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Abstract

Glioblastoma (GBM) is a highly aggressive form of brain tumour with poor
patient prognosis. There is, therefore, a clinical need to find novel approaches
to treat the disease. Tumour treating fields (TTFields) are low-intensity,
intermediate-frequency, alternating electric currents that are licensed for the
treatment of GBM. While they increase patient survival as compared to the
standard treatment, expensive treatment costs and small improvements in life

expectancy mean there is a need to enhance the efficacy of this cancer therapy.

Cell-induced polymerisation is a potential new approach to treat cancer. It
follows a ‘prodrug’ strategy, where a biocompatible monomer is chemically
transformed to a polymer that can induce cell death. An alternative method
instead follows a ‘reverse prodrug’ strategy, where a cytotoxic monomer induces

an effect on the cells; the subsequent polymerisation then curtails this toxicity.

This thesis explores the potential to combine a conductive polymer formed
by a ‘reverse prodrug’ approach with TTFields as a dual modality to induce

cancer cell death.

An effective strategy for the characterisation of the polymer in two glioblas-
toma cell lines was first found. Solid state nuclear magnetic resonance was
shown to be most suitable for identifying the presence of polypyrrole in sam-
ples that also contained cell debris. The mechanism of cell death was also
investigated, with a combination of apoptotic and necrotic death observed in
both cell types. Variation in the degree of cell death between cell types indi-

cates the potential to tailor this ‘reverse prodrug’ treatment for cancer therapy.

To understand the mechanism of the ‘reverse prodrug’ polymerisation in a more
complex organism, the Caenorhabditis elegans (C. elegans) in vivo model was

used. Raman spectroscopy proved a valuable tool for the identification of both



polymer and iron initiators in the presence of nematodes. Evidence was found
that polypyrrole was formed in situ in samples containing monomer and C.
elegans. This is the first time that polypyrrole has been synthesised in situ
with C. elegans. The toxicity of the starting materials was also investigated,
with effects on acute survival and nematode development assessed. These
results showed that at concentrations less than or equal to 20 mM, pyrrole
did not induce nematode death, however growth was arrested. Toxicity was
also compared in two mutated C. elegans cancer models, with similar profiles

observed.

To combine the cell-induced polymerisation with TTFields, a high-throughput
platform capable of generating electric fields was designed. This electrode
setup was then coupled with the ‘reverse prodrug’ approach, and the combi-
nation of both electrical stimulation with cell-mediated formation of polypyr-
role resulted in a significant decrease in cell viability of 79% compared to the
stimulation-only control. The results from this work indicate the potential
to combine the two treatments in a dual approach to treat glioblastoma. By
combining TTFields with inorganic nanoparticles, the efficacy of treatment in
vitro was also shown to be enhanced, with metabolic activity decreased by

between 12 — 18%.

As the prognosis for GBM is so poor, it is essential that novel alternative
therapies are explored to better treat the disease. This thesis paves the way
for further research in combining TTFields with conductive materials formed

by a ‘reverse prodrug’ approach as a potential dual approach to treat cancer.
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Chapter 1

Introduction

This thesis aims to address the clinical need for new therapies to tackle hard-
to-treat cancers such as glioblastoma (GBM). The focus in this work is on a
combined approach of cell-induced polymerisation and electrical stimulation.
It is hypothesised that the in situ polymerisation can first be used to induce
cell death, accompanying the formation of a conductive polymer, which can

then be enhanced using tumour treating fields (TTFields).

1.1 Glioblastoma

1.1.1 Background

Tumours that affect the brain and central nervous system (CNS) account for
3% of all new cancer cases in the United Kingdom (UK)[I]. GBM is the most
aggressive and second most common primary brain tumour in adults behind
meningioma, affecting an average of 2, 149 people every year in the UK alone

[2]. 14% of all brain and CNS tumours, and 50% of malignant ones are classed
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2 Chapter 1. Glioblastoma

as GBM [3]. The median survival of patients with GBM is the lowest out of
all the malignant brain and CNS tumours at just eight months. In the UK,
the peak incidence age for GBM is between 65 - 74 years old [4], and men
are 1.6 times more likely to be affected than women by the disease [5]. These
statistics point to a clear clinical need for new and improved therapies for the

treatment of GBM.

To understand how to develop effective therapies, it is first important to ac-
knowledge the behaviour of cancer cells compared to healthy cells, as this
affects how different cancers respond to treatment. There are eight hallmarks
of cancer: sustaining proliferative signalling; evading growth suppression; in-
ducing or accessing vasculature; replicative immortality; reprogramming cell
metabolism; avoiding immune destruction; activating invasion and metastasis;
resisting cell death [6] (Table [1.I). Out of all of the hallmarks of cancer, en-
abling replicative immortality, inducing angiogenesis, reprogramming cellular
energetics and evading immune destruction are seen as the best ways to target

GBM [1].

Table 1.1: List of the hallmarks of cancer and how they affect cell behaviour.

Hallmark Traits Mechanism Ref.
Sustaining Production of own growth factors.
Maintain cell
Proliferative Growth factors received from 8]
proliferation.
Signalling inflammatory cells e.g. macrophages.
Evading Tumour protein (TP) 53 gene mutation
Uncontrollable @
Growth leads to loss of tumour-suppression
cell proliferation. 10]
Suppression function.
Continued
Inducing or Angiogenesis induced by cancer cells, or
oxygen and 6,
Accessing healthy vessels are co-opted by invasion
nutrient supply 11]
Vasculature or metastasis.

from blood.
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Table 1.1: List of the hallmarks of cancer and how they affect cell behaviour.
(Continued)

Hallmark Traits Mechanism Ref.

Telomerase enzyme is activated to add
Indefinite cell
Replicative telomere segments onto DNA. [12-
growth and
Immortality Alternative telomere lengthening to 14]
division.
maintain telomere length.

Increased aerobic glycolysis; acidic pH

Reprogramming Rapid growth maintained through pH deregulation; [
15
Cell rate and enhanced reactive oxygen species (ROS) {
16
Metabolism proliferation. production; increased lipid biosynthesis
for new cell growth.
Avoiding Immune checkpoint evasion; inhibition of
Evasion of the
Immune antigen presentation; suppression of T 17
immune system.
Destruction cell activation and migration.

Cells invade surrounding tissues then
Activating Migration of

migrate to distant sites through the
Invasion and cancer to other 12

blood/ lymphatic system, establishing

Metastasis organs/ tissues.
new tumours in distant organs.
TP53 mutation prevents the activation
Continued

of a pb3-dependent apoptotic cascade.

Resisting Cell proliferation of [18-
Cancer cells inactivate pro-apoptotic

Death cells with 20]

proteins and overexpress anti-apoptotic
damaged DNA.

proteins.

1.1.2 Glioblastoma Treatment

1.1.2.1 Standard Treatment

The gold standard of care follows the “Stupp protocol”, utilising a combination
of surgical resection, radiotherapy and chemotherapy [21, 22]. In this proce-

dure, the tumour is first located using magnetic resonance imaging (MRI) or
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5-aminolevulinic acid (5-ALA) fluorescence-based imaging. Next, gross total
resection is carried out to safely remove as much of the tumour without com-
promising neurological function. Three to five weeks after surgical resection,
the patient receives a combination of concomitant and adjuvant therapy of ra-
diotherapy and chemotherapy with the chemotherapeutic agent temozolomide
(3,4-dihydroimidazo[5,1-d][1,2,3,5] tetrazine; TMZ) [23]. Stupp et al. showed
that the combination of TMZ with concomitant and adjuvant radiotherapy in-
creased overall survival from 12.1 months (radiotherapy alone) to 14.6 months

21].

TMZ is an oral chemotherapeutic, and is able to cross the blood-brain barrier
(BBB). As it is both lipophilic in nature and has a molecular weight of 194
daltons, it is able to achieve a bioavailability of 100% [24, 25]. Despite this
positive bioavailability, over 50% of patients treated with TMZ are found to
be resistant to the chemotherapeutic agent [26]. Alongside this, as with many
chemotherapeutics, common side effects include headaches, nausea, vomiting,
fatigue and muscle weakness, affecting between 20 - 100% of all patients [27].
These, plus the low overall survival of GBM patients, have driven the hunt for

alternative therapies for GBM and other hard-to-treat cancers.

1.1.2.2 Difficulties with Treatment

Tumour recurrence in GBM is common, with more than 80% occurring at the
sight of the original tumour [28]. The reasons for this are complex, however
they can be broadly grouped into the following areas: inter-tumour hetero-

geneity, invasive cell population, rapid growth rate, resistance to treatment.

1. Inter-Tumour Heterogeneity. One of the major hurdles in the treat-

ment of GBM surrounds inter-tumour heterogeneity, with cell plastic-
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ity leading to a variation in the levels of multiple cell sub-populations
throughout treatment which affects how the tumour behaves [29]. To
address the differences in the cells at the invasive edge of the tumour,
Smith et al. isolated cell populations from both the core region and the
invasive margin [30]. These have since been isolated from a range of
GBM patients to create a library of patient-derived GBM cells [31].

2. Invasive Cell Population. While surgery is standard treatment of care
for GBM, the invasive nature of the tumour into healthy brain tissue
prevents total resection, leading to tumour recurrence at the site of the
invasive cells [32]. Brain tissue is highly vascularised in nature, so just
three to six GBM cells are needed to reach and traverse neighbouring
micro vessels, providing the glioma with a continuous blood supply [33]
34].

3. Rapid Growth Rate. GBM tumours have been shown to have a spe-
cific growth rate of 1.4% per day, taking on average 49.6 days to double
the size of the tumour [35]. It has also been found that after the tumour
has been surgically resected, the remaining tumour grows at a more rapid
rate compared to non-resected tissue, believed to be triggered by changes
to the tumour microenvironment after traumatic injury from surgical re-
section [30]. Despite this increase in aggressive growth, tumour resection
still increases overall life expectancy.

4. Treatment Resistance. The main cause of drug resistance in GBM
is due to a mutation in the DNA-repair enzyme O%-methylguanine-DNA
methyltransferase (MGMT). In its native state, this enzyme transfers a
methyl at the OF site of guanine to cystine residues, preventing mutations
that could lead to cancer. When it is overexpresssed in GBM, however,

this enzyme is a key factor in responsiveness to methylating chemother-
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apeutics such as temozolomide, countering the drug’s methylation-based
cytotoxic effects [37].

5. In Vitro Models. There are a range of models for in vitro GBM
research. 2D cell line culture allows for the testing of homogeneous cell
populations from easily-accessible sources; however the geno- and pheno-
typical features are least representative of GBM [38],39]. One of the most
common cell lines for 2D research into GBM is the U-87 MG cell line.
Despite widespread use, the cell line purchasable from American Type
Culture Collection was found to be genetically different from the original
tumour, raising questions into the use of cell lines that are not linked to
a patient [40]. For this reason, there is a movement within 2D work to
use cells that are more clinically relevant, such as those isolated from
GBM patients by Smith et al. [30].

6. The Blood-Brain Barrier. Within the highly vascularised central
nervous system, the BBB is a semi-permeable barrier that restricts the
movement of ions and molecules, protecting the brain from most-blood
borne viruses and other substances. It is made up of both physical tight
epithelial junctions and metabolic barriers such as efflux transporters
[41]. As such, delivery of therapeutics for diseases within the CNS is
greatly challenging as, in general, only small lipophilic, positively charged
molecules smaller than 400 - 600 daltons can passively diffuse through

[42, 43).

There are clearly many obstacles in the treatment of GBM and other gliomas.
Therefore, when investigating alternative therapies, it is necessary to take
into account these challenges to ensure that the proposed practice fits the

requirements of the disease.
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1.1.2.3 Other Drug or Biological-Based Treatments

Shortly after the approval of TMZ as a chemotherapeutic for GBM, a formu-
lation of the chemotherapeutic carmustine, known as Gliadel® wafers, were
approved in 2003 by the United States Food and Drug Administration (FDA)
as a GBM therapy [44]. Carmustine, like TMZ, is a DNA and RNA alkylating
agent, however it acts by cross-linking the DNA, preventing strand separation
[45]. Due to the challenges associated with BBB drug delivery, carmustine was
formulated with a biodegradable co-polymer into thin wafers that could be ap-
plied directly to the brain cavity after surgical resection. When exposed to the
aqueous environment, hydrolysis of the co-polymer releases carmustine to the
invasive cells remaining after surgery. The maximum serum concentration is
reached three hours after insertion, and over 70% of the polymer degrades
within three weeks of administration [44]. Initial studies suggest that the com-
bined treatment of Gliadel® wafers and TMZ (plus radiotherapy) improves
the therapy and overall patient survival, with a clinical trial study (registra-
tion number: jRCT1031190035) currently underway to directly compare these

approaches [46], 47].

Following the concept of intracavity application, work has been carried out to
formulate other drug-delivery platforms for the direct application of chemother-
apeutics to the invasive cell margin. One example of this approach is the devel-
opment of a paste formulated with two chemotherapeutics - TMZ and etopo-
side [48]. As with the wafers, the drug can be applied directly to the tumour
microenvironment, bypassing challenges associated with the short half-life of
TMZ (1.24 hours), while also better moulding to the irregular cavity compared
to Gliadel® wafers allows for better targeting of the drugs. By using a cocktail
of chemotherapeutics, it is proposed that treatment efficacy will be improved

as more of the heterogeneous sub-populations of GBM can be treated [4§].
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The other main type of drug used for the treatment of GBM is bevacizumab,
a monoclonal antibody VEGF' inhibitor that addresses the cancer hallmark
‘inducing or accessing vasculature’. It is a recombinant humanized monoclonal
antibody that acts as an angiogenesis inhibitor, and has been shown to increase

progression-free survival in patients with recurrent GBM [49].

While these drugs increase overall survival or progression-free survival, there
is still a need to further improve the prognosis of patients who are treated for
GBM. Therefore, alongside chemotherapeutic and other targeted cancer drugs,
there has been increased interest in device-based treatments of GBM, which

are discussed below.

1.1.2.4 Device-Based Treatments

In the past five years (October 2019 - October 2024), there has been an in-
crease in the use of devices as alternative treatments for GBM, with 44 inter-
ventional trials listed on ClinicalTrials.gov for the treatment of glioblastoma
using a device-based intervention (excluding three terminated and four with-
drawn trials). The full list of these trials can be found in Appendix .
These approaches can be summarised as: phototherapy; magnetic therapy;

ultrasound; radiotherapy; or electric therapy.

Radiotherapy: Radiotherapy is commonplace in the treatment of GBM, with
high-energy x-rays (known as external beam radiotherapy) being one of the key
components in the ‘Stupp protocol” [2I]. Recent work has looked at utilising
other devices to apply targeted radiotherapy directly to the tumour site, such
as yttrium-90 formulated in FDA-approved microsphere devices [50]. These
microparticles have been shown to selectively affect tumours of the liver, pro-

viding a useful alternative for tumours where surgical resection is not suitable
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[51]. A clinical trial is currently underway looking at the feasibility of trans-

ferring this technology to the treatment of GBM [52].

Phototherapy: Phototherapy utilises light of a specific wavelength to induce
an effect and can be divided into two sub-therapies: photodynamic (PDT)
and photothermal (PTT) therapy. PDT relies on photosensitisers, such as the
FDA-approved 5-ALA, to generate reactive oxygen species when a specific light
wavelength is applied [53]. PTT, on the other hand, uses light to thermally
target areas where the photothermal agent is located. This then triggers a
hyperthermic effect, providing a localised effect at the cancer cells. The main
limitation of this type of therapy is to do with penetration depth - best effects

are seen when the tumour is less than 1 cm deep in tissues [54].

Ultrasound Therapy: Ultrasound therapy relies on high-frequency sound
waves (> 20 kHz) that can be precisely delivered to the brain to either tran-
siently disrupt the BBB, helping to improve the delivery of a drug to the
tumour site, or exerting a thermal effect on tumour cells [55]. To assist with
opening the BBB, contrast agents or microbubbles are also used in the treat-
ment. These components are excited by the ultrasound and due to the os-
cillation of the particles they are able to disrupt the tight junctions. This
disruption allows the movement of chemotherapeutics or biologics that usually

would not be able to cross the BBB [56].

Magnetic Field Therapy: There are two uses of magnetic-based therapy.
The first approach treats cancer cells by the localised increase of temperature.
In this approach, magnetic nanoparticles are applied at the tumour site, or
guided to the tumour site by high-precision magnetic resonance navigation.
Then an alternating magnetic field is applied to generate heat, resulting in
tightly controlled cell hyperthermia at the tumour site [57]. The second ap-

proach relies on low frequency (< 30 kHz) magnetic fields to themselves have
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an effect on the cancer cells, affecting the cell cycle and inducing calcium ion in-
flux into GBM cells. Electron transport in the mitochondria is also disrupted,
leading to a build-up of ROS and subsequent cell death [58]. These magnetic
fields are applied using either a headband containing an electromagnetic coil,
or a helmet comprising of three spinning magnets to generate the magnetic

fields [59] 60].

Electric Field Therapy: Electric field therapy utilises electric currents to
kill cancer cells. Electrochemotherapy, licensed for the treatment of skin-based
tumours in the UK by the National Institute of Health and Care Excellence
since 2013, is one such example of this therapy [61]. In this approach, cell
membranes are temporarily permeabilised when exposed to high-voltage (400-
1000 V) electric pulses delivered by needle-electrodes to the tumour site [62].
Locally-delivered chemotherapeutics can then enter the cancer cell, where they
are trapped as the temporary pores close. This results in a targetted, localised

cytotoxic effect [63].

An alternative therapy, known as TTFields, is one of the most promising non-
invasive treatments for hard-to-treat cancers, particularly GBM. This treat-
ment consists of low intensity (1 -3 V/ ¢cm), intermediate frequency (100 — 300
kHz) alternating electric currents [64]. Contrary to electrochemotherapy, the
electric fields themselves influence cell behaviour and target the cancer cells.
An FDA-approved system, known as Optune® is licensed in a clinical setting,
where they are applied through four transducer arrays each containing nine
ceramic-coated electrodes [65]. It will be discussed in more detail in Section

L2
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1.2 Tumour Treating Fields

1.2.1 Background

A landmark study showed that combining the Stupp protocol with TTFields
increased overall survival of patients with new/ recurrent GBM by a median
of 4.9 months from 16 to 20.9 months, with this increasing further to 24.9
months when the device was worn for 18 or more hours per day [60, 67].
As such, TTFields were approved by the FDA as a treatment to be used in
conjunction with TMZ in 2011 [68].

The Optune® setup by Novocure Limited was first approved by the FDA in
2011 as a wearable and portable device for the treatment of GBM [69]. Ad-
hesive patches containing insulated ceramic discs known as transducer arrays
are placed on the shaved area of the body where the tumour is present, in
the case of GBM this is the head (Figure . The layout of the transducer
arrays is determined using MRI measurements to ensure maximal electric field

intensity and direction to the tumour site [70].

convertible 5-in-1 bag

(~ o

plug-in
power
supply

connection cable _ggs®™ « i
and box —— Q\) —

transducer arrays

_—

Figure 1.1: Clinical TTField device.
The contents of the Optune® device used for clinical application of TTFields [71].
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While this treatment does not provide an alternative to the chemotherapeutic
agents previously discussed, additional side effects are limited to mild to mod-
erate dermatitis (grades one and two) at the site of the transducer arrays in

16% of patients, which can be treated using topical corticosteroids [72].

1.2.2 Mechanism of Action

The modes of action of TTFields have been shown to be complex and not
fully understood, however they can be broadly categorised into seven distinct

modalities [64]:

1. Antimitotic Effects. The most understood and prominent TTField
mechanism lies around interference with mitosis, targeting rapidly div-
ing cancer cells. Within the broader effect of mitotic inhibition, cell
division is limited through the mechanisms of dipole alignment and di-

electrophoresis.

In dipole alignment, microtubules involved in the formation of the mitotic
spindle during the telophase of cellular division are influenced by the
presence of electric fields (EF) due to their polar nature. Microtubles
then align with the direction of the EF, preventing spindle formation and

subsequent mitosis, and inducing apoptosis (Figure|1.2[ A) [73].

Dielectrophoresis utilises molecules that are inherently polar, or can be-
come polarised, in the presence of an electric field. During metaphase,
an inhomogeneous EF distribution within the cell results in the move-

ment of polar molecules to regions with higher EF intensities, once again

causing cell death (Figure[1.2| B) [74].
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A) Dipole alignment l

Mitotic spindle Cell segregation
formation disrupted disrupted

Figure 1.2: Antimitotic effects of tumour treating fields (TTFields) on
cancerous cells.

Schematic to show effect of TTFields on cell division by (A) dipole alignment and
(B) dielectrophoresis.

2. Cell Membrane Permeability. The ability of TTFields to transiently
increase membrane permeability of cancer cells was first postulated when
cells exposed to both TTFields and luciferase had increased biolumi-
nescence [75]. Scanning electron microscopy showed significantly larger
holes compared to untreated cells, with cell membranes returning to pre-
TTField morphology after treatment was stopped [75]. This allows for
more drug to enter the cell, allowing chemotherapeutics to be better

targeted to cancer cells [76].

3. Blood Brain Barrier. Tight junctions at the blood-brain barrier re-
strict the movement of molecules into the brain, protecting it from blood-
borne pathogens, but also increasing the challenges of treating diseases
affecting the brain [4I]. Tt has been found that when alternating cur-
rents (AC) at a low frequency of 100 kHz are applied, EFs can tem-

porarily disrupt the BBB. This disruption allows enhanced drug delivery
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of molecules normally unable to pass the BBB. After the low frequency
EFs are applied, a higher frequency of 200-300 kHz can be used to target
the tumour cells. The BBB disruption is reversible, and repeated cycles

switching TTFields on/ off had no effect on the cells at the BBB [77, [7§].

4. Cell Migration. As already discussed, the highly invasive nature of
GBM is a reason for poor patient survival. Angiogenesis, the formation of
new blood vessels, is a key component in cancer metastasis [79]. TTFields
have been shown to inhibit cell migration and subsequent cell invasion

and metastasis [80, [81].

5. Replication Stress and DNA Repair. Glioma-sensitisation to ra-
diotherapy occurs when TTFields are used with radiotherapy. It was
found that repair to the DNA is slowed down when TTFields are used,
in part due to the decrease in expression of activators involved in DNA
repair [82]. Chromatid-type aberrations induced by TTFields also show

evidence for replication stress caused by TTFields [83].

6. Induction of Autophagy. TTField-treated cells have been shown to
exhibit characteristic features associated with autophagy, such as double-
membraned autophagosomes and increased cell granularity [84]. Genes
related to autophagy have also shown to be upregulated in cells exposed
to TTFields, however whether this is as a means of cell survival or death

is not fully understood [84], 85].

7. Immune Response. Genes linked to the immune system and inflamma-
tory environment can be modulated using TTFields [86, [87]. The secre-
tion of ROS, nitric oxide and proinflammatory cytokines by macrophages

have also shown to be promoted by TTFields [8§].

It has previously been shown that the efficacy of TTFields can be adjusted by

controlling the frequency of the EFs depending on the type of cells [74,[89]. The
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glioblastoma cell line, U87, has the highest percentage of cell death when ex-
posed to TTFields at a frequency of 200 kHz, while for patient-derived glioblas-
toma cells ‘Glioma INvasive margin’ (GIN) 31 and ‘Glioma Core Enhanced’
(GCE) 31 cells, a frequency of 200 - 300 kHz was most effective. The opti-
mal frequency for TTField treatment is variable, however it is hypothesised
to be inversely linked to cell size and the dielectric properties of different cell
types [74, 90]. The duration of EF application also influences the efficacy of
TTFields, with improved outcomes seen in patients who use the device for
more than 18 hours per day [91]. This is because cell division is only disrupted

when the cells are exposed to the TTField.

