure 4.5: (Cont.). Results from an independent experiment showing thermogravi-
metric analysis traces when PS-TaOx microparticles were heated from 30°C to 650 °C
at a rate of 10°Cmin~!. E) The percentage change in mass of polystyrene microparticle
(Sample A), a PS-TaOx microparticle sample (Sample E) and TaOx nanoparticles
(Sample F). F) Expanded section from E) showing the end point percentage mass change
from 500 °C to 650 °C for polystyrene (Sample A) and 3 PS-TaOx microparticle samples
(Samples C-E).

acid resulted in an increased incorporation of TaOx into the polystyrene matrix; 1.4%

compared to 0.8% for samples C, and 1.9% compared to 1.7% for samples D (Table 4.1).

Table 4.1: Showing the percentage of tantalum oxide (TaOx) which is
incorporated into the PS-TaOx microparticles based on thermogravimetric
analysis. The percentage of TaOx within the PS-TaOx microparticles (Sample B-E)
can be interpolated from the percentage mass remaining, after heating to 650°C for
the polystyrene microparticles (Sample A), the TaOx nanoparticles (Sample F) and the
measured sample.

Maximum possible % Interpolated concentration of
Sample ID of TaOx within TaOx within the sample based
the sample on the TGA results (%)
A 0 0
B 5 0
C 10 0.8
C@OA 10 1.4
D 20 1.7
D@OA 20 1.9
E 50 9.4
F 100 (TaOx nanoparticles) 99.7

4.3.3 Results from the x-ray contrast calculations.

X-ray contrast calculations were generated to determine the number of PS-TaOx embolic
particles required to obtain a certain level of contrast assuming the beam goes through

the centre of the spheres (Fig 4.6). To allow for easy comparison with a clinically
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relevant example, the contrast expected to be seen for 1cm, 2.5cm and 5cm thickness
of bone has been included. As expected, the 100% TaOx sample provides the highest
contrast and only 150 pm TaOx microparticle material, which is equivalent to the beam
traversing the centre of three 50 pm TaOx microparticles, would be required to get the
same contrast as 5cm of bone. However, as polystyrene has a lower magnitude mass
attenuation coefficient than tissue (Fig 4.3), 100% polystyrene shows negative contrast
(Fig 4.6A). The number of particles required to obtain the same contrast as 1 cm, 2.5 cm
and 5cm of bone is shown in Fig 4.6B. This shows that at above 10% TaOx doping
within the PS-TaOx microparticles only 3.7 mm of TaOx microparticle material, which
is equivalent to the beam traversing the centre of seventy five microparticles, is required
to get contrast equivalent to 5cm of bone therefore 9.4% doping should easily allow
particles to be seen within a tumour. For comparison, clinical embolization treatment

in current clinical use delivers between 1x10% and 1.3x10° particles [162].
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Figure 4.6: Calculation results showing the expected contrast obtained by the
radiopaque embolization particles. A) Results from the calculations showing the
expected contrast enhancement relative to the number of 50 pm PS-TaOx microparticles,
for different concentrations of tantalum oxide doping. The contrast for 1 cm, 2.5 cm and
5cm of bone within the same patient thickness has been provided for reference. B)
Calculation results showing the number of particles needed to get the same contrast as
lcm, 2.5cm and 5cm of bone.
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4.3.4 Embolic microparticles show X-ray contrast proportional

to the concentration of embedded TaOx nanoparticles

The X-ray film produced by the X-ray contrast experiments is shown in Fig 4.7A. The
samples containing the tantalum oxide nanoparticles (Sample F) show up the brightest
on the X-ray film (Fig 4.7B). The X-ray film was digitized and plotting this as a colour
map confirms that the tantalum oxide nanoparticles (Sample F) produce the highest
contrast (Fig 4.7C). The radiation dose received on the X-ray film was determined using
a calibration curve. The radiation dose received was related to the intensity of the X-ray
beam hitting the film having passed through the samples. The samples will attenuate

the X-ray beam reducing its intensity.

Initially, the TaOx nanoparticles were tested and the results show a linear agreement
(R?=0.97) between the tantalum concentration and the X-ray contrast obtained
(Fig 4.7D). Subsequently, the PS-TaOx microparticles were tested and these show an
increase in contrast compared to the polystyrene microparticles (Fig 4.7E). There is
also good linear agreement between the concentration of TaOx incorporated within the
PS-TaOx microparticles and the contrast for the PS microparticles with a R? value of
0.9. Additionally, the calculations predicts that the contrast enhancement obtained is
linear with respect to the concentration of TaOx within the PS-TaOx microparticles
(Fig 4.7D). The calculations showed a strong correlation (R? value = 0.86) with the
experimental data. Additionally the CT scans of the PS-TaOx microparticles doped
with 9.4% TaOx (Sample E) would provide sufficient contrast for the samples to be

observed in a pre-clinical model of an X-ray contrast setup (Fig 4.8).
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Figure 4.7: Experimental results showing that the TaOx nanoparticles and
the PS-TaOx embolic particles provide X-ray contrast. A) Example X-ray film
produced by irradiating a mixture of Samples A-F to indicate the sparsely populated film.
B) X-ray film showing wells containing 100 mg mL~! polystyrene microparticles (Sample
A), 100 mgmL~! of PS-TaOx microparticles (Samples B-E) and 50 mgmL~" of tantalum
oxide nanoparticles (Sample F). The samples cause the X-ray beam to be attenuated to
different degrees which causes darkening of the film which, using a calibration curve,
can be converted to a radiation dose received on the X-ray film. C) A colourmap of
the X-ray film shown in A which visualizes the difference in X-ray film darkening. D)
Results from an independent experiment (n=3) showing the difference in contrast of the
TaOx nanoparticles compared to the water. A linear fit (solid line) has been applied
to the experimental data with an R? value of 0.97. Data is presented as mean + SD
of triplicate samples. E) Results from an independent experiment (n=3) showing the
difference in contrast of the PS-TaOx microparticles compared to the PS microparticles.
A linear fit (solid line) has been applied to the experimental data with an R? value of
0.9. Data is presented as mean + SD of triplicate samples. Results from the calculations
(dashed line) have also been added which show a strong correlation (R?*= 0.86) with the
experimental data.
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Figure 4.8: Representative CT images of the TaOx nanoparticles, PS-TaOx
microparticles and PS microparticles. A) The cross section and B,C) side views
of the samples (Sample A=polystyrene microparticles, Sample CQOA= 1.4% TaOx
doped PS-TaOx, Sample D=1.7% TaOx doped PS-TaOx, Sample DQOA= 1.9% TaOx
doped PS-TaOx, Sample E= 9.4% doped TaOx doped PS-TaOx, and Sample F= TaOx
nanoparticles. Additionally water can be seen surrounding the samples and air at the
top of the PCR tubes.
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4.4 DISCUSSION

Tantalum oxide nanoparticles have been successfully synthesised which are between 5 nm
and 8nm in diameter. Subsequently, these nanoparticles have been incorporated into
the polystyrene matrix to produce PS-TaOx microparticles. Both the TEM images
of the sections of the PS-TaOx microparticles (Fig 4.5A,B) and the SEM images of
the liquid nitrogen fractured PS-TaOx microparticles (Fig 4.5C,D) show that tantalum
oxide has been successfully incorporated into the polystyrene matrix. The TGA results
show that the mass of tantalum oxide incorporated was lower in magnitude than the
theoretical maximum for total inclusion in the PS-TaOx microparticles. The TGA shows
that the maximum incorporation of tantalum oxide into the PS-TaOx microparticles is
9.4% for Sample E. This compares favourably with Puig et al. [155] who achieved a
maximum of 8% incorporation of 9.5nm oleic acid coated magnetite nanoparticles into

a diglycidylether of bisphenol A (DGEBA) epoxy matrix.

The presence of TaOx nanoparticle aggregates within the PS-TaOx microparticles will
cause an increase in the local contrast enhancement of the particles. However, by
increasing the dispersion of TaOx nanoparticles through the PS-TaOx microparticles
it is likely that the percentage incorporation will also increase. Increasing the dispersion
of nanoparticles through a polymer matrix has been widely studied in the literature as
it is often a challenge. Some of the methods used to increase the dispersion include
chemical modification of the nanoparticles, in situ polymerization, high shear mixing
or sonication [163]. The nanoparticles can be coated with a hydrophobic layer which
encourages the nanoparticles into the oil phase during synthesis and therefore into the
final polymer matrix [155]. The work presented in this chapter shows the successful
coating of the tantalum oxide nanoparticles with oleic acid which increased their stability

across pH values of 2 to 9 (Fig 4.4D). Coating the tantalum oxide nanoparticles showed a
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notable increase, of up to 75%, in the incorporation of tantalum oxide into the PS-TaOx
microparticles compared to the uncoated tantalum oxide nanoparticles. Sonication was
also used to increase the dispersion of the tantalum oxide nanoparticles in the oil phase.
High shear mixing could not be used for producing the PS-TaOx microparticles as this
would change the size of the final microparticles (Fig 3.3). As previously discussed in
section 3.4, the speed of mixing is proportional to the size of microparticles produced
and therefore high shear mixing would produce microspheres too small for embolization

procedures.

The obtained X-ray films show that the PS-TaOx microparticles can provide X-ray
contrast. The colourmap of the films is pixelated and since the spatial resolution of
the Gafchromic EBT3 X-ray film is > 5000 dots per inch, which is equivalent to a
5nm dot size, this could suggest that there is not a even distribution of the PS-TaOx
microparticles across the well. The contrast enhancement which is obtained between the
PS-TaOx microparticles and the polystyrene microparticles was shown to be dependent
upon the concentration of TaOx within the microparticle sample. The contrast change
of the PS-TaOx microparticle samples compared to the polystyrene microparticles was
linear with respect to the tantalum concentration within the sample (R? values= 0.9).
The theoretical calculations predicted that the contrast enhancement between the PS-
TaOx microparticles and the polystyrene microparticles would be linear with respect
to TaOx concentration. This is consistent with the experimental data and there was a
strong correlation with the calculated data and the experimental data (R? value= 0.86).
Oh et al. [153] also showed that the contrast obtained is linear with respect to the TaOx
nanoparticle concentration. Furthermore, the PS-TaOx microparticles could be observed
in the pre-clinical animal CT scan indicating that they are a promising option for animal
trials. The transmission images were obtained with no additional filtration except the

Perspex shelf and the beryllium window. In clinical practice, filtration would be used to
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reduce the radiation dose received by the patient by reducing the Compton scattering

as described in section 4.1.1.

The calculations predict that at low, <10 wt%, TaOx doping of the PS-TaOx micropar-
ticles the X-ray beam would need to traverse the centre of seventy five microparticles, for
the same contrast enhancement equivalent to 5cm of bone at an average X-ray energy
of 25keV. Although this seems like a significant number of particles this is equivalent
to a thickness of 3.75mm of PS-TaOx microparticles. Xu et al. [164] measured the
volume of 37 liver tumours, these ranged from 2 to 700ml (average 153.3ml). Based
on the average tumour volume of 153.3 mL and assuming a cube tumour this results in
0.02% of the tumour volume containing PS-TaOx microspheres. Additionally, current
clinical embolization treatment delivers between 1x10* and 1.3x10% microparticles to the
treatment site [162]. Therefore the location of the PS-TaOx microspheres is likely to be

seen within a tumour volume.

4.5 CONCLUSIONS

In conclusion, radiopaque embolic particles have been successfully designed and synthe-
sised containing TaOx nanoparticles. Theoretical calculations were used to ascertain an
appropriate doping level of TaOx within the PS-TaOx microparticles for achievable X-ray
contrast. The calculations showed that at 10% TaOx doping the PS-TaOx microparticles
should be able to be seen within a tumour volume. Radiopaque embolic particles
were successfully synthesised to contain up to 9.4% TaOx nanoparticles. The TaOx
nanoparticles appear to be in an aggregated form within the PS-TaOx microparticles.
The PS-TaOx microparticles showed significant contrast enhancement experimentally
when compared to the polystyrene only microparticles. Additionally, effective contrast

was observed with the 9.4 wt % doped PS-TaOx using a small animal CT scanner
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indicating they could be used for pre-clinical animal studies.
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Chapter 5

Development of a radiosensitising

embolic particle

5.1 INTRODUCTION

Radioactive embolic particles have previously been developed to combine an embolic
agent with a radioactive element such as yttrium-90 to provide localized radiotherapy
[68]. There are several difficulties involved in using radioactive elements such as their
storage, handling, use and disposal [165]. For example, specialist facilities are required
to ensure the safe storage of the embolic particles in lead pots, safe preparation areas
for specific patient radiation doses and for the safe disposal of any radioactive material.
Furthermore, care must be taken by medical staff to ensure they are not exposed to the

radiation both during and after the implantation procedure.

A more useful approach would be to combine an embolic particle with a radiosensitiser
which would be inert until activation by X-rays. Townley et al. [100, 101] have previously
developed TiOy nanoparticles doped with rare earth elements which produce reactive

oxygen species upon X-ray irradiation. In this study, the doped TiO5 nanoparticles were
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bound onto the surface of the polystyrene embolic particles to create a PS-TiO5 embolic

particle which could be activated by X-rays.

5.1.1 Radiosensitisers

One of the major limitations of radiotherapy is that both healthy tissue and cancerous
tissue can be affected by the ionizing radiation. Radiosensitisers have been used to
make cancerous cells more susceptible to radiation thereby increasing the effectiveness of
radiotherapy [166]. Radiosensitisers are composed of high atomic number (Z) elements
which have a greater magnitude photoelectric photon absorption compared to soft tissue.
This means that if a high Z material is present at high concentrations within the tumour
then a greater magnitude dose will be delivered to the tumour than the surrounding
healthy tissue [167]. The first radiosensitisers used contained iodine (Z=53) which
has been shown to incorporate into cellular DNA and subsequently induce a radiation
enhancement of approximately 3 fold [168]. More recently, nanoparticles such as gold
[166], silver [169], TiOy [100, 101], and hafnium oxide have been investigated for their
radiosensiting properties. For example, Hainfeld et al. [92] showed that mice treated
in combination with gold nanoparticles and radiotherapy has an 86% one year survival

while mice treated with radiotherapy alone had a 20% survival rate.

5.1.2 TiO,

Titanium dioxide (TiOs) is a wide band gap (EG =3.2eV) semiconductor photoactive
agent which has strong oxidization powers, is chemically inert, and has a low toxicity
[170]. TiO5 has been successfully used for environmental clean-up and solar energy
conversion due to its high yield of reactive oxygen species (ROS) when illuminated
by ultra violet (UV) light [171]. The most common types of TiOy induced ROS are

hydroxyl (OH®) and peroxy (HO,) radicals and singlet oxygen ('O,). More recently
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TiO4 has been shown to have photo-killing ability in a variety of cancer cells both in vitro
[84, 172, 173] and in vivo [84, 174]. ROS have been shown to cause irreversible damage to
tumour cells through the oxidation of various cellular components including the plasma,
mitochondria, and nuclear membranes [175]. Additionally, ROS generation may aid
treatment by causing vasculature damage and the indirect stimulation of inflammatory
mediators [176]. Therefore the use of TiOs nanoparticles in cancer treatment has been

widely studied for use in photodynamic therapy and radiotherapy.

Photodynamic therapy (PDT) is a minimally invasive treatment modality which works
by combining a photosensitiser and light energy to convert molecular oxygen to reactive
oxygen species [176]. The effectiveness of PDT is mainly dependent on the efficiency of
singlet oxygen production [177]. PDT can only be used to treat cancers near the surface
of the skin due to the limited penetration depth (up to 20 um) of UV light in tissue and

therefore its usefulness is limited [178].

Previous work by Townley et al. developed TiO, nanoparticles doped with rare earth
elements (gadolinium (Gd), erbium (Er) and europium (Eu)) which have been shown
to generate ROS specifically upon X-ray irradiation. X-rays have a much greater
penetration depth of up to 14 cm compared to UV light [179] and hence they can be
used to treat deeper tumours. In vitro studies using RH30 cells showed a 67% reduction
in cell proliferation using TiOy: 10%Gd@SiO, (3 Gy radiation treatment) and 66%
reduction in cell proliferation with TiOs: 10%Gd, 1%Er, 1%Eu@SiO, (3 Gy radiation
treatment) nanoparticle treatment compared to the unirradiated nanoparticle control
[101]. This means the nanoparticles could be selectively activated by the radiation. In
vivo studies using TiOy: 5%Gd, 1%Eu, 1%Er@SiO, (10 fractions of 2.5 Gy followed by 3
fractions of 2 Gy radiation treatment) injected intratumorally to mice xenografts showed

a dramatic decrease in tumour size to approximately half the size of those treated solely
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with radiation [100].

More recently, titanate nanotubes have been investigated as a radiosensitizer on two brain
cancer cell lines (U87-MG and SNB-19) showing that the nanotubes were internalised
into the cells by endocytosis [98]. The nanotubes were not cytotoxic but could induce cell
death in the presence of X-rays accompanied by an increase in reactive oxygen species.
Furthermore, Rezaei-Tavirani et al. showed that there was a decrease in cell survival for
both MCF7 and MKN-45 cells treated in combination with TiOy nanoparticles and °Co

y-rays [99] .

5.1.3 Aims and Objectives

The aim of work presented in this chapter was to develop a radio-sensitising embolic
particle using doped TiO5 nanoparticles, which had previously been shown to have radio-
sensitising properties. The first objective was to find a suitable method for synthesising
the PS-TiOy embolic particles. Further objectives were to demonstrate the ability of
PS-TiO5 nanoparticles to produce reactive oxygen species in chemico and to determine

their effects on cell proliferation after X-ray irradiation.

5.2 MATERIALS AND METHODS

5.2.1 Doped TiO; NP Synthesis

Doped TiO, nanoparticles were prepared by the sol gel method. Rare earth met-
als (gadolinium (III) nitrate hexahydrate (Aldrich), europium (III) nitrate hydrate
(Aldrich), erbium (IIT) nitrate pentahydrate (Aldrich) and terbium (IIT) nitrate pentahy-
drate (Aldrich)) were dissolved at the molar % indicated in the text in 30 ml of anhydrous

isopropanol (Aldrich). Subsequently, 10 ml of titanium (IV) isopropoxide (Aldrich) was
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added and this was dropped into a 500 ml solution of isopropanol (Fisher) and ddH,O
(50:50 by volume) under vigorous stirring. The solution was stirred for a further 10
minutes and then the particles were left to settle. The supernatant was removed; the
particles were resuspended in isopropanol (200ml), stirred for 10 minutes and again
left to settle. The particles were then filtered using a Biichner funnel under vacuum,
resuspended in ddH,O and autoclaved. Finally the particles were fired (Carbolite RWF

1200 furnace) at 300°C, 500°C and 700 °C in air for 3 hours.

5.2.2 SiOy coating of doped TiO, NP

A SiO; coating was added to the TiO, nanoparticles (TiO2@Si) to limit aggregation
and increase biocompatibility of the particles. Previously prepared TiO, nanoparticles
(2g) were resuspended in 100ml ddH;O [solution 1].  Simultaneously, 1.89ml 3-
Mercaptopropyl trimethoxysilane (Aldrich) was dissolved in 50 ml of ddH2O [solution 2].
Solution 2 (10 ml) was added to solution 1 and this was left stirring for one hour [Solution
3]. Sodium silicate (20ml) was then added to solution 3, the solution was centrifuged
and washed in ddH5O twice before drying under vacuum. The optimum incubation time
for the SiO, coating was determined by taking samples at set time points after addition

of the sodium silicate and subsequently measuring the zeta potential.

5.2.3 PS-TiO, embolic particle sysnthesis

Three methods were used to create the PS-TiOy embolic particles, i) a one pot method
using a cross linking agent, ii) a polyelectrolyte method and iii) a sintering method
(Fig 5.1). PS-TiOy embolic particles were synthesised using TiO@Si, TiOs: 1%Gd,
1%Eu@Si, TiOs: 1%Gd, 1%Tb@Si, TiOy: 5%Gd, 1%Eu, 1%ErQSi nanoparticles by the

methods described in sections 5.2.3.1 to 5.2.3.3 below.
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to create the PS-TiO,; embolic particles.
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Figure 5.1: Schematic of the three synthesis methods investigated for creating
the PS-TiO, embolic particles. Scheme 1) A one pot method which coats the TiOq
nanoparticles with a cross linking agent Methacryloxypropyl trimethoxysilane (MS). The
MS binds onto the surface of the polystyrene during the polymerization reaction to form
the PS-TiOs embolic particles. Scheme 2) Polystyrene particles are initially prepared
by suspension polymerization and then the positively charged PDADMAC is used to
electrostatically bind the negatively charged TiOy onto the surface of the polystyrene
Scheme 3) As for Scheme 2, polystyrene
particles are prepared by suspension polymerization and then the TiOy nanoparticles are
sintered onto the surface of the polystyrene at a temperature above the glass transition

temperature of polystyrene.
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5.2.3.1 One pot method

The one pot method is based on the method presented by lhara et al.  [116]
for preparing 50pm SiOy polystyrene core shell particles. In the original method
the SiOy microparticles were coated with a cross linking agent, Methacryloxypropyl
trimethoxysilane (MS) which allows the SiOs to be suspended on the outside of the
monomer droplet. During the polymerization reaction the carbon-carbon double bond
is able to bind into the monomer therefore anchoring the SiOy microparticles onto the
surface of the polystyrene particle to create the polystyrene-silicon dioxide core shell
particle. A reaction scheme for the polymerisation reaction of styrene and EDGMA is

provided in Fig 3.1.

The steps for preparing the PS-TiO, embolic particles are outlined below. SiOs coated
TiO4 nanoparticles (1.5g) were resuspended in 30 ml of toluene. MS (1.5ml) was added
and the mixture was stirred for one hour. The temperature was then increased to 110°C
and left stirring for 72 hours. The particles were then washed with toluene (Sigma) and
methanol (Rathburn) and dried under vacuum. MS coated TiO, nanoparticles (1 g) were
them mixed with styrene, EDGMA and AIBN and then the steps outlined in section 3.3.1

were followed to create the PS-TiOy embolic particles.