1.2.3 Limitations of Tumour Treating Fields

Whilst there is clear evidence for the benefit of using TTFields alongside stan-
dard radio- and chemo-therapeutic regimes, there are also challenges. The ori-
entation of the setup is highly important in the clinical outcome, as TTFields
only affect cells when the EF is parallel to cell axis for division [74]. While
overall patient survival is shown to be significantly improved when TTFields
are combined with the ‘Stupp protocol’, GBM is still a fatal disease, with the
overall prognosis unchanged by treatment. TTFields alone do not have a sub-
stantial effect on cancer cells, with a chemotherapeutic agent needed alongside
treatment. This hints at a lack of understanding of the exact mechanism of

action.

It is also worth noting the expensive total cost of using this delivery system,
which is approximately $21,000 per month. This covers the physical TTField
platform including transducer arrays, EF generator and batteries, guidance
on the transducer array layout based on tumour location, and training to

both the patient and physician [92] 03]. TTFields are licensed in the United
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States, Austria, France, Germany, Sweden, Switzerland, Japan and Israel after
the incremental cost-effectiveness ratio was calculated and found to be positive
[94]. Conversely, in healthcare systems that focus heavily on cost-effectiveness,
such as the National Health Service in the United Kingdom, or equivalent
systems in Australia and Canada, this therapy has yet to be approved as a
clinical tool for GBM treatment as the costs of this therapy outweigh the

associated benefits [64].

Consequently, it is of clinical importance to better understand the mechanisms
of action and identify ways to enhance the outcomes seen with TTFields. This

would ultimately be seen by increasing patient survival.

1.2.4 Enhancement of TTField

Work is being carried out on ways to improve the efficacy of TTFields. As
TTFields have been shown to have an immunostimulatory effect, one way this
is being carried out is by a combination therapy of TTFields with immunother-
apy to enhance the immune response [95]. There are currently three clinical
trials (phase I-11I) investigating this dual approach for GBM treatment [96-98].
Other current work is looking at the application of TTField by either combin-
ing the treatment with radiotherapy, or investigating the optimum point for
treatment to be started in relation to standard surgical and radiotherapeutic

treatments [99] [100].

An alternative approach to TTField enhancement is through nanoparticles as
TTField-responsive sensitisers. Nanoparticles are often used to hijack leaky
vasculature found around tumour cells, caused by the rapid tumour growth,
through the enhanced permeation and retention effect [I0I]. This effect is

where particles passively accumulate at the site of the tumour through the



Chapter 1. Cell-Induced Polymerisation 17

more permeable vasculature. Typically, NPs are formulated to be less than
100 nm for maximal accumulation and retention [I02]. The types of nanopar-
ticles used are varied, with different materials used depending on the tuneable
properties at the NP surface to also allow for active tumour targeting [103].
Yoon et al. (2020) showed that barium titanate nanoparticles (BTNPs) could
be used as TTField-responsive sensitisers [104]. Here, BTNPs (100 or 200 nm
in size) were chosen as a ferroelectric nanomaterial which, without TTField
treatment, were found to be biocompatible. They were shown to accumulate
in the cytoplasm of breast cancer cells, and, when exposed to TTFields, ex-
ert anticancer activity on breast cancer cells, inducing cell-cycle arrest and

modulating cancer signalling pathways.

Despite this early-stage work investigating ways to enhance TTFields, there
is clearly a gap in this research that needs to be addressed. While BTNPs
were shown to act as TTField-sensitisers, they are not approved by the FDA
for the treatment of GBM, creating a barrier to clinical translation. It is
also necessary to better understand the underlying mechanism of action for
TTField-enhancement, as this is essential to choosing the best approach to

improve the current therapy.

1.3 Cell-Induced Polymerisation

The aim of this thesis is to identify ways to enhance TTFields. One route
to achieve this is by using a conductive polymer. It was hypothesised that
this polymer could be formed by a cell-mediated approach as discussed below,
as alongside the TTField enhancement an effect from the polymerisation may

also be seen, creating a dual approach for cancer treatment.
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1.3.1 Overview to Cell-Induced Polymerisation

The electrical conductivity of a material, recorded in Siemens per meter (S/m),
is a measurement that determines the ability of a material to transport an elec-
tric charge. It is the reciprocal of resistivity, recorded in Ohm-meter s(£2-m),
which measures the resistance of electric current through a material [I05]. De-
pending on the ability of a material to conduct an electrical charge they are

classed as: 1) insulators; 2) semi-conductors; or 3) conductors.

Insulators have a band gap between the valence and conduction bands greater
than 3.0 eV. This large gap prevents the promotion of an electron to the con-
duction band, resulting in low electrical conductivity (Figure a). While
semi-conductors also have a band gap, this is typically between 0.1 - 3.0 eV.
Consequently, electrons can be promoted to the conduction band, resulting in
some conductive properties (Figure b). In metals, the valence and conduc-
tive bands overlap, resulting in a band gap of 0 eV. Here, the electrons are free
to move into the conduction band, resulting in high conductivity (Figure c)
[T06]. When in an un-doped state, conjugated polymers have large band gaps
and act as insulators or semi-conductors. When doped, however, bipolaronic
states form intermediate doping bands, which allow for the movement of elec-

trons to the conduction bands, thus giving the polymer conductive properties

(Figure (1.3 d) [107].
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Figure 1.3: Band gaps of a) insulators, b) semi-conductors, ¢) conductors
(metal) and d) conductors (doped polymer).

The valence bands are shown in light blue, the conduction bands in yellow, the
valence bands in pink and the band gap in green. The promotion of an electron
from the valence to the conduction band is shown in dark blue.

As scientific research is often inspired by naturally-occurring reactions, there
has been much research into the biosynthesis of polymers such as actin, DNA
and collagen [I08]. A class of these molecules, known as conjugated poly-
mers, is also found within the body. These molecules contain overlapping p-
orbitals, enabling the delocalisation of electrons [109]. Conjugated molecules
have narrow gaps between filled and empty orbitals, allowing for the absorp-
tion of longer-wavelength light. Consequently, these compounds are highly

pigmented.

Within the human body, the most well-known of these is melanin, which con-
trols the pigmentation of skin, hair and neurons. This molecule class can
further be divided into: 1) eumelanin; 2) pheomelanin; and 3) neuromelanin
[110]. Both eumelanin and pheomelanin are responsible for hair and skin pig-
mentation, the former of which causes black or brown pigmentation and acts
as a photo-protectant, while the latter, a photosensitiser, causes lighter yellow

and red pigmentation, and is also responsible for the colour of lips and other
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pink/ red features of the human body [111]. Neuromelanin is black-brown in

colour and is involved in neuroprotection [112].

The rare genetic disease alkaptonuria, or ‘black urine disease’ is caused by a
mutation to a gene responsible for the removal of homogentisic acid (HGA).
This mutation results in the build-up and subsequent polymerisation of HGA,

and results in melanin-like structures that have a black pigmentation [1111 [113].

This understanding of native polymerisation reactions has paved the way for
capitalising on cell environments to drive the formation of synthetic poly-
mers. Within this field, the biological system can be broadly broken down into

prokaryotic or eukaryotic living systems, which will be discussed in Sections

[1.3.1.1} and [1.3.1.2] respectively.

1.3.1.1 Prokaryotic Polymerisation

There are many examples of utilising the cellular microenvironment to func-
tionalise the surface of bacteria. For example, the reducing capabilities of bac-
teria have been shown to convert copper (Cu) (II) to Cu (I). This then drives
the polymerisation of a synthetic polymer from its monomer at the surface
of the bacteria, with the polymers later separated from the cells to generate
templated polymers with a specific monomer sequence [114]. Alternatively,
other metals, such as palladium (II) can be reduced at the surface of bacteria
to drive the Sonogashira polymerisation of an aryl halide to an alkyene as a
tool to kill E. coli [IT5]. To transfer this technology to a disease-based target,

work has also shifted to focus on using eukaryotic cells.
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1.3.1.2 Eukaryotic Polymerisation

The interest in using in situ cell-mediated polymerisation reactions has been
fuelled by a need to better track and target diseased human cells. This ap-
proach delivers monomers to the cells and the polymerisation occurs either at
the cell surface, intracellularly or extracellularly (Figure . A full list of

polymerisation approaches that use human cells can be found in Table [I.2]
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Figure 1.4: Cell-induced polymerisation concept.



Table 1.2: List of polymerisation reactions mediated by human cells.

Monomer Initiator Reaction Conditions Type Cell(s) Results Ref
Acryloylation of amino acids at cell
membrane using NAS for 2 h. In situ HeLa; Single cell encapsulation to
APS/
AAm polymerisation of polymer with FRP BAC; protect cells from environmental [116]
TMEDA
GDMA as cross-linker for 2 h. hMSC stressors.
Carried out at 4-8°C.
Labelled sequentially with biotinylated Nanofilm formation on single
SA- FRP; [117]
° PEGDA CD45 antibodies and initiator Jurkat cell. Protects cells from )
= EITC PI 118]
‘%‘ 10 min llumination (hv = 530 nm, 30 mW/ cm?) environmental stressors.
n
1 h incubation of cells with macromer
MF- Apoptosis induced by CD20- )
APS at 37°C. Washed with PBS, then FRP Raji [115]
CD20-M receptor clustering.
incubated with initiator for 30 min.
Eosin Y/ BTPA used as chain transfer agent,
Polymers formed on cell
PEGA- TEA non-covalently attached to cells PET-
Jurkat membrane without disrupting [119]
Sn (co- using a lipid analogue. RAFT
metabolic activity.
catalyst) 465 nm irradiation, 5 mW/ cm?
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Intracellular

Table 1.2: List of polymerisation reactions mediated by human cells. (Continued)

Monomer Initiator Reaction Conditions Type Cell(s) Results Ref
2 h incubation with monomer, then
HEA;
TEG- initiator added and incubated for 2 h. HepG2; Polymerisation driven by the cell
FMMA; AGET-
Br/ Polymerisation driven by reduction HeLa; microenvironment to dictate cell [120]
Acr- ATRP
Cu-His of Cu (II) using NaAsc and HPF fate.
PTX
endogenous GSH.
4 hour incubation with monomer. Polymerisation
PA-NH2 ROS FRP HeLa Polymerisation induces cytotoxicity. [121]
occurs due to endogenous ROS.
Overexpressed HyO4 catalysed by exogenous HRP
Hy04/ 4T1; Formed pSPA NPs can be used for 7
SPA to produce -OH radicals and drive polymerisation FRP [122]
HRP HeLa photoacoustic imaging and PDT.
of analine dimer.
Hyperbranched polymerisation triggered by A549; Polymers are resistant to cellular
B3-Te ROS FRP [123]
intracellular ROS in cancer cells. MCEFE-7 efflux and induce apoptosis.
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Intracellular

Table 1.2: List of polymerisation reactions mediated by human cells. (Continued)

Monomer Initiator Reaction Conditions Type Cell(s) Results Ref
Endogenous TGase used to create a covalent Homogeneous cross-linked network of
ELP TGase bond between the -NHs of lysine and the Con HeLa polypeptides within cytoplasm of [124]
-C(=0)NH;, of glutamine cells that are rich in TGase.
Simultaneous reduction and enzymatic in situ
MDA- Disrupts cancer cell motility and cell
D2P1/  Cathepsin cleavage of D2P1 with endogenous GSH and )
Con MB-231;  proliferation. Polymer accumulation — [125]
3CBT B Cathepsin B. Exposed cysteine then polymerises
HT-29 allows for use as photosensitiser.
with 3CBT.
Polymerisation induces protein
Polymerisation only occurred in cells )
DFY TYR Ox B16 cross-linking and subsequent necrotic  [126]
overexpressing TYR.
cell death.
Polymerisation self-amplified by
Reaction driven by intracellular )
Te-O [O] Ox HepG2 generation of ROS. Induces ROS- [127]

ROS from cancer microenvironment.

related apoptosis.
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Table 1.2: List of polymerisation reactions mediated by human cells. (Continued)

Monomer Initiator Reaction Conditions Type Cell(s) Results Ref

tPMETSs and cellular exudate oxidises

Fe (II), driving polymerisation of Py.
48 h incubation with monomer )
FOC Ox K562 ‘Reverse prodrug’ approach to induce  [128]
and initiator.

Extracellular
av)
<«

cancer cell death and subsequent

self-inactivation.

Monomers: 3CBT = cyanobenzothiazole-cysteine; AAm = acrylamide; Acr-PTX = acryloyl-paclitaxel; D2P1 = aggregation-induced emission fluorogen-
peptide conjugate; DFY = Asp-Phe-Tyr tripeptide; ELP = elastin-like polypeptide; FMMA = ferrocenylmethyl methacrylate; HEA = 2-hydroxyethyl
acrylate; MF-CD20-M = Maleimide-functionalized anti-CD20 aptamer-modified macromer; PEGA-Sn = w-biotin-PEG acrylamide; PEGDA = poly(ethylene
glycol) diacrylate; Py = pyrrole; Te-O = organotelluride.

Initiators: APS = ammonium persulphate; Cu-His = Cu(II)-histidine; FOC = potassium ferrocyanide (Fe (II)); SA-EITC = streptavidin-eosin isothio-
cyanate; TEA = triethanolamine; TEG-Br = tetra(ethylene glycol) bromoisobutyrate; TGase = transglutaminase; TMEDA = N, N,N’ N’-tetramethylethylene-
diamine; TYR = tyrosinase; [O] = intracellular oxidative species.

Other materials: BTPA = 2-(butylthiocarbonothioyl) propionic acid; GDMA = glycerol dimethacrylate; GSH = glutathione; NAS = N-acryloxysuccinimide.
Polymerisation type: AGET-ATRP = activator generated by electron transfer - atom transfer radical polymerization; Con = condensation (step-growth)

polymerisation; FRP = free-radical polymerisation; Ox = oxidative polymerisation; PET-RAFT = photoinduced electron transfer-reversible addition-
fragmentation chain-transfer polymerization; PI = photo-initiated.
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26 Chapter 1.  Cell-Induced Polymerisation

Differing microenvironments present in tumour cells allow for the selective
polymerisation of biocompatible monomers based on the redox capabilities
of the cell [120, 127]. The resulting polymers then induce apoptosis of the
cancer cells. Shen et al. sought to exploit the overexpression of glutathione
(GSH) found in many cancer microenvironments, testing the possibility of
cell-induced polymerisation in liver and cervical cancer (HepG2 and HeLa)
cells, and lung fibroblast (HPF) cells [120]. To limit cytotoxicity of the metal
catalyst, a Cu(I) catalyst was generated in situ from a Cu(Il)-complex by the
endogenous reducing agent GSH and exogenous sodium ascorbate. Alongside
the initiator tetra(ethylene glycol) bromoisobutyrate, a variety of monomers,
including a derivative of the chemotherapeutic agent paclitaxel, were shown
to be polymerised [120] by a cell-induced mechanism. As larger polymeric
molecules cannot be effluxed from the cell due to their size, the polymeric
paclitaxel drug remains at a higher level in cancer cells for longer. Drug efficacy

is therefore improved, along with the subsequent extent of apoptosis.

A study by Dai et al. instead focused on the presence of intracellular ROS
to oxidatively polymerise telurium (Te)-based nanoreservoirs to Te-O poly-
mers [127]. Here, a self-amplification polymerisation mechanism occurs due to
the disruption of the cell metabolism and subsequent hampering of intracel-
lular antioxidant systems, resulting in oxidative stress which can then result
in further oxidative polymerisation. This approach is aimed at activating the

ROS-related apoptosis pathway [127].

Many of these cell-induced polymerisations loosely follow the concept of a
prodrug, where the starting compound has little effect on the cells until it has
been chemically transformed [129]. In these cases, a biocompatible monomer
is given to the cells. Upon polymerisation, the formed material induces an

effect on the cells (Figure (i)). A counter approach, coined the ‘reverse
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prodrug’ approach was discussed by Sherman et al., as the starting compound
induces an effect on the cells, but after chemical transformation the formed
polymer has no pharmacological effect [128]. In this method, the monomer
pyrrole (Py) is used to induce cell death. Cellular exudate then oxidises the
biocompatible initiator. Simultaneously, Py is converted to the biocompatible

conductive polymer, polypyrrole (Ppy), via an intermediate radical species

[130] (Figure (i1)).

Conductivity of healthy and malignant tissue is different, with the latter gen-
erally being higher due to an increased water and salt content caused by leaky
vasculature and poorly functioning lymphatic system [I31]. The electrical
conductivity of the surrounding tissue has also been shown to have a signif-
icant impact on the efficacy of electric field therapy, such as TTFields [132].
The ‘reverse prodrug’ approach has opened new potential avenues for can-
cer treatment, with the resulting polymer’s conductive nature providing the

opportunity for a combined therapy with TTFields.

(I) 0 ‘ 0 Polymerisation
000 ——> ¢0%ge0e
(] )
v ®
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009 - @00geefe
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Figure 1.5: Cell-induced polymerisation, comparing the ‘prodrug’ and
‘reverse prodrug’ approaches.

(i) ‘Prodrug’ and (ii) ‘reverse prodrug’ polymerisation approaches. The green tick
icons indicate biocompatibility while the hexagonal exclamation marks indicate cy-
totoxicity.
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There has been increasing interest in transferring the application of conductive
polymers from @n vitro to an in vivo system, with Berggren et al. showing
examples of in situ generated poly(3,4-ethylenedioxythiophene) (PEDOT)
systems in the roots of living plants [I33H135]. PEDOT has also been made in
an er vivo system, using the monomer and an electrochemical polymerisation

approach to create an implantable biomedical electronic device [136].

Following on from this, Strakosas et al. polymerised an organic trithiophene-
based monomer (ETE) derivative in an ex vivo zebrafish (Danio rerio) brain.
Here, tissue metabolites were converted into hydrogen peroxide (H5O3) by
oxidase enzymes, with horseradish peroxidase used as a catalyst to form the
radical monomer and subsequent conductive polymer [137]. Next, this poly-
merisation was moved into an in vivo model, with the zebrafish chosen due to
reduced ethical concerns. Also their optical transparency allows for easy ob-
servation of the formed black polymerised gel [138]. ETE-based polymeric gels
were formed in both the tail and brain of the fish at the site of injection. As
this reaction was catalysed by the metabolites glucose and lactate, the relative
concentrations of these components in different organs dictated the amount
of polymer that formed. No polymerisation occurred in the brain when the
glucose oxidase enzyme was used, as glucose levels are very low in this organ

[137].

Polymerisation in situ has also been shown within the nematode Caenorhabdi-
tis elegans (C. elegans), genetically modified to express ascorbate peroxidase
which is involved in HyO2 metabolism. Liu et al. suggested that polyaniline
could form locally at the pharyngeal muscle cells after mutated nematodes
were soaked in a mixture of the monomer, dimer, and hydrogen peroxide.
Here, H,O,, when activated by the peroxidase enzyme, acts as a catalyst,

enabling the polymerisation of aniline monomers/ dimers. This process had
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little effect on overall survival of the worm, but changes in the worm move-
ment and pharyngeal pumping were observed [139]. This approach highlights
an alternative method of identifying polymerisation in situ. Liu et al. found
it was not possible to visually observe small quantities of polymer within C.
elegans, and instead relied on clear changes to physical movement to indicate

polymerisation in an in vivo model.

There have been some examples of polymerisation in living systems, both ez
vivo and in vivo. However harsh polymerisation conditions alongside difficul-
ties in controlling the reaction in a more complex environment have made the
transfer of this technology from in wvitro models challenging. Therefore, fur-
ther investigation into the polymerisation approach in both a simple 2D in

vitro model and the subsequent application to in vivo is necessary.

1.4 Polypyrrole as a Material for

Bioelectronic Applications

Py (C4H;5N) is a five-membered aromatic heterocyclic small molecule consist-
ing of carbon, nitrogen and hydrogen with a molecular weight of 67.09 g mol~!
[140]. The most common commercial route of synthesis is through the treat-
ment of furan with ammonia and an alumina catalyst at 400°C (Figure
[141]. While Py itself is not a naturally occurring molecule, the substructure

is found in many natural and pharmaceutical agents [142, 143].

Py forms the polymer, Ppy, which can be fabricated by one of two routes:
chemical or electrochemical polymerisation. Within chemical polymerisation,
Py is combined with an oxidising agent, commonly FeCly [130, 144] to ini-

tiate the reaction. With electrochemical polymerisation, Py is dissolved in
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H
O N
< 7 NHa, H,0 < 7
\ / Al,03, 400°C \ /
Furan Pyrrole

Figure 1.6: Chemical synthesis of pyrrole from furan.

an appropriate solvent, usually acetonitrile, containing an anionic doping salt.

Oxidisation then occurrs at the surface of an electrode [I45HI147].

The most widely accepted mechanism, described by Diaz et al. [145] begins
with the oxidation of the monomer Py, either at an electrode surface, or using
an oxidising agent to form a radical cation (1), with resonance structures (2,
3, 4) (Scheme 1) (Figure [1.7). The coupling of two radicals forms a charged
dihydromer (5), which then loses two protons to form a Py dimer (6) (Scheme
2). This dimer is then oxidised to a cation radical dimer (7) with three reso-
nance structures (8, 9, 10) (Scheme 3), which can react with a radical cation
monomer and, upon subsequent deprotonation, form a Py trimer (11) (Scheme
4). This sequence continues until the final polymer (12) is formed (Scheme 5)

[148].

Ppy is a well-used polymer within the bioelectronic field due to its biocom-
patibility and conductive nature [149]. The conductivity is due to the m-7
conjugated backbone, with charge transfer possible from the oxidation of Ppy
resulting in polaron and bipolaron states [150]. By varying the oxidant, solvent,
dopants and technique, it is possible to create a range of structures such as
nanoparticles, nanosheets and nanofibers for different biomedical applications
[I5IHI53]. It is also possible to generate soft, flexible materials incorporating
Ppy, allowing for significant use of the polymer within bioelectronic research

[154].
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Figure 1.7: Polymerisation mechanism of pyrrole.

Ppy has been used as a controlled release platform for drug delivery, where
Ppy is doped with the drug of interest, which upon electrical reduction, is
then released from the structure. This was shown by Esrafilzadeh et al. who
used the antibiotic ciprofloxacin as a dopant of Ppy. This was layered over a
PEDOT:PSS-chitosan fibre core, and electrical stimulation of the fibres caused
drug release [I55]. Alternatively, the corticosteroid dexamethasone has been
used to dope Ppy nanowires, which again was released from the system as Ppy

was reduced electrochemically [156].
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There has been much work combining conductive materials such as Ppy with
external electrical stimulation to affect cell behaviour, with a significant por-
tion of this investigating using Ppy as a tool for tissue regeneration. There have
been examples of Ppy scaffolds coupled with electrical stimulation promoting

neurite growth and orientation, as well as cell differentiation [I57H159].

To build on combining Ppy with cells for enhanced electrical stimulation, Ppy
has been generated using a living polymerisation approach. This has been
achieved using surface modification of Shewanella oneidensis and Escherichia
coli bacteria by Song et al., using Fe (III) as the oxidative initiator to poly-
merise Py to Ppy [160]. In this way, the bacteria could be used as microbial
fuel cells, enhancing the extracellular electron transfer of the system by the
conductive polymer surface coating. There has also been work creating ar-
tificially conductive biofilms using polymers such as Ppy [I61]. This area of
research aims to capitalise on the conductive nature of Ppy, allowing a more

efficient transfer of electrons from the bacteria to an anode.

The first example of utilising a eukaryotic system was by Ramanavicius et al.
in 2016 [162]. Here potassium ferrocyanide, (K4[Fe(CN)g]); (FOC), acts as a
catalyst and drives the oxidative polymerisation of Py to Ppy. Plasma mem-
brane oxido-reductases then reduce the [Fe(CN)g|*" ions back into [Fe(CN)g]*"

ions, which can then re-oxidise Py to Ppy, as shown in Fig[1.8 A.

The work using yeast cells was then built on by Sherman et al. in 2019, show-
ing the first example of using mammalian cells for cell-driven polymerisation
[128]. In this method, the suspension leukaemia cell line K562 was used to
polymerise Py. The hypothesis for this reaction was that polymerisation was
driven by the trans plasma membrane electron transport system — a network
of oxidoreductases that facilitate redox reactions at the outer surface of the

cell [T63]. It was initially suggested that FOC was oxidised to potassium fer-
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ricyanide (FIC), where it accepts an electron from Py, driving the radical
polymerisation reaction. This hypothesis was found to be incorrect after an
electrochemical assay showed that the K562 cells did not have any oxidative ca-
pacity, even though FOC was being oxidised to FIC. The proposed mechanism,
therefore, suggests instead that the polymerisation of Py to Ppy was driven
by cellular exudate upon cell death due to the cytotoxicity of the monomer.

This is shown in Figure [1.8 B.

A)

NAD(P)H % Fe(llly Po]ypyrrolel Cell wall
NAD(P)* = Fe(ll) Xpy"we
_TT T
Cytosol  Membrane Cell wall
Fe(ll) Polypyrrole
B) Exudate e < X
T Fe(lll) Pyrrole
Extracellular
0000000 0000000
0000000 0000000
Intracellular T
Figure 1.8: Living polymerisation of pyrrole (Py) to polypyrrole (Ppy)
in eukaryotic cells.
A) Oxidative polymerisation of Py to Ppy between yeast cell wall and cell membrane.
Based on a figure by Ramanavicius et al. [162]. B) Redox polymerisation of Py to

Ppy in mammalian cells. Based on a figure by Sherman et al. [128]. Reproduced
with permission. Created with biorender.com.
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A potential opportunity to capitalise on the tumour microenvironment has
been highlighted, allowing the polymerisation of Py by a cell-mediated poly-
merisation approach. Further investigation into the characterisation of the
polymer, as well as expanding the cell types used for this reaction, is neces-

sary. There is also a need to better understand the polymerisation in a more
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complex living system to identify its potential as a tool for cancer therapy by

a ‘reverse prodrug’ mechanism.

1.5 Claenorhabditis elegans

1.5.1 Background and Life Cycle

Caenorhabditis elegans, more commonly referred to as C. elegans, belong to
the phylum Nematoda, or roundworm. They are small (approximately 1 mm
in length), non-hazardous and non-parasitic organisms that freely live in the
soil. C. elegans are also transparent, which means that biological transforma-
tions can be observed in situ with conventional brightfield or with fluorescence
microscopy [164]. One of the most common strains, the naturally occurring
Bristol N2 ‘wild-type’, was isolated by Nicholas et al. in 1959 from mushroom

compost near Bristol, England [165].

The are a variety of reasons why C. elegans are seen as an attractive alternative
to other traditional in wvivo models. Firstly, the genome of C. elegans was
mapped in 1973 by Brenner [166], allowing for much research into how genetics

can be altered upon changes to environmental and chemical stimuli.

Secondly, C. elegans are typically self-fertilising hermaphrodites (0.1% of the
population is spontaneously male), allowing for the rapid generation of clones

[167].

Thirdly, the life cycle is short, and can easily be controlled by adjusting the
temperature, with C. elegans progressing from embryo to adult in 3 - 5 days at
a temperature of 15 - 20°C (Figure[L.9). The adults then live for a further 2 - 3

weeks assuming favourable conditions (sufficient food, space and an appropri-
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ate temperature) [168]. In the case of unfavourable conditions, C. elegans do
not progress from larvae to adults, but instead undergo dauer arrest [169]. In
this state, the body of the worm is constricted, intake is arrested, there is an
increased storage of lipids and the worms undergo a state of dormancy. Upon
the return of favourable conditions, dauer rapidly revert to Larval stage (L)
3/ L4 and then progress to adulthood, with no effects on the overall lifespan

of the adult nematodes [169, [170].

L1 (12 h)

Adult

/ 25°C

-~ Dauer \
M PN

L4 (9 h) L2 (7 h)

-

L3 (7 h)

Figure 1.9: Life cycle of C. elegans at 25°C. Adapted from Pandey & Pandey
2014 [171]

Lastly, C. elegans comply with the UK National Centre for the Replacement,
Reduction and Refinement (NC3Rs), which aim to replace in vivo testing
of sentient animals with those that, based on current scientific understanding,

are not capable of experiencing suffering [172, 173].

C. elegans are increasingly being utilised as a model for toxicity testing [174-
177]. There are a variety of endpoint studies that can be undertaken to deter-
mine the toxicity of a compound. Firstly, survival rates of nematodes can be

used to measure the effect of a compound over the lifespan of the worm [176].
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Secondly, a growth and development assay can be employed to observe varia-
tions in the phenotype of C. elegans when exposed to a toxin. Here, changes
in size, metabolomics, genetics, developmental delays or morphological abnor-
malities can be shown to indicate toxicity [I78]. Reproduction assays may also
be used to assess the impact of a substance on the reproductive capacity of
C. elegans [179]. Other tests include behavioural assays, studying changes in
locomotion, feeding and chemotaxis (showing potential neurotoxicity), bioac-
cumulation studies, and molecular and genetic assays, investigating changes in

gene expression and DNA damage at the molecular or genetic level [174] [180].

1.5.2 Mutating C. elegans

Of the hallmarks of cancer, the only two that cannot be investigated using
C. elegans are: 1. avoiding immune destruction; and 2. affecting vasculature.
These nematodes are therefore an attractive model for cancer [I81]. C. elegans
is commonly used in genetic research since the genome was sequenced, with

over 83% of C. elegans proteome having an equivalent human homologue [182].

As discussed previously, specific genes are known to play a role in cancer pro-
gression and therapeutic outcomes. Mutated C. elegans are being increasingly
used in disease models as changes to genes can be monitored, as well as changes
to the phenotype and nematode behaviour. For example, a loss-of-function
mutation to the ced-3 gene, involved in programmed cell death, was used to
identify the mechanism of action of the protease inhibitor bortezomib in the
treatment of non-melanoma skin cancer [I83]. By treating nematodes that
can undergo apoptosis and mutated nematodes that cannot, it was possible to
compare the number of apoptotic corpses and changes in expression of specific
proteins of interest. This helped provide valuable information as to the effects

of a specific treatment on a living system [183].
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This highlights the advantages of using a simple in vivo model in cancer re-
search, as effects of specific treatments can be compared between mutated C.
elegans and the Bristol N2 wild-type. The range of experiments that can be
carried out is also expansive, with effects of a treatment on survival, worm

size, phenotype, motility, and the genome all possible.

1.6 Thesis Overview

Cell-mediated polymerisation is a growing area of research. This approach
allows a unique ability to capitalise on the cellular microenvironment, enabling
the polymerisation to occur in conditions unique to cancer cells. There is little
research on utilising this approach to make conductive polymers in both in vitro
and in vivo systems which can then be used with electric stimulation to provide
a further effect. For example, organic conductive biopolymers could be coupled
with TTFields, potentially enhancing the TTField effect and improving the

treatment.
The main aim of this thesis, as illustrated in Figure [1.10} is:

To investigate the enhancing tumour treating fields with cell-mediated
polymerisation as a dual approach for a possible treatment of hard-

to-treat cancers, such as glioblastoma.

This thesis is comprised of three results chapters - Chapters 2, 3 and 4, as well
as a methods chapter - Chapter 5, and a perspectives future work chapter -

Chapter 6. The rationale and brief aims for the results chapters are as follows:

Chapter [2| - |Cell-Induced Polymerisationt This chapter aims to expand

on initial studies by Sherman et al. on using Py in a ‘reverse prodrug’ approach

with two patient-derived cancer cell lines [128]. The aims of this chapter are:
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e to identify key methods to characterise the polymer formed in an in vitro
system; and

e to investigate the cytotoxicity of the starting materials on the cells.
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Figure 1.10: Research Overview: Combination approach of ‘reverse pro-
drug’ polymerisation and tumour treating field therapies.

Chapter [3| - [Polymerisation of Pyrrole in Living Systems: C. elegans

is beginning to be used more as a cancer model due to its transparent nature,
short life cycle, sequenced genome and the range of ways toxicity can be as-
sessed. Therefore, the overall aim of this section is to investigate the ‘reverse
prodrug’ approach using C. elegans as the in vivo model. As it is possible
to use genetic mutants as cancer models, this also creates the opportunity to
apply this approach on two modified nematode models that better represent

the mutated p53 and H3.3 proteins found in some gliomas.

The aims of this chapter are:

e to characterise the formation of Ppy within wild-type C. elegans; and
e to investigate the cytotoxicity of the starting materials on wild-type C.

elegans and mutated nematodes.
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Chapter (4| - [Enhancing Tumour Treating Fields; TTFields are an in-

creasingly important modality in the treatment of glioblastoma and other hard-
to-treat cancers. Despite an increased overall survival when used alongside
standard chemo- and radio-therapy procedures, there is still a long way to go
to improve overall prognosis of the disease. It is therefore of interest to inves-
tigate potential ways to enhance the TTField effect, capitalising on the modes
of action dielectrophoresis and dipole alignment by using molecules that are

conductive, polar or dielectric.

The aims of this chapter are:

e to design and test a high throughput plate for the application of TTFields
in vitro; and
e to investigate the enhancement of TTFields using nano-sensitisers and

the ‘reverse prodrug’ approach.
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Chapter 2

Cell-Induced Polymerisation

2.1 Introduction

Cell-induced polymerisation is a growing area of research, utilising the localised
cell environment to dictate the chemistry of polymerisation [I84]. Such reac-
tions can occur either at the cell surface [119, 185HI87] or intracellularly, and
result in the formation of smaller polymers [127, [I88] or supramolecular struc-
tures such as hydrogels or nanoparticles [I89HI9I]. The potential application
of this technology is vast, ranging from cell tracking, cancer therapy and cell

behaviour modulation.

Alongside this, in recent years there has been increased understanding of the
effects of bioelectricity on cell behaviour. This can be used to specifically
address cancer, by hijacking bioelectricity within the cancer cell microenviron-
ment, taking advantage of both ionic currents (from ion movement across a

cell membrane) and faradaic currents (from redox systems) [192].

41
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Polypyrrole (Ppy) is a typically used polymer within this field, due to its
biocompatibility and conductive nature [I49]. Ppy has been coupled with
electrical stimulation for tissue engineering applications such as neurite cell
growth stimulation and controlled release [156, 157, [193]. However, due to its
long, conjugated chain and weak polymer-solvent interactions, Ppy is poorly
soluble [194]. This creates a challenge in characterising the material, as purifi-
cation is harder, and standard characterisation methods that rely on analysing

a sample in solution are not possible.

There is a variety of analytical methods in literature that are used to charac-
terise Ppy, with multiple different approaches used to holistically understand
the chemical composition and morphology of the polymer. To investigate the
physical form, scanning electron microscopy (SEM) is routinely used, as the
starting materials and polymerisation method can greatly affect the structure,

which can, in turn, influence the conductivity of the material [195, [196].

To analyse the chemical structure, Fourier-transform infrared spectroscopy
(FTIR) is often used due to the distinct peaks associated with Ppy, while X-
ray diffraction may be employed to show the amorphous nature of the polymer
[197]. Ultraviolet-visible (UV-Vis) spectroscopy is also commonly utilised
due to an absorption peak at approximately 446 nm for Ppy [197]. Other
techniques used include differential scanning calorimetry to assess the glass

transition temperature, and conductivity measurements [19§].

While these techniques can successfully be used to characterise Ppy produced
either chemically or electrochemically, the polymerisation of pyrrole (Py) using
a cell-induced approach is inherently more complex due to the unique chemi-
cal fingerprints of all additional cellular components [199]. Therefore, multiple
characterisation methods must be employed to provide a detailed understand-

ing as to how to characterise polymers formed in a more complex environment,
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as well as the physicochemical properties of the Ppy formed in a cell-induced

approach.

2.2 Experimental Aims and Objectives

The overall aims for this chapter are:

e to identify key ways to characterise the polymer formed in an in vitro
system; and
e to investigate the cytotoxicity of the starting materials on the glioblas-

toma (GBM) cells.

To assess polymer formation using an adherent cell line, the first objective
is to use patient-derived cells from the core and invasive margin of a GBM
tumour to synthesise Ppy using Py and the inactive initiator potassium ferro-
cyanide (FOC; Fe (II)). It is hypothesised that the cellular exudate oxidises
Fe (II) to Fe (IIT), which drives the polymerisation mechanism. After forming
the polymer, it is necessary to investigate the most suitable method for poly-
mer characterisation, such as brightfield microscopy, greyscale analysis, FTIR
spectroscopy, UV-Vis spectroscopy and solid state nuclear magnetic resonance
(SS NMR). To probe polymer morphology, dynamic light scattering (DLS)
and SEM can be used.

After this, the next objective is to understand the toxicity of the starting
materials on the cells. This can be achieved using live/ dead fluorescence and
metabolic assays, alongside flow cytometry to gain insight into the mechanism
of cell death. As a result, the optimum concentrations of the starting materials

for the polymerisation reaction can be determined.
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2.3 Experimental Design

2.3.1 General information

In the following text these abbreviations are used: samples are labelled as
Py for pyrrole, FIC for potassium ferricyanide and FOC for potassium ferro-
cyanide. The concentration used is expressed in mM and recorded in subscript
with the abbreviation, for example ‘FOCy’ denotes 2 mM FOC solution. Sam-
ples that contain cells are denoted with a ‘C’ at the end of the abbreviation,

for example Py500FOC4C.

2.3.2 Viability Studies

There are numerous assays that can be used for in vitro toxicity testing. They

can broadly be summarised into the following assays [200]:

A. Colorimetric e.g. 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT) or lactate dehydrogenase (LDH);

B. Fluorometric e.g. resazurin-based assays.

Resazurin-based assays have much less inter- and intra-variation than LDH as-
says, and have also shown greater sensitivity to cell numbers than MTT assays,
therefore they were chosen as an appropriate assay for the viability study in
this work [200, 201]. The assay detects the number of living cells within a sam-
ple by the following mechanism: first, the non-fluorescent molecule, resazurin,
is taken into healthy cells. The co-enzyme nicotinamide adenine dinucleotide
(NADH) and other reducing agents then reduce this into the strongly fluo-

rescent pink molecule resorufin, as shown in Figure [202]. The fluorescence
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can then be recorded using a plate reader at 560/ 590 nm (excitation/ emis-
sion) and the percentage viability determined from the fluorescence of negative

(healthy) and positive (dead) cells.

NADH/H* NAD*/H,O

NS

S
?
g\ N\ X
reductase enzymes - L
HO 0] HO O

Resazurin Resorufin

Figure 2.1: Mechanism of the PrestoBlue™ assay.
Mechanism of metabolic assay. Blue, non-fluorescent resazurin is reduced to pink,
fluorescent resorufin by reductase enzymes and NADH.

2.4 Results and Discussion

2.4.1 In vitro Polymerisation of Pyrrole - Initial

Studies and Characterisation

To select a monomer for this reaction, the following criteria was used: the
starting material must exert cytotoxicity on the cells, and this toxicity must be
curtailed upon formation of the polymer; the reaction must be able to occur in
physiological conditions i.e. in an aqueous solution at a biological pH between
6.8 - 7.2; the formed polymer must have a conjugated backbone and exhibit
good electrical conductivity; the polymer must have good long-term electro-
chemical stability and be biocompatible. Polypyrrole is easily synthesised in
aqueous solutions, has an intense brown-black colour, is biocompatible with-
out an inflammatory effect in vivo and has good long-term stability [149, 203].
Therefore pyrrole was chosen as the monomer for this work investigating the

‘reverse prodrug’ approach.
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‘Glioma Core Enhanced” (GCE) 31 and ‘Glioma INvasive margin’ (GIN)
31, originating from the core and invasive margin of a glioblastoma patient
respectively, were chosen as the adherent cell lines used here [30]. As the cell-
mediated polymerisation is inherently uncontrolled, with purification of the
resulting polymer time-consuming, it was of interest to investigate a range of
characterisation techniques that could provide insight into the physicochemical

properties of Ppy.

To first determine the potential of this cell-induced polymerisation approach,
high concentrations of the toxic monomer Py and the active/ inactive initiator
FIC (Fe (III))/ FOC (Fe (II)) were used to treat the GBM cells. These cells
were then imaged using a brightfield microscope to observe visual changes in

the cell morphology, and identify the formation of any black polymer.

In the case of cells treated with FOC (Fe (II); 2 mM), the cell morphology
of GIN 31 was the same as that of the untreated negative control (Figure
A (i, ii)). FOC is licensed by the European Food Safety Authority as food
additive E536 at a level of 20 mg/ kg in food for adults, with no concerns about
genotoxicity and carcinogenicity [204]. Cells treated with Py (500 mM) in both
the presence and absence of FOC (Fe (II); 2 mM) had a different morphology to
that of the negative control, with an enlarged shape and flattened cytoplasm,
akin to the shape of a fried egg (Figure[2.2] A (iii, iv)). This shape is commonly
associated with cellular senescence, which can be induced as a cell is exposed
to a stressor [205]. Both the sample containing Py with the inactive initiator
(Fe (II)), and the sample with just the monomer, Py, showed the presence
of black dots within the cells. These were also observed with GCE 31 cells
(Figure [2.2] B (iii, iv)). While this may be indicative of the formation of black
Ppy, this may be due to cell blebbing or the formation of apoptotic bodies
[206].
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A) GIN 31 B) GCE 31

(i) Untreated

(i) FOC

(iii) Py

(iv) Py + FOC

Figure 2.2: Brightfield images of (A) GIN 31 and (B) GCE 31 morphology
48 hours after cell-mediated polymerisation at 500 mM pyrrole (Py) and
2 mM ferrocyanide (FOC; Fe (II)).

Microscope images of cells (i) untreated, or treated with FOC (2 mM) (ii), Py (500

mM) (iii), or Py and FOC (iv). Scale bar is 100 pm. Arrows show ‘fried egg’
morphology.
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To confirm the formation of Ppy, an alternative characterisation approach
focused on capitalising on the dark colour of the polymer. This was achieved
by comparing the colour intensity of samples with or without the monomer,
cells and the initiator in both its active and inactive form (Figure A and
B (i)). The pixel intensity was determined using ImageJ, where a lower pixel
intensity, i.e. a darker colour, indicated the presence of more Ppy (Figure A
and B (ii)). The positive control, consisting of Py and the active initiator, FIC
(Fe (III)), had the lowest pixel intensity, corresponding to the instantaneous
polymerisation of Py. This value was then compared to samples containing Py

and FOC (Fe (II)) in the presence and absence of cells.

For this polymerisation to occur, it is necessary for Fe (II) to first be oxidised to
Fe (III) before the reaction can proceed. It is hypothesised that this oxidation
is caused by the release of cellular exudate from the cells and is due to the
electron transport through cell plasma membrane by trans-plasma membrane
electron transfer. In both cases, cells are required to drive this oxidation, and

so it was hypothesised that polymer should only form in the presence of cells.

Therefore, it was anticipated that samples containing Py, FOC (Fe (II)) and
cells would appear darker in colour than samples of Py and FOC in the absence
of cells (Figure [2.3| A, B (i)). However, the pixel intensity was very similar for
both samples (Figure 2.3 A, B (ii)) and was more noticeable with GIN 31 cells
compared to GCE 31 cells (Figure A), suggesting the flask may contain
more reducing components than the GCE 31 sample. This suggests that some
components present in the cell culture medium may also have oxidative capa-

bilities, and the GIN 31 flask may have contained more reducing components

than the GCE 31 flask.
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A lower pixel intensity compared to the negative control was also seen in the
samples containing Py in the presence or absence of cells without initiator.
This was not seen in samples containing only initiator. Therefore, this darker

colour may be, in part, due to some auto-polymerisation as Py oxidises [207].
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Figure 2.3: Colour change of culture medium after incubation pyrrole
(Py) and/ or ferricyanide (FIC; Fe (III)) and/ or ferrocyanide (FOC; Fe
(IT)) in the presence or absence of (A) GIN 31 or (B) GCE 31 cells after
48-hour incubation.

(i) Tubes containing cell-culture medium plus treatment in the presence or absence
of cells ‘C’. Concentrations used: Py - 500 mM; FIC - 40 mM; FOC - 40 mM. Image

(i) translated to greyscale and pixel intensity values of each tube determined using
ImageJ (ii).
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Size, shape and charge of particles influence both the conductivity of a material
and how it is taken up by cells [195], 208, 209]. Following previous work by
Sherman et al. that used SEM to characterise Ppy [12§], this approach was
adopted here. Good quality high magnification images of the cell-induced
polymer were acquired, but the morphologies of the sample exhibit differences
compared to previous literature [128, 2I0] with the polymer here formed in

sheets, compared to the aggregated structures recorded by others (Figure
A).
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Figure 2.4: Scanning electron microscopy (SEM), dynamic light scatter-
ing (DLS) and UV-Vis characterisation of polypyrrole (Ppy).

(A) SEM images of solid at a magnification of x70 000; scale bar = 200 nm. (B) DLS
of (i) complete cell-culture medium, (ii) chemically-synthesised Ppy (Pys00FIC40) or
cell-mediated Ppy (Pys00FOC4C (GCE 31)). (C) UV-Vis spectroscopy of starting
materials ((i) PBS, (ii) Py, (iii) FICy, (iv) FOCy) and polymer formed by (v)
chemical-synthesis (Pys00FICq0) or (vi) cell-induced polymerisation (Py590FOC20C).
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Next, DLS was investigated as a tool to report the size of the polymer par-
ticles. Average sizes for particles obtained from chemically-synthesised Ppy
(Pys00FICy0) experimental conditions were recorded as 411 + 41 nm, com-
pared to 133 £ 9 nm for cell-mediated Ppy (Pys00FOC4C) (Figure B).
The results are affected by broad particle size distribution, skewing results to-
wards the larger particle sizes due to the intensity of light scattered [211], 212].
Here, a narrower particle size distribution was recorded for the cell-induced
polymerisation. As this reaction can only occur when Fe (II) is converted to
Fe (III), the rate of reaction is slower, and so the polymer will form more grad-
ually. This will have resulted in a more controlled polymerisation with shorter

chains formed.

Previous works reported in the literature have shown that Ppy can be charac-
terised using UV-Vis, with the neutral polymer having a peak at 387 - 413 nm,
the bipolaron with two peak at 886 - 1240 nm and the polaron with two peaks
at 539 - 590 and 1550 - 1771 nm [213, 214]. Ferricyanide (FIC) can easily be
identified in a sample due to its absorbance at a wavelength of 420 nm due to
the transfer of an electron from the ligand to the Fe (III) core [215-H218]. In

contrast, this absorption is not seen with FOC.

In this work, spectra for the starting materials and medium (PBS) were first
obtained to identify peaks indicative of each material (Figure C (i-iv)).
A positive control of chemically-synthesised Ppy (Pys00FICs) was next mea-
sured, and showed an absorbance peak at 420 nm, with any absorbance from
Ppy masked by the [Fe(CN)g]*~ ion (Figure C (v)). There was no peak
associated with the cell-induced polymerisation between 400 - 500 nm, and
no peak above 500 nm for the chemically synthesised or cell-induced polymer
sample (Figure[2.4]C (vi)). The absence of a peak at 420 nm also suggests that
minimal FOC (Fe (II)) was oxidised by the cells to FIC (Fe (III)), potentially
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limiting the polymerisation reaction. In this experiment, a lower concentra-
tion of FOC was used compared to previous experiments (20 mM instead of
40 mM) to reduce the overlap or hiding of Ppy peaks, however this may have
also lowered the rate of polymerisation. To identify distinct peaks associated

with Ppy, other chemical characterisation methods were employed.