5.2.3.2 Polyelectrolyte method

The polyelectrolyte method is based on the method presented by Radice et al. [180] for
the synthesis of polystyrene-TiOs core shell particles. The positively charged PDADMAC
(Poly(diallyldimethylammonium chloride) solution) is used to electrostatically bind the
negatively charged TiO, nanoparticles onto the surface of the polystyrene particles to
create the PS-TiO5 embolic particles. In brief, polystyrene spheres were prepared by the

method described in section 3.3.1. The polystyrene spheres (0.1g) were resuspended in
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ddH50 (25ml). Ammonium hydroxide (500 pl; Sigma) was added and the mixture stirred
for 15 minutes [sol 3]. Potassium chloride (0.44 g, Sigma) was dissolved in ddH,O and
then 5.77ml of PDADMAC (20% in water, average molecular weight 100,000-200,000,
Sigma) was added [sol 4]. Solution 4 (5ml) was added to solution 3 and this was stirred
for one hour. The polystyrene spheres were then centrifuged and washed in 3 ml of ddH,O
to remove any excess PDADMAC. The spheres were then resuspended in ddH,O and
150 nl of ammonium hydroxide was added. TiO, nanoparticles (0.06 g) were added and
this was stirred for one hour. The particles were then centrifuged, washed in isopropanol

(Fisher) and dried under vacuum.

5.2.3.3 Sintering method

The final method used to create the PS-TiO5 embolic particles was based on the method
presented by Fabiyi et al. [181] for the synthesis of polystyrene-TiOy microparticles by
sintering the P25 (commercially available TiOs nanoparticles, Degussa) onto the surface
of the polystyrene. The manufacturer states the P25 nanoparticles are 21 nm however
they do not comment on the presence of any coating [182]. In brief PS microparticles,
prepared by the method described in section 3.3.1, were mixed (1:9 v/v) with SiOy
coated TiO, nanoparticles. The TiOy nanoparticles were sintered onto the surface of
the polystyrene spheres by heating the mixture to at least 168°C at a ramping rates
of seven degrees per minute and then holding at that temperature for fifteen minutes
in a Carbolite RWF 1200 furnace. The PS-TiO, embolic particles were separated from
the excess TiOy nanoparticles using a sucrose density gradient containing 60% and 15%
sucrose. The gradient was prepared by layering 15ml of a 15% sucrose solution on top
of 15ml of a 60% sucrose solution in a 50 ml centrifuge tube. The tube was then placed
on its side for at least 30 minutes to allow the gradient to form. The particles were then
added to the top of the gradient and the tube was centrifuged at 8600 g for one hour. A

visible band of PS-TiO4 particles formed which was extracted, centrifuged at 8600 g and
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washed in ddH5O three times to remove sucrose (Fig 5.2). Finally the prepared PS-TiOq

particles were dried overnight under vacuum.

In the final iteration, PS-TiOy microparticles were prepared using commercial 39 pm
polystyrene divinlybenzene (DVB) microparticles (Duke scientific) and TiO nanopar-
ticles (TiO (JM) and TiOg: 5%Gd (JM)) provided by Johnson Matthey synthesised
by flame spray pyrolysis. Johnson Matthey has a Flame Spray Pyrolysis facility with
the capability to produce up to 100gh™! of nanopowder product and therefore it is
a possible method for the scaling up the production of nanoparticles for commercial
applications [183]. Flame spray pyrolysis works by spraying a liquid phase containing the
metal precursor(s) dissolved in a solvent into a flame zone where it combusts producing
nanosized metal or metal oxide nanoparticles. The PS-TiO, particles were prepared by

sintering as described above.

5.2.4 Particle characterization

The size of the TiOy and doped TiO, nanoparticles was measured by both TEM and
centrifugal sedimentation as described in section 2.1.2 and section 2.1.5 respectively.
TEM was also used to characterise the morphology and crystal structure of the TiO, and
doped nanoparticles. The surface morphology and nanoparticle coverage of the PS-TiO,
was examined by SEM as described in section 2.1.3. The change in zeta potential before
and after firing, SiO, coating and MS coating the TiO5 and doped TiO, nanoparticles was
measured as described in section 2.1.6. The crystal structure of the TiO5 and doped TiO,
nanoparticles was assessed by XRD as described in section 2.1.7. The introduction of the
rare earth elements into the TiOs nanoparticles was confirmed by both EDX as described
in section 2.1.4 and by their phosphorescence signal. The phosphorescence signal of

a powder sample was measured using a Cary Eclipse Fluorescence Spectrophotometer
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Figure 5.2: Separation of PS-TiO, core shell particles from excess TiO,
nanoparticles using a sucrose density gradient. A) Representative photograph
of the centrifuge tube showing the excess TiO, nanoparticles and the band containing
the PS-TiOy embolic particles which could be extracted. Representative brightfield
microscopic images of the TiOy: PS-TiO, mixture B) before and C) after separation
indicating that the sucrose density gradient was an efficient way to separate out the
PS-TiOy embolic particles.

(Agilent Technologies) at the appropriate excitation wavelength as provided in the text.

5.2.5 Coumarin assay

The ROS generation from the particles was measured in chemico. Coumarin reacts with
reactive oxygen species to produce 7-hydroxycoumarin which is a highly fluorescent and

stable compound [184].

5.2.5.1 UV irradiation

For the UV irradiation experiments, previously prepared TiO, and doped samples were
resuspended in ddH,O at 0.03mgmL~'. Resuspended samples (100 pl) were added to
5ml of 2mgml~! coumarin (aq; Sigma) in triplicate. Samples were irradiated in a

UVA cube 400 (Honle, Munich Germany) and 500 ul samples were removed at set time
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points up to two hours during the experiment. Samples were centrifuged at 2300g
to remove any particulate TiOy and 200l of the supernatant was diluted in 1.8 ml
of ddH5O. Initially the fluorescence was measured using a Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies; Excitation 345nm, Emission 450nm). To
increase sample throughput, later experiments used a Tecan Infinite f200 plate reader to
measure the fluorescence of the supernatant using Ex. 340 nm and Em. 465 nm filters. To
ensure that the results obtained from both the spectrophotometer and the plate reader
were equivalent an initial test was carried out to measure the fluorescence of the samples
by both techniques. No significant difference (p > 0.05) between any of the samples tested
was observed and therefore it was assumed that the results were comparable between
the different methods. Commercially available 21 nm TiO nanoparticles (Degussa P25;
Sigma), were used as an internal control for all experiments. The activity of P25 was set
to 100% and the activity of the prepared TiO, samples was expressed as a percentage of

this so that samples could be compared across experiments.

5.2.5.2 X-ray irradiation

For the X-ray irradiation experiments nano and microparticle samples were resuspended
in 150 L of 2mgml~! coumarin (aq) on three separate 96 well plates. The following
samples were used i) 25ug PS, ii) 15ng TiOy: 5%Gd, 1%Er 1%Eu@Si, iii) 25mg PS-
TiOg: 5%Gd, 1%Er 1%Eu@Si, iv) 15 mg P25 and v) coumarin alone. The 96 well plates
were exposed to a broad spectrum of X-ray energies up to 250keV with and average
energy of approximately 80 keV-90keV and a radiation dose of 3 Gy, 5 Gy or 10 Gy was
given. After irradiations, the samples were centrifuged to pellet any particles and the
fluorescence of the supernatant (100 pLi) was measured by Tecan Infinite 200 plate reader

using Ex. 340nm and Em. 465 nm filters.
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5.2.6 Cell death experiments

The effectiveness of the nanoparticles and the nanoparticle coated microparticles was
determined in vitro using the RD cell line. RD cells were seeded on three separate 96
well plates at 1x10% cells per well in 150pl of fresh cell culture media and incubated
overnight to allow the cells to adhere to the plate. After 24 hours both plates of cells
were treated, in four or six replicates, with either i) 15 pg of TiOy nanoparticles, ii) 150 ug
of PS-TiO4 microparticles or v) phosphate buffered saline (PBS) as a control. The TiOq
nanoparticles were either TiOq (JM), TiOy: 5%Gd (JM) or P25. After another 24 hours,
each plate of particle-treated cells was exposed to a broad spectrum of X-ray energies up
to 250 keV with and average energy from 80 keV-90keV and a dose of either 0 Gy, 3 Gy
or 5 Gy. The exact exposure time was not measured since it is related to the radiation
dose received by the cells but it was a maximum of 15 minutes. On the final day of
the experiment, another 24 hours later, cell proliferation was determined by manual cell

counting using a hemocytometer as described in section 2.3.2.2.

5.3 RESULTS AND DISCUSSION

5.3.1 Synthesis of 65 nm doped TiO,; nanoparticles

TiO5 nanoparticles and TiOs nanoparticles doped with gadolinium, europium, erbium
and terbium were successfully synthesized and characterised using several methods.
TEM and disc centrifugation was used to measure the physical and hydrodynamic
diameter of the TiOs and doped TiO, nanoparticles as approximately 65nm particles
and 75 nm respectively (Fig 5.3A,B,D). The Fourier transform of the TiOs nanoparticle
in Fig 5.3B shows a series of dots indicating that the nanoparticle is crystalline (Fig 5.3
C). The introduction of the rare earth dopants into the TiO5 nanoparticles was confirmed

using phosphorescence spectra and EDX. The fluorescence spectrum of the TiOs:
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1%Gd, 1%Eu and TiOy: 1%Gd, 1%Tb confirms the presence of europium and terbium
within each sample receptively (Fig 5.3E). The EDX spectrum confirms the presence of
gadolinium, europium and erbium within the TiOs: 5%Gd, 1%Eu, 1%Er nanoparticles

at approximately the level of doping expected (Fig 5.3F).

5.3.2 TiOy; and doped TiO, nanoparticles produce reactive

oxygen species under UV irradiation

The ability of the TiO5 and doped TiOs nanoparticles to produce reactive oxygen species
under UV irradiation was used as a proof of concept system for the X-ray activation
experiments. The photoactivity of P25 was used as an internal control across all
experiments and data is expressed as a percentage of P25 activity. The optimum firing
temperature was determined by measuring the photoactivity of the particles after firing
at 300°C, 500°C and 700°C. There was an increase in activity for the TiOy sample
from (34.8% =+ 0.5) to (47.0% + 0.1) after firing at 300°C and (38.5% =+ 0.4) after
firing at 500°C. However when the sample was fired at 700 °C the activity dropped to
(11% =+ 0.1) which is less than the unfired sample (Fig 5.4A). TiO, is found in one of
three crystal phases, rutile, anatase or brookite with anatase generally considered as
most active photocatalytic form [185, 186, 187]. The crystal phase of the unfired TiOs
sample is anatase the most active form, however when the TiO, sample is fired at 700 °C
the crystal phase changes to mainly rutile which is significantly less active and this is

explains the drop in activity after firing at 700 °C (Fig 5.4B,C).

For both the doped TiO, samples the photoactivity increased with increasing firing
temperature from (42% =4 1.5) (unfired) to (64.4% =+ 2.2) (fired at 700 °C) for the TiOs:
1%Gd, 1%Eu nanoparticles and from (8.2% =+ 0.1) (unfired) to (21.9% =+ 3.4) (fired
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Figure 5.3: TiO; nanoparticle synthesis. Representative TEM images of A) fired
and B) SiO; coated TiO5 nanoparticles showing approximately 65 nm particles. B) shows
a single crystalline nanoparticle with a 2nm amorphous SiO, layer. C) Fast Fourier
Transform of the TiO5 nanoparticle in B) with single dots indicating that it is crystalline.
D) Representative disc centrifuge trace for TiOs: 5%Gd, 1%Eu: 1%Er showing
nanoparticles with a peak diameter of 70nm. E) Representative phosphorescence signal
from the TiO, nanoparticles confirming the presence of europium and terbium within the
TiOy: 1%Eu and TiOs: 1%Tb nanoparticles receptively. F) Representative EDX trace

confirming the presence of gadolinium, europium and erbium within the TiOs: 5%Gd,
1%Eu, 1%Er nanoparticles.
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at 700°C) for the TiOy: 1%Gd, 1%Tb nanoparticles (Fig 5.4A). The europium doped
sample showed significantly greater magnitude photoactivty than the terbium doped
sample at all firing temperatures measured. After firing at 700°C the TiOy: 5%Gd,
1%Eu crystal phase of the TiO, was still antatase indicating that it was still in its most
active phase and therefore the highest activity was observed (Fig 5.4D). Xu et al. [188]
investigated the effects of europium doping on the structure, luminescence properties
and photocatalytic activity of TiO,. They found that the transformation of anatase to
rutile for undoped TiOy occurred between 300 to 500 °C compared with 500 to 700 °C
for the europium doped TiO,. Additionally, Zhang et al. [189] found that doping at
1% europium maintained that anatase crystal phase when firing at 900 °C for one hour.
This suggests that the europium stabilizes the crystal phase and therefore increases the
temperature at which rutile forms. Therefore, a firing temperature of 700 °C was used

for all further experiments using doped TiO, nanoparticles.

5.3.3 SiO, coating increases TiO; nanoparticle stability and

photoactivity

Nanoparticles which have a zeta potential of < 4+ 30mV can be deemed unstable and
therefore they are likely to aggregate. The zeta potential of the unfired and fired TiO,
nanoparticles is between 30 mV and —30mV across a range of pH values from pH2-10
thus the nanoparticles have a tendency to aggregate (Fig 5.5A). Therefore a thin SiOq
layer was used to coat the nanoparticles which can be observed as an approximately 2 nm
amorphous layer surrounding the crystalline TiOy on the TEM image (Fig 5.3B). The
optimum incubation time for the SiO, coating was determined by taking samples at set
time points after addition of the sodium silicate and subsequently measuring the zeta
potential. After 6 minutes SiOs incubation time the zeta potential was > —30mV at

pH7 and therefore the suspension could be deemed stable (Fig 5.5B). To ensure effective
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Figure 5.4: Effect of TiO, nanoparticle firing temperature on photoactivity.
A) Results from independent experiments (n=3) showing the change in photoactivity
with firing temperature for TiOy, TiOy: 1%Eu and TiOy: 1%Tb after two hours UV
irradiation. Data is presented as mean = SD of triplicate samples and expressed as a %
of the P25 photoactivity. P25 was used as an internal control for all experiments. B-D)
Representative XRD traces for B) unfired TiO, nanoparticles, C) TiOy nanoparticles
fired at 700°C and D) TiOy: 5%Gd, 1%Eu, 1%Er nanoparticles fired at 700°C. B and
D) show that the most abundant crystal phase of the TiOy nanoparticle is antase while
C) shows the crystal phase is rutile
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coating of all the particles an optimum incubation time of 10 minutes was selected for
all subsequent experiments to minimise the thickness of the SiO,y coating while ensuring
that aggregation was limited. Applying the SiOy layer resulted in an increase in the
zeta potential to > —30mV at pH values > 4 which would increase the stability of
the suspension and limit aggregation (Fig 5.5A). As healthy tissue is at pH 7.4 and
the tumour microenvironment is slightly acidic [190] this means that the SiOy coated

particles are unlikely to aggregate within the body.

Furthermore, the SiOs coating significantly (p<0.05) increased the photoactivity of the
TiOs: 1% Eu and TiO5:1% Tb by approximately 30% because the SiO, layer increased
the surface area of the particles and therefore more was able to react to produce reactive
oxygen species (Fig 5.5C). Egerton et al. [191] showed that SiO, coatings below 3% have
an photoactivity greater than uncoated TiOs but as you increase the % of SiO, coating
the photoactivity decreases. This is because a patchy coating increases the surface area
of the particles and hence an increased exposed surface area leading to an increase in
photoactivity. However a complete coating limits the contact of the TiO, with the water

molecules and therefore reduces the generation of reactive oxygen species.

5.3.4 Synthesis of PS-TiO, embolic particles

Three methods were investigated for preparing the PS-TiOy embolic particles: i) the one
pot method; ii) the PDADMAC polyelectrolyte method and iii) the sintering method.
5.3.4.1 One pot method

The one pot method coats the TiOs nanoparticles with Methacryloxypropyl trimethoxysi-
lane (MS) which then allows the TiOs to be anchored onto the the surface of the

polystyrene spheres during the polymerization reaction by cross-linnking with the

127



Development of a radiosensitising embolic particle

A ™ —a— Unfired B —s— Zeta potential
—es— Fired
Silica coated 51
40
-104
< = -154
£ =
= l 5 -20
= T~ =]
§ 0 . . S
-g Sy 8 10 g
3 2
= e 30
1 204 ~
~3 35
-
40 + * 404
+ T T T T T T T
pH 0 5 10 15 20 2% 0
60 Silication time (minutes)

I Unfired
100 I Fired at 700 °C
B Silica coated
[ IMS coated

Coumarin fluorescence
expressed as % of the control P25 fluorescence

Tio, TiO: 1% Gd: 1% Er Ti0, 1% Gd: 1% Tb

Sample

Figure 5.5: Effect of SiO, and Metharcyrloxypropyl trimethoxisilane
(MS) coating of the TiO, nanoparticles on nanoparticle zeta potential and
photoactivity. A) Results from independent experiments (n=3) showing the change
in zeta potential across a range of pH values from pH2-10 for TiOy nanoparticles which
are unfired, fired and SiOy coated. Data is presented as mean + of triplicate samples.
B) Trace showing the change in zeta potential with silication time for optimization of
the synthesis. Data is presented as mean + SD of triplicate samples. C) Results from
independent experiments (n=3) showing the change in photoactivity of TiOg, TiOs:
1%Gd, 1%Eu and TiOs: 1%Gd, 1%Tb nanoparticles which are unfired, fired, SiO, coated
and MS coated. Data is presented as mean + SD of triplicate samples and significance
was tested using a two tailed t-test (*p<0.05, ***p<0.005).
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polymer core. The one pot method produced polystyrene spheres ranging from 30
to 150 pm in diameter however they had variable and patchy coverage with the TiO,
nanoparticles which presented as aggregates (Fig 5.6A,B). It is feasible that the coverage
of the embolic particles could have been increased by increasing the mass of TiO5 used
within the synthesis. The mass of TiO; used was the same as that described in the
original paper for SiO,, however SiOs is less dense than TiO5 and therefore an increased
mass should have been used to allow for complete coverage. This was not attempted
because it was found that the MS coating inhibited the photoactivity of the TiO,
nanoparticles reducing the activity to (0% =+ 4.6), (22% + 4.3) and (14.3% =+ 20.6)
for the TiOy, TiOg: 1%Eu and TiOy: 1%Tb respectively (Fig 5.5B). This is likely to be
due to the MS coating limiting the contact of the TiOy with the surrounding water which
limits the potential for ROS to form and thus no photoactivity is observed. Similarly,
Gilles et al. showed that coating gold nanoparticles with a range of coatings, such as
polyethylene glycol (PEG) or human serum albumin, dramatically reduced OH® radical
production by up to 92% and the reduction correlated well with the amount of DNA

damage observed [192].

5.3.4.2 Polyelectrolyte method

The second method used a positively charged polyelectrolyte PDADMAC to electro-
statically bind the TiOy nanoparticles onto the surface of the pre-prepared polystyrene
spheres. The PS particles have a zeta potential of (+17.9 + 9.8) mV therefore they
are positively charged in ddH,O (pH~7) (Table 5.1). To coat the PS particles with
the positively charged PDADMAC, the PS particles were first incubated in ammonium
hydroxide to induce a negative surface charge (zeta potential of (-10.7 £ 7.8) mV) on the
PS particles. Successful coating of the PS particles with the PDADMAC was confirmed
by the increased positive charge of the PS particles in both ddH,O and ammonium

hydroxide. Finally the negatively charged TiOy nanoparticles (zeta potential > —30mV
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(Fig 5.3G)) were able to bind onto the positively charged PSQPDADMAC.

This method showed improved coverage with approximately 50% of the polystyrene
spheres covered with TiO, nanoparticles (Fig 5.6C,D). The TiO, nanoparticles are
present as individual unaggregated particles of approximately 70nm. However, this
method was not investigated further due to the sub-optimal coverage of the polystyrene
spheres and the risk that the TiOy nanoparticles could detach from the polystyrene
spheres and be released within the body. For example, the enzymatic degradation of a
PGEDMC/Hb polyelectrolyte film has been shown to release 80% of the encapsulated
FITC while no release was observed in the absence of enzyme [193]. Therefore it is
possible that enzymes in the blood stream could cause the degradation of the PDADMAC

and release the TiO, nanoparticles from the embolic particles reducing their effectiveness.

Table 5.1: Zeta potential of the PS particles at various stages during the
synthesis of the PS-TiO, embolic particles prepared by the polyelectrolyte
method.

Zeta potential

PS particles +17.9 £ 9.8
After the addition of ammonium hydroxide -10.7 £ 7.8
After the addition of PDADMAC +15.2 £ 3.3
After washing the particles in ddH,O +36.3 = 2.0

After the second addition of ammonium hydroxide  +21.7 £ 10.7
After the addition of the TiO, nanoparticles +31.1 £ 0.3

5.3.4.3 Sintering method

The final and most successful method for producing the PS-TiO, particles used a
sintering method. The pre-prepared polystyrene spheres were suspended in a bath

of TiOs and then heated until the surface of the polystyrene melted allowing the
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Figure 5.6: PS-TiO, core shell particle synthesis. A and B) Representative
SEM images of PS-TiOs core shell particles synthesised using the one pot method and
showing poor coverage of the the polystyrene with the TiOy nanoparticles. C and D)
Representative SEM images of the PS-TiOy core shell particles synthesised using the
PDADMAC polyelectrolyte method showing improved albeit suboptimal coverage.
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TiOy to bind onto the polystyrene core. The mixture was heated to > 165°C as
this is the glass transition temperature of the polystyrene spheres (Fig 5.7). Sintering
the polystyrene TiOy mixture at 165°C showed approximately 70% coverage with the
TiO5 nanoparticle while increasing the sintering temperature to both 200 °C and 230 °C
increased the coverage to almost 100% (Fig 5.7B-D). It is important that the sintering
temperature is not increased past 260 °C where the polystyrene starts to burn and the
mass decreases (Fig 5.7A). Furthermore, as previously discussed in section 5.3.2, firing
the TiOs nanoparticles can change their crystal structure to a less active form therefore
the sintering time and temperature was kept to minimum and the activity of the unbound
TiO5 nanoparticles was tested after sintering to ensure there was no significant difference

(p>0.05) in activity before and after sintering (data not shown).