FTIR was used because the peaks associated with Py and FOC occur at dif-
ferent wavenumbers and peak intensities [219, 220]. Peaks associated with
the sample from cell-mediated synthesis (Pyso0FOC4C) (Figure B (iv))
were compared to spectra the starting materials - Py (Figure A and B
(i)) and FOC (Figure [2.5| A and B (ii)), as well as the chemically synthesised
Ppy (Pys00FICy0) in the same supplemented cell-culture medium (‘Dulbecco’s
modified eagle medium’; DMIEM) as for the cell-mediated polymerisation re-
action, but in the absence of cells (Figure [2.5| B (iii)).

In the chemically synthesised Ppy, a shoulder at 3080 cm™! and a peak at 1647

L are indicative of the respective N-H stretch and bend of a secondary

cm™
amine (Figure [2.5] A and B (iii)) [197, 2211, 222].The peak at 1530 cm™! most
likely shows ring vibrations, while those at 1453 and 1236 cm™! are typical of

C-N stretching, as in line with other literature [197], 221-223].

Finally, the peaks at 1029 and 741 cm™! are proposed to be N-H in-plane
deformations and C-H out-of-plane deformations correspondingly [2211, 223].
These peaks can be seen in the sample from cell-mediated synthesis at 3060
(N-H stretch) and 1646 (N-H bend), 1185 (C-N stretch) and 1049 (N-H in-
plane deformation) cm™' (Figure 2.5 B (iv)). A peak indicative of C=N from
FOC (Figure A) can be seen in the FOC spectrum at 2047 cm ™! (Figure
B (ii)), and at 2043 and 2048 cm™! in the chemically-synthesised (Figure
B (iii)) and cell-mediated (Figure [2.5| B (iv)) samples respectively.
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Figure 2.5: FTIR characterisation of pyrrole (Py), ferrocyanide (FOC)
and polypyrrole (Ppy). (A) Chemical structures of (i) Py, (ii) FOC, (iii) PPy.
(B) Stacked FTIR spectra of (i) Py; (ii) FOC; (iii) chemically-synthesised Ppy
(Py500FICy40); (iv) cell-induced Ppy (Pys00FOC4C). Py spectrum obtained from
NIST [224).

To support this FTIR work, carbon 13 SS NMR was also employed to deter-
mine the formation of Ppy, as this polymer has been extensively characterised
by NMR in literature [225H227]. The Py monomer is known to have two key
peaks at 119 and 108 ppm for the a and 3 carbons respectively (Figure A),
while the a-a’ linkages of neutral Ppy can be found around 125 ppm (Figure
B). Finally, evidence of the oxidised polaron and bipolaron forms of the
polymer (Figure C and D) can be identified by a peak at approximately
143 ppm. The positive charges present on the (bi)polaron are deshielded when

exposed to a magnetic field, leading to high-frequency chemical shifting.
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Figure 2.6: Chemical structures of pyrrole (Py) and polypyrrole (Ppy)
(A) Py with o and § carbons labelled; neutral Ppy (B), oxidised polaron (C), and
bipolaron states (D).

First, a control of Ppy and carbon black was analysed to identify unique peaks
associated with the polymer (Figure A). The peaks at 123 and 125 ppm
were consistent with the chemical shifts of carbon in the neutral and partially

oxidised forms of Ppy, with the broad peak at 146 ppm indicating some of the

polymer was in the quinoid form (due to its handling in air) [225].

Next, a chemically-synthesised sample of Ppy using Py and FIC (Fe (III)),
prepared in deionised water, was analysed (Figure B), with peaks at 120
- 130 ppm again indicating the presence of Ppy. A slight peak at 145 ppm
once again was indicative of the (bi)polaron structure of Ppy. This sample

still contained traces of Py, as evidenced by the peak at 106 ppm.
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Figure 2.7: (A) ‘Control’ Ppy (Sigma); (B) Chemically-synthesised Ppy in HyO;
(C) Chemically synthesised Ppy in complete DMEM; (D and E) Cell-mediated Ppy
carried out at different magic angle spin frequencies. Number in brackets represents
the magnet used (600 or 800 MHz). * = spinning side band. Peaks associated with
the cell-culture medium ‘DMEM’ are highlighted in pink.

To identify peaks associated with the cell-culture medium, which would be
present in the cell-mediated synthesis sample, Ppy was next chemically-synthesised
in DMEM (Figure C). Due to a relatively poor signal-to-noise ratio seen
for the sample in water (Figure B), the analysis of the sample in DMEM
was carried out using an 800 MHz magnet and 3.5 mm probe. Similar peaks
between 120 - 130 and 158 ppm were observed, with peaks between 6 - 81 ppm

likely arising from components in the cell-culture medium.

Lastly, a sample of the cell-mediated synthesis (Py500FOC4C) conducted in
DMEM was analysed. To confirm that the peaks associated with Ppy were
not hidden by sidebands, this sample was run at both 10 and 18 kHz MAS
(Figure D, E). The peak in the cell-mediated sample at 222 ppm (also
appearing in the Ppy/ carbon black control sample at 223 ppm) was shown
to be a sideband, as when this was rerun at 18 kHz this band disappeared.
The opposing sideband is hidden beneath the DMEM peaks. Once again,
peaks at 123 - 129 ppm indicate the formation of Ppy, with a peak at 157
ppm suggesting the presence of the quinoid form. A small peak at 102 ppm

indicated Py impurities not fully removed from this sample.

2.4.2 Toxicity studies

As the cell mediated polymerisation was carried out at toxic concentrations of
Py and FIC or FOC, it was necessary to better understand the toxicity profile
of these starting materials on GBM cells. This is important, as a tailored

concentration that maximises polymerisation while minimising the side-effects
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will be required to transfer this therapy into a clinical setting. Therefore
dose-response curves and apoptosis studies were carried out to optimise these

concentrations.

As Py has limited solubility in water [140], 207, 228§], it was preferential to
solubilise Py in dimethylsulfoxide (DMSQO), however cell line sensitivity to this
solvent greatly varies [229-231]. GCE 31 cells were exposed to 0.2% DMSO for
48 hours and clear signs of toxicity were observed, with cells exposed to DMSO
showing a significant decrease in metabolic activity compared to untreated
cells (Figure A). Preliminary findings also show that GIN 31 cells were
similarly affected by this concentration of DMSO (Figure B). Therefore,
it was decided that the GBM cells should be treated with Py that was not
solubilised in DMSO.
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Figure 2.8: Effects of 0.2 % DMSO on GCE 31 and GIN 31 cells.
Relative change in metabolism for (A) GCE 31 cells (N = 2, n = 3); *P = 0.0332 vs
control obtained using an unpaired t-test. (B) GIN 31 cells (N = 1, n = 3). Both
results are graphed as mean + S.D.
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To image changes in the proportion of live and dead cells at increasing concen-
trations of Py on GIN and GCE 31 cells, live/ dead fluorescent staining was
used. Individual fluorescence channels can be found in the appendix (Appendix
, . For both GIN and GCE 31, there were similar cell numbers and
morphology up to 20 mM Py (Figure . Past this concentration, the pro-
portion of dead cells increased, and the cells became less elongated, indicating
a treatment-induced response [232]. Despite this providing more understand-
ing on the effects of Py on cytotoxicity, it was necessary to use a quantitative
assay. This allowed the inhibitory concentration (IC) of Py and FOC to be

determined and compared between the two cell types.

Based on the hypothesis of the polymerisation mechanism, a non-toxic concen-
tration of FOC (Fe (II)) and a slightly-toxic concentration of Py is required
for the polymerisation to be initiated. PrestoBlue™ and other resazurin-
based metabolic assays rely on the reduction of blue, non-fluorescent resazurin
to pink, fluorescent resorufin (Figure . It is possible for resazurin to
be reduced by compounds other than reductase enzymes found within cells
[233], and given that FOC (Fe (II)) is a well-known reducing agent, before
PrestoBlue™ could be used to generate metabolic viability curves it was first

important to test for the reducing capabilities of Fe (II) and Fe (III) on this

assay (Figure A).

Despite slight changes in the relative fluorescence of PrestoBlue™ at higher
concentrations of both FIC and FOC, when compared to the relative fluores-
cence of untreated GCE 31 cells, this change was found to be minimal (Figure

B, C). As such, the effects of reducing FOC were considered negligible, so

toxicity experiments using PrestoBlue™ could be carried out.
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Figure 2.9: Live/ dead staining of GIN and GCE 31 cells with pyrrole
(48-hour treatment).

Merge of live (green fluorescence - Calcein AM), dead (red fluorescence — propidium
iodide) and nuclei (blue fluorescence — Hoechst 33342) channels. Scale bar 100 pm.
Independent channels (brightfield, live, dead, nuclei shown separately in Appendix
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Figure 2.10: Effect of ferricyanide (FIC) and ferrocyanide (FOC) on the
PrestoBlue assay.

(A) One electron redox equation of FIC (Fe (III)) to FOC (Fe (II)). (B) Comparison
of average relative fluorescence of PrestoBlue™ assay from untreated GCE 31 cells
(blue diamond line) to 10% PrestoBlue™ mixed with FIC (yellow circle line) or
FOC (orange square line). (C) Focused view of graph (B) highlighting the change
in fluorescence of the FIC and FOC samples.

To generate a dose-response curve to identify the toxicities of FIC, FOC and
Py, GIN 31 and GCE 31 cells were treated with increasing concentrations of the
starting materials and changes in the metabolic activity of the cells against an
untreated negative control were plotted. Metabolic activity was used as a proxy

for cell viability, where 100% metabolic activity was considered biocompatible,

while 0% was considered toxic.

In the case of FIC (Fe (III)), GCE 31 cells were shown to be more sensitive,
with an 80% IC (ICgg) of 4 mM compared to 13 mM for GIN 31 cells (Figure
A). Both cell types were slightly more tolerant to FOC (Fe (II)), with
ICgp values of 19 and 15 mM for GIN 31 and GCE 31 cells respectively (Figure
511 B).
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Figure 2.11: Toxicity curves of ferricyanide (FIC; Fe (III)), ferrocyanide
(FOC; Fe (II)) and pyrrole (Py) on GIN 31 and GCE 31 cells.

Relative metabolic activity of cells treated with increasing concentrations of (A)
FIC, (B) FOC and (C) Py 48 hours post-treatment. GIN 31 samples shown by
diamond, purple line; GCE 31 samples shown by square, pink line. 1Cgy values for
GIN 31 and GCE 31 shown in dashed purple and dash-dot pink lines respectively
and listed in (D). Error bars show mean + S.E.M.

In literature Fe (II) is well-known to induce toxicity in cells due to the ability
of the ferrous ion to induce the Fenton reaction (shown in Figure[2.12)), which
generates hydroxyl radicals, capable of damaging cell membranes [234]. Less
work has been undertaken to understand the toxicity of Fe (III), however
Chamnongpol et al. showed that toxicity is induced by an oxygen-independent

mechanism, by disrupting cell membranes [235]. Based on the ICgy values of
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FIC on GIN 31 and GCE 31, variation in cell sensitivities to this mechanism

can be seen.

Fe?* + H0, —— Fe3 + HO + OHW

Hydrogen Hydroxyl Hydroxyl
peroxide radical

Fe3* + Hy0, ~——" Fe?* + HOO + H*

Hydroperoxyl
radical

2H,0, —— HO + HOO + Hy,0

Figure 2.12: The Fenton Reaction

The toxicity of Py was also assessed, with similar effects seen on both cell types
(ICgo of 36 and 41 mM for GIN 31 and GCE 31 cells respectively) (Figure
C). The ICgq values for each chemical and both cell types are listed in Figure
[2.11) D. These results are in line with previous results showing the difference in
the responsiveness of core and invasive GBM cells depending on the treatment

[236].

Following the identification of the cytotoxicity profile, it was pertinent to iden-
tify if the mechanism of cell death was by apoptosis or necrosis. Traditionally
apoptosis was seen as the ‘desired’ mode of cell death as the process is con-
trolled and ordered, removing cells without having an inflammatory effect. In
apoptosis, cells break apart by membrane blebbing to form apoptotic bodies
which can be removed by phagocytosis. In the case of necrosis, cells swell
rather than shrink, and the plasma membrane ruptures, releasing cellular con-

tents [237, 238).

In recent years, targeting cancer cells by a necrotic death mechanism has be-
come of interest, as the apoptotic pathway found here is often dysregulated
or bypassed by tumour cells [239-24T]. As cellular exudate is generated by

the necrotic pathway, for the work in this thesis it would be advantageous for
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cells to die in this manner. This is because the mechanism of cell-induced
polymerisation is hypothesised to occur as Fe (II) is converted to Fe (III) by

ions found in the exudate [12§].

To understand the mechanism of cell death induced by Py and FOC, flow cy-
tometry was employed using a caspase 3/ 7 reagent and a dead cell stain. Cells
in quadrant 1 were considered healthy, those in quadrant 2 were undergoing
early-stage apoptosis, those in quadrant 3 late-stage apoptosis, and those in
quadrant 4 necrosis. Cells were either untreated, or treated with Py (20 mM),

FOC (2 mM) or Py and FOC (20 mM and 2 mM, respectively).

For both cell types, there was no significant difference between the percentage
of untreated cells and those treated with 2 mM FOC (Fe (II)) in quadrants 1
- 4 (Figure A and B (i, ii); Figure (P > 0.9590 in all cases). This
showed that at a concentration of 2 mM, FOC does not induce any toxicity in

either GIN 31 or GCE 31 cells.

For GIN 31 cells, there was no significant change in the percentage of gated
cells in each quadrant for cells treated with 20 mM Py compared to the neg-
ative control (Figure A (iii); Figure (P > 0.9888 for all quadrants).
Contrasting this, GCE 31 cells were found to be much more sensitive to treat-
ment with Py (Figure B (iii); Figure (i, iv)). The percentage of
non-apoptotic cells reduced significantly by 54% (P = 0.0001) and the per-

centage of necrotic cells increased by 37% (P = 0.0168). The percentage of

a significant difference between the number of non-apoptotic cells that had
been treated with Py compared to FOC (P = 0.0002), or FOC compared to
PyFOC, (P = 0.0121), confirming that Py induces cell death.
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Figure 2.13: (A) GIN 31 and (B) GCE 31 representative flow cytometry
quadrants (Q) showing apoptosis and necrosis. (i) Negative control (NC);
(ii) potassium ferrocyanide (FOC) - 2 mM; (iii) pyrrole (Py) - 20 mM; (iv) Py
and FOC combined treatment. Caspase 3/ 7 (C) and Zombie-NIR (Z) stains used.
Q1l: C- Z- (live cells); Q2: C+ Z- (early-stage apoptosis); Q3: C+ Z+ (late-stage
apoptosis); Q4: C- Z+ necrosis. Fraction of cells in each quadrant recorded as a
percentage.
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Figure 2.14: GIN 31 and GCE 31 quadrant analysis

Percentage of gated cells in quadrants 1-4 after no treatment (NC), or treatment
with pyrrole (Py; 20 mM) and/ or ferrocyanide (FOC; 2 mM). Caspase 3/ 7 (C) and
Zombie-NIR (Z) stains used. (i) Q1l: C- Z- (live cells); (ii) Q2: C+ Z- (early-stage
apoptosis); (iii) Q3: C+ Z+ (late-stage apoptosis); (iv) Q4: C- Z+ necrosis. N = 3,
n = 1. Error bars show mean + S.E.M.

It was hypothesised that the toxicity of Py would be reduced by combining
Py and FOC, deactivating the monomer by the formation of Ppy. While there
was a higher percentage of non-apoptotic cells when they were treated with the
‘reverse prodrug’ (PyFOC;) compared to Py alone (Pyy) (62.83% compared
to 43.23%), this was not found to be significant (P = 0.1745) (Figure (i)).
The number of equivalents required for the polymerisation is approximately
1:2.5 Py to Fe (II1)[242], however here Py was in excess (10:1). While this
ensured the maximum production of Ppy, the effects of the ‘reverse prodrug’

would have been limited, resulting in no significant difference between samples

treated with Py alone or Py and FOC.
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Figure 2.15: Percentage of cells at each gating stage to remove doublets
and debris from flow cytometry data.

(A) Ungated, (B) side scatter (SSC) vs forward scatter (FSC) and (C) side scatter
area vs height. N =4 n =1 for GCE 31; N =1or 2, n = 1 for GIN 31. No
significant difference within each group and at each gating stage was found. Error
bars show mean £+ S.D.

To ensure the data was not skewed due to a lower number of events recorded
when cells were exposed to Py, the percentage of gated cells at each stage was
determined (Figure [2.15)). There was no significant difference in the number of
events for any treatment, indicating that changes in the percentage of apoptotic

or necrotic cells was not caused by a reduced set of data points.

The focus of this area of work was to investigate the effects of the starting
monomer Py and both the inactive and active initiator (FOC (Fe (II)) and FIC
(Fe (III)), respectively) on two GBM cell types. The toxicity of Py was shown
to cause similar metabolic changes to both GIN 31 and GCE 31 cells, however
clear differences on the cytotoxicity were observed. While there was little

change in the percentage of GIN 31 cells that underwent apoptosis or necrosis
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when exposed to 20 mM Py, the percentage of GCE 31 cells that underwent

necrosis was significantly increased compared to the untreated control.

The distinction between cell death between GIN 31 and GCE 31 cells indicates
that different cells respond to the ‘reverse prodrug’ therapy to differing extents,
and can be used to tailor the dosage of the starting materials to influence
the extent of polymerisation. Not only does this highlight the importance of
verifying a metabolic assay with a mechanistic study, but also addresses the

underlying mechanism of action.

2.5 Conclusions

In this chapter, the aim was to synthesise and characterise Ppy in the presence
of GBM cells. Firstly, the GBM cells were treated with high concentrations of
Py and FOC (Fe (II)). It is hypothesised that the monomer initiates cell death,
converting Fe (II) to Fe (III) by the presence of oxidising agents within cellular
exudate. This results in the chemical polymerisation of Py, self-inactivating

the monomer in a ‘reverse prodrug’ approach.

Characterisation of Ppy is complex due to the presence of cells, proteins, and
other cell debris, alongside standard challenges associated with poor polymer
solubility. As such, a multi-stage characteristic approach was assumed to verify

the formation of Ppy using a cell-mediated approach.

To first characterise the polymer, brightfield microscopy, greyscale analysis,
FTIR and UV-Vis were utilised. Despite the presence of black spots in samples
containing cells exposed to Py and FOC, these were similar to the cells only
exposed to Py, potentially indicating some auto polymerisation of the monomer

when in the presence of the cells and cell culture medium. These findings were
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supported by greyscale analysis of the solutions, with the pixel intensity of
samples containing Py (Pyso) or Py and FOC (Pys00FOCy) being similar in

the presence (Pys00FOC4C) or absence (Pys00FOCy0) of cells.

Literature has used UV-Vis to confirm the formation of Ppy, however due to
the nature of this polymerisation, FIC masked any distinct peaks associated
with Ppy. FTIR was also used to establish the formation of Ppy in both the
chemically-synthesised and cell-mediated samples. In both cases, residual FOC

was also observed, reinforcing the results found using UV-Vis.

Finally, SS NMR was employed, confirming the formation of Ppy, while also
shedding light onto the oxidation states of the polymer, with evidence of both
neutral and bipolaron states shown in the spectra. Again, evidence of incom-

plete conversion and removal of the starting materials was observed here.

To understand the morphology of the polymer, SEM and DLS were both used,
showing the polymer formed was a range of sizes and shapes. Despite this, the
reaction was more tightly-controlled than the chemically-synthesised polymer,

with a narrower size distribution of particles formed by a cell-induced approach.

The second half of the work in this chapter aimed to investigate the toxicity
of the starting materials, to provide information into the optimum reaction
conditions for developing this work. Dose-response curves for Py, FIC and
FOC directed the decision to investigate the effects of these starting materials
at concentrations of 20 mM Py and 2 mM FIC or FOC, below the 1Cgq limit.
With the GIN 31 cells, at these concentrations there was minimal effect on the
proportion of cells that underwent apoptosis and necrosis. For the GCE 31
cells there was a significant increase in the number of cells dying by necrosis

when exposed to Py. Effects of the ‘reverse prodrug’ could be seen here, with
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this significant increase in necrotic cell death only occurring when the cells

were not also treated with FOC.

While Ppy is a well-characterised polymer when made using traditional chemi-
cal and electrochemical techniques, or by the generation of consistent nanopar-
ticles, the cell-mediated polymerisation is more complex, making characterisa-
tion challenging. The presence of unreacted monomer and initiator also created
intricacy with using standard characterisation techniques such as UV-Vis to

verify the presence of Ppy.

This chapter shows, for the first time, that Ppy can be formed by an adherent
GBM cell-induced polymerisation approach. The redox capabilities of the cell
were utilised to direct the conversion of Fe (II) to Fe (III), hypothesised to be
driven by the release of cellular exudate upon cell death. This research lays the
groundwork for understanding the synthesis and characterisation of polymers
formed in the complex cell-induced polymerisation approach as a therapy for

glioblastoma.
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Chapter 3

Polymerisation of Pyrrole in

Living Systems

3.1 Introduction

There is an increasing shift to harness the conductive properties of organic
polymers within in vivo models to modulate the behaviour of a living organ-
ism in the presence of an electrical stimulus [133, 137, 139]. Caenorhabditis
elegans (commonly referred to as C. elegans) are small living organisms with
a characterised genome. They require minimum maintenance, are free from
ethical constraints so are compliant with the EU’s “Three Rs” (replacement,
reduction and refinement) and population studies can be completed in a couple
of weeks compared to the lifetimes needed in humans [167, 243]. While they
are typically used for studies on ageing and genetics, because of these advan-
tages more work is being undertaken in other areas, such as cancer research.
C. elegans are also transparent, a useful feature that allows for researchers

to monitor internal behaviour, such as pharyngeal pumping (the action of the

71
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pharynx that enables feeding), as well as allowing for visualisation of molecules

that are fluorescent or otherwise high-contrast [164], 244].

To investigate the effects of polypyrrole (Ppy) nanoparticles on arrhythmia,
C. elegans Srinivasan et al. used them as a bridge organism between in vitro
models and vertebrates [244]. By capitalising on function similarities between
the human heart and nematode pharynx, the use of Ppy nanoparticles as a
treatment in cardiac arrhythmia was analysed. First, the nanoparticles were
visualised using a brightfield microscope, with noticeable darkening of the in-
testinal tract indicative of Ppy nanoparticle ingestion. To assess the toxicity
of the treatment, the body length of untreated and treated nematodes was
compared - this is used to ascertain worm development. The production of
progeny was also investigated to assess reproductive toxicity. Visual changes
to the pumping rate of the pharynx were also observed, as were changes to
lipid metabolism, which was monitored using Fourier transform infrared spec-

troscopy (FTIR) [244].

Other work identifying changes to the body composition of C. elegans has used
Raman spectroscopy instead of FTIR [245]. This technique allowed Chen et al.
to identify five distinct regions of interest within the nematode to compare the
proportions of saturated and unsaturated lipids, as well as proteins present
[245]. This work shows that Raman spectroscopy can be used to map the

distribution of molecules within C. elegans.

Among the many genes researched in cancer, the TP53 homologue, cep-1 (from
C. elegans p53-like-1), and the gene involved in coding for histone 3.3 (H3.3),
his-72 (from histone), have been used to provide a genetic model for gliomas,
as established by both Ceron et al. and Delaney et al. [I81] 246| 247]. These
mutated strains of C. elegans can, therefore, be used as a proxy for an in

vivo cancer model, allowing a more simplified approach into assessing cancer
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therapies compared to more complex living systems. Cep-1 regulates apoptosis
caused by impaired DNA. To assess the conservation of the gene in C. elegans,
cep-1 was knocked out causing germ cell death by radiation to be inactivated
[248] 249]. This mutation did not cause obvious changes to the phenotype.
Therefore this mutated nematode can be used as a model organism for studying

the p53 pathway, including how this is affected by cancer treatments [I81].

A key mutation in paediatric high-grade gliomas is the H3.K27M mutation
which occurs in histone H3.3, where lysine 27 is substituted with methionine
on histone 3 [250]. To understand how this mutation affected the genome,
Delaney et al. genetically modified C. elegans to form a his-72 strain [247].
Through RNA sequencing, extensive gene dysregulation was observed. A link
was found between the H3.3 mutation and a signalling pathway which, when
dysregulated, is involved in the proliferation of glial cells and cancer stemness
[251]. This highlights how mutated C. elegans can be utilised within cancer
research. For example, to compare the effects of a treatment between different

mutant and naturally occurring (‘wild-type’) models.

All of the above research demonstrates an increasing interest in transferring
the application of conductive polymers from an in vitro to an in vivo system for
a variety of applications [137, 139, 244]. Despite this development, there has
been little work on the polymerisation of Ppy within a living system. There is
the potential to combine this approach with another modality, such as tumour
treating fields, to better investigate the effect of a conductive polymer on C.

elegans.
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3.2 Experimental Aims and Objectives

The overall aim of this chapter is to further the application of the polymeri-
sation of pyrrole to Ppy from an in wvitro system to an in vivo one, using C.

elegans as a model organism. The objectives broadly fall into two categories:

1. to characterise the formation of Ppy within wild-type C. elegans; and
2. to investigate the cytotoxicity of the starting materials on wild-type C.

elegans and mutated nematodes.

To gain insight into Ppy from the starting materials of pyrrole, potassium
ferrocyanide and ferricyanide, the first objective is to use brightfield microscopy
to visually identify changes in the C. elegans phenotype. After this, Raman
spectroscopy can be performed as a complementary technique to verify the
presence of specific compounds. The final objective is to carry out toxicity
studies of these reagents on the Bristol ‘N2’ wild type and two cancer strains,

to begin to optimise the concentrations for this polymerisation process.
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3.3 Experimental Design

3.3.1 Brightfield Microscopy

Chen et al. have previously utilised the transparent nature of C. elegans to
visualise Ppy within the intestinal tract of nematodes using a brightfield mi-
croscope [245]. As that experiment was carried out using 100 ug/ mL of Ppy
nanoparticles, for this work the concentration of Ppy (commercial control)
given to the worms was also 100 ug/ mL to match the experimental conditions

as closely as possible.

3.3.2 Raman Spectroscopy

Raman spectroscopy has been shown to be a useful tool in identifying different
areas of interest within C. elegans [245]. Ppy also has a distinct Raman fin-
gerprint [252 253]; the peaks of which occur in silent regions of the C. elegans
spectrum. This property this could be used to establish polymer formation
within a living system. Raman spectroscopy has two significant advantages

over solid state nuclear magnetic resonance (SS NMR), which was used in

Chapter [2|

Firstly, it is possible to analyse localised intensities of different molecules within
the worm. Information can be gathered on how the starting materials are
distributed within the worm and where polymerisation of pyrrole occurs. In
addition, changes to the oxidation state of iron can be observed. Secondly, the
technique only requires the imaging of a small number of worms, whereas SS

NMR requires a large amount of sample for analysis.
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An excitation energy of 785 nm was chose, as this is close to the energy of po-
laron and bipolaron electronic states of Ppy. Therefore, this wavelength, while
not providing a spectrum representative of the entire sample, best matches the

resonance conditions of Ppy [254].

3.3.3 Toxicity Studies

3.3.3.1 Length measurements

Phenotype assays are important in understanding the toxicity of a treatment on
C. elegans as the development of nematodes can be monitored over a defined
period [255]. In this work, to assess the toxicity of different treatments on
nematodes, the average length of the worm was compared to that of a negative
control (untreated) population. Worm length was determined using either the

ImageJ plugin ‘WormSizer’ (v.1.2.5) [250] or manual measurement.

To ensure the WormSizer measurement matched those measured manually, un-
treated worms were imaged and analysed using WormSizer, then assigned an
ID number up to 155. A random number generator from calculator.net was
then used to select 16 integers, which were then manually measured using the
‘segment’ tool on ImageJ. These values were compared to the WormSizer re-
sults and plotted in Figure[3.1} No significant difference was found between the
two approaches to determine length (P = 0.2681). Consequently, WormSizer
was used as a tool for measurement. For worms that were lying at the edge
of the well plate, issues with thresholding were seen, so they were measured

manually.
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Figure 3.1: Estimation plot of worm length calculated using WormSizer
vs manual measurements on ImagelJ. Statistical analysis was carried out using
a paired t-test.

3.4 Results and Discussion

3.4.1 Visualising the Polymerisation of Pyrrole

As pyrrole polymerised to Ppy, there was a dramatic shift in the colour of the
solution, from a straw colour to blue/ black [257]. This optical property of
Ppy, coupled with the transparent nature of C. elegans [16§], has been utilised
previously by Srinivasan et al. to observe the polymer in the gastrointestinal
tract of nematodes [244]. It was therefore hypothesised that the formation of

Ppy within the N2 worms could be observed.

In this work, C. elegans were imaged without treatment as a negative control.
Distinct anatomical features of the nematode were seen, including the head,
pharynx, vulva, intestine and lipid-containing fat granules (Figure[3.2] A) [258,
259]. Here, to identify differences with samples containing Ppy, two polymer

controls were prepared.
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The first consisted of nematodes treated with a pre-made polymer using an
approach adapted from a previous study by Srinivasan et al. [244]. Signs of
internalised polymer were seen in approximately 20% of the worms imaged
(Figure B). Zheng et al. showed the time taken for maximum drug absorp-
tion in C. elegans is 24 hours, with drug concentration gradually decreasing
past this peak [260]. Therefore it is possible that the polymer in this work
had already been excreted from other worms where polymer was absent as the
worms were imaged 48 hours after treatment. This hypothesis is corroborated

by location of the internalised polymer at the time of imaging; near the rectum.

It is also worth noting that approximately 50% of C. elegans imaged underwent
a process known as faculative vivipary, or “worm bagging”. This phenomenon
occurs when worms are exposed to environmental stress; eggs hatch within the
adult worm, preventing the usual egg laying process [261H263]. The observation
of faculative vivipary in this work showed that Ppy induces some stress on the

WOTIS.

The second positive control consisted of nematodes treated with pyrrole and
ferricyanide (Fe(III)) (Figure C). Here, pyrrole can polymerise in the ab-
sence of C. elegans due to the presence of Fe (III), which initiates the reaction.
As it was necessary to better visualise the nematodes with high concentrations
of the polymer, high concentrations of these starting materials based on the
initial experiments in Chapter 2] were used. The entire surface of the nematode
was black, possibly due to adsorption of the polymer to the exoskeleton and

in situ polymerisation [264, 265].
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Figure 3.2: Images of N2 Bristol wild type C. elegans with Ppy.

(A) untreated nematode showing key anatomical features of (a) head, (b) pharynx,
(c) lipids (expanded in the insert (i)), (d) vulva and (e) intestine. Nematodes were
with (B) Ppy (100 pg/ mL) (i) insert shows locations of Ppy highlighted with arrows)
(ii) insert showing faculative vivipary; (C) potassium ferricyanide (FIC) (40 mM) +
pyrrole (Py) (500 mM) (positive control) (i) insert shows polymer formed outside of
worm; (D) potassium ferrocyanide (FOC) (40 mM); (E) pyrrole (Py) (500 mM) (i)
insert shows droplet; (F) Py (500 mM) + potassium ferrocyanide (FOC) (40 mM),
(i) insert shows disorganised internal structure. * in (E) and (F) show disorganised
structure. Solutions prepared in HoO then imaged after 24-hour incubation at 20°C.
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Following this, C. elegans were added to solutions containing the two start-
ing materials, potassium ferrocyanide and pyrrole, in a manner previously
demonstrated by Liu et al. [I39]. The morphology of the worms treated with
potassium ferrocyanide (FOC; Fe (II)) was similar to that of the untreated
control (Figure D), but 13% of the worms underwent faculative vivipary,
suggesting that this concentration of FOC induced some environmental stress.
Contrasting this, the internal structures of C. elegans treated with pyrrole
were shown to be disorganised, lacking a clear intestinal track or fat deposits
as previously described for untreated nematodes (Figure E). This indicates
cell disruption, as is commonly seen with other drugs that induce toxicity on

nematodes [2606, 267] .

Once the controls had been imaged, attention shifted to the treatment of
C. elegans with both pyrrole and FOC (Figure F). As expected, simi-
lar ultrastructural disorganisation was observed as with the pyrrole sample.
While there were some dark spots, believed to be droplets of autopolymerised
monomer, in the area imaged, these were also seen in the sample with pyrrole
alone and therefore cannot be attributed to the formation of Ppy from the
combination of the starting monomer, initiator and worm. Instead, this may
be due to the conversion of pyrrole to its dimer form as it is readily oxidised

in air [148| 268].

As the polymer could not be observed within the worms, it was hypothesised
that pyrrole was causing internal structural damage and death before FOC
(Fe (II)) could be ingested and converted to Fe (III) due to the toxicity of
the monomer observed in vitro in Chapter 2} To account for this, C. elegans
were treated with FOC (Fe (II)) for 24 hours before treatment with pyrrole to
increase the likelihood of internal polymerisation. This change in treatment

made no difference to the visual appearance inside of the worms, however
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more black material could be seen surrounding the worms (Figure . This
suggested that more polymer was formed in situ potentially due to more Fe

(IT) being converted to Fe (III).

200 pm Y 200pm _ ®

Figure 3.3: Simultaneous vs delayed treatment of N2 Bristol wild type
C. elegans treated with pyrrole and potassium ferrocyanide.

(A) Simultaneous treatment with pyrrole (500 mM) and FOC (40 mM); (B) Delayed
treatment — treatment with FOC for 24 hours then pyrrole added. Both samples in
H20; imaged after 48 hours. Images taken at 10x magnification scale bar = 200 pm.

In this work morphological changes to the nematodes were observed, with dif-
ferences in internal structures attributed to the treatment used. To better
understand the chemical transformations involved in the in situ polymerisa-
tion, it was necessary to couple this work with an approach that could provide
a molecular structural fingerprint. Given previous work by Chen et al. using
Raman to identify regions of varying lipid intensity within C. elegans, this

spectroscopic technique was chosen for this work [245].

3.4.2 Raman Spectroscopy as a Tool for Polymer

Analysis

Beyond brightfield microscopy images, it was important to characterise the
formation of Ppy chemically. Chen et al. showed distinct chemical features
associated with C. elegans at 870, 1000, 1080, 1200 - 1500, 1650 and 1740 cm~*

attributed to the lipids present in this type of nematode [245]. As Ppy has
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two characteristic peaks that are in opposing regions to the C. elegans spectra
at 1545 em™! (C=C stretch) and 975 cm™' (C-H out-of-plane deformation)
[252, 253], it was postulated that Raman spectroscopy could be used as a tool

for identifying the presence of Ppy in this in vivo model.

The starting monomer, pyrrole, was first characterised using Raman spec-
troscopy (Figure . The spectrum was shown to be consistent with previous
literature [269], with the peaks between 3054 and 3136 cm ™! attributed to C-H
stretching, the peaks at 1469, 1237, 1077 and 1048 cm™' to C-H bending (in
plane) and the peak at 842 cm™! to C-H bending (out of plane). The peak at
1416 cm ™! was due to C-N stretching and N-H bending (out of plane), the peak
at 1382 cm~! to C-C stretching, and the peak at 559 cm~! to N-H bending
(out of plane). The other highlighted peaks were due to ring breathing and
deformation (see Appendix for full peak assignment).
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Figure 3.4: Raman spectrum of the pyrrole monomer. (i) Chemical structure
shown in insert.
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Weak background fluorescence of impurities in the pyrrole sample contributed
to a non-zero baseline [270]. The fingerprint is as expected of pyrrole, and
showed it was possible to identify peaks characteristic of the monomer using
Raman spectroscopy. Therefore, it was confirmed that this spectrum could be

used as a standard alongside biologically-loaded samples.

Next, it was necessary to characterise the iron initiator in both oxidation states,
Fe (II) (FOC) and Fe (III) (FIC), to serve as standards. The Raman shift of
the crystalline structures were analysed to locate key peaks at the highest
intensity possible (Figure A). In both samples, diagnostic C=N stretching
vibrations were used to confirm the presence of FIC (Fe (III)) and FOC (Fe

(I)) in the sample.

Encouraged by these distinct peaks between the iron oxidation states, as the in
vivo polymerisation will occur in solution, Raman spectra of aqueous solutions
were also obtained (Figure B). Once again, distinct peaks were observed
at 2058 and 2093 cm~! for FOC (Fe (II)) and a singular peak at 2131 cm™*
for FIC (Fe (III)). Full assignment of peaks in solid state and in solution can
be found in Appendix [C.2] Crucially, the spectra of the two initiators are

different, as is well-documented in literature [271), 272].



84 Chapter 3. Results and Discussion

A B
N 3 4
[1 [
N~ ~N N~ ~N
Y ~ N ~
~C. . C” ~C. [ .C~
3K -Fe 4 K* JFe,
~C" | 'Cx ~C" | 'Cx
N~ ~N N~ C N
[ [1]
N
C 40000
35000
30000
— Fe (lll
£ 25000 i
3
S
< 20000 Fe (1)
2
@
& 15000
I=
T T L] T T T
10000 | | 1 | I I 1
2040 2060 2080 2100 2120 2140 2160
5000 Raman shift (cm™)
0 Ii I L] I L] I L] I L] I L] I L] L] I
500 1000 1500 2000 2500 3500 4000
Raman shift (cm™)
D 20000
18000
16000
Fe (II)
14000
0 Fe (Il
S 12000
>
3
< 10000
>
2 8000
2
=
= 6000
2000 2050 2100 2150 2200
4000 Raman shift (cm™)
2000 N
| _ \
] ] ] ] ] ] ]
200 400 600 800 1000 1200 1400 I 1800 4000 2200 2400 2600

Raman shift (cm™)

Figure 3.5: Raman spectra of iron initiators.

Chemical structures of (A) ferricyanide and (B) ferrocyanide. Raman spectra of
potassium ferricyanide (Fe (III); FIC; dark orange) and potassium ferrocyanide (Fe
(IT); yellow) in (C) crystalline and (D) solution. C=N stretch peaks (inset) shown.
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Distinct peaks in each Fe sample were due to the different stretching modes of

the C=N functional group (A, and E,; Figure [272] 273].

A1g Eg

7

Figure 3.6: Comparison between A;, (left) and E; (right) stretching
modes.

After identifying distinct Raman signals for the starting materials, it was next
of interest to characterise the polymer. As a control, the Raman spectrum
was first obtained from commercial doped Ppy (Figure A). At a consistent
wavelength of 785 nm, the effect of laser power was investigated from 0.1 - 10%
(0.1 - 10 mW). Ppy seemed to be very sensitive to increases in laser power,
as has been observed in literature [274) 275]. Consequently, to preserve both
the polymer and the resulting peaks, all further Raman spectroscopy analysis

involving Ppy was performed at 0.1% laser power.

The Raman spectrum of Ppy has been studied extensively, with the conforma-
tion and protonation states greatly altering Raman shift [254) 274, 276]. The
785 nm Raman spectra of both the commercial Ppy and chemically-synthesised
sources were found to be similar, but there were differences in the baseline in-
tensity due to fluorescence, and the position and intensity of some of the bands
(notably around 1300 cm™!) (Figure[3.7|B). This could indicate structural dif-
ferences in the Ppy depending on the method of preparation, however it is

possible that the differences were associated with impurities in the polymer.
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Figure 3.7: (A) Raman spectra of polypyrrole (Ppy) (0.1-10 % power), spectra
offset. (B) Raman spectra of Ppy. Chemically-synthesised Ppy formed either in (1)
H50 or (2) cell-culture medium from 500 mM pyrrole + 40 mM ferricyanide (FIC;
Fe (IIT)). (3) Commercial Ppy analysed as obtained.

To expand the characterisation of pyrrole from an in wvitro system to an in
vivo model, it was necessary to first determine which microscope produced the
best signal-to-noise ratio to ensure that peaks unique to both the nematode
and treatment could be identified. The same location on the same worm was
analysed on both the XPlorA (inverted, higher grating of 600 lines/ mm) and
LabRAM (upright, lower grating of 300 lines/ mm) microscopes (Figure[3.8A).
The signal-to-noise ratio at 5 second integration was found to be marginally
better on the XploRA (Figure B), the single window spectral range was
wider (~ 200 - 3600 cm™! vs ~ 410 - 1800 cm™!) and the samples could be
readily inverted. Therefore, despite slightly worse spectral resolution (> 1.6
cm™! vs > 3.0 ecm™!), all subsequent measurements were performed using the
XploRA. The Raman shifts found were as previously recorded in literature
[245, 277], with key peaks from DNA and RNA at 780 cm™!, protein at 996,
1240, 1250, 1450 and 1662 cm ™!, and lipids at 1315 and 1450 cm~!. Full peak

assignment can be found in Appendix [C.3]
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Figure 3.8: Comparison of microscopes for analysis of C. elegans.

(A) Optical image of N2 Bristol wild type C. elegans using (i) XploRA and (ii)
LabRAM microscope. B) Raman spectra of N2 nematode. Spectrum obtained from
XploRA in blue; spectrum obtained from LabRAM in green.

As hypothesised, there are two distinct regions where the peaks of C. elegans
and Ppy do not overlap (Figure A). Peaks from Ppy at 932 and 1591 cm™*
from C-H (out-of-plane) and C=C stretching, respectively, are found in quiet
regions in the C. elegans spectrum. These exclusive peaks suggests that, if Ppy

and C. elegans were combined, polymer could be observed within C. elegans.

Encouraged by the results from the separate components of the polymerisation
reaction, next C. elegans were incubated with different chemical combinations

to observe key peaks indicative of composition shifts.

To probe the oxidation state of Fe ((III) vs (II)) within the worm, the C.
elegans model was treated with FIC (Fe (III)) or FOC (Fe (II)) (40 mM).
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A small area of each of the worms was then mapped and the mean spectra
extracted (Figure B). Peaks unique to the iron initiators were seen in C.
elegans treated with FIC (Fe (III)) at 2096 and 2132 cm™!, blue-shifting to

2087 and 2125 cm™! respectively for the sample treated with FOC (Fe (II)).

A peak at 2128 cm~! for the FIC-treated worm, and a peak at 2130 cm™!
for the FOC-treated worm provides strong evidence for Fe (III) in both cases
(Figure|3.9/B). These peaks closely match the position of the C=N observed for
FIC in solution (which was found at 2130 cm™?) (Figure[3.5]D). A peak at 2096
cm™! in the FIC-treated worm also provided evidence for Fe (II) (which was
found at 2095 cm™! in the FOC solution), but broader C=N stretching modes
were observed. These results potentially indicate changes to both the iron
coordination environment as well as the redox state, as discussed previously

in literature [278] 279).

There may be evidence for Fe (II) in the FOC-containing worm (Figure
B), but the position of the band at 2088 cm™' did not precisely match either
of the peaks observed in solution (2095 or 2060 cm™!) (Figure D). These
results indicated that the nematodes modulated the oxidation state of iron
without pyrrole needed to induce this. To understand this modulation better,
future work carrying out Raman analysis over a period of 48 hours to monitor
changes in the ratio of Fe (II) and Fe (III) peaks may provide more insight

into the redox that occurs within C. elegans.
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Figure 3.9: Raman analysis of C. elegans and Ppy.
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A) Raman spectra of N2 Bristol wild type C. elegans (top purple line) and Ppy
(commercial; bottom black line). Spectra offset. * to show Ppy diagnostic bands
that don’t strongly overlap with CE spectrum. (B) Raman spectra of C. elegans in
the presence and absence of iron initiators in the two activation states. Untreated
C. elegans shown in black. Potassium ferricyanide (Fe (III); FIC) in dark orange.
Potassium ferrocyanide (Fe (IT); FOC) in yellow). (C) Optical images of C. elegans
treated with (i) Py + FIC or (ii) Py + FOC. (D) Raman spectra showing particle
(dark blue) or worm (light blue) treated with (i) Py + FIC or (ii) Py + FOC.
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Following this, C. elegans were treated with FIC (Fe (III)) and pyrrole. In the
positive control (FIC and pyrrole), namely under the conditions that form Ppy
irrespective of the addition of C. elegans, black particles and worms could be
seen. The dramatic colour change strongly suggested the formation of Ppy, a
black polymer (Figure[3.9/C (i)). This theory was corroborated by the Raman
spectra, which showed a fingerprint indicative of Ppy in both the particle of
polymer and the worm (Figure [3.9(D (i)).

Next the test condition of FOC (Fe (II)) and pyrrole combined was analysed.
Both the worms and particles in solution were, again, a darker colour, but not
as opaque as the positive control. The colour change strongly indicated the
formation of Ppy (Figure|3.9/C (ii)). The Raman spectrum ((Figure|3.9/D (ii)
‘Particle’) of a particle in solution indicated the presence of Ppy by peaks at
934 and 1597 cm~!. This indicates the formation of Ppy in situ in the presence

of C. elegans.

To identify internal polymerisation within C. elegans, Raman spectroscopy of
the worm was also performed ((Figure D (ii) ‘Worm’). This spectrum,
however, was dominated by fluorescence, likely from unreacted pyrrole. Con-
sequently, any peaks associated with the polymer were completely masked.
These results are confirmation that Ppy was formed in the presence of pyrrole,
FOC and C. elegans, however it is not possible to verify if Ppy can be formed

within C. elegans.

To determine if the polymer was adsorbed on the exoskeleton or internalised
in C. elegans for the sample treated with pyrrole and FIC (Fe (III)), the nema-
tode was optically imaged (Figure A), then multivariate curve resolution
(MCR) was carried out (Figure [3.10] B). By using MCR, two loadings were
generated corresponding to the polymer and the background (Figure C).

The maximum signal intensity of PPy was then imaged across the nematode,
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and a heat map corresponding to polymer loading was obtained (Figure m
D). The multivariate analysis showed that Ppy was co-localised with the worm.
As the maximum Ppy concentration was found in the middle of the nematode,
rather than at the edges, it is possible that some polymer was internalised,
based on the assumption that the laser was able to penetrate through both

the polymer and nematode.
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Figure 3.10: Multivariate analysis of co-localised polypyrrole with a N2
bristol wild type nematode.