5.3.5 Doped TiO; nanoparticles and PS-TiO, embolic particles

produce reactive oxygen species upon X-ray radiation

To confirm X-ray activation of the TiO, nanoparticles in chemico, ROS generation was
assessed using the coumarin assay. The doped TiO, nanoparticles (TiO2:5% Gd: 1%
Eu: 1% Er@Si) showed a significant (p < 0.05) increase in the coumarin fluorescence
of (3.5% £ 1.2), (7.8% +£ 0.3) and (7.5% =+ 2.5) for nanoparticles treated with 3 Gy,
5Gy and 10 Gy doses of X-ray radiation respectively (Fig 5.8). This shows that the
X-rays are able to induce the photocatalyic response to produce reactive oxygen species
of the doped TiO, nanoparticles. The commercial P25 nanoparticles did not show any
significant change in ROS after X-ray treatment. Both the TiOs: 5%Gd, 1%Eu, 1%

Er@Si and the P25 behave similarly to the data presented by Townley et al. [101].

The PS microparticles showed no significant increase in ROS indicating that the core of

the embolic particles is inert (Fig 5.8). However when the particles have been coated

132



5.3 RESULTS AND DISCUSSION

T T T T T T
% of starting mass
Heat flow

100+

[o2] oo
o o
L |

Y
o
Heat flow (-mV)

Y% of starting mass

el
(=]
1

~—

0 100 200 300 400 500 600
Sample temperature (°C)

o
1

Figure 5.7: Optimization of the PS-TiO; synthesis using the sintering
method. A) Representative thermal gravimetric analysis of the polystyrene spheres
showing the % of the starting mass and the heat flow traces. A glass transition
temperature of 165°C is observed. Representative SEM images of the PS-TiOy core
shell particles after sintering at B) 168 °C, C) 200°C and D) 230°C.
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with the TiOg: 5%Gd, 1%Eu, 1%Er@Si nanoparticles there was a significant (p < 0.05)
increase in coumarin fluorescence of (3.5% =+ 2.0) for the samples treated with 3 Gy

showing that the embolic particle could be effective in generating ROS.
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Figure 5.8: X-ray activation of PS, TiO,: 5%Gd, 1%Eu, 1% Er@Si
nanoparticles, and PS-TiO,: 5%Gd, 1%Eu, 1%Er@Si embolic particles to
produce reactive oxygen species. Results from independent experiments (n=3)
showing the change in coumarin fluorescence for each of the samples after 3Gy, 5Gy
and 10 Gy doses of X-ray radiation. Similarly to the UV experiments, P25 was used
as a control. Data is presented as mean 4+ SD of triplicate samples and expressed
as a percentage of the coumarin fluorescence with no particle treatment. Significance
was tested using a two tailed t-test (*p<0.05, **p<0.01, ***p<0.01) and A) shows
significance w.r.t no particle coumarin fluorescence and B) shows significance w.r.t PS
particle coumarin fluorescence.

5.3.6 Flame spray pyrolysis TiO, nanoparticles obtained from

Johnson Matthey

Johnson Matthey supplied the group with both TiO, and 5% gadolinium doped TiO,
nanoparticles synthesised by flame spray pyrolysis (FSP). These particles were supplied
as part of another project within the lab to investigate the potential of using FSP for
the production of doped TiOs nanoparticles. FSP is a possible method of producing
nanoparticles on a commercial scale due to its high throughput of up to 100gh=! of

nanopowder product [183]. Therefore, much larger batches of the nanoparticles could
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be obtained compared to the sol gel method synthesised in the lab and presented in
section 5.3.1. This was ideal for use in the sintering method as it required a large excess

of the TiO5 nanoparticles.

The doped TiO, nanoparticles synthesised by Johnson Matthey range from 10 to 50 nm
in diameter (Fig 5.9A,B) which is characteristic of nanoparticles prepared by FSP.
Additionally the doped TiO, nanoparticles synthesised by FSP are less dense (or more
‘fluffy’) than the nanoparticles made in the lab using the sol gel method. This means they
coat the polystyrene more evenly when used as part of the sintering method for preparing
the polystyrene-TiO, core shell particles and hence good coverage was obtained (Fig 5.9
C,D).

5.3.7 Doped TiO,; nanoparticles and radio-sensitising embolic

particles inhibit cell proliferation after X-ray treatment

The ability of the doped TiOy nanoparticles and PS-TiOy embolic particles to inhibit
cell proliferation was tested in wvitro on the RD cell line. Cells were treated with the
nano or microparticle sample prepared using commercial PS-DVB beads and TiO, (JM)
or TiOs: 5%Gd (JM) for 24 hours. Cells were irradiated with X-rays providing a dose of
0 Gy, 3Gy or 5 Gy and cell proliferation was assessed after a further 24 hours by manual
cell counting. Both the undoped and the doped TiO, nanoparticles did not show any
significant difference in the number of live cells after no radiation treatment (0 Gy) was
administered indicating that the TiO, nanoparticles in the absence of radiation are not
toxic. The undoped TiOs nanoparticles showed a small decrease in the number of live
cells by (20.1% =+ 4.8) with cells treated with a radiation dose of 3 Gy but there was no
difference for cells treated with a radiation dose of 5 Gy. There was a very significant

decrease (p<0.005) in the number of live cells by (56.9% + 11.4) and (28.7% =+ 11.9)
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Figure 5.9: PS-TiO, core shell particles synthesised with TiO,: 5%Gd
nanoparticles obtained from Johnson Matthey. A and B) Representative TEM
images of the Johnson Matthey’s TiOs: 5% Gd nanoparticles showing approximately
20nm particles. C and D) Representative SEM images of PS-TiO, core shell particles
showing good coverage of the polystyrene with the doped TiOs nanoparticles.
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for cells treated with the TiO5: 5%Gd nanoparticles at radiation doses of 3 Gy and 5 Gy
respectively. This shows that the cell killing can be specifically induced by radiation and
hence it can be used to target the cancerous cells. This means that either i) a lower
magnitude radiation dose could be administered to obtain the same therapeutic effect
while reducing the radiation dose administered to the healthy tissue or ii) the same
radiation dose could be used but achieve a larger therapeutic response and therefore

improve patient outcomes.

Similarly, the PS-TiO, and PS-TiOy: 5%Gd were not toxic to the RD cells when no
radiation was administered confirming that the PS-TiO, particle are not toxic. Similar
to the TiOs: 5%Gd nanoparticles there was a very significant (p < 0.005) decrease in the
number of live cells by (60.6% + 18.9) and (36.1% =+ 15.3) treated with a combination
of PS-TiO,: 5% Gd embolic particles and 3 Gy or 5 Gy radiation dose respectively. This
is the first time a radiosensitising embolic particle has been demonstrated which is inert
without radiation but then can be activated using X-rays to produce reactive oxygen

species and inhibit cell proliferation.

5.4 CONCLUSIONS

PS-TiO4 embolic particles have been successfully synthesised to produce reactive oxygen
species and inhibit cell proliferation upon X-ray activation. TiO, nanoparticles have
been doped with rare earth elements to increase their effectiveness. Three methods were
investigated for preparing the PS-TiO, using i) a one pot method, ii) a polyelectrolyte
method and iii) a sintering method. PS-TiOs embolic particles synthesised by the
sintering method had good, approximately 100%, coverage of the PS with TiO,
nanoparticles. The PS-TiOy: 5%Gd, 1%Er, 1%Eu@Si produced ROS when irradiated
with a 3 Gy dose of irradiation. Similarly, the PS-TiO: 5%Gd (JM) showed a decrease
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Figure 5.10: Doped TiO, nanoparticles and radio-sensitising embolic particles
inhibit cell proliferation after X-ray treatment. Results from an independent
experiment (n=2) showing the number of live RD cells after a combination of particles
and X-ray radiation (0 Gy, 3 Gy and 5 Gy dose). RD cells were incubated with A) 15 pg of
TiOs (JM), TiOg: 5%Gd (JM) and P25 or B) 150 pg of PS-TiO, (JM), PS-TiOs: 5%Gd
(JM) and PS-P25 for 24 hours before irradiation. The number of live cells was evaluated
by manual cell counting after a further 24 hours. Data is presented as mean £+ SD of
A) six or B) four replicate samples and expressed as a percentage of the PBS control.
Significance was tested using a two tailed t-test (*p<0.05, **p<0.01, ***p<0.005).

in the number of live cells after both a 3Gy and a 5 Gy dose of irradiation. This is the

first time a radio-sensitising embolic particle has been shown.
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Chapter 6

Development of Chemoembolization

Particles Incorporating Ophiobolin

A

6.1 Introduction

Combining chemotherapy drugs with embolic particles has been shown to have a syn-
ergistic effect on the reduction of tumour size [194]. Incorporation of chemotherapeutic
drugs into an embolization particle (chemoembolization) also allows a drug to be
delivered directly to cancerous cells. Whereas systemic chemotherapy delivers a drug
into the bloodstream and exposes the whole body to the toxic effects of the compound,
chemoembolization particles allow the chemotherapy to be delivered around the site
of the cancerous cells through passive targeting. Therefore, embolic microparticles
were coated with mesoporous SiO, nanoparticles which have a high surface area and a
nanoporous structure for a high loading capacity. The agent chosen for investigation
and incorporation into the chemoembolic particles was a fungal phytotoxic derived

compound, Ophiobolin A (OphA).
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6.1.1 SiO, nanoparticles

Multifunctional mesoporous SiOy nanoparticles (MSNPs) have been widely studied for
use in cancer therapy because they are highly robust and tuneable delivery platforms
for the controlled release of therapeutics [195]. MSNPs are known to have good
biocompatibility, a large surface area and are chemically stable [196]. The pores are
also tunable to the size of the particular drug to be delivered for maximum loading
and release [197, 198]. Furthermore, the SiO, surface has a high density of silanol
groups which can be functionalized with a range of organic functional groups including
peptides, antibodies or siRNA to allow for tumour targeting or gene therapy [199].
The SiO, particles can be modified so that they release cargo in response to physico-
chemical stimuli such as light, heat, ultrasound and changes in pH [200, 201, 202].
One such example, showed that MSNPs loaded with a drug and capped with pH
responsive polyelectrolyte layers, could selectively release their cargo at a reduced pH.
This demonstrates that the nanoparticles could be used to deliver a drug selectively
to the tumour microenvironment which has a lower magnitude pH (pH 6.5-6.9) than
the surrounding healthy tissue (pH 7.2-7.5) [190, 203]. Another study showed that
hyperthermia treatment using thermally responsive PLGA-b-(PEGMEMA-co-PPGMA)
nanoparticles loaded with Paclitaxel could be used to increase the cellular uptake of the
nanoparticles and reduce the metabolic activity of MCFE7 cells when the temperature was
raised above the thermal transition temperature of the nanoparticles [201]. Furthermore,
MSNPs have been used to deliver weakly basic drugs, for example doxorubicin, which
have a poor uptake in the acidic tumour microenvironment [204]. Therefore MSNPs are

effective at increasing the bioavailability of drugs and selectively treating cancerous cells.

There are a range of synthesis methods resulting in SiO, nanoparticles with different

morphologies, dimensions and porosities including hexagonal-symmetry, ‘blackberry-

140



6.1 Introduction

like’and ‘chrysanthemum like’ nanoparticles [205]. In this work, SiO, nanoparticles
with the hexagonal symmetry of the pore (HMSNP) were used because of their uniform
and regular physical properties and reproducibility of the synthesis method [206]. The
nanoparticles were prepared by the base catalysed sol-gel reaction using a surfactant,
the amphiphilic molecule cetyl trimethylammonium bromide (CTAB) as a template for
the mesopores (Fig 6.1). The SiOy precursor tetraethyl orthosilicate (TEOS) is then
hydrolysed and condensed around the surfactant template at high temperature and under
vigorous stirring to form the HMSNP. The SiO, surface was subsequently modified with
a phosphonate group, 3-(trihydroxysilyl) propyl methylphosphonate (THMP), to reduce
aggregation and increase the stability of the HMSNP [207]. Finally the organic template

was removed by refluxing in acidic methanol.

Condensation
of silica saurce

Removal of surfactant

: 3 Tt e

Figure 6.1: Schematic showing the synthesis of mesoporous SiO; nanoparti-
cles with hexagonal arrangement of the the pores. (Image taken from [208]).

6.1.2 Drug resistant cells

Nanopartilces have been shown to be effective at delivering chemotherapy drugs to multi
drug resistant (MDR) cells. Cancer cells can acquire resistance to chemotherapy drugs
through two main mechanisms: i) the over-expression of multidrug transporters and

ii) altered apoptosis pathways [209]. In transporter-dependent MDR, transmembrane
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drug efflux pumps are overexpressed and therefore they actively export the drugs to
reduce the intracellular drug concentration and thus reduce its effectiveness. A common
pump is the P-glycoprotein (P-gp) which is overexpressed in liver, ovarian, pancreatic,
kidney and breast cancers [210] and has been shown to readily export doxorubicin,
vinblastine and Paclitaxel. Furthermore, mutations in the apoptotic pathway can reduce
the effectiveness of a drug to induce cell death and thus contribute to the MDR (Further
details regarding the apoptotic pathway can be found in section 7.1.1.1). Nanoparticles
have been developed to combine MDR modulators and cytotoxic drugs to increase
the effectiveness of the drug. Moreover, it has been suggested that nanoparticles can
overcome P-gp transport by a range of mechanisms including enhancement of cellular
drug uptake by endocytosis, ATP depletion and change of downstream P-gp signalling

pathways [211].

6.1.3 Microvesicles

OphA has been shown to induce vacuolization and subsequent expulsion of the vacuoles
from the surface of the cells in the U373-MG (brain cancer) cell line [41]. Microvesicles
are secreted by various cell types as a form of cell to cell communication. Microvesicles
include (i) exosomes (40 nm-100nm) which are constitutively released by the exocytosis
of multivesicular bodies (ii) shedding microvesicles (50 nm-1000nm) which arise due to
the direct budding of the plasma membrane and (iii) apoptotic bodies (50 nm-5000 nm)
which are produced during apoptosis and contain cellular content and organelles [212]

(Fig 6.2).

6.1.3.1 Exosomes

Exosomes consist of a lipid bilayer membrane surrounding a small cytosol and do not

contain cell organelles [214]. Cells can release exosome via two different mechanisms:
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Figure 6.2: Schematic showing the difference between microvesicles and
exosomes. (Image taken from [213]). Microvesicles bud directly from the plasma
membrane while exosomes are released when multivesicular endosomes (MVE) fuse with
the plasma membrane resulting in the release of exosomes.

the classical pathway and the direct pathway. In the classical pathway intracellular
vesicles appear from the inward budding of the plasma membrane (PM) which form early
endosomes. The endosomes then convert to form multivesicular endosomes (MVE’s)
which can then fuse with the PM and are released in the the extracellular space [213]. In
the direct pathway, vesicles are released directly from the plasma membrane without the

involvement of MVB. Common exosomal markers include Alix, CD9 and CD63 [215].

6.1.3.2 Microvesicles

Microvesicle formation is distinct from exosome formation and results in the outward
budding of the plasma membrane [216]. Microvesicles are formed in response to
stimulation which cause phosphatidylserine (PS) to be translocated from the inner
membrane leaflet to the outer membrane. The resultant cytoskeleton rearrangement
causes an outward blebbing of the PM and the release of microvesicles into the
extracellular space. The budding process is completed through the contraction of

cytoskeletal structures by actin-myosin interactions [217].
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6.1.3.3 Apoptotic bodies

Apoptotic bodies are released in the later stages of apoptosis after the cell has reduced
in size and breaks up into smaller pieces called apoptotic bodies [218]. Similarly to
microvesicles, apoptotic bodies have PS on their surface and can contain parts of the

mother cells organelles including PM markers, proteins, RNA and microRNA.

6.1.4 Aims and Objectives

The aim of this chapter was to develop a chemoembolic particle loaded with a model
drug, Ophiobolin A. The initial objective was to synthesise chemoembolic particles which
had a high capacity for loading the selected drug and its subsequent slow release. Once
successful particles were synthesised their effect in vitro was determined using the RD
cell line, the vinblastine resistant KB-VI and its parent KB-31 cell line. Furthermore the
effect of OphA on the expulsion of vesicles from RD cells after treatment was sought to

be established.

6.2 MATERIALS AND METHODS

6.2.1 Synthesis of mesoporous SiO, with hexagonal-symmetry

(HMSNP)

Synthesis of mesoporous SiOy nanoparticles with hexagonal symmetry of the pores
(HMSNP) was performed by a surfactant-templated base catalysed sol-gel reaction, as
previously described by Hom et al. [207]. Briefly, 100 mg of CTAB (Aldrich; 99%) was
dissolved in 48 ml of ddH,O and 350 pl of 2M NaOH (Aldrich) and stirred at 500 rpm
in a round bottomed flask. The mixture was heated to 80°C and once the temperature
was stable, 0.5ml of TEOS (Aldrich) was added. After 15 minutes incubation, 127 pl of

THMP was added. After, a further two hours incubation the nanoparticles were collected
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by centrifugation and washed twice in methanol (Rathburn). The nanoparticles were
resuspended in 20 ml of methanol and 1ml of 37% hydrochloric acid (Aldrich) and then
refluxed overnight at 80°C to remove the CTAB. The nanoparticles were collected by

centrifugation and washed in ethanol (Fisher) twice before drying under vacuum.

6.2.2 Synthesis of polystyrene spheres (PS)

Synthesis of polystyrene spheres (PS), for the core of the embolic particle, was performed

as previously described in section 3.3.1.

6.2.3 Coating of the embolic particle with HMSNP

The coating of the PS with HMSNP to create PS-HMSNP embolic particles was similar
to the method presented in section 5.2.3.3. The HMSNP were mixed with the PS (1:9
v/v) and the HMSNP was then sintered onto the surface of the polystyrene spheres
by heating the mixture to 230°C at a ramping rate of seven degrees per minute and
then holding at 230 °C for two hours in a Carbolite RWF 1200 furnace. The hold time
was increased to two hours, compared to the 15 minutes described in section 5.2.3.3,
because SiO, has a thermal conductivity of (1.3 to 1.5 Wm™! K) [219] compared to (4.8
to 11.8 Wm ™! K) for TiO, [220]. This means it will take longer for the heat to transfer
through the SiOy before melting the surface of the polystyrene and hence an increased
hold time was used. Additionally, heating will not cause detrimental effects to the SiO,
whereas it had the possibility of changing the crystal structure of the TiO5 and therefore
a longer time was allowed to increase the coverage. The prepared PS-HMSNP were

separated and dried as described in section 5.2.3.3.
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6.2.4 Particle characterisation

HMSNP and PS-HMSNP were characterised using transmission and scanning electron
microscopy (TEM and SEM), disc centrifugation and electokinetic (¢) potential. TEM
was used to measure the size, surface morphology and nanopores of the HMSNP as
described in section 2.1.2. SEM was used to evaluate the size and surface morphology
of the HMSNP and the size distribution and surface coverage of the PS-HMSNP using
a JEOL JSM-840F microscope as described in section 2.1.3. The hydrodynamic size
distribution was measured using a Disc Centrifuge as described in section 2.1.5. The zeta

potential was measured by electrophoretic light scattering as described in section 2.1.6.

6.2.5 Loading of OphA into the HMSNP and PS-HMSNP

HMSNP (10 mg) were incubated in 2ml of 0.5 mgml~! OphA in either dicloromethane
(DCM; Aldrich), ethanol (Fisher) or toluene (Aldrich). Samples were agitated using a
magnetic stirrer at 500 rpm for three days at room temperature. Three days was selected
after preliminary experiments, loading 0.1 mgml~!, indicated that an equilibrium was
achieved after three days (Fig 6.3A) The samples were centrifuged at 12,000 rpm for five
minutes to pellet the nanoparticles and the supernatant was removed. Finally the loaded
HMSNP@OphA were dried overnight at 18 °C under vacuum. A similar procedure was
used for loading the PS-HMSNP with OphA.