(A) 20 x magnified surface of the polymer-coated nematode. (B) Multivariate curve
resolution (MCR) maps of both polypyrrole (Ppy) (red) and substrate background
(blue) overlayed on the optical image. (C) Raman spectra showing MCR loading of
both Ppy and background (bkgd). (D) Heat map showing maximum signal intensity
of Ppy across the nematode, where red is highest and blue is lowest.
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To better understand the distribution of Fe (II) and Fe (III) across the worm,
a heat map was produced (Figure . A homogeneous distribution of Fe
(III) across the area selected can be seen (Figure A - C). In contrast, the
distribution of Fe (II) was found to be inconsistent, with hotspots only identi-
fiable in specific regions (Figure D - F). This suggests that Fe (II) is more
localised than Fe (III), potentially limiting the amount of iron that is oxidised
to drive the polymerisation reaction. These observations were supported by
previous findings from McColl et al., who showed that iron, alongside other
metals, is highly compartmentalised in C. elegans, being mainly restricted to

the cytoplasm of intestinal cells [280)].
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Figure 3.11: Raman intensity map of C. elegans incubated with iron
initiators.

Raman analysis of C. elegans incubated with potassium ferricyanide (FIC) (A-C)
and potassium ferrocyanide (D-F). Optical images of C. elegans at 10x (A, D) and
100x (B, E) magnification. Scale bar = 20 and 2 pum respectively. (C, F) Intensity
map (as area) of bands of the initiator (12199, i.e., 2000-2200 cm~!, C=N stretching
modes) with respect to bands of the worm (Ilggo, i.e.,1520-1780 cm~!, amide I) as a
function of spatial location for the FIC- and FOC-loaded worms. Intensity measured
across a 11.15 x 11.15 pm grid. Scale bar = 2 pm.
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3.4.3 Toxicity Studies - Bristol N2 Wild Type

After investigating the polymerisation of pyrrole and FOC (Fe (II)) at high
concentrations of 500 mM and 40 mM respectively, it was important to inves-
tigate what concentration induced toxicity in the N2 Bristol wild-type nema-
todes. As with the in wvitro cell-induced polymerisation toxicity work, it was
necessary to identify a concentration of FOC (Fe (II)) that is biocompatible
and a concentration of pyrrole that induced slight toxicity due to the proposed

mechanism discussed in Chapter [2|

Work found in literature has already been carried out to understand the effects
of iron exposure on C. elegans [281H284]. These studies show that iron can
induce oxidative stress due to the formation of reactive oxygen species which
causes oxidative damage. The effects of iron toxicity can be passed down
to progeny. To assess the toxicity of FIC (Fe (III)) and FOC (Fe (II)) on
C. elegans in this work, percentage viability of nematodes after 24 or 48-hour
treatment was investigated. A clear reverse-sigmoidal curve was observed with
increasing concentrations of FIC (Fe (III)), and up to the concentration tested
(100 mM) percentage survival was reduced (Figure A). As incubation
time increased from 24 to 48 hours, the 80% lethal concentration (LCgg) value
halved from 3.4 to 1.7 mM, highlighting the minor latent effect seen when C.

elegans are treated with FIC (Fe (III)) for increasing periods of time [285].

Contrasting the reduction in N2 nematode survival when treated with FIC (Fe
(III)), nematodes were found to be far more tolerant of FOC (Fe (II)) at the
same concentrations (Figure m B), with percentage survival only decreasing
to 64% when the nematodes were treated with the highest concentration of 100
mM. Due to the minimal effects of FOC on the N2 Bristol wild type nematodes,

it was not possible to predict LCgy values with certainty. However it is clear
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that survival at concentrations less than 25 mM will not be greatly impacted,

as over 80% of the nematodes remained alive.
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Figure 3.12: Dose-response curve of C. elegans treated with iron initia-
tors and pyrrole.

Toxicity of increasing concentrations of (A) potassium ferricyanide (FIC), (B) potas-
sium ferrocyanide (FOC) and (C) pyrrole on N2 Bristol wild type C. elegans 24
(black circle) and 48 (pink square) hours post-treatment. N = 3, n = 3; results
represent mean + S.E.M. Black dotted line represents LCgy (24 h) and pink dotted

line represents LCgo(48 h). LCgp (FIC) = 3.4 mM (24 h), 1.7 mM (48 h). LCgg
(Py) = 38 mM (48 h).

A concentration curve for pyrrole was also obtained (Figure[3.12]C). The length
of time the samples were treated for (24 or 48 hours) had minimal effect on

percentage survival, showing that pyrrole did not cause delayed death, as with
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the samples exposed to FIC. The LCg, value for the 48-hour treatment was 38
mM.

Alongside this percentage survival, it was found that at concentrations greater
than 10 mM, there was no larval production after 48 hours. Also, nematodes
were visibly smaller, and lipid-containing fat deposits were not observed (Fig-
ure . These findings suggest that nematode development was inhibited
above 10 mM.

Figure 3.13: Effect of pyrrole concentration on size and larval production
of C. elegans.
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The cell-mediated polymerisation of pyrrole, is hypothesised to be driven, at
least in part, by the oxidation of Fe (II) to Fe (III) as cellular exudate is
released. In light of this hypothesis, a concentration of pyrrole that induced
slight toxicity to the in vivo model was required. Consequently, based on
the LCgy value and indications of developmental suppression for pyrrole, a
concentration of 20 mM was selected. For both FIC (Fe (III)) and FOC (Fe
(IT)), non-toxic concentrations were preferred, so a concentration of 1 mM was

deemed to be suitable.

To explore the effect of pyrrole on N2 nematodes further, it was of interest
to determine if growth was arrested in the presence of pyrrole at 20 mM.
Therefore, it was first necessary to identify the growth profile of untreated
nematodes (Figure [3.14] B). Nematodes eggs were incubated at 20°C for 52
hours to reach the stage of young adult (‘Maturity Point’; time = 0 hours. All
subsequent times were recorded from this point onwards). The average length
of the nematodes was recorded using the WormSizer plugin in ImageJ [256].
Nematodes were then incubated for a further 24 or 48 hours, with the average

length measured at each time point.

The median length increased from 738 nm at time 0 hours (Maturity Point), to
1056 nm after 24 hours and to 1176 nm at 48 hours (a total of 100 hours after
worms initially hatched). This length increase was significant (P < 0.0001).
Therefore, a hypothesis was formed: nematodes exposed to pyrrole will be

smaller in length than when compared to an untreated control.

As expected, when nematodes were treated with FIC (Fe (III)) and FOC
(Fe (II)) for both 24 and 48 hours, there was no significant difference in the
percentage survival compared to the untreated control (P = 0.7178 (FIC) and
P > 0.9999 (FOC) at both time points), indicating that this concentration

has no effect on short-term survival of N2 nematodes (Figure A). Despite
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results from the concentration curve suggesting that slight toxicity could be
seen at 20 mM pyrrole, when the N2 nematodes were treated for 24 and 48
hours with the monomer, there was no significant change in survival (P =

0.9138 at both time points).
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Figure 3.14: Percentage survival and worm length measurements of N2
Bristol wild type nematodes.

(A) Percentage survival after 24 and 48 hours of incubation with pyrrole (20 mM),
potassium ferricyanide (FIC) (1 mM), potassium ferricyanide (FOC) (1 mM). N =
3, n = 3. B) Tukey box plot of untreated N2 Bristol wild type nematode length (nm)
after 0, 24 or 48 hours. C) Violin plots of N2 Bristol wild type nematode length
(nm) after treatment with pyrrole (Py; 20 mM) for (i) 24 or (ii) 48 hours. Results
show mean and quartile lines. Data analysed using an unpaired t-test.

As with the untreated controls, the length of nematodes treated with 20 mM

pyrrole was measured at 24 and 48 hours post-treatment and compared to the
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equivalent untreated nematodes at that timepoint. Statistical analysis at both
24 hours (Figure[3.14 C (i)) and 48 hours (Figure C (ii)) revealed that ne-
matodes treated with pyrrole were significantly shorter in length. At 24 hours,
the mean length was 1012 and 869.7 nm for untreated and treated worms,
respectively (P = 0.0096). At 48 hours, the mean length was 1163 and 1021
nm for untreated and treated respectively (P = 0.0001). From this combined
analysis, it is evident that, while the toxicity of pyrrole at this concentration

is insufficient to cause death, it has an effect on the growth of the nematode.

3.4.4 Toxicity studies - C. elegans Mutant Models

There are many advantages to using a simpler in vivo model such as N2 Bristol
wild type nematodes as discussed in Section 3.1, However, there are limitations
in using this strain to model of diseases such as high grade gliomas. Conse-
quently, attention was shifted using two C. elegans disease models that had

specific genes involved in cancer knocked out. The mutants used are listed in

Table B.11

Table 3.1: The strains of C. elegans and the corresponding human ho-
mologue.

Strain Nematode Genotype Human Genotype Reference
CE1255 cep-1 (ep347)1 p53 [286]
FAS46  his-72 (uge30[gfp::his-72]) H3.3 [246], 247]

It was of interest to determine the toxicity of pyrrole, FIC and FOC on the
mutant nematodes. Firstly, growth of the nematodes after treatment was
investigated. For the CE1255 strain, average length at the Maturity Point

(52 hours after eggs were incubated) was found to be smaller than the N2
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wild type at 635 nm, increasing to 1038 nm 24 hours later, and finally 1170
nm at time = 48 hours. This increase between each time point was shown
to be significant (P< 0.0001 and P = 0.0002 between 0 - 24 and 24 - 48
hours, respectively) (Figure [3.15] B). When the CE1255 strain was treated
with FIC and FOC (1 mM), there was no significant difference in the length of
the nematode compared to the untreated control after either 24 (P = 0.9245

(FIC) and 0.5630 (FOC)) or 48 (P = 0.5384 (FIC) and 0.9777 (FOC)) hours
(Figure C).

The lack of variance between worm length of the untreated and iron-treated
nematodes was considered in tandem with the toxicity point measurements.
Both results suggest that neither of the oxidation states of the initiator induce a
toxicity level that affects overall survival or growth of this strain. Conversely,
CE2155 treated with pyrrole with or without FOC resulted in significantly
smaller worm lengths after 24 and 48-hour treatment (P < 0.0001 in all cases).
The difference in worm lengths indicated that while the short-term survival of
the nematodes was not affected by the presence of 20 mM pyrrole, it did affect

the development of CE2155.

The percentage survival of CE1255 and FAS46 was then determined when
treated with the different compounds (1 mM FIC or FOC; 20 mM pyrrole)
(Figure A, D). As with the N2 nematodes, for both mutant strains there
was no significant difference between percentage survival of the untreated ne-
matodes and those treated with any of the four conditions: 1. FIC (Fe (III);
2. FOC (Fe (II)); 3. pyrrole; or 4. pyrrole with FOC (Fe (II)) after either 24
or 48 hours (P > 0.5125 in all cases).
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Figure 3.15: Effect of treatment of (1) no treatment; (2) potassium ferricyanide
(FIC; 1 mM); (3) potassium ferrocyanide (FOC; 1 mM); (4) pyrrole (Py; 20 mM) or
(5) pyrrole + FOC (Py + FOC; 20 mM and 1 mM respectively) on (A-C) CE1255
and (D-F) FAS46 mutant nematodes. (A, D) Tukey box plot of untreated nematode
length (nm) after 0, 24 or 48 hours. (B, E) Percentage survival of CE1255 and
FAS46 mutant nematodes after 24 and 48 hours of incubation. N = 3, n = 3. (C,
F) Violin plots of mutant nematode length (nm) for (i) 24 or (ii) 48 hours. Results
show mean and quartile lines.

The FAS46 strain showed a similar survival profile, with, again, no signifi-
cant change in percentage survival (Fig [3.15] D). The size at 0, 24 and 48
hours post-synchronisation was found to be similar to the CE1255 strain, with
mean lengths of 670, 1078 and 1082 nm respectively. However, contrary to
the CE1255 strain, while there was a significant increase in nematode length
between 0 and 24 hours (P < 0.0001), there was no significant change in length
between 24 and 48 hours (P = 0.8910). These findings indicated that the life

cycle of the FAS46 strain was faster than the CE1255 strain (Fig|3.15/ E).

As with the N2 and CE1255 strains, after both 24 and 48-hour exposure to
pyrrole or pyrrole with FOC (Fe (II)), the FAS46 nematodes were found to
be significantly shorter in length than the untreated samples (Figure m F)
(P < 0.0001 (24 hours) or P = 0.0010 (48 hours)). The length of the FAS46
nematodes treated with FIC (Fe (III)) was also found to be significantly shorter

than the untreated sample after 48 hours (P = 0.0244).

The hypothesis that FAS46 had a shorter lifecycle time was corroborated by
initial observations that the maturation of the FAS46 strain was faster than
that of the N2 or CE1255 strains. It was observed that some of the FAS46
nematodes entered larval stage 1 (L1) three hours post-synchronisation. In
contrast, both N2 wild type and the CE1255 nematodes began to enter the L1

stage after nine hours (Figure [3.16]).
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Figure 3.16: Brightfield images of N2, CE1255 and FAS46 C. elegans
strains from egg to L1 stage. Images taken at time = 0, 3, 6 and 9 hours post-
synchronisation. Scale bar = 200 ym.
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3.5 Conclusions

The aim of the work in this chapter was to move from an in wvitro to an
i vivo system using C. elegans in the polymerisation of pyrrole to Ppy. The
characterisation of this reaction was first achieved using brightfield microscopy.
Despite clear signs of polymer in the nematodes treated with both commercial

Ppy and the positive control of pyrrole with FIC (Fe (III)), the presence of
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Ppy in the condition of interest (C. elegans treated with pyrrole and FOC (Fe
(I1))) could not be observed.

Research, therefore, shifted to using a semi-qualitative approach using Raman
spectroscopy, to identify the unique fingerprints of the molecules of interest.
After characterisation of the starting materials, the formation of Ppy was in-
vestigated. It was found that Ppy particles were formed in the presence of
C. elegans. Despite the characteristic dark brown/ black appearance of Ppy
clearly visible in the C. elegans, fluorescence of the sample made it difficult to
validate the formation of polymer within the worms. Future work investigat-
ing the mechanism of polymerisation, alongside the polymerisation within the

nematodes, is needed here.

Following this, it was necessary to assess the toxicity of the reagents on C.
elegans, to ensure that future polymerisation studies are carried out at a con-
centration that is below the toxic threshold. A dose-response curve for the
N2 wild type was therefore generated with further investigations into toxicity
carried out by looking at percentage survival and the developmental growth of
the wild type. This was then compared to two mutated C. elegans models to

begin to assess differences in treatment responses between different strains.

This chapter has demonstrated that it is possible to move the ‘reverse prodrug’
polymerisation approach from an in vitro to an in vivo system. For the first
time, it has been shown that Ppy can be formed in situ with C. elegans. These
initial findings pave the way for a better understanding of the polymerisation
in more complex organisms. Utilising mutated nematodes as cancer models
could be the first step in applying this polymerisation technique in a cancer

setting.



Chapter 4

Enhancing Tumour Treating
Fields

This chapter is expanded from the following papers:

I. Jobson, Nguyen T. N. V., E. Kujawinski, C. Denning, S. Stolnik, V. M.
Chauhan and F. Rawson, “Advancing cancer therapy with custom-built al-
ternating electric field devices”, Bioelectronic Medicine, vol. 3, no. 2, 2025.
[Online]. Available: https://doi.org/10.1186/s42234-024-00164-3.

A. Jain, I. Jobson, M. Griffin, R. Rahman, S. Smith, and F. J. Rawson,
“Electric Field Responsive Nanotransducers For Glioblastoma”, Bioelectronic
Medicine, vol. 8, no. 17, pp. 1-9, 2022. [Online]. Available: https:

//doi.org/10.1186/s42234-022-00099-7.

4.1 Introduction

The gold standard of treatment of glioblastoma (GBM) follows the ‘Stupp

protocol’ [21], which consists of maximal safe surgical resection followed by
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radiotherapy and chemotherapy using the alkylating chemotherapeutic, temo-
zolomide (TMZ). Since this landmark change to the treatment of GBM in
2005, further advances in treatment have been slow. The most impactful devel-
opment to GBM therapy has been through tumour treating fields (TTFields),
developed by Novocure® [02]. TTFields are low intensity (< 4 V/ cm), in-
termediate frequency (100 - 500 kHz), alternating current (AC) electric fields
(EFs) [66] [74]. When used alongside TMZ, TTFields have been shown to in-
crease overall survival by a median of five months, a significant improvement

in the context of GBM treatment [287].

While the biological and biophysical mechanisms of TTFields on cancer cells
are extensive and varied, the most fundamental mechanism of action lies in
the antimitotic effects of TTFields [64, [74]. During the metaphase of cell
division, the alignment of molecular dipoles, such as microtubules involved
in spindle formation, with the uniformly distributed EFs causes abnormal cell
division and cell death by apoptosis. In anaphase, the non-uniform EF leads to
dielectrophoresis of polarisable molecules. This results in the migration of the

charged particles to the cleavage furrow, interfering with cytokinesis [73, 288].

For spherical cells, such as non-mitotic cells or cells in metaphase, the orienta-
tion of the cell with the EF is irrelevant. However, as the cell shape becomes
irregular, the angle of the EF on the cells, and the divisional axis of the cell
affects the efficacy of TTFields. Maximal intracellular field intensity is ob-
served when the axis of division of a cell in telophase is parallel to the EF and
decreases as the angle tends to 90°. When the cell is orthogonal to the EF,

the maximal intracellular field intensity is lowest [90} 289].

To investigate the effects of TTFields in wvitro, Novocure® designed the re-

TM>

search system ‘inovitro™’, consisting of eight ceramic dishes housed in a base

plate connected to a generator [290, 291]. Two pairs of electrodes are found
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perpendicular to each other within the base of each dish ensure a maximum
number of the cells are exposed to the EFs. By using a dual electrode system
within each dish, cells are also more likely to be in the correct alignment with

one set of EF's, resulting in maximum treatment efficacy.

Challenges associated with device cost, along with limited ability to track the
effect of the TTFields in real time, due to the opaque base of the dish, has
resulted in efforts to engineer additional platforms that can mimic the TTField

effects shown by the inovitro™ device [73, 292H295].

A significant amount of research focused on designing alternate electrical stim-
ulation platforms has centred on intratumoral modulation therapy. This ther-
apy uses electrodes implanted into the tumour to deliver EFs directly at the
cancer [296] 297]. In addition, in silico modelling of EF's can map the intensity

distribution profiles of different device setups [298-300].

In addition to designing a high throughput platform for in vitro TTField re-
search, there is also a clinical need to improve the efficacy of TTFields. A
study by Yoon et al. used inorganic biocompatible barium titanate nanopar-
ticles (BTINP), which have a high dielectric constant, as potential TTField-
sensitisers for breast cancer [104]. They showed that the BTNPs could accu-
mulate in the cytoplasm and, when exposed to TTFields, become polarised by
the inhomogeneous EF. This resulted in nanoparticle (NP) migration to the
cleavage furrow, causing the cells to undergo apoptosis. While this study shows
that BTNPs can be used to enhance the effects of TTFields, this type of NP
is not approved by the United States Food and Drug Administration (FDA),

creating a barrier to the translation of this therapy to a clinical setting.

Alternative NPs need to be investigated as potential tools to enhance T'TFields.

For example, gold (Au) NPs have been used considerably within cancer ther-
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apy. Au NPs have been used to treat gliomas as, while biocompatible, sur-
face conjugation and their conductive nature allows for wireless sensing of cell
behaviour, and the treatment of the tumour by thermal ablation [301H303].
There are many clinical trials that have used Au to treat a variety of diseases,

indicating its safety in patients [301 [304].

Similarly, the semi-conductive zinc oxide (ZnO) is listed as “generally recog-
nised as safe” (GRAS) by the FDA, and is one of the most exploited NPs
for drug delivery and cancer therapy [305]. The wide band gap of 3.37 eV is
also thought to be linked to the ability of the NP to promote the generation
of reactive oxygen species (ROS)[306]. ZnO NPs have been shown to exhibit

targeted anti-cancerous activity on a range of different cancers [307H309].

Finally, silica (SiO3) NPs are commonly employed in nanomedicine due to
their easy synthesis, surface modification and drug loading capabilities [310,

311).

There is a need to broaden the research into the TTField mechanism and its
enhancement by making the technology more widely accessible. By designing
a high throughput platform, with separate control of frequency and voltage, a

better assessment into the mechanism of action can be achieved.

Also, there is a gap in the literature on enhancing TTFields to make them more
cost-effective and increase patient overall survival. It is hypothesised that this
enhancement could be achieved by combining the electrical stimulation with
the ‘reverse prodrug’ approach. This approach is where a toxic monomer is
polymerised into a biocompatible polymer. Results from Chapters 2 and 3
have shown the potential to synthesise polypyrrole (Ppy) in this manner. By

utilising the physicochemical properties of this conductive organic material,
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or that of other inorganic NPs, better insight into the mechanism of TTField

enhancement could be addressed.

4.2 Aims

The overall aims and objectives of this chapter can be broadly categorised into

two areas:

e to design and test a high throughput plate for the application of TTFields
in witro; and
e to investigate the enhancement of TTFields using nano-sensitisers and

the ‘reverse prodrug’ approach.

In the first area, electrode shape and orientation will be investigated to design
an alternative platform to the in vitro system by Novocure®. Following this,
optimising TTField therapy using a TTField enhancer will be researched. This
is achieved using one of two methods - inorganic NPs or a ‘reverse prodrug’.
The inorganic NPs will be characterised physico-chemically, and their toxicity
on patient-derived GBM cells will be assessed. Combining non-toxic concen-
trations of these NPs with TTFields to assess an enhanced TTField effect will
then be assessed using a metabolic assay. Alternatively, the use of combining

a ‘reverse prodrug’ synthesised and characterised in the Chapter ‘{Polymerisa-]

ition of Pyrrole in Living Systems|” will be investigated for a dual therapy for

cancer treatment.
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4.3 Methodology

4.3.1 Disclaimer

The following work associated with research published by Jain et al. (2022)
[312] was performed with A. Jain: NP characterisation (Figs. A (Au NP
only), A A, B); toxicity of NP on GIN and GCE 28 cells (Figure
[1.15)); TTField enhancement using Au NPs (25 pg/ mL) (Figure C).

4.3.2 Cell Culture

For this work, the ‘Glioma INvasive margin’ (GIN) and ‘Glioma Core En-
hanced’ (GCE) 31 pair was first used as a continuation from the work carried
out in Chapter 2] Additionally, the GIN 31 cells have been used in other
TTField studies, making them a suitable in vitro model for this work [89]. To
explore the greatest effects of enhancing TTFields with NPs, GIN and GCE 28
cells were selected because this pair have been shown to be more sensitive to
other treatments [313]. Therefore, by using the GIN and GCE 28 cells instead
of the GIN and GCE 31 pair, any TTField enhancement would potentially be

amplified.

To examine the effects of T'TFields on cells grown in different ways, a suspen-
sion or semi-adherent cell line was required to be tested alongside the adherent
GIN and GCE cell lines. A semi-adherent paediatric medulloblastoma cell line,
D425, has previously been used to investigate the effects of TTFields on medul-
loblastoma. Nitta et al. found that the optimum TTField frequency was 300

kHz [314]. As the parameters for the optimum TTField frequency for D425
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cells align with the experimental approach of this work, D425s were selected

as an appropriate cell line for comparison.

4.3.2.1 Initial Well Plate Layout

In the initial setup, two electrodes (either both straight or both bent) were
positioned 20 mm apart in a 12-well plate, or 10 mm apart in a 24-well plate
(Figure A). Electrodes were either left as ‘straight” or bent 4 mm from
the bottom of the electrode to create a 90° angle (as shown in Figure B).
The electrodes were coated in dielectric ink (TiOq, butyl lactate, SiO,, carbon
black & proprietary ingredients) to provide an insulated coating, mimicking
the inovitro™ electrode design [65]. The electrodes were then connected to a

generator capable of producing AC EFs.