The concentration of OphA remaining in the supernatant after loading was measured by
liquid chromatography (LC). An Agilent LC 1120 Compact equipped with an Agilent
Eclipse Plus C18, 4.6 X 150 mm [.D., 5 pm particle size column was used for the analysis.
OphA samples (20 ul) were injected into a water-acetonitrile (Aldrich) gradient with a

1

flow rate of 0.5mlmin~"'. The gradient started with water-acetonitrile (85:15) mix,

changed to water-acetonitrile (10:90) mix over ten minutes, held the water-acetonitrile
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Figure 6.3: Optimisation of the method for loading of HMSNP with OphA. A)
Preliminary results showing the concentration of OphA in the supernatant after loading
HMSNP for 0, 24, 72 and 168 hours with 0.1 mgmL~'. B) Representative calibration
curves for OphA in ethanol, toluene and water showing the change in OphA peak area

with OphA concentration. Linear fits have been applied to the data with R? values >
0.99.

mix constant for seven minutes, returned to the start conditions over three minutes and
then equilibrated for five minutes prior to the next sample. The UV detector voltage
was set to 236 nm. Under these settings OphA had a retention time of 14.7 minutes.
A calibration curve for OphA concentration against peak area was prepared for each
solvent used (DCM, ethanol, toluene) and R? values of 0.99 were obtained (Fig 6.3B).
The change in concentration of OphA from before loading to after loading within the
particles was used to infer the loading of OphA by the particles (equation (6.1) and

equation (6.2))

% uptake area of OphA peak after loading
oup =

area of OphA peak initially, prior to loading

moles of OphA uptaken = % uptake * ¢ * V (6.2)

where ¢ is the initial concentration of OphA prior to loading and V' is the volume of

loading solvent.
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6.2.6 Release of OphA from HMSNP and PS-HMSNP

The release of OphA from the HMSNPQOphA and PS-HMSNP@OphA was monitored
in chemico over 24 hours. HMSNP@OphA loaded in DCM, ethanol or toluene (2.5 mg)
or PS-HMSNP@OphA loaded in DCM (2.5mg) were resuspended in 0.5 ml of PBS and
placed on a rocking table at room temperature. HMSNP@QOphA and PS-HMSNP@QOphA
samples were centrifuged at 12,000 rpm for five minutes to pellet the particles and then
20 pl of the supernatant was removed for further analysis. An equal volume of PBS was
added to the HMSNP@QOphA and PS-HMSNP@QOphA samples to maintain a constant
volume of PBS throughout the experiment. Sampling occurred after one, four, eight
and 24 hour incubation times. The removed supernatant was diluted in 180 ul of PBS
and then the concentration of OphA within the sample was determined by LC using the
same setup as described in section 6.2.5. Experiments were performed in triplicate on

three separate occasions.

6.2.7 Degradation of OphA

The degradation of free OphA was monitored in chemico over 72 hours. OphA was
resuspended in 2ml of PBS at a concentration of 0.1mgml~'. Samples (250ml)
were taken after 0, 24, 48 and 72 hours and analysed by LC (as described in
section 6.2.5). Chromotography peaks relating to OphA degradation products were
observed at R;=13.3, 14.5, 15.5 and 15.9 minutes.

6.2.8 Cell viability assays

Cell viability of RD cells after a range of treatments was assessed using Annexin V and
PI staining and flow cytometry. Further details regarding the applied treatments can
be found in Table 6.1. RD cells expressing GFP were used and samples were dyed with
2.5pul PI and 2.5l APC-Annexin V in 50 pl of annexin V binding buffer for 15 minutes
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at room temperature. Subsequently 200l of binding buffer was added and samples
were analysed using a Accuri C6 Flow Cytometer (BD) as described in section 2.3.3.
Fluorescence intensity of both the PI and the APC channels was used to determine the
cells which were live, undergoing early apoptosis or were dead due to either apoptosis or
necrosis. Quantitative analysis was conducted by determining the percentage of stained
cells compared to the total number of cells. Experiments were performed in triplicate

using PBS as a control and repeated on three separate occasions.

Cell viability of the vinblastine resistant KB-VI and its parent KB-31 cell line after
a range of treatments was assessed by crystal violet staining and manual cell counting
as described in section 2.3.2.1 and section 2.3.2.2, respectively. Treatments included i)
0 to 100 M OphA, ii) 0 to 4pgml™!, iii) 0 to 400 ng per well blank HMSNP and iv) 0
to 50 ng per well HMSNP@QOphA. Experiments were performed in triplicate and on at

least two separate occasions.

Table 6.1: Selection of treatments assessed by flow cytometery after annexin
V and PI staining.

Treatment Concentration

i  Free OphA 0mg—0.02mg per well (0 pM-100 pM)

ii  Free CytoD 0mg—0.01 mg per well (0 pM-10 pM)

i Free OphA in combination 0mg—0.002 mg per well (0 pM-10pM) OphA-+
with free cytoD 0.005mg per well (5uM) CytoD

iv  blank HMSNP and PS-HMSNP 3.5 mg per well

HMSNPQOphA and
PS-HMSNP@QOphA

vi PBS as a control N/A

3.5mg per well
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6.2.9 Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA), using a NanoSight NS500 (Nanosight, Amesbury,

UK) was used to monitor the release of microvesicles from the RD cells after treatment.

6.2.9.1 NanoSight

NTA uses a finely focused laser beam which illuminates the particles within the sample.
The particles resident within the beam can be visualised using a conventional optical
microscope, fitted with a video camera, which can detect the light scattered from the
particles within the field of view. Five separate videos of 30 seconds were recorded at
camera level 12 and then the particle movement due to Brownian motion was analysed
using NTA 2.3 software (NanoSight). The velocity of the particle movement is used to

calculate the particle size by applying the two-dimensional Stokes-Einstein equation

KpTt,

2
<x,y>i=
oY 3mndy,

(6.3)

where < z,y >2 is the mean squared displacement, K is Boltzmanns constant, 7" is the
temperature of the solvent in Kelvin, ¢, is the sampling time, 7 is the viscosity and dj, is

the hydrodynamic diameter.

6.2.9.2 NanoSight sample preparation

RD cells were plated at a density of 75x10* cells per flask (T25 flask) in 3 ml of OPTIMEM
(Gibco) and allowed to attach to the flask for 24 hours. OPTIMEM was used as it is
a low serum media and therefore the background level of microvesicles was low and
because the phenol red within DMEM is known to cause interference with the NTA.
Subsequently cells were treated with 200 ul of (i) PBS only as a control, (ii) 1 pM OphA,
(iii) 10pM OphA, (iv) 1uM OphA + 5uM CytochalasinD (CytoD; Aldrich), (v) 10 pM

+ 5uM CytoD, (vi)5uM CytoD. The cells were incubated for a further 24 hours.
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The size and concentration of the microvesicles released from the cells into the
supernatant was measured using a NanoSight NS500. The microvesicles were diluted
in PBS to ensure the concentration of particles was within the optimum range of 2-
10x10® particles per ml for NanoSight measurement and then each sample was measured

in light scatter mode. Experiments were repeated on three separate occasions.

6.2.9.3 Fluorescent labelling of microvesicles

The microvesicles were labelled with SYBR® green (Ex. 497nm, Em. 520nm; Life
technologies) as a marker for DNA, and CellMask™ orange (Ex. 554 nm, Em. 567 nm ;
Life technologies) as a marker for plasma membrane. Microvesicles from the supernatant
(25011) were incubated with either 10ul of SYBR® green (x1000 stock solution) or
0.5l of 5 pgml~" CellMask”™ orange for 30 minutes at 37 °C, protected from light. The
microvesicles were pelleted by centrifugation at 30,000 rpm for one hour and washed in
PBS to remove any residual dye. Finally the cells were resuspended in 0.5 ml of PBS,
centrifuged at 10,000 rpm for 10 minutes to pellet any cell debris whilst keeping the

microvesicles in suspension before analysis by NTA.

The NanoSight NS500 equipped with a 488 nm laser has been adapted to allow for the
detection of microvesicles labelled with fluorescent dyes. A 500 nm long pass filter is used
so that only fluorescent emitted light can be measured. The fluorescent microvesicles
are tracked in real time, as with conventional NTA analysis, and the microvesicle size,
concentration and fluorescence intensity can be determined. Under conventional light
scatter mode the total number of particles can be determined and subsequently compared
to the number of dyed microvesicles. Experiments were repeated on three separate

occasions.
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6.3 RESULTS AND DISCUSSION

6.3.1 Chemoembolic particles for targeted drug delivery

OphA has been shown to be an effective chemotherapeutic both later within this thesis
and in previous studies; however, to avoid off-target effects it is optimal to deliver the
therapeutic at the site of action. Novel composite embolic particles (PS-HMSNP) have
been designed comprising a polystyrene microsphere (PS) at the core, covered with
mesoporous Si0y nanoparticles (HMSNP) to create a shell layer (Fig 6.4A). The PS core
has been designed to effectively obstruct the tumour vasculature, while the HMSNP
shell can be loaded with drug. The chemoembolization particles allow the drug to be

delivered directly at the tumour location.

The synthesised mesoporous SiO, particles were examined by TEM (Fig 6.4B) and SEM
(Fig 6.4C) and shown to have a hexagonal arrangement of the pores channels, and the
overall shape to be roughly spherical with a slight elongation of the nanoparticles in
the direction of the channels. The HMSNPs were determined by these methods to be
approximately 120 nm in diameter, with a pore diameter of approximately 2nm. Another
study from our group measured a large sample of these HMSNPs and the nanoparticles
were shown to be (106 + 23) nm (n= 431) in diameter and to have a pore diameter
of (2.1 £ 0.2) nm (n=>544) [205]. The mean hydrodynamic diameter of the HMSNP
was determined to be 120nm by disc centrifugation; which is similar to the diameter
measured by TEM. The zeta potential of the HMSNP was (-39 + 1) mV at pH7, and
therefore at physiologically relevant pH values the nanoparticles are stable (zeta potential
<—30mV), and will form a stable suspension without aggregation. As a basis for the
embolic particles, polystyrene spheres were synthesised and used as a carrier for the
HMSNP. The coverage of the PS with HMSNP was optimised by changes in both the

duration and temperature of sintering. Samples were assessed using SEM and good
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A Polystyrene core
(5-200um)

Figure 6.4: Representative electron microscopy images of the as synthesised
HMSNP and PS-HMSNP. A) Schematic of the prepared PS-HMSNP chemoem-
bolization particles. The polystyrene core acts an embolic agent obstructing the tumour
vasculature and the HMSNP shell can be loaded with a chemotherapy drug (Image not
to scale) B) Representative TEM image of the HMSNP showing the size and hexagonal
orientation of the pores (scale bar: 50nm). C) Representative SEM image of the
HMSNP (3kV, scale bar: 500nm). D) Representative SEM image of the PS-HMSNP
and insert showing the size dispersion of the PS particles (3kV, scale bar: 300 pm). E)
Representative SEM image of the PS-HMSNP microparticle (3kV, scale bar: 20pm)
and insert showing the HMSNP on the surface of the polystyrene microparticle (3kV,
scale bar: 4um). 153
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coverage of the PS-HMSNP was observed in samples sintered at 230°C for two hours
(Fig 6.4E).

6.3.2 High loading of OphA into the pores of HMSNP and PS-

HMSNP

Successful loading of OphA into the pores of the mesoporous SiOs is required for the drug
to be carried by the embolic particles. Liquid chromatography was used to monitor the
loading of OphA into the pores of both HMSNP and PS-HMSNP. A number of solvents
were trialled for drug loading; the highest loading of OphA was found in dichloromethane
(DCM) (95%) and toluene (95%) whereas ethanol (38%) showed poor loading (Table 6.2).
This is due to the solubility of OphA in each solvent and their respective solubility
parameters (Table 6.2). The proton acceptor solubility parameter indicates the degree
of dissolving of alcohol, phenol and carboxylic acid functional groups. OphA has both
hydroxyl groups and carbonyl groups which allow for hydrogen bonding, hence it has a
good affinity for solvents with high solubility parameters of proton acceptors like ethanol
(5). DCM and toluene have low solubility parameters of proton acceptors (0.5), therefore
the OphA had a greater interaction with the silanol groups in the mesoporous SiO, than
the solvent and hence the OphA was adsorbed into the pores of the SiO, [221]. Although
loading HMSNP with OphA in toluene was successful, this could not be used for loading
of OphA into PS-HMSNP since it causes the polystyrene to swell and degrade [222] and

therefore the integrity of the PS-HMSNP would not be maintained.

6.3.3 Successful release of OphA from HMSNP and PS-HMSNP

wn chemico

Good temporal release of OphA from the pores of the mesoporous SiOs is required

to ensure that sustained drug delivery will be achieved. OphA has been successfully
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Table 6.2: Loading and release of OphA into PBS from HMSNP and PS-
HMSNP. The table details the percentage loading OphA into the particles depending
on the solvent it was loaded in, the absolute number of moles of OphA per mg of HMSNP
and the maximum moles of OphA released from the particles after 24 hours in PBS.

HMSNP HMSNP HMSNP PS-HMSNP
in DCM in Ethanol in toluene in DCM

Proton acceptor solubility 0.5 5 0.5 0.5
parameter of the solvent ' ' '

% loaded based change in area
of the OphA peak measured 94.6+5.1 38.1£4.2 95+1.4 95.446.2
using liquid chromatography

Moles of OphA loaded

per mg of HMSNP (nmoles) 237+13 95+11 238+04 238+16
Mboles of OphA released

after 24 hours per mg of 92423 603 116402 3949
HMSNP (nmoles)

% moles released after 24 hours 38.8 6.3 48.7 16.4

released from the pores of HMSNP both in chemico into PBS. Release was shown in all
the samples with the full cargo being released after approximately 24 hours (Fig 6.5). The
highest release was observed for the samples loaded in toluene and DCM both in terms
of absolute moles released and as a percentage of the total number of moles adsorbed
into the SiOy pores (Table 6.2). Samples loaded in toluene released (116 + 02) nmoles
of OphA per mg of HMSNP over 24 hours, while samples loaded in DCM released (92 +
2.3) nmoles of OphA per mg of HMSNP (Fig 6.5). This equates to 49% and 39% release
of the total encapsulated OphA for samples loaded in toluene and DCM respectively
over the duration of the experiment. Poor release was observed in the HMSNP loaded
in ethanol, with only (0.6 + 0.3) nmoles OphA per mg of HMSNP, which is only 6.3%

of the total encapsulated cargo.

The relative size of the drug compared to the pore size of the SiOy will also affect

its loading and unloading profile. A large ratio of pore size to drug molecule size results
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in a high release rate whereas a small ratio will result in a sustained release due to the

confinement effect of the pore [223].

= HMSNP DCM
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Figure 6.5: Release profiles of OphA into PBS from the HMSNP and PS-
HMSNP from independent experiments (n=3). Data is presented as mean + SD
of triplicate samples.

6.3.4 HMSNP protects OphA from degradation

One of the limiting factors in the clinical development of OphA is its poor chemical
stability. The stability of the free drug in PBS was monitored by liquid chromatography
over a period of 72 hours (Fig 6.6A,B). During this time the OphA peak area reduced
by 75% and OphA had a half life of approximately 24 hours. There were four main
degradation peaks visible on the LC trace and these occurred at retention times of 13.3,
14.5, 15.5 and 15.9 minutes (Fig 6.6C). Unfortunately, mass spectrometry (MS) was not
available on the LC used to identify the degradation products. However, the products
have been previously identified by Bury et al. [39], and the main OphA degradation

product was shown to be 3-anhydro-6-epi-Ophiobolin A, which was significantly less

156



6.3 RESULTS AND DISCUSSION

potent (approximately 30 times) than OphA itself.

Interestingly, the OphA released from the HMSNPs underwent significantly less degra-
dation compared to free OphA. After 24 hour release from the HMSNP@QOphA and
PS-HMSNP@OphA the largest degradation product for all samples occurred at R;=15.9
minutes (Fig 6.6D). Quantifying the ratio of this peak area to that of the OphA peak area
(R;=14.7 minutes) showed a very significant (p<0.005) reduction in degradation of OphA
for the HMSNP@QOphA (16% + 1, 21% =+ 5 and 28% =+ 3 for samples loaded in DCM,
ethanol or toluene respectively) and PS-HMSNP (14% + 11 for sample loaded in DCM)
compared to the free drug (78% =+ 8). Therefore, we have shown that nanoparticles
can be used to successfully protect a fragile chemical molecule and therefore increase
its half-life within the body. Other studies, such as those of Karve et al. [224], where
wortmannin was loaded into lipid polymer nanoparticles, show an increase in the stability

of the molecules upon encapsulation.

6.3.5 OphA induces apoptosis in RD cells

Ophiobolin A was assessed in terms of its ability to effect cell death in Rhabdomyosar-
coma (RD) cells. Morphologically RD cells in culture present as a spindle shape with
large multinucleated cells (Fig 6.7A). Incubation of the cells with 10pM OphA for 24
hours caused cells to round up and become more spherical. Cytoplasmic shrinkage
could also be seen, along with membrane blebbing (Fig 6.7B). To further interrogate
the mechanism of action of OphA on RD cells, an inhibitor of actin polymerisation,
Cytochalasin D (CytoD) was employed [225, 226]. Incubation of RD cells with CytoD
alone was shown to induce microfilament formation (Fig 6.7C). Combination of OphA
and CytoD, however, resulted in RD cells which still exhibited the characteristic spherical

shape, membrane blebbing and cytoplasm shrinkage seen in cells treated only with OphA
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Figure 6.6: Degradation of OphA. A B) Representative liquid chromatography
traces showing the degradation of 0.1mgml~' OphA in PBS at 37°C A) after 24
hours and A) Insert showing only the region between retention time 13-16 minutes after
24, 48 and 72 hours. C) Results from an independent experiment (n=3) showing the
degradation of 0.1 mgml~! free OphA (R;=14.7 minutes) to 4 main degradation products
at Ry= 13.3, 14.5, 15.5 and 15.9 minutes. Data is presented as the mean change in peak
area as a percentage of the OphA peak at the start of the experiment + SD of triplicate
samples. D) Results from an independent experiment (n=3) showing the degradation
of OphA after 24 hours release from the HMSNP@QOphA and PS-HMSNP@QOphA. The
largest degradation peak was observed at R;=15.9 minutes. Data is presented as the
mean + SD of the ratio of the peak area for OphA to the peak area for R;=15.9 minutes
from triplicate samples and significance was tested using a one tailed t-test (**p<0.005).
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Figure 6.7: Representative bright field microscope images of RD cells with
different treatments applied. A) RD cells treated with PBS as a control, B) RD cells
treated with 10 pM OphA showing the cells rounding up and becoming more spherical.
Blebbing at the membrane surface and cytoplasmic shrinkage can be seen due to the
presence of OphA. C) RD cells treated with 5uM Cytochalasin D (CytoD) showing
microtubule formation due to the inhibition of actin polymerisation caused by CytoD.
D) RD cells treated with 10 pM OphA plus 5 pM (CytoD) showing that the OphA still
causes cells to round up and the membrane to bleb. Scale bars are all 50 pm.

To investigate the mechanism of cell death in RD cells exposed to OphA, cells were
tagged with fluorescent markers and analysed by flow cytometry. The fluorophores used
were propidium iodide (PI), a membrane impermanent dye that is generally excluded
from viable cells, and APC-Annexin V. Annexin V binds to phosphatidylserine, a cell
surface marker of apoptotic cells and therefore indicates cells undergoing early apoptosis,
cells stained with PI were deemed to be dead and cells stained with neither fluoropore
were deemed to be viable. Low concentrations of OphA (1 pM) induced early apoptosis
in RD cells while treatment with 10 pM showed a peak in the percentage of apoptotic
cells (Fig 6.8A). Additionally treatment with > 10 pM caused 80% of cells to die. RD
cells treated with 0 pM-10puM CytoD showed no significant change (p> 0.05) in the
percentage of live, dead or apoptotic cells compared to the untreated control cells. This
indicates that the 5pM CytoD used in subsequent experiments would not cause any

adverse effects to the cells (Fig 6.8B).
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Figure 6.8: Effect of OphA and CytoD on cell viability measured by flow
cytometry after staining with APC-Annexin V and PI. High PI fluorescence
indicates dead cells while high APC-Annexin V fluorescence indicates early apoptotic
cells, live cells show no fluorescence in these channels. A) Results from independent
experiments (n=3) showing the percentage of live, apoptotic and dead RD cells after
treatment with 0 pM-100 pM OphA. B) Results from independent experiments (n=3)
showing the percentage of live, apoptotic and dead RD cells after treatment with 0 pM—
10 pM CytoD. Data for all experiments is presented at mean £+ SD of triplicate samples.

The IC5q of OphA on RD cells after 24 hours treatment is between 1 to 2 pM (Fig 6.8).
This is greater magnitude, and thus less cytotoxic, than previously reported 1Cs5 values
for OphA on a number of different cell lines, [39, 40]. However these studies all applied
the OphA treatment for three days rather than 24 hours which could explain the lower
cytotoxicity observed in this study. It is likely that the drug would need an 1Csy value
in the nanomolar range to allow for effective exposure to cancerous cells. However if the
drug is delivered at the tumour location, for example using nanoparticles, it is possible

that a less cytotoxic drug be used whilst still producing desirable effects.

Previously, Bury et al. [41] found that GBM cells incubated with OphA did not
show Annexin V binding and therefore cell death proceeded via paraptosis rather than
apoptosis. This difference could be accounted for because GBM cells are known to
have a defective apoptotic signalling pathway meaning they are resistant to apoptosis,

[227] whereas there are many reports showing that apoptosis can be induced in RD
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cells [228, 229]. Another plant derived compound, honokiol, has been shown to induce
paraptosis in NB4 and K562 leukaemia cell lines at low concentrations [17]. In those cells
where vacuoles were observed in the cytoplasm, a hallmark of paraptosis, no annexin V
binding was observed. However at greater magnitude concentrations, honokiol induced
apoptosis and necrosis. Therefore, apoptosis could have been observed in this study
because greater magnitude concentrations of OphA were used than by Bury et al. [41]

or because RD cells have a greater propensity to die via apoptosis.

6.3.6 OphA increases microvesicle production and size

Nanoparticle tracking analysis (NTA) was used to further investigate membrane blebbing
effects in terms of microvesicle production. A representative NTA trace of microvesicle
concentration versus microvesicle size shows the increase in microvesicle production after
treatment with 1pM OphA for 24 hours (Fig 6.9A). There was a significant increase
(p<0.05) in the concentration of microvesicles produced from (72 + 6) to (180 £ 31) x10®
microvesicles/ml after treatment with 1 pM OphA compared to the control (Fig 6.9D).
There was a very significant (p<0.005) increase from (72 + 6) to (170 £+ 11) x108
microvesicles/ml in the concentration of microvesicles produced after treatment with
10 pM OphA (Fig 6.9D) compared to the PBS only treated control. Microvesicle release
in response to drug has been observed previously, for example, Shedden et al. [230]
observed that doxorubicin could be found in microvesicles after treatment and the rate

of vesicle shedding was proportional to doxorubicin resistance across various cell lines.

There was a slight shift in the mode, mean and peak size of the microvesicles produced
due to OphA treatment (Table 6.3). The mode microvesicle size increases from
117nm (control) to 126 nm (1 pM OphA) or 121 nm (10 pM OphA), mean microvesicle

size increases from 158 nm (control) to 160nm (1pM) or 189nm(10pM) and peak
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microvesicle size increases from 115nm (control) to 122nm (1puM) or 121nm (10 pM)
(Table 6.3). Since OphA induces apoptosis in RD cells this could be due to apoptotic
bodies forming as a result of the OphA treatment, and hence the increase in microvesicle
size.

Table 6.3: Effect of OphA and CytoD on microvesicle size. Results from an
independent experiment (n=3) showing the mode, mean and peak microvesicle size.

Mode Mean Peak
Microvesicle Microvesicle Microvesicle
size (nm) size (nm) size (nm)

PBS only treated RD cells 117 157.92 115
1 pM OphA treated RD cells 125.8 160.15 122
10 pMOphA treated RD cells 121.2 180.22 121
1pM OphA +
5pM CytoD treated RD cells 127.2 170.06 15
10 pM OphA +
5nM CytoD treated RD cells 1116 142.48 o7
5nM CytoD treated RD cells 116.2 171.56 115

6.3.7 Cytochalasin D prevents the release of large microvesicles

CytoD is often used in combination with a drug to further probe its mechanism of
action [231, 232]. In this study CytoD was used to investigate whether changes in the
cytoskeleton affect microvesicle production. In the presence of CytoD only there is no
significant increase in the number of microvesicles produced above the control, (72 +
6) and (104 £ 30) x10® microvesicles/ml (Fig 6.9D). The mode and peak microvesicle
size observed for CytoD treated cells are 116 nm and 115nm respectively (Table 6.3).
Thus there is no significant change from the mode (117nm) and peak microvesicle size
(115nm) produced by the PBS control (Table 6.3). This indicates that CytoD does

not have any significant effect on the production of microvesicles under normal culture
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Figure 6.9: Effect of OphA and CytoD on microvesicle production. A)
Representative nanoparticle tracking analysis trace showing the change in microvesicle
concentration with microvesicle size for PBS control treated cells and cells treated
with 1uM OphA. B) Representative fluorescence nanoparticle trace (cells treated with
1uM OphA) showing that microvesicles produced can be stained with CellMask?™
orange showing that the shed microvesicles originate from the plasma membrane. C)
Representative fluorescence nanoparticle trace (cells treated with 1 pM OphA) showing
that microvesicles produced can be stained with SYBR® green suggesting that they
contain DNA. D) Results from an independent experiment (n=3) showing the change
in microvesicle concentration after different treatments (PBS only, 1 and 10 pM OphA,
1 and 10uM OphA plus 5uM CytoD and 5pM CytoD only). Data is presented as
mean + SD of triplicate samples and significance was tested using a two tailed t-test
(*p<0.05, ***p<0.005). E) Results from an independent experiment (n=3) showing
the fluorescence intensity of SYBR® green stained microvesicles indicating the presence
of DNA in the microvesicles. Data is presented as the geometric mean fluorescence
intensity + SD of triplicate samples and significance was tested using a two tailed t-test
(*p<0.05,**p<0.05, ***p<0.005).
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conditions. When cells are incubated in a combination of OphA and CytoD, both the
number and size of the microvesicles produced is the same as that observed in the PBS
only control (Fig 6.9d, Table 6.3). This indicates that the CytoD inhibits the formation
of the larger apoptotic bodies but the smaller constitutively expressed exosomes, as
seen in the control, are still produced. Thus our results are in line with the proposed
mechanism whereby the actin-myosin system is the source of contractile force which
drives both membrane blebbing and apoptotic body formation, [233] and this is prevented
by the inhibition of actin polymerization with CytoD. Previous work has shown that
CytoD (10pM) inhibits microvesicle formation from activated platelets by 70% [234]
and Cytochalasin B, which also inhibits actin polymerisation prevents the formation of

200 to 800 nm microvesicles from leukocytes [235].

6.3.8 Microvesicles originate from the plasma membrane

To determine the origin of the microvesicles, samples were stained with CellMask?™
orange; a fluorescent dye which stains the plasma membrane. Signals from both light
scatter (showing the total number of microvesicles) and fluorescence (showing the number
of fluorescently labelled microvesicles) were recorded by NTA. A representative NTA
trace, showing the scatter and fluorescence signal for cells treated with 1pM OphA
has been provided (Fig 6.9B). This shows that there is a good agreement between the
scatter and fluorescence signals indicating that the majority, >86%, of the microvesicles
were stained with the CellMask?™ orange and hence they originated from the plasma
membrane furthermore indicating that the actin-myosin system in responsible for OphA

inducing microvesicle production.
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6.3.9 Microvesicles contain DN A

Apoptotic bodies are known to contain DNA and therefore we used SYBR® green,
a nucleic acid stain which preferentially stains double stranded DNA, to determine if
the shed microvesicles contained DNA. This was done using fluorescence NTA using a
similar method as for the CellMask”™ orange. There was good agreement between the
scatter and fluorescence traces which suggests that the DNA is found within the shed
microvesicles and not in larger cell debris (Fig 6.9C). However, not all the microvesicles
were stained with SYBR®green which indicated that not all the microvesicles contained
DNA (Fig 6.9E). There was an increase in the fluorescence intensity by 164% (1 pM
OphA) and 258% (10pM OphA) compared to the PBS only control treated cells
(Fig 6.9E). A smaller increase of 147% was observed in the cells treated with CytoD
only. This suggests that the cells are releasing more DNA under stress conditions
[236] or during apoptosis. Guescini et al. [237] showed both glioblastoma cells and
astrocytes constitutively release exosomes containing mitochondrial DNA (mtDNA)
[237]. Additionally, Bergsmedh et al. [238] and Waldenstrm et al. [239] have both shown
that DNA contained within either tumour apoptotic bodies or shedding microvesicles can
be taken up by fibroblast cells. This suggests that cells may be releasing DNA within
microvesicles as a means of cell-to-cell signalling. Here, the highest DNA release was
seen in the cells which were treated with the highest concentration of OphA and would

likely be under the most stress.

6.3.10 Successful release of OphA from HMSNP and PS-

HMSNP n vitro

In addition to the successful release of OphA from the pores of HMSNP in chemico,
successful release of OphA from the pores of the HMSNP in vitro was also demonstrated.

Flow cytometry was used to determine the in vitro effect of cell death due to the release
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of OphA from the HMSNP and the PS-HMSNP on RD cells in growth media. There
was a significant (p<0.05) decrease in cell viability after treatment with HMSNP@QOphA
loaded in either ethanol or toluene compared with unloaded control HMSNP (Fig 6.10A).
The number of live cells was reduced by 46% and 37% for cells treated with HM-
SNP@OphA loaded in either ethanol or toluene respectively. The in wvitro results from
the release of OphA from PS-HMSNP showed a very significant (p<0.0005) reduction in

cell viability, approximately 70%, compared to the blank PS (Fig 6.10B).

6.3.11 Delivery of OphA to drug resistant cells

Nanoparticle drug delivery systems have the potential to evade cell drug resistance
mechanisms as the are transported into the cell via different mechanisms to drugs. The
effectiveness of the HMSNP@OphA on the vinblastine resistant cell line (KB-VI) and its
parent cell line (KB-31) was tested in vitro. Vinblastine induced cell death in the parent
KB-31 cell line at all concentrations tested (minimum 0.25 ng mL ') while the vinblastine
resistant cell line only showed toxicity above 2 ugmL ™! (Fig 6.11A). In comparison, OphA
induced cell death in both the parent KB-31 cell line and the vinblastine resistant cell line
(Fig 6.11B). There was no significant difference (p > 0.05) in cell viability between the cell
lines which suggests that OphA could be effective at treating this type of drug resistant
cells. Similarly, Bury et al [39] showed that OphA could be used to treat a variety of
multidrug resistant cell lines (cisplatin, adriamycin, vincristine and mitoxantrone) with
no significant difference in LD5q value compared to the parent cell line. This suggests
that OphA is not removed by the cell though a MDR-related eflux pump. Furthermore,
another Ophiobolin, Ophiobolin O, has been shown to reverse adriamycin resistance in
the MCF-7/ADR cell line hence increasing its effectiveness at treating drug resistant
cells [47].
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Figure 6.10: Showing the ratio of live, apoptotic and dead cells after the
release of OphA from loaded HMSNP and PS-HMSNP into RD cells. A)
Results from the mean + SD of three experiments showing the ratio of live, apoptotic
and dead cells after treatment with HMSNP loaded in DCM, ethanol and toluene. B)
Results from an independent experiment (n=3) showing the ratio of live, apoptotic and
dead cells after treatment with PS-HMSNP loaded with OphA. Data is presented as
mean £+ SD of triplicate samples and significance was tested using a two tailed t-test
(*p<0.05, **p<0.005, ***p<0.0005).
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Figure 6.11: OphA and HMSNP@OphA can be used to treat the drug
resistant cell line KB-VI. Results from an independent experiment (n=3) showing
the effect of A) vinblastine and B) OphA concentration on the vinblastine resistance cell
line (KB-VI) and its parent cell line (KB-31) measured by the crystal violet assay and
manual cell counting respectively. C) Results from an independent experiment (n=3)
showing the effect of HMSNP on the vinblastine resistance cell line (KB-VI) and its
parent cell line (KB-31) measured by manual cell counting.
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Figure 6.11: (Cont.). Results from an independent experiment (n=3) showing the
effect of HMSNP and HMSNP@OphA on D) the vinblastine resistance cell line (KB-
VI) and E) its parent cell line (KB-31) measured by manual cell counting (vinblastine
(0.75pgmL™"!) was run as a control to ensure the KB-VI cells remained resistant to
vinblastine throughout the experiments). Data for all graphs is presented as mean 4
SD of triplicate samples and significance was tested using a two tailed t-test (*p<0.05,
p<0.005, ***p<0.0005).

HMSNP alone were toxic to the KB-31 cell line at concentrations of > 25ng per well
compared to the KB-VI cell line where toxicity was first observed at 200ng per well
which is an order of magnitude larger (Fig 6.11C). Hence, the HMSNP are less toxic
to the drug resistant cells. Treatment with HMSNP@QOphA showed a reduction in live
cell number compared to the PBS control for both the KB-31 and KB-VI cell lines
(Fig 6.11D,E). However, for the KB-31 cells there was no significant difference (p>0.05)
in KB-31 cells treated with HMSNP@QOphA and blank HMSNP indicating that the
majority of the toxicity is resulting from the HMSNP and not the OphA being released
from the nanoparticles. In comparison, there was a significant difference (p<0.05) in
KB-VI cells treated with HMNSP compared to blank HMSNP further indicating that
HMSNPQ@OphA could be an effective method for treating drug resistant cells. Several
studies have shown that nanoparticles offer an effective solution to bypass the MDR
transporters [80]. For example, Meng et al. [200] showed that the expression level of the
drug efflux transporter in KB-VI cells was more than 1000 times the expression level in
the parent KB-31 cell line. Furthermore, they delivered a multifunctional mesoporous
Si0s nanoparticle loaded with doxorubicin and surface modified with siRNA to induce
gene knockdown of P-gp to KB-VI cells and found that doxorubicin sensitivity could be

restored but not to the same level observed in the parental KB-31 cell line.
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6.4 CONCLUSIONS

In conclusion, a chemoembolic particle has been we have designed and synthesised which
has a high surface area for loading with a novel chemotherapeutic drug OphA. OphA has
been shown to be effective at inducing apoptosis in an rhabdomyosarcomaa cancer cell
line causing the cells to round up, their membrane to bleb and the cytoplasm to shrink.
Membrane blebbing caused an increase in the number microvesicles shed due to OphA
treatment. The microvesicles were shown to originate from the plasma membrane and
they contained DNA which may have implications in cell-to-cell signalling. Furthermore,
OphA has been shown to be effective at treating the vinblastine resistant KB-VI cell line.
Successful encapsulation of OphA into the designed drug delivery system was observed
and good release in chemico was achieved. Furthermore, significant cell death was shown
in RD cells exposed to the OphA loaded chemoembolic particles and KB-VTI cell exposed
to OphA loaded HMSNP.
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Chapter 7

The mechanism of cell death

induced by Ophiobolin A

7.1 INTRODUCTION

The evasion of apoptosis is considered a ‘hallmark’ of cancer cells and it is often is
attributed to the resistance of cancer cells to chemotherapeutic agents [2]. All tumour
cells have increased proliferation either through the overexpression of antiapoptotic
proteins and/or the down-regulation of loss of function mutations in the pro-apoptotic
proteins. Therefore the need to discover novel agents which induce other types of cell
death are key to discovering effective treatments for cancer in the future. Ophiobolin
A (OphA) has been shown to induce both an apoptotic like cell death in RD cells
(presented earlier in chapter 6) [240] and a paraptotic like cell death in U373-MG, T98G
and GL19 cells [41]. Since OphA can induce different types of cell death it could be
effective at treating apoptosis resistant cells and therefore shows great promise as a
novel chemotherapeutic. Before a new cancer agent can reach market its molecular
target must be identified and its mode of action must be fully elucidated [241]. Therefore

the mechanism of cell death induced by OphA on eight cancer cell lines and a control
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fibroblast cell line has been studied.

7.1.1 Classical types of cell death

Cell death can be triggered by a range of intracellular stresses such as DNA damage,
oxidative stress, cystolic Ca?* overload and the accumulation of misfolded proteins [242].
These activate a multitude of signalling pathways resulting in cell death. Traditionally
cell death was classified as either ‘Type 1 cell death” which is most commonly associated
with apoptosis, ‘Type 2 cell death’ which is most commonly associated with autophagy

and ‘Type 3 cell death’ most commonly associated with necrosis [243].

7.1.1.1 Apoptosis

The most common and well defined type of cell death is apoptosis. Apoptosis is charac-
terised by a rounding up of the cell, a reduction in cellular volume, condensation of the
chromatin, nuclear fragmentation (karyorrhexis) and membrane blebbing. Furthermore
there is little or no modification to the cytoplasmic organelles and the plasma membrane
is maintained until the final stages of cell death [244]. Apoptosis can be induced in
cells by two main signalling pathways, the intrinsic or mitochondrial pathway and the
extrinsic or death receptor pathway (Fig 7.1). Both the pathways result in the activation
of caspase-3 which initiates the caspase cascade leading to the morphological changes

associated with apoptosis [245].
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Figure 7.1: Schematic of the intrinsic and extrinsic apoptosis cascades. (Image
taken from [246]) This intrinsic pathway is induced by DNA damage, hypoxia and growth
factor deprivation which causes the tumour suppressor protein p53 to accumulate in the
cell nucleus. This increases the expression of the pro-apoptotic proteins PUMA and
NOXA which in turn activate Bcl-2-associated X protein (Bax) and Bcl-2 antagonist or
killer protein (Bak) [247]. Upon activation by a pro-apoptotic stimuli Bak undergoes
a conformational change on the mitochondrial outer membrane while Bax translocates
from the cytosol to the mitochondrial outer membrane causing mitochondrial outer-
membrane permeabilization (MOMP) [248]. MOMP causes the release of toxic proteins
such as cytochrome ¢ and apoptosis inducing factor (AIF) into the cytosol initiating the
caspase cascade [249]. The extrinsic pathway is initiated by death receptors from the
tumour necrosis factor (TNF) family which are found on the plasma membrane of the
cell [250].
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Figure 7.1: (Cont.). These death receptors, such as CD95 (APO-1/Fas) and TNF-
related apoptosis inducing ligand (TRAIL), activate caspase-8 which initiates the caspase
cascade through caspase-3 [251]. Furthermore the intrinsic and extrinsic pathways are
linked, for example caspase-8 can cause cleavage of BH3 interacting-domain death agonist
(Bid) initiating the intrinsic pathway and caspase-3 can activate caspase-8.

7.1.1.2 Autophagy

Autophagy is a pro-survival mechanism of the cell in response to stimulation such as
nutrient deprivation, hypoxia and/or metabolic stress [252]. It involves the sequestration
of damaged cytoplasmic organelles or cytosol into double membranes vacuoles called
autophagosomes which are then degraded by the lysosomes. Sustained autophagy results
in autophagic cell death either through self cannibalism or though the induction of
apoptosis. Autophagic cell death occurs without chromatin condensation but with

massive autophagic vacuolization of the cytoplasm [244].

7.1.1.3 Necrosis

Necrosis is a quick and violent form of cell death which is induced by extensive ROS
and excess intracellular Ca*" concentrations [253]. Necrotic cell death results from a
quick depletion of ATP which causes failures in the ion pumps/channel and a loss of
membrane potentials [254]. Therefore necrotic cell death can be characterised by a gain
in cell volume (oncosis), swelling of cellular organelles, a pynotic (irreversible chromatin
condensation) nucleus and rupture of the cellular membranes [255]. Furthermore necrotic
cells can randomly degrade their DNA, mRNA and proteins, induce a massive Ca?" ion
influx and trigger an inflammatory response in surrounding cells. Traditionally necrosis
was considered an accidental and uncontrolled form of cell death recently however
regulated necrosis such as necroptosis, mitochondrial permeability transition (MPT)-

dependent regulated necrosis, parthanatos, have been observed [256].
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7.1.1.4 Non-classical types of cell death

Recent research has suggested numerous different ways in which a cell can die and this
has led to great confusion in the area. Moreover this means it is difficult to review the
cell death literature effectively since historic articles present the type of cell death as
one of the three original types while more recent research regularly propose new types
of cell death without comprehensive definitions. Some of these newly defined types of
cell death include necroptosis, mitotic catastrophe, anoikis, excitotoxicity, paraptosis,

pyroptosis, pyronecrosis and entosis [244].

7.1.2 Aims and Objectives

The aim of the work presented in this chapter was to determine the effects of OphA
on eight cancer cell lines and one control fibroblast cell line. The objectives included
determining how OphA effects the morphology of the cells and their nucleus, endoplasmic
reticulum and mitochondria. Furthermore, the effects of OphA on intracellular calcium
concentration, reactive oxygen species generation and mitochondrial function were
sought to be established. The final objective was to determine possible modes of cell

death, namely apotosis and cell cycle arrest, induced by OphA.

7.2 MATERIALS AND METHODS

7.2.1 Cell lines

The mechanism of cell death induced by OphA was investigated on the following cell
lines: RD, RH30, MDA-MB-231, MCF7, HeLa, KB-31, Fibroblast, U20S and U-87 MG.
The mutations found in the cells lines are provided in Table 7.1. Further information

regarding the cell lines used can be found in section 2.3.
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Table 7.1: Summary of the mutations found in the cell lines used in this
study. CDKN2A (cyclin-dependent kinase inhibitor 2A) is a tumour suppressor gene
which encodes three proteins of which two variants are inhibitors of CDK4 kinase and
therefore are capable of inducing G; cell cycle arrest. The PIK3CA (phosphatidylinositol-
4, 5-bisphosphate 3-kinase, catalytic subunit alpha) gene encodes the p85a catalytic
subunit of class 1 phosphatidylinositol 3-kinases (PI3K). PI3K operates as part of the
PI3K/AKT/mTOR pathway which mediates cell proliferation, survival, migration and
vesicular trafficking. PTEN (Phosphate and tensin homolog) is a tumour suppressor
gene which down-regulates PI3K activity, inhibits AKT signaling pathway and affects
cell cycle regulation. RAS (Rat sarcoma) encodes for proteins (KRAS, HRAS and
NRAS) which belong to the small GTPase superfamily. RAS proteins recruit and activate
downstream effector such as the AKT and ERK pathways which results in changes to
cell growth, differentiation and survival. TP53 encodes the major tumour transcription
factor p53 which plays a significant role in regulating cellular responses to DNA damage.
p53 activation leads to cell cycle arrest and apoptosis [257] .

Cell line Tissue Mutation Ref
type
RD muscle NRAS, TP53 [257]
RH30 muscle TP53 [258]
MDZA?)—i\/I B- breast CDKN2A, KRAS, TP53 [257]
MCF7 breast CDKN2A, PIK3CA, caspase 3 257],[259]
HeLa cervix Mutations in cel.l cycle and DNA repair 1260
signaling pathways
KB-31 HGL% ot Likely to be similar to Hel.a
taminant
Fibroblast  fibroblast Healthy control cell line
U208 bone wildtype TP53A 261]
U-87 MG brain CDKN2A,PTEN [257]
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7.2.2 Cell viability assay

Cell viability after 24 hours of 0 pM—100 pM OphA treatment was assessed using crystal

violet staining as described in section 2.3.2.1.

7.2.3 Immunofluorescence staining
7.2.3.1 Staining of cell DNA using Hoechst

Cells were seeded in 96 well plates at 1x10* cells per well in growth media and left
overnight in the incubator for the cells to adhere. The following day cells were treated
for 24 hours with i) PBS as a control, ii) 1 pM OphA, iii) 10pM OphA or iv) 100 pM
OphA. After treatment the cell DNA was stained with 10 nM Hoechst for 30 minutes.
The cells were imaged with a Motic AE31 microscope equipped with a mercury lamp and
filters for DAPI (Ex. 345nm, Ex. 455nm). Experiments were performed in triplicate

and repeated on at least two separate occasions.