112 Chapter 4.  Methodology

B (i) (ii)

Straight Bent
electrode electrode

Figure 4.1: Initial setup for the tumour treating field optimisation study.
(A) Positioning of the electrodes within a (i) 12-well; or (ii) 24-well plate. Birds-eye
view of wells show electrode placement of both straight and bent electrodes where x
is 20 mm (12-well plate) and y is 10 mm (24-well plate). (B) Electrode shapes: (i)
Straight electrodes coated in dielectric ink; (ii) electrodes bent at a 90° angle 4 mm
from the tip of the electrode.

4.3.2.2 96-Well Plate Layout

A high-throughput 96-well plate system for cardiomyocyte pacing (work un-
published) has been designed by Dr Nguyen Vo (School of Medicine, University
of Nottingham), and made by Edward Kujawinski. This platform was modified

in this work to generate TTFields.
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A lid of a 96-well cell-culture treated plate was modified to contain a printed
circuit board (PCB) housing electrodes (Figure 4.2| A). For each well that has
a pair of electrodes, there was a hole in the PCB (Figure 4.2/ A (i) - top insert)

to allow for real-time monitoring of the cell behaviour (Figure [4.2] A (i)).

In the inovitro™ platform by Novocure®, the electrodes are coated in ceramic,
preventing the movement of ions [65]. Therefore in this work, insulated wire
was was chosen as the electrode material for the wells producing TTFields.
The graphite electrodes were added to allow for comparison between field and
current effects. Four sets of insulated copper wire electrodes, and four sets of

conductive graphite electrodes were used (Figure [4.2] A (ii)).

To ensure the cut ends of the copper electrodes were not conductive, epoxy
resin was added (shown in Figure A (ii) insert). To guarantee the epoxy
resin did not leech into the cell-culture medium, the electrodes were primed
before first use — to achieve this, phosphate-buffered saline (PBS) was added
to the wells and TTFields were applied for 24 hours. The toxicity of the
electrodes on the cells without electrical stimulation was then assessed for 48
hours using a PrestoBlue™ assay. Primed electrodes were not found to exhibit

any cytotoxic effects.

Two wedges were added to the underside of the lid to ensure the correct lid
placement. The connection points between each electrode pair and the corre-
sponding wire are shown in Figure A (iii). These values corresponded to
the connectors on the connector box (Figure[d.2). A rainbow wire from the 96-
well plate connected to this connector box. Bayonet Neill-Concelman (BNC)
cables then connected each well from the connector box to a generator. This

meant there was the capacity to individually adjust the EFs for each well.
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A) 96-well plate design
(i) Top view Wires connected
to generator by

rainbow cable

Holes for visualisation

Printed circuit
board (PCB)

96 well plate

(ii) Underside view

Epoxy
%~ resin

4 mm 4 mm

Conductive
graphite Wedge to
electrodes secure lid
Insulated
copper
electrodes

(iii) PCB electrode layout

9 8 7
6 5 4
3 2 1 5 9 6 3 4 7 2 1

B) Connector box

Connected to 96-well plate by rainbow cable

¥ ¥oXo¥oXo Wa '
Connected to V

generators

with BNC cables BNC connectors

Figure 4.2: Diagram of the 96-well plate tumour treating field system.
(A) 96-well plate design showing (i) top and (ii) underside views and (iii) PCB
electrode layout. (B) Connector box between plate and generator.
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4.3.2.3 Electrical Stimulation Parameters

Previous work has assessed variation in TTField frequency and voltage to op-
timise parameters for inducing cell death. The frequency used varies across
cell lines but typically is most efficacious between 100 - 400 kHz [89]. There-
fore, a frequency of 300 kHz was chosen for all the EF experiments. TTField
intensity used in literature is between 1 - 4 V/ cm, and cell viability decreases
with increasing field intensity, in this work an intensity of 3 V/ ¢cm was used

7).

4.4 Results and Discussion

4.4.1 Initial Plate Layout

To begin understanding the most important features in preparing a plate suit-
able fir electrical stimulation, a simple plate was first prepared as described
in Figure [£.1] This plate consisted consisting of a pair of electrodes in a cell
culture plate. Cahalan et al. and Cho et al. have both showed that AC pro-
duced by conductive electrodes can depolarise the cell membrane, inducing the
influx of calcium ions into cells [315], [316]. Cell depolarisation does not occur
in the TTField setup licensed by Novocure® as the electrodes have a ceramic
coating to prevent an ion concentration change within cells [74]. To replicate
this insulated electrodes, in this work electrodes were coated in a dielectric ink

before being used to generate EFs.

Cells were initially seeded in a 12-well plate to most accurately simulate the
conditions used with other in vitro systems such as inovitro™ [89]. No signif-

icant change in metabolic activity was observed compared to an unstimulated
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control (Figure . The lack of effect was hypothesised to be because the elec-
trode tip was small, and so the area the EF's could effect would also be minimal.
To address this challenge, electrodes were bent to create a flat surface on the
bottom of the plate that could affect more cells as shown by Trueman et al.
[317]. To counteract the effect that EF distribution becomes less homogeneous
as the distance between an electrode pair increases [318], the expermient was
carried out in a 24-well plate instead of a 12-well plate. The distance between

the electrode pair was therefore halverd from 2 cm to 1 cm.

A significant decrease in metabolic activity was observed for cells that were
exposed to EFs from both straight and bent electrodes in the 24-well plate (P
= 0.0112 and 0.0209 respectively). However, a major drawback with this setup
was the variation in metabolic change between biological repeats, ranging by
82% for the straight electrodes and 55% for the bent electrodes (Figure [4.3)).
This discrepancy was thought to be because the electrodes were not fixed to
the plate lid, resulting the the movement of electrode positioning if the plate
was knocked. Consequently, the actual distance between the electrode pair
could fluctuate. In order to address this problem, an EF platform with fixed

electrodes was prepared, as discussed in the next Section.

4.4.2 Designing a High Throughput Platform

To address the challenges with the simple plate - mainly associated with large
inter- and intra-experiment variation, it was clear than a more robust plat-
form needed to be designed for the TTField experiments. Subsequently, a
high throughput 96-well plate was adapted from unpublished work by Nguyen
Vo (School of Medicine, University of Nottingham). In this modified design,
electrodes were attached to a PCB, preventing movement of the electrodes,

which could alter the field strength exhibited on the cells. Also, copper wire
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Figure 4.3: Effects of electrode shape on tumour treating field efficacy.
Relative metabolism of GIN 31 cells seeded in either 12- or 24-well plates. In the
12-well plates, electrodes were placed 2 cm apart; in the 24-well plate, electrodes
were placed 1 cm apart. Insulated electrodes used were either straight (Str) or bent
(B) to increase contact with the base of the well. TTField (300 kHz, 3 V/ cm)
applied for 24 hours. N = 2, n = 3 (12-well); N = 3, n = 3 (24-well plate). Results
show mean + S.E.M.; Analysed with two-way ANOVA with a Tukey post-test.
electrodes replaced the dielectric ink-coated electrodes in Section 4.3.2.1} re-

ducing variation between the thickness of the insulating layer. Full information

on the layout is described in Section [4.4.2] and shown in Figure |4.2]

The features of the 96-well plate were hypothesised to help reduce the experi-
mental variation compared to the initial plate layout. To first test this design,
changes to the relative metabolism of cells exposed to either electric field or
currents at increasing durations were monitored. It was hypothesised that as
the application time of TTFields increased, the relative cell metabolism would
decrease as death occurs during mitosis. To test the optimum duration, alter-
nating electric currents were therefore applied at a frequency of 300 kHz and 3

V/ cm for either 4, 24 or 48 hours (Figure based on the optimum TTField
conditions [89, [312].
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®  Negative control

Copper electrodes
(Field effects)

Graphite electrodes
(Current effects)

Relative Change inMetabolism (%)
Normalised to Negative Control

4 24 48

TTF application time (h)

Figure 4.4: Initial study of 96 well-plate electrode platform.

GCE 31 cells were exposed to either no tumour treating fields (TTField) (negative
control) or 300 kHz, 3 V/ cm alternating currents through either insulated copper
electrodes to observe TTField effects, or conductive graphite electrodes to observe
current effects. Metabolic activity of GCE 31 cells was monitored after 4, 24 or 48
hours of treatment. N = 3, n = 1; results represent mean + S.E.M.

Interestingly, while the standard error of each control increased with length-
ening TTField application time, there was no significant difference between
the negative controls and cells electrically stimulated, or between the time ex-
posed to electrical stimulation (P > 0.7295 for all comparisons). While it is
well known that TTFields do not affect astrocytes or other non-cancerous cells
[89], the lack of impact seen here with GBM contradicts the outcomes seen in

many other in vitro platforms [95] 293].

Attention shifted to focus on ways to increase the rate of mitosis, as it was
hypothesised that this would result in a more pronounced TTField effect (due
to the TTField mechanism of action). Therefore, the TTFields were applied
at an increased temperature of 37°C [288] 319]. However, at this higher tem-
perature, evaporation of water occurred due to localised heat generated by the
EFs [291]. In the case of electric fields, the increased salt concentration may
have led to a decreased relative permittivity and increased EF strength [320].

Contrasting this, for the electric current, the increased salt concentration may
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have resulted in a reduced electrical resistivity and increased current flow (Fig-
ure [321].In both cases, cell metabolism was greatly impacted, and so all

future experiments were conducted in an incubator set at 25°C.

Relative Change in Metabolism (%)
Normalised to Negative Control

Figure 4.5: Relative metabolism of GCE 31 cells + tumour treating fields
(TTFields), + current.

TTField (300 kHz, 3 V/ cm) applied for 48 hours. Cells incubated at 37°C and 5%
COs. Results show mean + SD; N =1, n = 4.

4.4.2.1 Tumour Treating Field Enhancement with Zinc Oxide

Nanoparticles

As the high-throughput setup for electric fields alone did not cause a decrease in
cellular metabolic activity, amplification of the TTField effect was investigated.
Z/n0O NPs, which are charged semi-conductive particles, were chosen as the
TTField amplifier for this study. They were selected because ZnO can become
polarised under an electric field due to their semi-conductive nature [322]. As
a result, they can migrate under the influence of an EF. It was hypothesised
that ZnO NPs could interfere with spindle formation, and also build up at the
cleavage furrow during mitosis, potentially causing apoptosis in both cases.
Therefore, the TTField effect could be enhanced. Cells were incubated with

the NPs at a non-toxic concentration of 5 ug/ mL for four hours to allow for
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cellular uptake, after which the cell medium was replaced to remove any NPs
in solution. TTFields were then applied for 48 hours to maximise any potential

effects of the EF on the cells.

Despite the significant decrease in metabolic activity previously seen when
using the inovitro™ system with ZnO NPs [312], there was no significant
change when GIN 31 cells were exposed to either T'TFields or currents with
or without ZnO NP (Figure A). This indicated that the setup used here
was not optimised for this work. Increasing metabolic activity trends were
observed for GCE 31 cells for all treatments, however this was not shown to

be statistically significant (Figure [4.6] B).
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Figure 4.6: Relative metabolism of (A) GIN 31 cells and (B) GCE 31

cells + ZnO nanoparticles (NP), + tumour treating fields (TTFields), +
current.

TTField (300 kHz, 3 V/ c¢cm, AC) applied for 48 hours. Cells treated with ZnO
NP for 4 hours prior to treatment; NP removed and replaced with fresh Dulbecco’s
Modified Eagle Medium (DMEM). N = 4, n = 2 for all samples except TTField,
where N = 3, n = 2 and TTField + ZnO, and Current + ZnO where N = 2, n = 2.
Results show mean + S.E.M.

It was postulated that the unilateral electrode orientation limited the pro-
portion of cells exposed to the EFs and therefore this hypothesis was probed
using a semi-adherent cell line. Using a protocol modified from the adherent

cell lines, paediatric medulloblastoma (D425) cells were used to study the ef-
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fects of TTFields or current with or without ZnO NPs (Figure [4.7). Here the
relative metabolic activity of cells exposed to TTField was markedly increased
to 177% of the unstimulated (negative) control. While there was an increase
in the relative metabolism of TTFields with ZnO NPs, this was not found to
be significantly different from cells solely treated with ZnO NP (P = 0.1417).
Conversely, for cells stimulated with an electric current and treated with or
without ZnO NP, there was a significant decrease in the relative metabolism

(38% and 27% of the negative controls respectively).

%k %k

* %k

% % %k %

1
* %k %k % %k %k %k % %k
200
175
150
125 Em -7n0
B3 +2ZnO

a N
o ua

N
(62}

Relative Change in Metabolism (%)
Normalised to Negative Control
=
o
o

o

o b Q
<
é‘ RS Q@ &
N A )
N A X
O x
N

)

Figure 4.7: Relative metabolism of D425 cells + ZnO nanoparticles (NP),
+ tumour treating fields (TTFields), + current.

TTField (300 kHz frequency, 3 V/ cm, AC) applied for 48 hours. Cells treated with
5 pg/ mL ZnO NP for 4 hours prior to treatment; NP removed and replaced with
fresh Dulbecco’s Modified Eagle Medium (DMEM). N = 3, n = 2. Results show
mean + S.E.M.

Given the lack of TTField effects observed with adherent cells and the en-
hanced metabolic effects with the semi-adherent cells, the work here highlights

the importance of considering the orientation of the EFs in this platform, as
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field directionality greatly impacts the TTField efficacy. As mitotic cells are
only impacted by the presence of an EF when in they are aligned with the field,
by only using one pair of electrodes to generate the TTFields, the number of
cells affected will be limited to the number of cells in the correct orientation
(Figure [299, 323]. Low cell numbers per well may also limit the number
of correctly orientated cells, further reducing any potential effects by TTFields
on cell survival.

A) Single electrode setup B) Dual electrode pair setup

I

Field Strength

Figure 4.8: Illustration of electric field distribution of two different elec-
trode setups. (A) Single electrode setup where electric field (EF) orientation
remains constant between the single pair. (B) Dual electrode setup where field ori-
entation changes orientation by 90° every 1 s. Merged EF distribution combining
both orientations shown. Red represents the highest EF strength, dark blue repre-
sents the lowest field strength (V/ cm).

It is, therefore, recommended to use of at least two pairs of electrodes, perpen-
dicular to one another, with a frequency phase shift as described by [297] to

better replicate the TTField seen using the inovitro™ setup (Figure B).

This study highlights the importance in considering the optimum parameters
when designing an alternative in vitro platform to the inovitro™ (Novocure®)
setup. A high-throughput modified 96-well plate consisting of one pair of
electrodes per well was used to test a simple in wvitro setup. After finding

no significant difference in metabolic activity of a patient-derived GBM cell
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type after TTField application for 4, 24 or 48 hours, the potential to improve
the observed efficacy of the platform by combining TTFields with ZnO NPs
was assessed. Contrary to previous literature, it was found that there was no
significant change in the metabolic activity of GIN 31 and GCE 31 cells when
treated with both 5 pug/ mL ZnO and AC electric currents at a frequency of
300 kHz and 3 V/ cm [312]. On the other hand, the semi-adherent D425 cells
showed a significant increase in metabolic activity when exposed to TTField
alone, and significant decreases in metabolic activity when exposed to current

with or without ZnO NPs.

4.4.3 Combining Tumour Treating Fields with the

Reverse Prodrug Approach

It was next hypothesised that combining the ‘reverse prodrug’ approach with
TTFields may result in an enhanced TTField effect. Ppy formed by the ‘reverse
prodrug’ approach is a conductive material, and so there was potential to hijack
this physicochemical property of the material, as well as combine any effects
seen from the TTField enhancemnet with increased cell death from the toxic
monomer. Relating the approach to a clinical setting, by using a dual-approach
to target GBM cells, a higher proportion of remaining infiltrative GBM cells

could be targetted, thus increasing overall survival in patients [324] 325].

To achieve this, cells were treated in one of three ways based on the work
performed in Chapter 2} 1. commercial Ppy (5 pg/ mL); 2. pyrrole (Py;
10 mM) and ferrocyanide (FOC; 2 mM); 3. Py (20 mM) and FOC (2 mM).
Immediately after treatment, an EF or current was applied for 48 hours, then
the metabolic activity was assessed. As work in Section [4.4.2] showed, cells

exposed to just T'TFields or current had no change in metabolic activity. Cells
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treated with commercial Ppy were also not affected by the presence of electric

stimulation (Figure [£.9).
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Figure 4.9: Enhancement of tumour treating fields (TTFields) or currents
with the ‘reverse prodrug’ approach.

Relative metabolism of GIN 31 cells treated with either nothing (untreated),
polypyrrole (Ppy) (5 pg/ mL), Py (10 mM) + FOC (2 mM) or Py (20 mM) +
FOC (2 mM). Treated cells were then exposed to either no stimulation, TTFields or
current (+ Curr)). TTFields (300 kHz, 3 V/ cm, AC) applied for 48 hours. N = 4,
n = 1. For cells + TTField or Curr; N = 4, n = 2 for cells + no stimulation. Results
show mean + S.E.M.; analysed using two-way ANOVA with a Tukey post-test.

As Ppy was not formulated to be taken up by the cells, such as in NP form
[326], the polymer tended to aggregate into clumps (Figure , decreasing
the amount of polymer that could be taken in by the cells. It would therefore
be of interest to investigate the effect of using a NP formulation of Ppy to

identify if the current would have an effect.

In addition, cells treated with the lower concentration of the ‘reverse prodrug’
(Py (10 mM) and FOC (Fe (II); 2 mM)) were not affected. Conversely, cells
treated with both a higher concentration of the ‘reverse prodrug’ (Py (20 mM)

and FOC (Fe (II); 2 mM)) and electric currents showed a significant decrease
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in metabolic activity compared to to current alone or cells treated with the

‘reverse prodrug’ without electrical stimulation (in both instances P < 0.001)

(Figure [£.9).

(i)

Figure 4.10: Aggregation of polypyrrole (i) 1.42 mg/ mL and (ii) 5 pug/ mL.

This showed that it is the combination of the two therapies (cell-induced poly-
merisation ‘reverse prodrug’ and electric stimulation) that caused the signifi-
cant effect of cell metabolism. As this effect was only limited to stimulation
from an electric current not electric field, the effect observed must be as a
consequence of the movement of ions in culture medium, or linked to the de-

polarisation of the cell membrane.

4.4.4 Electric field responsive nanotransducers for

glioblastoma

While the combination of the reverse prodrug and electric currents did cause
a significant decrease in cellular metabolic activity, the mechanism of action
of dual treatment was not clear. To investigate whether this change could
be attributed to conductivity or dielectrophoresis, three types of inorganic
NP were chosen as simple models to be used with the inovitro™ system by
Novocure®. The official TTField platform was used for this work to ensure
any changes in cell metabolism were due to the combination of NPs; not due

to the platform setup.
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Conductive Au, semi-conductive ZnO, and insulating SiO5 were chosen due to
their differences in both conductivity and dielectric constants (where Au has

the lowest dielectric constant and SiO, the highest [327H329]).

4.4.4.1 Nanoparticle Characterisation

Before enhancing the TTField with NPs, it was first necessary to characterise
them. To confirm the chemical profile of Au and ZnO NPs, ultraviolet/ visible
(UV-Vis) spectroscopy was employed (Figure A). UV-Vis is a useful tool
for determining a range of physico-chemical characteristics of Au NPs, due to to
their optical properties. Surface plasmon resonance is an optical phenomenon
which occurs when, at a specific wavelength of light, the electrons at the surface
collectively oscillate, causing strong absorption and scattering of the light. NP
size greatly effects the absorption wavelength, and colloidal stability of the
NPs can be determined, as less stable solutions with greater aggregation have
reduced absorbance intensities, broader bands, and a second peak at longer

wavelengths [330, 331].

The NPs were shown to have a sharp absorption at 524 nm, which is seen in
literature for NPs with a size of 30 - 50 nm [330, 332]. ZnO also had a strong
peak at 362 nm, corresponding to a band gap of 3.4 eV as electrons are excited
from the valence band (oxygen) to conductive band (zinc) [333]. The sharp

singular peak is also indicative of a monodisperse population [334].

To characterise SiOs NPs, Fourier transform infrared-spectroscopy (FTIR)
was used (Figure m B). Two peaks at 800 and 1050 cm ™! were indicative of
Si-O-Si asymmetric stretching [335] 336]. A second shoulder under the peak
at 1050 at 1142 cm™! was likely to be from the C-N stretching of the amine

from the triethoxylpropylaminosilane functionalisation of the NPs.
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Figure 4.11: Chemical characterisation of Au, ZnO and SiO3 nanoparti-
cles (NPs).

(A) UV-Vis absorption spectrum of Au and ZnO NPs in PBS; (B) FTIR spectrum
of SiO9 NPs.

The size and shape of NPs is known to have an effect on their biodistribu-
tion and uptake due to the enhanced permeation and retention effect [337].
To observe the morphology of the NPs in this study, transmission electron

microscopy (TEM) analysis was used (Figure A-C).

Au NPs were found to have a homogeneous spherical shape, with a mean
diameter of Au NPs of approximately 51 + 8 nm. Contrasting Au, ZnO NPs
were observed to be more angular in shape, with a wide variety of different
morphologies and a tendency to agglomerate. The mean diameter was found
to be smaller than Au NPs at approximately 21 + 8 nm. SiO, NPs had a
spherical morphology, however there was a greater disparity within the sample

(Figure [1.12] D). The average size was 20 & 14 nm.
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Figure 4.12: Transmission electron microscopy images of nanoparticles
(NPs). (A) Au, (B) ZnO and (C) SiO2 NPs. (D) Histogram showing size distribu-
tion of NPs.

Surface charge plays an important role in cellular uptake, with positively
charged NPs more favourably taken up by cells, due to the electrostatic at-
traction between the NPs and the negatively charged cell membrane [33§].
Colloidal stability can also be assessed using zeta potential, with with sta-
bility increasing as net surface charge (positive or negative) increases [339],
whereby a charge of -10 < ¢ < 10 mV is likely to be highly unstable, while ¢
4+ 20 mV is required for steric stabilisation and ¢ > + 30 mV is likely to be
highly stable [340]. As these NPs were going to be dispersed in solutions, un-
derstanding their colloidal behaviour was important. Zeta potential was used

to determine the surface charge of the particles (Figure A) and dynamic
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light scattering was employed (DLS) to determine hydrodynamic diameter

(Figure [1.13 B).

Both Au and ZnO NPs had negative surface charges of - 39.2 + 2.2 mV and -
36.5 + 1 mV respectively, attributed to the citrate (C¢HzO737) (Figurem C)
and oxide ions [341]. These large negative charges indicate that both of these
NPs are highly stable in a colloidal system. There is also potential that they
will be influenced by TTField and migrate to a region with higher EF intensity
(the cleavage furrow), possibly enhancing the TTField effect. SiO, instead has
a positive charge of 12.2 + 0.9 mV, which can be ascribed to the amine (-NHy)
groups present from the triethoxylpropylaminosilane surface functionalisation
(Figure D). Some colloidal stability will be seen due to the weak repulsive

forces between the protonated amine groups.

DLS results revealed monodisperse Au NPs with a hydrodynamic diameter
(hg) of 44 £+ 3.2 nm, while ZnO NPs had an hq of 69 4+ 6.7 nm, and SiO5 an hq
of 51 + 5.5 nm (Figure[4.13| B). The increase in particle size for ZnO and SiO,
can be attributed to some particle agglomeration, which aligns with the TEM
data. DLS data also assumes the particles are spherical, and so other shapes,

for example the angular ZnO NPs, will result in improper size calculations.
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Figure 4.13: Colloidal characterisation of Au, ZnO and SiO2 nanoparti-
cles.

(A) Zeta potential and (B) hydrodynamic diameter obtained using DLS. Error bars
represent the standard deviation of the mean.N = 3; n = 3. Chemical structures

of (C) citrate capped gold NP and (D) triethoxylpropylaminosilane functionalised
silica NP.