7.2.3.2 Staining of cell mitochondria using Mitotracker® Green and TMRM

Cells were seeded in 24 well plates at 8x10* cells per well in growth media and left
overnight in the incubator for the cells to adhere. The following day cells were pre-
stained with 200nM MitoTracker® green (Invitrogen), 50 nM Tetramethylrhodamine,
methyl ester (TMRM; Invitrogen) and 10nM Hoechst for 30 minutes. After staining
was confirmed, cells were washed in fresh media and treated for one hour with either
i) PBS, ii) 1pM OphA or iii) 10pM OphA in triplicate. The cells were imaged with a
Motic AE31 microscope equipped with a mercury lamp and filters for DAPI, TRITC
(Ex. 547nm, Em. 572nm) and FITC (Ex. 495nm, Em. 519nm). Experiments were

performed in triplicate and repeated on at least two separate occasions.
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7.2.3.3 Reactive oxygen species detection in cells using CM-H,;DCFDA

Cells were seeded in 24 well plates at 8x10* cells per well in growth media and left
overnight in the incubator for the cells to adhere. The following day cells were pre-stained
with 1 pM 27, 7’-dichlorodihydrofluorescein diacetate (CM-HyDCFDA; Invitrogen) for 45
minutes. After staining was confirmed, cells were washed in fresh media and treated
for one hour with either i) PBS, ii) 1M OphA or iii) 10uM OphA in triplicate. Cells
were imaged using a Motic AE31 microscope with filters for FITC. Experiments were

performed in triplicate and repeated on at least two separate occasions.

7.2.4 Intracellular calcium concentration

Cells were seeded in 96 well plates at 1x10% cells per well in growth media and left
overnight in the incubator for the cells to adhere. The following day cells were washed
in PBS and pre-stained with 2pM Fluo4 AM (Invitrogen) in PBS for one hour. The
acetoxymethyl (AM) ester is conjugated to the Fluo-4 dye which results in an uncharged
molecule that can permeate cell membranes [262]. Once inside the cell the lipophilic
blocking groups are cleaved by non specific esterases which significantly reduces leakage
of the parent compound from the cell. After staining was confirmed, cells were washed in
PBS twice and then the following treatments were applied i) PBS, ii) 1 1M OphA and iii)
10pM OphA. The change in Fluo4 fluorescence over six hours, at five minute intervals,
was measured using a Tecan Infinite 200 series plate reader equipped with filters for
FITC (Ex. 495nm, Em. 519nm). Samples were blank corrected and the maximum
slope of the linear region of each curve was calculated. Experiments were performed in

triplicate on two separate occasions.
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7.2.5 Flow cytometry

Flow cytometry was used to assess the effects of OphA on cell morphology, mitochondrial
membrane potential, reactive oxygen species generation, Annexin V and cell cycle.
Samples were prepared as previously described in section 2.3.3 and measured using a
FACS Calibur flow cytometer (BD). The OphA treatments and dyes used for staining

are provided in section 7.2.5.1 to section 7.2.5.5.

7.2.5.1 Cell size

Cells were treated for 24 hours with either i) PBS, ii) 1 uM OphA or iii) 10 uM OphA
or iv) 100 pM in triplicate. The change in cell size was investigated by monitoring the

change in median forward scatter (FSC) signal intensity (Fig 7.2).

FBS 1.076
10uM 1.082

h' '

No. of cells
No. of cells

i

FSC-H Forward scatter FSC-H

Figure 7.2: Representative flow cytometry data showing the change in cell
size. A) RD cells showing cell shrinkage and B) U20S cells showing cell swelling after
treatment with 10 pM OphA (FSC=Forward scatter, Dark grey= PBS treated cells,
Light grey=10puM treated cells).

7.2.5.2 Quantification of mitochondrial membrane potential using TMRM

Cells were treated for one hour with either i) PBS, ii) 1 pM OphA or iii) 10 pM OphA in
triplicate. Cells were stained with 500 nM MitoTracker® Green and 50nM TMRM for
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30 minutes at room temperature. The change in mitochondrial membrane potential was

investigated by monitoring the change in median TMRM fluorescence intensity (Fig 7.3).

. No. of cells

FLz2-H  TMRM

Figure 7.3: Representative flow cytometry data showing the change in
mitochondrial membrane potential (Av,,). RD cells show a decrease in 50nM

TMRM fluorescence after treatment with 10 uM OphA (FL2-H= TMRM fluorescence
intensity, dark grey= PBS, light grey=1nuM OphA, white=10 pM OphA treated cells).

7.2.5.3 Quantification of reactive oxygen species in the cells using CM-

H,DCFDA

Cells were treated for one hour with either i) PBS, ii) 1 pM OphA or iii) 10 pM OphA in
triplicate. Cell were stained with 1 pM CM-Hy;DCFDA and 120 mM PI for 45 minutes
at room temperature. PI stains cells with a permeable membrane, therefore dead cells.

The reactive oxygen species production was investigated by monitoring the change in

median CM-H;DCFDA fluorescence intensity of the live cells (PI negative) (Fig 7.4).

7.2.5.4 Quantification of phosphatidylserine translocation to the outer

membrane

Cells were treated for 24 hours with either i) PBS, ii) 1 pM OphA or iii) 10 pM OphA or
iv) 100 pM in triplicate. Cells were dyed with 2.5ul of APC-Annexin V (Biolegend) to

probe phosphatidylserine translocation onto the outer membrane and 150 mM PI. The
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FL1-H cM-H2DCFDA

No. of cells

FL1-H CM-H2DCFDA FL1-H

CM-H2ZDCFDA

Figure 7.4: Representative flow cytometry data showing the change in
reactive oxygen species. RD cells stained with 1uM CM-H,DCFDA (FL1) and
120mM PI (FL3) after treatment with A) PBS, B) 1uM OphA and C) 10puM. The
live cells (PI negative) are in region 2 and coloured green while the dead cells (PI
positive) are in region 3 and coloured red. D) Histogram plot showing the change in
median CM-H,DCFDA (FL1) fluorescence of the live cells which was used to obtain
the median fluorescence of each sample (light green= control, dark green=1pM OphA,
black=10 pM OphA). There were very few live cells after 10 pM OphA treatment. (FL1-
H= CM-H;DCFDA fluorescence intensity, FL3-H= PI fluorescence intensity)

number of cells which showed positive APC annexin V staining with negative PI staining

were recorded (Fig 7.5).

7.2.5.5 Quantification of cell cycle using PI

Cells were treated for 24 and 48 hours with either i) PBS or ii) 1 pM OphA in triplicate.
Fixed cells were stained with 66 mM Propidium iodide (PI; Aldrich) for 15 minutes. The

cell cycle was analysed using a demo version of FCS express software to determine the
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100m

APC-Annexin 'y
APC-Annexmn V

Figure 7.5: Representative flow cytometry traces for MDA-MB-231 cells
treated for 24 hours with A) PBS as a control and B) 10pM OphA and
stained with annexin V and PI showing the gating applied to determine the
levels of apoptosis. Region 3 (green) indicates unstained cells therefore live cells.
Region 2 (red) indicates both annexin V and PI stained cells and therefore dead cells.
Region 4 (pink) indicates annexing V positive, PI negative cells and therefore early
apoptotic cells. Region 5 (orange) indicates annexin 5 negative and PI positive cells and
therefore dead cells.

number of cells in each of the three cell cycle phases (Go/G1, S and Gy /M) Fig 7.6. Debris
and doublets were excluded from the analysis and Model 2 (Sliced nucleus background

modelling, clumping compensation with zero order S phase) was applied to fit the Go /Gy,

S and Gy/M peaks to the data [263].

7.2.6 Automated high throughput image acquisition and anal-
ysis

Cells were seeded in 96 well plates at 7.5x10% cells per well in growth media and left

overnight in the incubator for the cells to adhere. The following day cells were treated

for 24 hours with either i) PBS or ii) 1 pM OphA in triplicate. Cells were then washed in

PBS, fixed in 4% paraformaldehyde (PFA; Sigma) for 15 minutes, washed twice again in

PBS and left in PBS until staining. The endoplasmic reticulum (ER) was stained with

calnexin (Santa Cruz), the mitochondria with TOM20 (Santa Cruz) and the nucleus with

DAPI. Alexa-fluor secondary antibodies (Invitrogen) were used to stain the ER green
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Figure 7.6: Representative flow cytometry trace showing the phases of the
cell cycle. The intensity of the PI fluorescence is related to the amount of DNA in the
cell and therefore can be used to determine which phase of the cell cycle the cells are in.
The phases of the cell cycle were evaluated using FSC express software by fitting three
curves to the data representing the Go/Gy, S and Go/M peaks.

and the mitochondria red. Staining was performed within seven days of fixing.

Image acquisition was performed using an automated imaging platform equipped with
a Nikon Fluor ELWD 40 X 0.6 objective (IN Cell Analyser 1000). Six fields of view
were taken from each well in all three fluorescence modes. Cells were automatically
segmented using DAPI (cell nuclei) and the properties of the ER and mitochondria were
obtained using the IN Cell Analyzer Workstation 3.4 software. The total area of the
endoplasmic reticulum, the total area of the mitochondria, the mitochondrial size and
the mitochondrial branching network were investigated. Experiments were performed
in triplicate and repeated on at least two separate occasions. The staining, image
acquisition and image segmentation were carried out by Mrs Tiffany Lodge and Dr

Alan Diot (Nuffield Department of Obstetrics and Gynaecology, Oxford University).
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7.2.7 Immunoblotting

Cells were seeded in T25 flasks at 75x10* cells per flask in growth media and cells were
allowed to adhere to the flask overnight in the incubator. The following day cells were
treated for 24 hours with either i) PBS or ii) 1 pM OphA. Cell lysates were prepared using
200 pl of Complete Lysis-M kit supplemented with protease and phosphatase inhibitors
(Roche Diagnostics) and scraping the cells from the bottom of the flasks. Cell lysates
were centrifuged to separate cell debris and the protein concentration of the supernatant
was determined using the bicinchoninic acid assay (BCA assay; Pierce). Protein (10 pg
per sample) was mixed with loading buffer, boiled for 4 minutes and subjected to
SDS-PAGE at 120V using Precise’™ Tris-HEPES 8%-16% Gels (Invitogen) and Tris-
HEPES-SDS (Invitrogen) running buffer. Transfer to PVDF membrane (Amersham
biosciences) for 50 minutes at 30 V in transfer buffer(25mM tris base (Sigma), 190 mM
glycine (Sigma), 20% methanol (Fisher) in ddH,O). Membranes were blocked with 5%
milk in TBST (Tris buffered saline + 1% Tween 20) for one hour at room temperature
and subsequently probed with BIP (1:1000), PDI (1:1000), CHOP (1:1000), cleaved
PARP (1:1000) or S-actin (1:100 000) in TBST supplemented with 5% milk as a primary
antibody overnight at 4 °C. Horseradish peroxidase-conjugate secondary antibodies were
used and blots were revealed by ECL (Clarity ECL Western Blot Substrate, Biorad).

Experiments were performed on two separate occasions.

7.3 RESULTS

7.3.1 OphA causes changes in cell morphology and induced cell
death

OphA was assessed in terms of its ability to effect cell death in nine cell lines. In all

the cell lines tested, OphA caused the cells to round up and become more spherical.
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Representative bright field images of RH30 cells treated with 0 pM—-100 uM OphA are
provided as an example. Control RH30 cells in culture present as spindle shaped large
multinucleated cells (Fig 7.7A). Incubation of cells with 1 pM OphA for 24 hours show no
significant difference in morphology compared to the control cells (Fig 7.7B). Incubation
of cells with 10 and 100pM OphA for 24 hours causes the cells to round up, their

membrane blebs and their cytoplasm shrinks (Fig 7.7C,D).

Control 1uM 10 uM 100 uM

Figure 7.7: Representative bright field microscope images of RH30 cells
treated with 0 pM-100 pM OphA. A) RH30 cells treated with PBS as a control,
B) RH30 cells treated with 1 1M OphA showing no significant difference in morphology
to the control. RH30 cells treated with C) 10pM OphA and D) both showing the cells
rounding up and becoming more spherical. All scale bars are 50 pm

Cell viability after 24 hour treatment with 0pM-100uM OphA was assessed using
a crystal violet assay for all the cell lines (Fig 7.8). As expected, increasing the

concentration of OphA reduced the cell viability in all the cell lines. The LDsy values
ranged from 0.7 uM to 4.5 pM for MDA-MB-231 and HeLa cells respectively (Table 7.2).

Cells are known to change size during cell death: for example, cells are known to shrink
during apoptosis while they are known to swell during necrosis [264]. Changes in cell
size, after 24 hour treatment with OphA, was monitored using the FSC channel on the
flow cytometer (Fig 7.9). After 24 hours of OphA treatment either cell shrinkage, cell

swelling or no change in cell size was observed depending on the cell line treated. RD,
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Table 7.2: OphA LDs;, values for each cell line taken from the data provided
in Fig 7.8.

Cell line LD, (uM)

RD 1.3
RH30 1.5
MDA-MB-231 0.7
MCFET7 4
HeLa 4.5
KB-31 14
Fibroblast 1.4
U208 2.8
U-87 MG 3.8
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Figure 7.8: OphA induced cell death in all cell lines tested. Cell viability
results from independent experiments (n=3) after treatment with 0 pM-100pM OphA
using crystal violet staining for all the cell lines used in the study. Data is presented as
mean + SD of triplicate samples expressed as a percentage of the control cells absorbance.

RH30, MDA-MB-231 and MCF7 cells showed very significant (p < 0.005) cell shrinkage
of (32% £ 1), (32% £ 1), (40% + 1) and (23% =+ 4) respectively compared to the
individual no drug cell control. HeLa, Fibroblast and U20S cells showed significant (p
< 0.01) cell swelling of (22% + 1), (19% =+ 1) and (23% =+ 1) respectively compared to
the individual cell control. There was no significant change in cell size of the KB-31 and
U-87 MG cell lines. Treatment with the lower magnitude concentration of 1 pM OphA

for 24 hours resulted in no significant change in cell size for any of the cell lines tested
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(Fig 7.9).
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Figure 7.9: OphA causes both cell shrinkage and cell swelling depending
on the cell line. Flow cytometry results for independent experiments (n=2-3) for
each cell line showing the change in cell size after 24 hour treatment with 0 pM-100 ptM
OphA. Data is presented as mean + SD of triplicate samples for each individual cell line
expressed as A) the raw data and B) as the data as a percentage of the untreated cells.
Significance was tested using a two tailed t-test compared to the untreated cells for each
cell line (*p < 0.05, **p < 0.01, ***p < 0.005).

7.3.2 OphA causes nuclear destruction in all cell lines except

U-87 MG cells

There are three forms of nuclear destruction which occur in dying cells: namely
karyolysis, pynkosis and karyorrhexis (Fig 7.10). Staining of the DNA with Hoechst
after 24 hours of treatment with 10 pM OphA showed nuclear destruction in all cell lines
except U-87 MG cells (Fig 7.11). Karyorrhexis was observed in RD, RH30, MDA-MB-
231, MCF7, HeLa, KB-31 and U20S. Additionally, karyolysis was observed in RH30,
MDA-MB-231, MCF7, HeLa and KB-31 cells and pynokis was observed in KB-31 and
U208 cells. Only pynkosis was observed in fibroblast cells. There was no change in
nuclear morphology compared to the control for any of the cell lines after 1 pM OphA
treatment. Furthermore, a time course experiment with RD cells showed no nuclear

destruction with 0 pM-100 pM OphA when cells were prestained with Hoechst (data not
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Figure 7.10: Schematic of three forms of nuclear destruction: karyolysis,
pyknosis and karyorrhexis. Karyolysis or nuclear fading is the complete dissolution
of chromatin in a dying cell due to the action of DNAases and RNAases. Pyknosis
or nuclear shrinkage is the irreversible condensation of chromatin in the cell nucleus.
Karyorrhexis or nuclear fragmentation is the destructive fragmentation of the nucleus of
a dying cell which occurs after karyolysis or pyknosis.

7.3.3 OphA affects intracellular cell calcium concentration

OphA is known to inhibit the calcium binding protein calmodulin [265] and therefore
we studied the change in calcium concentration after treatment with OphA. Cells were
pre-stained with a calcium sensitive dye Fluo-4 AM, OphA treatment was applied and
the change in Fluo-4 fluorescence was monitored over time. There was an increase in
Flou-4 fluorescence with time for all samples measured however the increase in Fluo-
4 fluorescence was inhibited by at least one hour in cells treated with 10pM OphA
(Fig 7.12). After six hours of 10 pM treatment all the cell lines showed either an increase,
or no significant difference, from the control except the U20S cells where the final
florescence was significantly lower in magnitude than the untreated cells. The sample
with the highest Fluo4 fluorescence after six hours and thus containing the maximum
calcium concentration was the MDA-MB-231 cells treated with 10 pM OphA (Table 7.3).
The maximum rate of change of the Fluo4 fluorescence was quantified from the data
provided in Fig 7.12A and there was a significant increase from the untreated cells in all
cell lines except HeLa and U208 (Fig 7.12B). RH30 and MDA-MB-231 cells showed the

highest rate increase of 18 and 20 times the control rate respectively (Fig 7.12B).
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RH30 MDA-MB-231
MDA-MB-231

MCF7 e KB-31
Fibroblast ,

Figure 7.11: OphA induced nuclear destruction in all cell lines except U-87
MG cells. Representative fluorescence images of the cell DNA using Hoechst stain after
24 hour treatment with A) PBS as a control and B) 10uM OphA for each cell line.

B
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Figure 7.12: Effect of OphA on cell calcium concentration measured using
Fluo4. A) Results from independent experiments (n=2) showing the change in Fluo4
fluorescence with time after treatment with either i) PBS (Black squares), ii) 1 pM OphA
(Dark grey circles), iii) 10uM OphA (Light grey triangles) for each cell type. The data
is presented as mean + SD of triplicate samples for each individual cell line. Logistic
curves have been fitted to all the data with R? values > 0.9 for all cell lines except
KB-31 cells. B) Results from independent experiments (n=2) showing the maximum
rate of change of Fluo4 fluorescence per hour after treatment with OphA. The data is
presented as mean £ SD of triplicate samples each individual cell line. Significance was
tested using a two tailed t-test compared to the untreated cells for each cell line (*p <
0.05, **p < 0.01, ***p < 0.005).

190



7.3 RESULTS

Table 7.3: Effect of OphA on calcium concentration measured using Fluo4
showing the maximum Fluo4 fluorescence value for cells treated with 10 pM
OphA for six hours.

Maximum
Fluo4
fluorescence

value (RLU)

RD 415 £ 75
RH30 4534 4+ 980
MDA 6985 + 221
MCF7 2400 + 467
HeLa 2331 + 484
KB-31 622 £+ 167
Fibroblast 2176 £ 191
U208 1991 £+ 121
Us7 1493 £ 206

Cell type

7.3.4 OphA induced endoplasmic reticulum stress

Similar to autophagy, the ER stress response is another adaptive mechanism to support
cell survival in response to detrimental conditions such as low nutrient levels, hypoxia,
calcium imbalance or the accumulation of misfolded proteins [266]. When the stress
conditions become too long or too severe, the response activates a death pathway. There
are three main pathways of the ER stress response which are initiated by three sensor

proteins located on the ER membrane (Fig 7.13).

As it was shown that OphA causes changes to intracellular calcium concentration it
was decided to study the effect of OphA on the ER. The change in ER total area was
measured using an automated high throughput image acquisition and analysis system
(IN Cell). The ER was stained with calnexin and the IN Cell Analyser software was used

to determine the change in ER area after 24 hour treatment with 1 pM OphA (Fig 7.14).
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Figure 7.13: Schematic of the ER stress response in cells initiated by one
of three sensor proteins. (Image taken from [267]) Inositol-requiring transmembrane
kinase and endonuclease 1 (Irel) is one of these sensor proteins which is dimerized and
phosphorylated promoting splicing of X-box binding protein-1 (XBP1) mRNA [267].
XBP1 protein from spliced mRNA induced the expression of a molecular chaperone
BIP (also known as glucose-regulated protein 78 (GRP78)) which, along with several
other molecular chaperones, relive ER stress by refolding of the unfolded or malfolded
proteins [268]. The second sensor protein, activating transcription factor 6 (ATF6), also
induced the expression of molecular chaperones. The final sensor protein, protein kinase-
like ER kinase (PERK), is activated by autophosphorylation which then phosphorylates
the translation initiation factor eukaryotic translation-initiation factor 2« (elF2ar) [269].
This causes a translational arrest of most proteins which leads to cell cycle arrest [270].
ATF4 escapes translational suppression and can translocate to the cell nucleus where it
can active transcription of growth-arrest DNA damage gene 34 (GADD34) and CCAAT-
enhancer-binding protein homologous protein (CHOP). GADD34 feeds back to inhibit
PERK while CHOP induced cell death after severe ER stress.

There was a very significant increase (p < 0.005) in the ER area per cell after treatment
for all cell lines except RD and MDA-MB-231. The U20S and the U-87 MG cell lines
showed the largest increase in total ER area per cell of (108% =+ 3) and (155% =+ 5)

respectively compared to the control cells.
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Figure 7.14: OphA can induce endoplasmic reticulum (ER) swelling. Results
from independent experiments (n=2-3) showing the change in area of the ER per cell
measured using an automated high throughput image acquisition and analysis system
(IN Cell). The data is presented as mean £ SE of between 435 and 1915 cells per sample
run in triplicate for each individual cell line expressed as A) the raw data and B) as
a percentage of the untreated cells. Significance was tested using a two tailed t-test
compared to the untreated cells for each cell line (*p < 0.05, **p < 0.01, ***p < 0.005).

The ER stress response was probed once using immunoblotting and antibodies for BIP,
PDI and CHOP, three proteins implicated in ER stress response (Fig 7.15A,B). For all
cell lines, except MDA-MB-231 and KB-31, there was an increase in expression of either
BIP or PDI or both BIP and PDI indicating that OphA might induce an ER survival
stress response however repetition is required to confirm these results. There was no
increase in expression of CHOP for any of the cell lines indicating that it is likely that
the ER death response was not induced after 24 hours of 1 pM OphA treatment however

again repetition is required to confirm these results.

7.3.5 OphA affected mitochondrial area, size and branching

network

Mitochondria are known to be implicated in cell death, therefore we studied the effect
of OphA on mitochondrial area, size and branching network. Similar to the ER, an

IN Cell was used and the mitochondria were stained with TOM20. There was a very
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Figure 7.15: OphA induced a endoplasmic reticulum (ER) survival response.
Western blots showing the expression of A) BIP, PDI and B) CHOP. C-E) Results from
an single experiment showing the ratio of BIP and PDI to -actin expression. Data is
presented as C) a percentage of untreated cells for each individual cell line and D-E)
normalised data. F) Results from an single experiment showing the ratio of CHOP to
p-actin expression with data presented as the normalised data. (N.B This experiment

was only performed once due to time constraints and therefore needs to be repeated to
confirm the results.)

significant (p < 0.005) decrease of (13% =+ 1), (8% =+ 1), (17% + 1) and (29% + 1) in

mitochondrial area per cell compared to the control for MDA-MB-231, MCF7, HeLa and

194



7.3 RESULTS

Fibroblast cells, respectively (Fig 7.16A,B). Conversely, there was a very significant (p <
0.005) increase in mitochondrial area per cell of (7% =+ 2) and (45% =+ 3) for U20S and
U-87 MG cells, respectively, compared to the control. There was no significant change

in mitochondrial area per cell for RD, RH30 and KB-31 cells.

The change in mitochondrial morphology was evaluated by calculating the circularity,

foire, of each mitochondrion

P2

fcirc = m

(7.1)

where P, is the perimeter of the mitochondrion and A,, is the area of the mitochondrion.
A threshold on the circularity of 0.9 was applied and mitochondrion which were
more circular were deemed small while mitochondrion which were less circular and
more elongated were deemed long. In all cell lines tested, the mitochondria became
shorter after treatment with OphA as shown by the increase in the proportion of the
mitochondria which are short compared to the number which were long (Fig 7.16C,D,E).
Lastly, there was a suggestion that there was an increase in the number of mitochondrial
bifurcations after OphA treatment for MCF7, HeLa, KB-31, Fibroblast, U20S and U-87
MG cells however improved resolution than that provided by the IN Cell is required to
confirm this (Fig 7.16F).
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Figure 7.16: Effect of Ophiobolin A on mitochondria measured using an
automated high throughput image acquisition and analysis system (IN Cell).
Results from independent experiments (n=2-3) showing the change in area of the
mitochondria per cell. Results from independent experiments (n=2-3) showing the %
of C) short, D) long and E) ratio of short to long mitochondria. Short mitochondria
are defined as having a circularity of > 0.9 and long having a circularity of < 0.9. F)
Results from independent experiments (n=2-3) showing the change in the mitochondrial
bifurcations after treatment with OphA. The data for all graphs is presented as mean
+ SE of between 435 and 1915 cells per sample run in triplicate for each individual cell
line expressed as either A,C,D,F) the raw data or B,E) as a percentage of the untreated
cells.
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Figure 7.16: (Cont.). Significance was tested using a two tailed t-test compared to
the untreated cells for each cell line (*p < 0.05, **p < 0.01, ***p < 0.005).

7.3.6 OphA causes mitochondrial membrane depolarization

In addition to the effect of OphA on mitochondrial morphology, mitochondrial function
was also investigated. Active mitochondria were stained with TMRM while all the
mitochondria were stained with Mitotracker® Green (Fig 7.17A). Immunofluorescence
images of control RD cells show co-localisation of the Mitotracker® Green and
the TMRM indicating that all the mitochondria had been stained and were active
(Fig 7.17A). After one hour treatment with 1 pM OphA the TMRM fluorescence was
similar to the control however after treatment with 10 pM OphA TMRM fluorescence

had disappeared showing that the mitochondria had been deactivated (Fig 7.17A).

The fluorescence intensity of the TMRM is related to the mitochondrial membrane
potential AW, therefore we used flow cytometry to quantify the change in AW, after
one hour OphA treatment (Fig 7.17B,C). There was a significant increase (p < 0.05)
of (40% =+ 18) and (22% +12) in AV,, after 1 pM treatment in RH30 and U20S cells,
respectively, compared to the untreated cells indicating hyperpolarization. However,
there was a significant (p < 0.05) decrease of at least (24% =+ 10), in AWV,, after
10 pM OphA treatment for all cell lines except MDA-MB-231 and KB-31 cells indicating

depolarisation of the mitochondrial membrane potential.

7.3.7 OphA induced reactive oxygen species production

Reactive oxygen species (ROS) can be used for cell signalling but excessive production
induces damage to cell organelles. Therefore ROS production after one hour of OphA

treatment using the fluorescent dye CM-HyDCFDA was investigated. Immunofluores-
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Figure 7.17: Effect of OphA on mitochondrial membrane potential (AV,,)
measured using Tetramethylrhodamine (TMRM). A) Representative immunoflu-
orescence images of RD cells treated for an hour with 1pM and 10pM OphA and
dyed with Mitotracker® green, staining all the mitochondria, TMRM, staining the
active mitochondria and Hoechst, staining the cell nucleus. Flow cytometry results
for independent experiments (n=2-3) for each cell line showing the change in TMRM
fluorescence as an indicator for AV,, after one hour treatment with 1 pM and 10 M
OphA. Data is presented as mean 4+ SD of triplicate samples for each individual cell line
expressed as B) raw data or C) as a percentage of the untreated cells. Significance was
tested using a two tailed t-test compared to the untreated cells for each cell line (*p <
0.05, **p < 0.01, ***p < 0.005).
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cence images of control RD cells which were healthy and adherent to the bottom of
the plate showed no CM-H;DCFDA fluorescence while the cells which had rounded up
showed high CM-H;DCFDA fluorescence (Fig 7.18A). After treatment with 1 nM OphA
the majority of the cells showed low CM-HyDCFDA fluorescence while after treatment
with 10uM OphA cells appear rounded up and high CM-H;DCFDA was observed.
Quantification of the CM-H;DCFDA was performed by flow cytometry and showed that
the basal reactive oxygen species production varied between cell lines (Fig 7.18B). There
was a significant (p < 0.05) decrease of (17% + 7) in CM-H;DCFDA fluorescence for
U20S cells treated with 10 pM OphA compared to the control cells (Fig 7.18C). The
remaining cells all showed a significant increase in reactive oxygen species production
at either 1 pM or 10 pM OphA treatment. Fibroblasts and U-87 MG cells showed the
largest increase in ROS generation with an increase of (388% + 31) and (420% =+ 55)
after one hour of 10pM OphA treatment compared to the control cells. After 10 uM
OphA treatment in RD, RH30 and KB-31 cells showed a decrease in CM-H,DCFDA
fluorescence which was due to the majority, at least 97%, of the cells being dead and the

remaining cells having low CM-Hy;DCFDA fluorescence.

7.3.8 OphA induced phosphatidylserine translocation to the

outer membrane of RD, RH30 and MDA-MB-231 cells

Annexin V staining was used to probe whether cell death was induced by an apoptotic
pathway. Annexin V binds to phosphatidylserine (PS) and PI stains the DNA of cells
with a permeable membrane. In apoptosis, PS is translocated onto the outer membrane
and thus cells which are early apoptotic show Annexin V positive and PI negative
staining. Flow cytometry was used to quantify PS translocation to the outer membrane
after 24 hours of OphA treatment by staining cells with APC-annexin V and PI. RD,

RH30 and MDA-MB-231 cells treated with 10 pM OphA showed a very significant (p
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Figure 7.18: Effect of OphA on reactive oxygen species production measured
using CM-H;DCFDA. A) Representative bright field and immunofluorescence images
of RD cells treated for an hour with 0 pM—10 pM OphA and dyed with CM-H;DCFDA
as an indicator of reactive oxygen species. Flow cytometry results for independent
experiments (n=2-3) for each cell line showing the change in CM-H,DCFDA fluorescence
after one hour treatment with 1 pM and 10 uM OphA. Data is presented as mean + SD
of triplicate samples for each individual cell line expressed as B) the raw data and C)
as a percentage of the untreated cells. Significance was tested using a two tailed t-test
compared to the untreated cells for each cell line (*p < 0.05, **p < 0.01, ***p < 0.005).
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< 0.005) increase in the percentage of apoptotic cells compared to the control cells of
(75% £ 4), (71% £ 17) and (56% < 4) respectively (Fig 7.19B). The remaining cell lines
showed a much smaller but still significant increase in the percentage of apoptotic cells

compared to the untreated cells.
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Figure 7.19: Effect of OphA on Annexin V staining measured using flow
cytometry. Results from independent experiments (n=2-3) for each cell line showing
the percentage of cells which are Annexin V positive but PI negative. Data is presented
mean £ SD of triplicate samples for each individual cell line as A) the raw data and B)
as a percentage of the untreated cells. Significance was tested using a two tailed t-test
compared to the untreated cells for each cell line (*p < 0.05, **p < 0.01, ***p < 0.005).

7.3.9 OphA causes PARP inactivation in RD and RH30 cells

Poly ADP ribose polymerase (PARP) is inactivated in apoptosis due to cleavage caused
by the caspase signalling pathway. Therefore cleaved PARP expression levels after 24
hours of 1 pM OphA treatment were investigated using a western blot. Fibroblasts and
U-87 MG cells showed high levels of cleaved PARP expression in both the control and
1pM OphA treated cells (Fig 7.20A). RD and RH30 cells showed an extremely large

increase in cleaved PARP expression after treatment with OphA (Fig 7.20B).
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Figure 7.20: Effect on OphA on PARP cleavage assessed by western blot.
Results from duplicate experiments showing the ratio of cleaved PARP expression to (-
actin expression. Data is presented as A) mean + SD of the data normalised to S-actin
and B) as the mean + SD of the percentage of untreated cells for each individual cell
line.

7.3.10 OphA induced G2/M cell cycle arrest in U20S cells and

GO/G1 cell cycle arrest in HeLa cells

Cell cycle checkpoints are signaling pathways used by the cell to ensure that all events are
successfully completed prior to proceeding to the next phase in the cell cycle (Fig 7.21)
[271] . Cells can arrest at the cell cycle checkpoints to temporarily allow for: i) cellular
damage to be repaired; ii) the dissipation of an exogenous cellular stress signal; or iii)
ensuring the availability of essential growth factors, hormones or nutrients. Checkpoint
signalling can also result in activation of pathways leading to programmed cell death.

The ability of OphA to affect the cell cycle was tested on all nine cell lines using flow
cytometry. Cells were treated for 24 and 48 hours with OphA and the cell DNA was
stained with PI after fixing in methanol. The intensity of the PI fluorescence was related
to the amount of DNA in the cell and can be observed on typical cell cycle plots as
shown in Fig 7.22A. The percentage of cells at each stage of the cell cycle, Go/G1, S and

Go/M, was quantified by fitting curves to the data using FCS express software [263].
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Figure 7.21: Schematic of the cell cycle. (Image taken from [272]) The cell cycle
has two major phases: the phase between miotic events call interphase and the mitotic
phase where the cell divides into two genetically identical daughter cells. Interphase
has three distinct phases called the G¢/Gj, S and Gy phases. During the first stage,
Go/G1, cells monitor their environment and when the requisite signals are received the
cell synthesises RNA and proteins to induce growth. The G; checkpoint ensures that
everything is ready for DNA synthesis. Once the cell has committed to the cell cycle it
enters S phase where it replicates its chromosomal DNA. The last phase G cells continue
growing to prepare for mitosis. The Gy checkpoint ensures everything is ready for the
cell to enter the mitosis phase.

For U20S cells the percentage of cells in the Gy/M phase after 1pM increased to
(31.8% =+ 5.7) after 24 hours treatment compared to (5.5% =+ 2) for the untreated
control and (12.1% =+ 0.7) after 48 hours treatment compared to (6.0% =+ 0.8) for the
untreated control (Fig 7.22B,C). This indicates that OphA induced a significant Go/M
cell cycle arrest in U20S cells as shown on Fig 7.22. For HeLa cells the percentage of
cells in the Go/Gy phase after 1 pM OphA treatment increased to (77.4% =+ 1.6) after
24 hours treatment compared to (68.9% =+ 2.7) for the untreated control and (80.5%
+ 1.8) after 48 hours treatment compared to (73.8% =+ 1.8) for the untreated control
(Fig 7.22B,C). This indicates that OphA induced a significant Go/G; cell cycle arrest
in HeLa cells. Fibroblasts showed no significant difference in the cell cycle after OphA

treatment compared to the untreated control after 24 and 48 hours indicating that OphA
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did not affect the fibroblasts cell cycle (Fig 7.22B,C). For the remaining cell lines there
was no clear arrest in any of the cell cycle phases however there are differences between
the untreated and treated cells which could indicate either a slowing of the cell cycle or

a temporary cell cycle arrest.

7.4 DISCUSSION

Cell death can be triggered by a range of intracellular stresses such as DNA damage,
oxidative stress, cystolic Ca?* overload and the accumulation of misfolded proteins [242].
The ability of OphA to induce cell death on eight cancer cell lines and one control
fibroblast cell line was investigated. Furthermore, the effects of OphA on cell, nuclear,
mitochondrial and ER morphology has been studied. A summary of the data for all nine

cell lines tested is presented in Table 7.4.

OphA induced a potent cell death in all cell lines tested with LDsq values ranging from
0.7 uM to 4.5 pM. The LDs5q values matched closely with data obtained from the National
Cancer Institute (NCI) Natural Product Repository which showed the LD, values of
0.5uM and 4pM for MDA-MB-231 and MCF7 respectively compared to 0.7 pM and

4 1M observed in this study [273].

Intracellular [Ca?*] is strictly regulated in cells by a combination of passive diffusion of
calcium into the cell and by active transport of calcium against a concentration gradient
[274]. An increase in intracellular calcium levels can be a consequence of release from
the ER stores, influx of extracellular calcium and/ or the release from other organelles
such as the mitochondria [275]. A decrease in calcium concentration can be due to
calcium being pumped out of the cell or by re-entering the calcium stores in the ER and

mitochondria through Ca?* transport systems. There was a delay of at least one hour in
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Figure 7.22: Effect on OphA on cell cycle assessed by flow cytometry after
methanol fixation and PI staining. A) Representative flow cytometry traces after
24 hours of PBS treated (dark grey trace) and 1pM OphA treated (light grey trace)
showing the number of cells against their DNA content. Results from an independent
experiment (n=2) showing the percentage of cells in Go/G1, M and Gy phase of the cell
cycle after B) 24 hour or C) 48 hour treatment with either PBS (-) or 1 pM OphA (+)
treatment. Data is presented as mean 4+ SD of triplicate samples.
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Table 7.4: Summary of the data showing the effect of OphA on the 9 cell lines tested. (‘NS’ no significant change
from the untreated cells, significant change from the untreated cells with the following p values *p < 0.05, **p < 0.01, ***p

< 0.005).
Treat-
Effect of OphA MDA- Fibrob- U-87
treatment on 59.; RD RH30 MB-231 MCF7 HeLa KB-31 last U20S MG
applied
Cell size 1pM NS NS NS NS NS NS NS NS NS
. *kok *¥k *kk *kk *¥k *% *kk No
Cell size 10uM Shrinkage | Shrinkage | Shrinkage | Shrinkage | Swelling NS Swelling Swelling change
Karyor-
me%ww- Nm&@? Wm&@? WQJA.VT rhexis Karyor- No de-
Karyor- rhexis rhexis rhexis rhexis . . .
Cell nucleus 10 pM rhexis Karvolv- | Karvolv- | Karvolv- | Karvolv- Karyoly- | Pynkosis rhexis struction
YO YO YO YO sis Pynkosis | observed
sis sis sis sis .
Pynkosis
*kk *okk *kk KoKk KoKk K%k KoKk
L5 e e el 1nM B Swelling Lk Swelling Swelling Swelling Swelling Swelling Swelling
Mitochondria *kokok $okok kokok okok kokok *okok
area per cell 1nM NS NS Shrinkage | Shrinkage | Shrinkage NS Shrinkage | Swelling Swelling
Mitochondria 1pM NS ***Increase in the number of short mitochondria (all except RD)
number of short
Mitochondria 1uM NS *** Decrease in the number of long mitochondria (all except RD)
number of long
Mitochondrial * Hyper- o * Hyper-
membrane 1 pM NS YPer Depolari- NS NS NS NS yPer- NS
. polarisation . polarisation
potential sation
Mitochondrial *okk *kk *okk *kk *okk *okk *okk Kok
membrane 10 ptM Depolari- | Depolari- NS Depolari- | Depolari- | Depolari- | Depolari- | Depolari- | Depolari-
potential sation sation sation sation sation sation sation sation
: *kok *%k
Reactive oxygen |\ NS NS NS NS NS NS NS
species Increase Increase
: *kk * *kk KoKk *okk * KoKk
Reactive .ox%mmwb 10 M NS NS
species Decrease Increase Increase Decrease Increase Decrease Increase
Annexin V o 050
positive/ PI 1pM NS NS NS NS NS NS NS
. 0 Increase Increase
negative staining
.Pb.dwunms v *okok Hokok *okok *okok Hokok *okok *okok *okok
UOm.;:\m\ Hu H 10pM Increase Increase Increase Increase Increase Increase Increase Increase NS
negative staining
PARP Cleavage 1 pM Increase Increase NS NS NS NS NS NS NS
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calcium being released in the cytosol for all cell lines after OphA treatment compared to
the control cell indicating that OphA affects calcium signalling. Furthermore some cell
lines showed a huge increase in the amount of cystolic calcium release after six hours of

treatment.

Historically it was believed that OphA induced cell death by inhibiting calmodulin
[265]. However by obtaining LDs5g values from National Cancer Institute (NCI) Natural
Products Repository [273] for the NCI cell lines treated with OphA and comparing these
to calmodulin mRNA expression levels for the same NCI cell lines from CBioPortal [276]
it has been shown that there is no correlation between calmodulin mRNA expression
levels and OphA toxicity (Fig 7.23). This suggests that, although OphA can inhibit

calmodulin, it is not the only molecular target for the molecule.
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Figure 7.23: Ophiobolin A LD;; does not correlate with calmodulin mRNA
expression levels. LDsy values were obtained from the NCI-60 DTP Human Tumor
Cell Line Screen for Ophiobolin A (Sept 2014) [273] and plotted against the mRNA
expression levels of the three calmodulin genes (CALM1, CALM2, CALM3 and total
CALM) obtained from cBioPortal for the same NCI-60 cell lines [276].

Nuclear destruction was observed in all cell lines, except U-87 MG, after 24 hour OphA
treatment indicating that DNA damage occurred during the process of cell death. RD

cells which were pre-stained with Hoechst prior to 0 pM—-100 pM OphA treatment did
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not show any nuclear destruction after two hours (data not shown). Therefore it is likely
that the observed nuclear destruction is a secondary process caused by death signals

within the cell.

Reactive oxygen species (ROS) can be produced by cells in response to stress and can
cause damage to proteins, lipids and DNA. Excessive production of ROS results in cell
death, for example ROS facilitates the release of cytochrome c¢ from the mitochondria
in apoptosis [277]. An increase in reactive oxygen species was observed in all cell lines,
except U208, after one hour OphA treatment which indicated that oxidative stress
is one of the early signals of cell death. U-87 MG and Fibroblast both show a very
significant increase in the generation of reactive oxygen species. This was accompanied
by a reduction in AV,, indicating that the mitochondria are also affected early in the

cell death pathway.

The majority of the ROS produced by the cell originates from the mitochondria [278]
and therefore it is not surprising that there was an accumulation of ROS at the same
time as the reduction in AV,,. A dissipation of the AW¥,,, can occur after MOMP through
the uncoupling of the mitochondrial respiratory change or through the opening of the
MPT pore [248]. MOMP is commonly associated with apoptosis with the release of toxic
proteins into the cytosol. Opening of the MPT causes the mitochondria to become leaky
to water and other small molecules which results in mitochondria swelling eventually
leading to necrosis [279]. Therefore a sustained drop in AW, indicates that the cells are
dying however it does not elucidate the mechanism of cell death. Bencsik et al. [43] also
showed that OphA could cause a decrease in the mitochondrial membrane potential in

boar spermatozoa.

The unfolded protein response (UPR) is a survival mechanism of the cell in response to
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ER stress which occurs when there is an accumulation of unfolded or misfolded proteins
in the lumen of the ER [280]. The three aims of the UPR are to halt protein translation,
degrade misfolded proteins and to up regulate the production of molecular chaperones
involved in protein folding. The expression levels of two molecular chaperones, BIP
and PDI, were assessed by western blot. After 1 ptM OphA treatment, all the cell lines,
except MDA-MB-231 and KB-31, showed an increase in the expression of both BIP and
PDI indicating that OphA induced the unfolded protein response in the remaining cell
lines. MDA-MB-231 and KB-31 cells had high basal levels of BIP indicating that the
cancer cells were already stressed before the addition of the drug which could explain the
apparent reduction in the BIP levels with drug treatment. The ER stress response can
be chronically activated in cancer cells and thus this can provide support for continuous
proliferation and survival even under adverse microenvironments which can include

chemotherapy [281].

If the survival mechanism of the UPR fails and the stress encountered is too excessive
or too severe then the ER can enlist a death response. This causes the phosphorylation
of PERK and elF2a which activates the transcription of CHOP which induces a death
response in mitochondria. OphA was not shown to increase the protein levels of CHOP
in any of the cell lines tested and therefore while the ER is inducing a survival mechanism

no death response was observed.

In addition to testing the effect of OphA on the ER its effect on the mitochondria was
also studied. For all cell lines tested, except RD, there was an increase in the number of
short mitochondria compared to long mitochondria indicating that the mitochondria are
undergoing mitochondrial fission. Smaller mitochondria are easier for cells to degrade
and therefore significant mitochondrial fission occurs when a cell has severely damaged

mitochondria [282]. Additionally, mitochondrial fusion in inhibited when cells have a
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low AW,, and in all cell lines tested, except KB-31, there was a decrease in AV, after

one hour OphA treatment.

The type of cell death that occurs after a given treatment is determined by the mechanism
of action of the drug, the dose administered and the genetic background of the treated
cells [274]. Therefore, links between the mutations found each cell type have and the

type of cell death have been analysed and possible suggestions presented.

The two rhabdomyosarcoma cell lines tested both showed that OphA induced an
apoptotic like cell death through the characteristic features of apoptosis including the
rounding up of the cell, cell shrinkage, chromatin condensation, nuclear fragmentation
(karyohexis), PS exposure on the outer membrane and the cleavage of PARP. MDA-MB-
231 cells showed similar features of apoptosis without the PARP cleavage. RD, RH30
and MDA-MB-231 cells all have mutated p53, the tumour suppressor protein. p53 is
inactivated by mutation in approximately 50% of all cancers [283]. Wild type p53 has
a range of diverse and global functions which are best characterised in cell cycle arrest,
senescence and apoptosis in response to DNA damage [284]. Several small molecules,
including CP-31398, PRIMA-1, ellipticine, WR-1065 and p53R3, have been shown to act
on mutant p53 by restoring its confirmation to wild type and then the cells can undergo
cell cycle arrest or apoptosis [285]. Furthermore, RD, RH30 and MDA-MB-231 cells all
have low, < 1.5 1M, LDs5g values. Ellipticinium salts were shown on average to be more
potent on mutant p53 cells than cells with wild type p53 from the NCI database [286].
Also an ellipticine derivative, 9-hydroxy ellipticine, has been shown to induce apoptosis
in mutant p53 cells but not wild type p53 cells [287]. Therefore, OphA could be restoring
wild type function to p53 in RD, RH30 and MDA-MB-231 cells allowing them to die via

apoptosis and explains the lower magnitude of the LD5y values observed.
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Although MCF7 cells are another breast cancer cell line the LD5, value was significantly
higher magnitude than the MDA-MB-231 cells. OphA did not induce an apoptotic like
cell death in MCF7 cells as there was very low PS exposure on the outer membrane
and no cleavage of PARP. This could be because MCF7 cells have increased level of the
anti-apopotic protein Bcl-2 and no expression of caspase 3 and therefore MCF7 cells
are not able to enlist an apoptotic response [259]. Furthermore, 1 pM OphA induced a
Go/Gy cell cycle arrest after 24 hours although this was not maintained after 48 hours,
which suggests a temporary cell cycle arrest or a slowing of the cell cycle. Ophiobolin
O has been shown to induce a Go/G; in MCF7 cells for up to 48 hours [46]. OphA also
induced a Gg/Gj cell cycle arrest in HeLa cells which was accompanied by a large ER
stress response. The ER stress response has been shown to induce cell cycle arrest due

to the accumulation of misfolded proteins [270].

OphA induced a significant Go/M cell cycle arrest in U20S cells which have wild type
p53. Benz et al. [288] showed that the induced expression of both p53 and p21 are
required to sustain the Go checkpoint and induce G arrest. Therefore, since U208 cells
have wild type p53 they have the possibility of entering Go/M cell cycle arrest. Shen et
al. [289] showed that both ionizing radiation and Nutlin can induce the expression of p53
and p21 in U20S cells causing cell death. Furthermore, since U20S cells have a single
functional copy of P53 and overexpression of necdin they are able to evade apoptosis
in vivo[261] and this could further explain the propensity to die by cell cycle arrest
rather than apoptosis. Furthermore, U20S cells showed no increase in ROS or Ca?*
with OphA treatment. Cisplatin has been previously shown to induce a concentration
dependent increase in [Ca*"] in HeLa-S3 cells (a derivative of the parent HeLa cell line)
but not in the U20S cells [290]. They showed that the rise in [Ca?*] in the HeLa-S3 cells
was due to the extracellular influx of calcium ions though the IP3, receptor however there

was no expression of the IP3 receptor on the cell membrane of U20S cells and therefore
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no increase in [Ca®"] was observed. In this study HeLa cells showed an increase in the
intracellular calcium concentration after both 1 and 10 pM OphA treatment compared

to the control.

Fibroblasts underwent a necrotic like cell death through through the cellular swelling
and pynkoic nucleus, and showed a relatively low LDsy value of 1.4 M. Furthermore,
both the PBS treated and the 1M OphA fibroblast cells had high levels of cleaved
PARP and a large increase in ROS generation. OphA induced a parapotic like cell
death in U-87 MG cells indicated by the significant cell, ER and mitochondrial swelling.
Moreover, Hoescht staining showed that OphA did not induce chromatin condensation
in U-87 MG cells; paraptosis does not cause chromatin condensation [291]. Furthermore,
as Paraptosis is not initiated by the caspase cascade there is no cleavage of PARP [291]
again observed by the cleaved PARP expression levels after OphA treatment. The only
characteristic feature of paraptosis which was not observed was there was no significant

vacuolisation after OphA treatment.

U-87 MG cells have a mutation in the phosphate and tensin homolog (PTEN) gene
which has previously been shown to inhibit apoptosis. Additionally, Bury et al. [41]
showed that OphA induced paraptosis in other glioma cell line which also have the
PTEN mutation. Lee et al [176] compared the effect of 8 Gy radiation treatment U-87
MG cells and the PTEN proficient cell line LN18 and found that the radiation induced
senescence in U-87 MG cells but apoptosis in LN18. Additionally the radiation induced
the production of ROS in both cell lines however it was significantly greater in the U-87
MG cells. This is similar to the significantly large increase in ROS after OphA treatment
for U-87 MG cells found in this study. An increase in PTEN expression has been shown
to modulate the PI3K/AKT signalling to reduce ROS generation [292]. Therefore it is

likely that the large increase in ROS in U-87 MG cells after 10 uM OphA treatment is
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due to the PTEN mutation.

7.5 CONCLUSIONS

OphA has been shown to induce cell death in all the cell lines tested. This was accompa-
nied by changes in cell, nuclear, ER and mitochondrial morphology. Furthermore there
was an increase in mitochondrial fission, a drop in mitochondrial membrane potential
and a generation of reactive oxygen species after OphA treatment. Also OphA caused a
delay in the release of calcium and an ER stress survival response but not an ER stress

death response.

OphA induced an apoptotic like cell death in RD, RH30 and MBA-MB-231 cells.
HeLa and U20S cells underwent a Go/G; and Gy/M cell cycle arrest respectively
after OphA treatment. Fibroblast presented with a necrotic like cell death and U-87
MG cells underwent a paraptotic like cell death after OphA treatment. Since OphA
has the potential to induce different types of cell death in the different cell lines it is
possibly that it could be used to treat apoptosis resistant cells and therefore provide
an effective chemotherapeutic. The results indicate that OphA is a promising novel
chemotherapeutic and further work is required in vivo to determine its effectiveness in

animals.
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Chapter 8

Final discussion and conclusions

The aim of this thesis was to develop novel embolic particles for cancer therapy
using a combination of nanoparticles and microparticles. The embolic particles were
designed and synthesised to have a polystyrene core which could effectively block
tumour vasculature; thereby limiting oxygen and nutrient delivery to the tumour
and causing tumour necrosis. The utility of the embolic particles was enhanced by
adding X-ray contrast, a radiosensitiser component and a high capacity for loading
of a novel chemotherapeutic Ophiobolin A onto the surface. This created radiopaque
embolic particles, radio-sensitising embolic particles and chemoembolization particles

respectively.

The core of the embolic particle successfully incorporated with 5nm to 8 nm tantalum
oxide nanoparticles to provide X-ray contrast to the particle. This allows the particles
to be visualised by X-ray and CT scans during the particle placement procedure and
post-operatively. The contrast enhancement of the particles was linearly related to the
level of tantalum doping and up to 9.4% tantalum doping was achieved. Furthermore
calculations were performed to determine the contrast enhancement of the embolic

particles and it was found that 75 particles doped with 9.4% tantalum oxide should
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provide the same contrast as 5cm of bone. Therefore radiopaque embolic particles have

been successfully synthesised.

The surface of the embolic particle was successfully coated with either rare earth doped
TiOy nanoparticles or mesoporous SiO, nanoparticles. The rare earth doped TiO,
nanoparticles were previously developed by Townley et al. [100, 101] to produce reactive
oxygen species upon X-ray activation and therefore operate as a radiosensitiser. The
rare earth doped TiOs; nanoparticles were shown to produce reactive oxygen species
upon both UV irradiation, as a proof of concept, and X-ray radiation. Furthermore the
rare earth doped TiO5 nanoparticles and the embolic particles coated with the rare earth
doped TiOy nanoparticles inhibited cell proliferation compared to radiation treatment
alone. This is the first time that an embolic particle combined with a radiosensitiser
agent has been shown. Previously, embolic particles combined with a radioactive element
have been developed to provide localised radiotherapy however this technique has many
limitations regarding the radioactive element which requires careful handling. Therefore

a radiosensitising embolic particle is much more useful as it is inert until activation.

Mesoporous SiO, nanoparticles can be loaded with chemotherapy drugs to allow
for targeted delivery. By coating the embolic particles with the mesoporous SiO,
nanoparticles and subsequently loading with a drug chemoembolization particles were
prepared. These allow chemotherapy to be delivered directly at the tumour location
therefore potentially reducing the toxic side effects of systemic treatment. The SiO,
nanoparticles were loaded with Ophiobolin A a novel chemotherapeutic derived from
a fungal secondary metabolite. Approximately 95% uptake of OphA into the pores
of the SiO; nanoparticles was seen depending on the solvent selected for loading,
and the subsequent controlled release was observed. Furthermore, release from the

embolic particles coated with the SiO, nanoparticles and loaded with OphA caused
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an approximately 70% reduction in cell viability after 24 treatment indicating that the
embolic particles were effective. The SiOy nanoparticles were also shown to limit the
degradation of OphA therefore increasing its half life and ensuring that it is active for

longer.

In addition to developing a drug delivery system for OphA the mechanism of cell death
on eight cancer cell lines, one control cell line and one drug resistant cell line was also
assessed. OphA had been shown to induce two different types of cell death, apoptosis
[240] and paraptosis [41], on different cell lines. The effect of OphA on nuclear, ER
and mitochondrial morphology and function was studied. Furthermore the generation
of reactive oxygen and intracellular calcium concentration was investigated. Finally the
ability of OphA to induce apoptosis and cell cycle arrest was studied. OphA was shown
to cause changes in cell size, nuclear destruction, swelling of the ER and changes in the
mitochondrial morphology. Furthermore there was an increase in mitochondrial fission,
a drop in mitochondrial membrane potential and a generation of reactive oxygen species
after OphA treatment. OphA also caused perturbations in the intracellular calcium
concentration and an ER stress survival response but not an ER stress death response.
Furthermore different types of cell death were observed in the the cell line and this

seemed to be related to the mutations found in that particular cell line.

OphA was shown to be effective against a vinblastine resistant cell line to the same level
as the parent cell line and therefore it was demonstrated that OphA could be effective at
treating some types of drug resistant cells. OphA was also shown to be more toxic to the
healthy control cell line than some of the cancer cell lines which demonstrates the need
to encapsulate it for targeted delivery like the developed chemoembolization particles.
Overall OphA has been shown to be an effective chemotherapeutic which could be useful

for treating drug resistant cells and therefore further in vivo testing is required fully
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evaluate it before clinical use.

Future studies could include the creation of embolic particles which combine the three
modalities studied; radiopaque, radio-sensitising and chemoembolization. It is not
envisaged that there would be any technical difficulties in creating composite particles
with a radiopaque core and either a doped TiO5 or mesoporous SiO, shell as the tantalum
is contained within the polystyrene during synthesis and therefore should not affect the
sintering process. TiO, nanoparticles have also been shown to increase X-ray contrast
but it is significantly less than can be obtained for the tantalum nanoparticles. For
example, one study showed that 30 mgmL~' of TiO, nanoparticles had a CT value of
50 HU [10] while at the same concentration the tantalum nanoparticles used developed
in chapter 4 had a CT value of 800 HU [153]. Therefore the TiOy nanoparticles will
increase the X-ray contrast of the embolic particles but the tantalum nanoparticles will

have a more significant effect.

There are potential challenges involved in preparing composite doped TiO; and SiO,
nanoparticle coated embolic particles. This is because the SiOy coated embolic particles
required a much longer sintering time due to the lower magnitude thermal conductively of
the SiOy nanoparticles than the TiOy nanoparticles and hence the longer time required
for the heat to transfer through the SiO; nanoparticles and melt the surface of the
polystyrene. Increasing the sintering time of the TiO, nanoparticles could cause the
crystal phase of the TiO5 to change and therefore reduce their effectiveness. Therefore,
a combined radio-sensitising and chemoembolization particles would require synthesis
optimisation to ensure than an effective particle was obtained. Combing radio-active
embolic particles with chemotherapy drugs have been shown to have a synergistic
effect on tumour area and survival times [68] and therefore creating a combined radio-

sensitising and chemoembolization embolic particle could be a worthwhile endeavour.
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Once the perfect embolic particle has been created in vivo testing is required to determine
if the particles have potential for clinical translation. Moreover the plasma stability and
ability to project a protein corona would need to be studied if the particles are to achieve
clinical regulation. Also the long term stabily of the particles requires testing to ensure
that the nanopartilces do not become unattached from the embolic particle and then

transport elsewhere in the body.

The lenghtscales that the reactive oxygen species produced by the doped TiO,
nanopartilces would need to be investigated to ensure that they were in close proximity
to the cancerous tissue otherwise healthy surround vascualture could be damaged. The
SiO, nanoparticles were shown to increase the stability of OphA and therefore kept it
more potent for longer. It would be interesting to investigate if a similar nanopartilce
drug delivery system could be useful for delivering other chemically unstable compounds.

Additionally the bonding of the SiO, nanopartilces to the OphA could be investigated.

Further work is required to fully understand the mechanism of cell death caused by
Ophiobolin A in cells. Based on the cell lines tested the mode of cell death appeared to
fall into groups bases on the tissue of origin of the cells. A large scale study could be
conducted to determine if this is true. Further protein expression experiments could be
carried out to more fully understand the affect that OphA is having on the cells and if
there is a difference in the cell lines. Moreover the tests presented in this thesis were only
carried out at single timepoint and at a few concentrations which could have affected the
results observed and more temporal testing could revel more information of the types
of cell death. Furthermore in vivo testing could be carried out to determine if OphA is

effective at killing a range of different cancer types especially apoptosis resistant cells.

In conclusion radiopaque embolic, radio-sensitising embolic and chemoembolization
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Final discussion and conclusions

particles have been successfully designed and synthesised to provide X-ray contrast,
act as a radiosensitiser and successfully deliver OphA directly at the tumour location.

Furthermore the mechanisms of cell death of OphA have been further elucidated.
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Appendix A

Appendix

A.1 DMaterial source and justification

A table providing all the materials used within this thesis, the supplier and a justification

for using them is provided below.
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Material Source Reason for selection
2',7'- Invitrogen For staining cell reactive oxygen species
dichlorodihydrofluorescein
diacetate
3-Mercaptopropyl Sigma For silica coating the TiO2 nanoparticles
trimethoxysilane
3-trihydroxysilyl propyl Sigma For preparation of SiO2 nanoparticles
methylphosphonate
Acetic acid Sigma For crystal violet solubilising solution
Acetonitrile Fisher For LC gradient
Alexa-Fluor secondary Invitrogen Secondary antibodies for fluorescent imaging
antibodies
Ammonium hydroxide Sigma For preparation of polystyrene microparticles containing
tantalum oxide nanoparticles and polystyrene-TiO2
embolic particles
Anhydrous isopranol Sigma For preparation of TiO2 nanoparticles
Antibodies for BIP, PDI and Cell signal For determining protein expression levels
CHOP
Antibodies for cleaved PARP ABCam For determining protein expression levels
and B-actin
APC-Annexin V BioLegend For staining cells undergoing early apoptosis
Azobisisobutyronitrile Sigma For preparation of polystyrene microparticles
Benzyl dimethylamine Agar For sectioning of polystyrene microparticles
Bicinchoninic acid assay Pierce For determining protein concentration
Binding buffer BioLegend Buffer for APC-Annexin V
Calnexin Santa Cruz For staining cell endoplasmic reticulum
Carbon taped SEM stub Agar For SEM imaging
Scientific
CellMask orange Life For staining microvesicle plasma membrane

Cetyl trimethylammonium
bromide
Complete lysis-M kit

Coumarin

Crystal violet
Cyclohexane
Cytochalasin D

DAPI
Dichloromethane

Dodecenyl succinic anhydride
Dulbecco's Modified Eagle's
Medium-high glucose

ELC

Epoxy resin

Erbium (lll) nitrate
pentahydrate

Ethanol

Ethanol

Ethylene glycol dimethacrylate
Europium (lll) nitrate hydrate
Fetal calf serum

Fluo-4 AM

technologies
Sigma

Roche
Diagnostics
Sigma

Sigma
Sigma
Sigma

Sigma
Sigma

Agar
Sigma

Biorad
Agar
Sigma

Sigma
Sigma/Fisher

Sigma
Sigma
Sigma
Invitrogen

For preparation of SiO2 nanoparticles
For preparing cell lysates

Fluorescent dye for monitoring reactive oxygen species
generation

For staining the cell nucleus

For preparation of tantalum oxide nanoparticles
Inhibitor of actin polymerisation used to probe OphA
mechanism of action

For staining cell nucleus

For dying polystyrene microparticles, for loading of the
SiO2 with OphA

For sectioning of polystyrene microparticles

For cell culture media

Kit for revealing western blots
For sectioning of polystyrene microparticles
For doping the TiO2 nanoparticles

For preparation of tantalum oxide nanoparticles

For preparation of SiO2 nanoparticles, for loading of the
SiO2 with OphA

For preparation of polystyrene microparticles

For doping the TiO2 nanoparticles

For cell culture media

For staining cell intracellular calcium concentration



Material Source Reason for selection

Fluorescein isothiocyanate Sigma For dying polystyrene microparticles

Gadolinium (lll) nitrate Sigma For doping the TiO2 nanoparticles

hexahydrate

Gafchromic EBT3 film Vertec Film for X-ray contrast experiments

Scientific

Glutaraldehyde Sigma For fixing cells

Glycine Sigma For SDS-Page transfer buffer

Hoechst Sigma For staining cell DNA

Holey carbon coated copper Agar For TEM imaging

TEM grids Scientific

Hydrochloric acid Sigma For preparation of SiO2 nanoparticles

Igepal C0-520 Sigma For preparation of tantalum oxide nanoparticles

Isopropanol Sigma For dying polystyrene microparticles, for preparation of
the TiO2 nanoparticles and polystyrene-TiO2 embolic
particles

L-Glutamine Sigma For cell culture media

Methanol Sigma For preparation of polystyrene microparticles,
polystyrene microparticles containing tantalum oxide
nanoparticles, polystyrene-TiO2 embolic particles and
SiO2 nanoparticles, For SDS-Page transfer buffer

Metharcyloxypropyl Sigma For preparation of polystyrene-TiO2 embolic particles

trimethoxysilane

Methyl nadic anhydride Agar For sectioning of polystyrene microparticles

Mitotracker ® Green Invitrogen For staining cell mitochondria

Mycoplasma detection kit Lonza For testing if cell have mycoplasma

Nitric acid Sigma For preparation of polystyrene microparticles containing
tantalum oxide nanoparticles

Oleic acid Sigma For preparation of polystyrene microparticles containing
tantalum oxide nanoparticles

OPTIMEM Gibco Low serum media with no phenol red and low basal levels
of microvesicles

P25 Degussa Commercially available TiO2 nanoparticles used as
control particles

Paraformaldehyde Sigma For fixing cells

Penicillin and Streptomycin Sigma Antibiotics in cell culture media

Poly vinyl alcohol Sigma For preparation of polystyrene microparticles

Poly(diallydimethylammonium  Sigma For preparation of polystyrene-TiO2 embolic particles

chloride

Polystyrene divinlybenzene Duke Commercially available polystyrene particles

scientific

Potassium chloride Sigma For preparation of polystyrene-TiO2 embolic particles

Precise Tris-HEPES 8%-16% gels  Invitrogen For SDS-Page

Propidium iodide Sigma For dying cells with a permeable membrane

Rare earth doped TiO2 Johnson TiO2 nanoparticles prepared by flame spray pyrolysis, a

nanoparticles Matthey commercially viable option for producing nanoparticles

Resin holder Gilder grids For sectioning of polystyrene microparticles

Rhodamine B Sigma For dying polystyrene microparticles

Sodium dodecyl sulphate Sigma For crystal violet solubilising solution

Sodium hydroxide Sigma For preparation of tantalum oxide nanoparticles and SIO2
nanoparticles

Sodium silicate Sigma For silica coating the TiO2 nanoparticles

Styrene Sigma For preparation of polystyrene microparticles

Sucrose Sigma For creating sucrose density gradients

SYBR ® green Life For staining microvesicle DNA

technologies



Material Source Reason for selection

Synthetic microvessel models SynDaver For demonstrating effective blocking of a vessel using the
polystyrene microparticles

Terbium (ll) nitrate Sigma For doping the TiO2 nanoparticles

pentahydrate

Tetraethyl orthosilicate Sigma For preparation of SiO2 nanoparticles

Tetramethylrhodamine, methyl Invitrogen For staining cell active mitochondria

ester

TiO2 (IV) isopropoxide Sigma For preparation of TiO2 nanoparticles

Toluene Sigma For preparation of polystyrene-TiO2 embolic particles,
For loading of the SiO2 with OphA

TOM20 Santa Cruz For staining cell mitochondria

Tris base Sigma For SDS-Page transfer buffer and for membrane blocking

Tris hydroxymethyl Sigma Buffer for zeta potential measurements

aminomethane

TRIS-HEPES-SDS running buffer  Invitrogen For SDS-Page

Trypan blue Sigma For staining dead cells

Trypsin-EDTA Sigma For detecting adherent cells from tissue culture flasks and
plates

Tween 20 Sigma For western blot membrane blocking

Tween 80 Sigma For dying polystyrene microparticles
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