4.4.4.2 In Vitro Toxicity of Inorganic Nanoparticles

Next it was important to ascertain the toxicity of the different NPs on the core
and invasive patient-derived glioblastoma cells. An experiment was therefore
carried out to investigate the effect of increasing the NP concentration from 0
to 200 pg/ mL, by using a PrestoBlue™ assay, which reports on the metabolic

activity of cells as an indicator of cell viability. It should also be noted that,
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while this is the concentration of NPs given to the cells, the percentage of these

NPs internalised by the cells was not quantified.

In the cases of SiO, NPs, there was no effect on the relative metabolism of
the cells across the concentration range tested after 24 or 48-hour treatment
(Figure A). From this, we can infer that these NPs are not toxic to the
patient-derived cells used in this study at concentrations up to 200 pg/ mL
for SiO, NPs. Contrasting, as the concentration of ZnO NPs increased, a
clear effect on cellular metabolism was seen for both cell types, with relative
metabolism significantly reduced at concentrations of 10 pg/ mL. In the case of
both cell types at both 24 and 48 hours, a distinct peak can be seen between 10
- 20 pg/ mL and 200 pg/ mL, where the metabolic activity initially dropped,
before increasing at around 50 g/ mL, and then rapidly decreasing as the NP

concentration continues to increase.

The limitation of a metabolic assay is that, while it is a rapid indicator of
cell metabolism and can be used to infer cell viability, it does not rely on live
or dead markers, like the lactodehydrogenase assay does [201]. As such, the
data here that shows an increased metabolic activity was seen between 20 -
200 pg/ mL, not that the NPs were less toxic between these concentrations.
Exocytosis is a way of moving intracellular components out of the cell by active
transport [342]. This process is one of the main ways NPs are also removed
from cells [343]. A suggestion for the ‘shoulder’ seen in this work is that as the
concentration of NPs increases, the amount of exocytosis also increases and so
the cellular metabolism increases. Once the NP concentration becomes toxic,

cell death causes the decrease in metabolic activity.
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Figure 4.14: Toxicity profile of inorganic nanoparticles on patient-derived

GBM cells after prolonged exposure.

(i) GIN 31 and (ii) GCE 31 cells after (A) 24 or (B) 48-hour exposure. Results show

mean + SEM. N=2n=4
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To ensure the treatment would be more suitable for translation to clinic, it was
postulated that NPs should be given four hours before TTField treatment, as
this would reduce the wait between NP treatment and TTField therapy. As
such, it was necessary to optimise the dose of NPs by incubating the cells with
increasing doses of NP for four hours, before the culture medium was replaced
with fresh culture medium. Cells were then incubated for 48 hours, to match
the duration of time TTField would be applied for. Here, both Au and SiO,
NPs had no effect on metabolic activity of GIN 28 (Figure A) and GCE
28 (Figure [4.15] B) cells up to a concentration of 50 pug/ mL. It was inferred
that up to this concentration both Au and SiOy NPs were biocompatible with

patient-derived GBM cells.
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Figure 4.15: Four hour in vitro toxicity of inorganic nanoparticles (NPs)
on patient derived GBM cells.

(A) GIN 28, and (B) GCE 28 were incubated with increasing concentration of Au,
SiO9 and ZnO NPs for 4 hours, before changing the media containing the NPs with
fresh media. Metabolic activity was determined 48 hours after changing the media.
Results are expressed as the mean + S.D. Analysed using 2-way ANOVA with a
Tukey post-test.

Conversely, clear signs of toxicity could be observed when GIN 28 and GCE 28
cells were incubated with ZnO NPs at concentrations of 10 ug/ mL or above

(Figure 4.15). Toxicity of ZnO at higher concentrations is well-recorded in
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literature to be due to the generation of ROS, however the FDA considers
ZnO NPs as GRAS at lower concentrations [305], 306]. Based on the toxicity
curves of all NPs, a non-toxic concentration of 5 ug/ mL was chosen as the

optimum concentration for the in vitro TTField enhancement study.

4.4.4.3 Tumour Treating Field Nanoparticle Enhancement

After the toxicity profiles of the NPs had been assessed, research into enhanc-
ing TTField with inorganic NPs could be carried out. There are two main
mechanisms associated with TTField: dipole alignment and dielectrophoresis
(see Section for more information). To make this work clinically relevant,
and to continue on from the four hour toxicity study in Section [4.4.4.2] cells
were first treated with the non-toxic concentration of NPs (5 ug/ mL) for four
hours. After allowing for NP uptake, the cell culture medium was replaced
and cells were treated with an in vitro system from Novocure® (inovitro™)

that models the system used clinically (Optune™), and metabolic activity

was assessed.

Both GIN and GCE 28 cells exposed to TTField (300 kHz, 1 V/ e¢m, AC)
exhibited a significant decrease in metabolic activity compared to the negative
control (Figure . Despite indications that results showing that 5 ug/ mL
of ZnO NPs were not toxic to the cells, a statistically significant reduction
in metabolic activity was seen in both cell lines (0.0343 and 0.0245 for GIN
and GCE 28 respectively). This only resulted in less than a 12% metabolic
decrease, and so this toxicity was limited. Both other NPs (Au and SiO,) were

not found to be toxic.

Most importantly, there was a significant decrease in metabolic activity of cells

treated with both TTField and NPs compared to either TTFields or NPs. GIN
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28 treated with ZnO had the biggest reduction in metabolic activity compared
to TTField alone (approximately 25% decrease; P < 0.0001) followed by Au
(approximately 19%; P = 0.0007) and the SiOy (approximately 13% decrease;
P =0.0150). The decrease in metabolic activity was also observed for GCE 28
cells, although here it was marginally less pronounced (decreases vs TTField
alone of approximately 14% for ZnO (P = 0.0033), approximately 18% for Au
(P = 0.0003) and approximately 12% for SiOy (P = 0.0111)).
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Figure 4.16: TTField enhancement with inorganic nanoparticles (Gold —
Au; Zinc oxide — ZnOj Silica oxide — SiO32) on patient-derived GBM cells.
(A) GIN 28 cells and (B) GCE 28 cells treated with TTFields (300 kHz, 1 V/ cm,
48 hours) and 5 ug/ mL NPs. Error bar represents mean £ S EM.; N =2 n = 3.

Next, it was postulated that this TTField enhancement could be improved
further by increasing the concentration of NPs. The greatest enhancement
effects were seen with either Au or ZnO NPs. As Au NPs had a more favourable
toxicity profile it was decided that a concentration of 25 pg/ mL of Au NPs

would be used for to further enhance the TTFields. As application time is also
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known to greatly impact efficacy of TTFields both in a clinical setting and in
vitro [89, O1], changes in cellular metabolic activity were also assessed after
both 48 and 72 hours (Figure . One again, combining both TTFields and
NPs resulted in an increased efficacy of the TTField treatment, decreasing
metabolic activity compared to TTField alone by 24% after 48 hours, and
17% after 72 hours to 45% and 22% respectively. The combination therapy
was therefore found to be even more effective at higher concentrations of Au
NPs, providing further evidence that the addition of the NPs to the TTField

system caused the decrease in metabolic activity.
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Figure 4.17: TTField enhancement with increased Au nanoparticle (NP)
concentration on patient-derived GBM cells.

Metabolic activity measured after 48 and 72 hours TTField enhancement with a NP
concentration of 25 ug/ mL. Error bar represents mean + SEM.; N =2, n = 4.

Application time also played an important role to this study, with cells exposed

to TTField for 72 hours having a significant decrease in metabolic activity
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compared to the same conditions at 48 hours for cells treated with TTFields
in the presence or absence of NPs. Dipole alignment and dielectrophoresis both
only occur when TTFields are applied. A such, increasing the application time
from 48 to 72 hours is a simple yet positive strategy for the treatment of GBM
with T'TFields.

It has previously been shown that conductive and semi-conductive NPs can
become polarised under an EF as bipolar nanoelectrodes [344], 345]. In this in-
stance, both Au and ZnO NPs could have affected cells by the dipole alignment
TTField mechanism, migrating within the cell and disrupting spindle forma-
tion. Additionally, both Au and ZnO NPs used here possess a strong negative
charge, which may result in the NP movement towards the area of higher field
intensity (the cleavage furrow) by bipolar electrophoresis [346]. SiOs, on the
other hand, is a well-known dielectric and so could move by dielectrophoresis
when the TTFields within the cell are non-uniform. This could, again, result
in a greater build-up of polar components at the cleavage furrow, restricting

cell division further than when NPs are not used.

Based on the in vitro effects seen here, it is hypothesised that the inorganic
NPs can enhance the TTField effect by bipolar electrophoresis (in the case
of the conductive and semi-conductive Au and ZnO NPs) or dielectrophoresis

(for SiOy NPs).
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4.5 Conclusions

The aim of this chapter was to address using TTFields for hard-to-treat can-
cers, starting with the development of an in wvitro platform. Following this,
TTField enhancement was probed using both the conductive organic polymer

Ppy in the form of a ‘reverse prodrug’ treatment and three inorganic NPs.

After initial studies using a simplified TTField setup, attention was switched
to a more robust high throughput platform to investigate optimum design
parameters. Given the importance of directionality of EF's on cell cycle arrest,
the work here highlights electrode shape and orientation as key parameters
when replicating an in vitro TTField setup. Modelling a platform using the
recommendations will contribute to the improvement in understanding of GBM
and ultimately an enhancement in TTField therapy and much needed patient

outcomes.

The feasibility of combining the ‘reverse prodrug’ approach (the in situ cell-
mediated polymerisation of pyrrole to Ppy) with TTFields has also been as-
sessed. Here, cells exposed to both the monomer, inactive initiator and electric
currents exhibited a decreased metabolic activity compared to the respective
controls. This indicates there is the potential to combine these two treatments

for a dual approach to treat hard-to-treat cancers, such as glioblastoma.

Finally three FDA-approved inorganic NPs with different conductivity (Au -
conductive; ZnO - semi-conductive; SiOy - insulator) were selected to probe
the mechanism for TTField enhancement. In all cases, TTFields were shown
to be enhanced when combined with NPs in vitro, paving the way for further

improvements to the TTField treatment.
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It is hypothesised that the conductive, highly charged Au and ZnO NPs can
migrate intracellularly, interfering with the process of spindle alignment, as well
as moving to the cleavage furrow under the presence of a non-homogeneous
EF. It is proposed that the dielectric NP SiO; may undergo dielectrophoresis,
again migrating to the cleavage furrow as the cells undergo mitosis, interfering

with cell division.

The work in this chapter shows the importance in not only understanding
the underlying mechanism behind TTFields, but also highlights the gap in
research to improve the efficacy of this treatment for patients with GBM and

other hard-to-treat cancers.
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Chapter 5

Methods

5.1 Materials

5.1.1 Cell, Culture Media and Passaging Components

Material Code Supplier

Antibiotic-antimycotics 15240062 ThermoFisher
Calcein AM C1430 ThermoFisher
Caspase-3/7 Green R37111 ThermoFisher
Dimethyl Sulfoxide (DMSO; (CHs)2S0) D2438 Sigma Aldrich

Dulbecco’s Modified Eagle Medium, high
12430054 ThermoFisher

glucose, HEPES

Dulbecco’s Modified Eagle Medium, high

21063045 ThermoFisher
glucose, HEPES, no phenol red

Fetal Bovine Serum F9665 Sigma Aldrich

141
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(Continued)
Material Code Supplier
Hanks’ Balanced Salt solution H8264 Sigma Aldrich
L-glutamine A2916801 ThermoFisher
NucBlue™ Live ReadyProbes™ Reagent
R37605 ThermoFisher
(Hoechst 33342)

Penicillin-streptomycin 15140148 ThermoFisher
Phosphate-buffered saline 10010001 ThermoFisher
PrestoBlue™ cell viability reagent A13262 ThermoFisher
Propidium Iodide P1304MP ThermoFisher
Triton X-100 9036-19-5 Sigma Aldrich
Trypan Blue solution, 0.4%, liquid T8154 Sigma Aldrich
Trypsin-EDTA (0.05%), phenol red 25300062 ThermoFisher

Zombie NIR™ Fixable Viability Kit 423105 BioLegend

5.1.2 C. elegans Maintenance Components

Material Code Supplier

Agar A1296 Sigma Aldrich

Agarose A9539 Honeywell

Calcium Chloride
C3306 Sigma Aldrich
Dihydrate (CaCly.2H50)

Cholesterol C8667 Sigma Aldrich
Ethanol 12857182 ThermoFisher
Lysogeny broth powder L3022 Sigma Aldrich
Magnesium Sulfate (MgSOy) M2643 Sigma Aldrich

Peptone P5905 Sigma Aldrich
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(Continued)
Material Code Supplier
Potassium Phosphate Dibasic
P3786 Sigma Aldrich
(KoHPO,)
Potassium Phosphate Monobasic
P5655 Sigma Aldrich
(KHPO,)
Sodium Chloride (NaCl) S9888 Sigma Aldrich
Sodium Hydroxide (NaOH)
Sodium Hypochlorite (NaClO) 7681-52-9 Honeywell
Sodium Phosphate Dibasic
S9763 Sigma Aldrich

(Na,HPO,)

5.1.3 Biological Strains

Table 5.1: All components were purchased from the Caenorhabditis Genetics Cen-
tre, University of Minnesota.

Name Species Genotype
N2 C. elegans wild isolate
~ CE1255 C. elegans cep-1(ep347) 1
 FAS46 his-72 (uge30|gfp::his-72]) 111
OP50 Escherichia coli E. coli

5.1.4 Consumables

Material Code Supplier
25 cm? Cell Culture Flask 430639 Corning
75 cm? Cell Culture Flasks 156499 ThermoFisher

175 ¢cm? Cell Culture Flasks 159910 ThermoFisher
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(Continued)
Material Code Supplier
225cm? Cell Culture Flask 353138 Corning
Cell Culture-Treated, Flat-Bottom
3596 Corning
Microplate, 96-well
Cell Culture-Treated, Flat-Bottom
3524 Corning
Microplate, 24-well
Cell Culture-Treated, Flat-Bottom
3513 Corning
Microplate, 12-well
Cell Culture-Treated, Flat-Bottom
3516 Corning
Microplate, 6-well
Non-Treated, Flat-Bottom Microplate,
351172 ThermoFisher
96-Well
1,000 pl graduated Filter Tip S1122-1830 StarLab
200 pl graduated Filter Tip S1120-8810 StarLab
Elkay Laboratory
20 pl Filter Tip BER-0OREF-596
Products
10 pl graduated Filter Tip S1121-3810 StarLab
50 mL Centrifuge Tube SLS8106 SLS
15mL Centrifuge Tubes 431470 Corning
100 kDa Amicon® ultra centrifugal filter UFC510024 Sigma Aldrich
2 mL Internal Threaded Cryogenic Vial 8672 Corning
Syringe Filter, Pore Size 0.22 ym 16541 Sartorius
Petri Dish (100 x 15 mm) 351029 SLS
15476113; 15486113;
Reusable Glass Media Bottles ThermoFisher
15406123
Quartz microscope slide, 50.8 x 25.4 x
042297.KG ThermoFisher

1.0mm
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5.1.5 Other Reagents
Material Code Supplier
Dielectric ink - polymer dielectric grey for
902497 Sigma Aldrich
screen printing
Gold nanoparticles, 100 nm diameter,
742031 Sigma Aldrich
stabilized suspension in citrate buffer
Polypyrrole, conductivity 10-50 S/cm
577030 Sigma Aldrich
(pressed pellet)
Potassium ferricyanide (Ks[Fe(CN)g]) (>
196785000 Alfa Aesar
98% for analysis)
Potassium ferrocyanide trihydrate
(K4[Fe(CN)g]-(H20)3) (> 99% for 211095000 ThermoFisher
analysis)
Pyrrole (Reagent grade, 98%) 131709 Sigma Aldrich
Silica nanoparticle dispersion,
914843 Sigma Aldrich
non-porous, 5 % (w/w) in water
Zinc oxide nanoparticle dispersion, 20 wt.
721077 Sigma Aldrich
% in HQO
5.1.6 Equipment
Instrument name Manufacturer

Avance IIIT™ HD 600 MHz

Bruker Scientific Instruments

Avance III™ HD 800 MHz

Bruker Scientific Instruments

Cary 3500 UV-Vis

Agilent Technologies Ltd

Cary 630 FTIR spectrometer

Agilent Technologies Ltd

EVOS M5000

ThermoFisher
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(Continued)

Instrument

Manufacturer

Heraeus Multifuge 3S Centrifuge

Marshall Scientific

Heratherm™ Compact Microbiological

ThermoFisher
Incubators
LabRAM HR upright microscope Horiba Ltd.
XploRA INV Horiba Ltd.
ID7000™ Spectral Cell Analyzer Sony
Infinite 2000 TECAN

inovitro™ Laboratory Research System

Novocure Ltd.

2000 FX TEM

Jeol, Ltd.

Zetasizer Nano-ZS

Malvern Instruments

MCO-18AC CO4 Incubator

Sanyo Electric Co., Ltd.

ECLIPSE Ti Inverted Microscope

Nikon Instruments Inc.

Classic 126 Extended Portable Autoclave

Prestige Medical

RS PRO AFG-21225 Function Generator

RS Group plc

Scanning Electron Microscopy Field Emission Gun

Jeol, Ltd.
7100F FEG-SEM
5.1.7 Locations
Company Location

Agar Scientific

Rotherham, UK

Agilent Technologies Ltd

Santa Clara, CA, USA

Alfa Aesar

Haverhill, MA, USA

Biolegend

San Diego, CA, USA

Bruker Scientific Instruments

Billerica, MA, USA
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(Continued)

Company

Location

Corning

Corning, NY, USA

Electron Microscopy Sciences

Morgantown, WV, US

Elkay Laboratory Products

Sheffield, UK

EM Resolutions

Keele, UK

Greiner Bio-One

Kremsmiinster, Austria

Honeywell

Charlotte, NC, USA

Horiba Instruments

Kyoto, Japan

Jeol, Ltd.

Tokyo, Japan

Malvern Instruments

Worcestershire, UK

Marshall Scientific

Hampton, NH, USA

Nikon Instruments Ltd.

Tokyo, Japan

Novocure Ltd.

Haifa, Israel

Prestige Medical

Lancashire, UK

RS Group plc

London, UK

Sanyo Electric Co., Ltd.

Osaka, Japan

Sartorius

Gottingen, Germany

Scientific Laboratory Supplies (SLS)

Nottingham, UK

Sigma Aldrich

St. Louis, MO, USA

StarLab

Milton Keynes, UK

ThermoFisher Scientific

Waltham, MA, USA
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5.2 Cell Culture

5.2.1 Routine Cell Culture

GIN and GCE cells

‘Glioma INvasive margin’ (GIN) 28 & 31 cells were isolated from the 5-
aminolevulinic acid fluorescence positive margin and ‘Glioma Core Enhanced’
(GCE) 28 & 31 cells were isolated from the core central region of a glioblas-
toma (GBM) patient at the Queen’s Medical Centre, University of Notting-
ham (Nottingham, UK) using the method described by Smith et al. [30].

Clinical and molecular features are listed in Table 5.2

Table 5.2: Clinical and molecular features of GIN and GCE 28/ 31 cell pairs.
IDH and MGMT both refer to the histological mutations associated with GBM.
RT = radiotherapy; CT = chemotherapy; WT = wild type; BSC = best support

care; TMZ = temozolomide [31].

Sample Number
Clinical and Molecular Features

28 31
Date of Surgery 21/01/16 09/03/16
IDH-1 WT WT
MGMT Status (% methylated) 0 0
Tumour Site Right frontal Right temporal
Resection Status (%) 99 100
Treatment (RT/ CT) BSC 60/ TMZ
Survival (months) 3.1 16.1
Age (years) 71 57

Sex M F
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Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% (v/v) foetal bovine serum (FBS), 100 U/ mL peni-
cillin, 100 pug/ mL streptomycin, 0.25 pg/ mL Amphotericin B and 2 mM
L-glutamine. The cells were grown with 12 mL of supplemented medium in a

T75 cell culture-treated flasks and kept in an incubator at 37°C and 5% CO,.

Culture medium was changed every 3-4 days to maintain adequate nutrition
and cells were passaged when confluent (80%) using the following procedure:
old media was removed from the flask and cells were washed with sterile
phosphate-buffered saline (PBS) (8 mL) to remove any remaining media. This
was then removed, trypsin-ethylenediaminetetraacetic acid (EDTA) (3 mL)
was added and the flask was incubated at 37°C for 5 minutes. Gentle tapping
of the flask helped aid cell detachment. Fresh supplemented media (9 mL)
was added to deactivate the trypsin-EDTA, and the cells were collected by
centrifugation at 300 x ¢ for 5 minutes. The supernatant was removed and
the cell pellet was resuspended in 5 mL of fresh supplemented medium. 1 mL
of this stock was then transferred into a sterile falcon tube which was made

up to 12 mL to perform a 1:5 split ratio.
Cells used were between passages 30 - 40.

D425 (Med Human Medulloblastoma) semi-adherent cells

D425 cells were maintained in DMEM supplemented with 10% FBS. The cells
were grown with 5 mL of supplemented medium in a T25 cell culture-treated
flasks and kept in an incubator at 37°C and 5% CO,. In the case of slow
growing cells, the flask was put on its side with the lid facing upwards to
allow suspension cells to settle for 5 minutes. 1 mL of cell culture medium was
replaced with fresh supplemented medium. Cells were passaged when confluent
(80%) using the following procedure: Suspension cells were first removed from

the flask and placed in a centrifuge tube. The cells were then washed with
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3 mL of Hank’s Balanced Salt Solution (HBSS) to remove any remaining
media. This was then removed, 2 mL trypsin-EDTA was added and the flask
was incubated at 37°C for 5 minutes. Gentle tapping of the flask helped aid
cell detachment. Fresh supplemented media (2 mL) was added to deactivate
the trypsin, and the cells were added to the falcon tube and collected by

centrifugation at 123 x ¢ for 5 minutes.
Cells used were between passages 30 - 40.

All cells used were tested monthly for mycoplasma where they were grown in
antibiotic-free medium for one week before mycoplasma testing. All cells used

were mycoplasma-free.

5.2.2 Routine Freezing and Revival of Cell Stocks

Freezing Cells

To freeze cells, cells were cultured in a T175 or T225 (with 40 - 50 mL cell
culture medium) to grow sufficient numbers. Next they were trypsinised as in
Section[5.2.7]using 10 - 12 mL PBS and 10 - 12 mL trypsin-EDTA, then counted
in Section [5.2.3] Cells were diluted in supplemented medium containing 7.5%
dimethylsulfoxide (DMSO) (freezing medium) to give a concentration of 2 - 4
x 106 cells/ mL. 1 mL of cells in freezing medium was added to each cryovial,
before the vials were placed in a Mr Frosty in a -80°C to slow the cooling rate

to -1°C/ minute. Once fully frozen, cells were transferred to a cell storage box.

Cell Revival

To revive frozen cells, the cryovial was heated using a water bath for approxi-
mately 1 minute until just a small amount of ice was present in the vial to allow
for rapid thawing of cells. Immediately, cells were carefully transferred drop-

wise to a tube containing 11 mL of warmed supplemented cell culture medium
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and the suspension was gently mixed. This suspension was then added drop-
wise into a T'75 flask before the flask was incubated at 37°C and 5 % CO,. After
24 hours, the medium was gently removed and replaced with fresh, warmed
cell culture medium to remove dead cells and the remaining DMSO. Cells were

left to become confluent before passaging as previously described in Section

B.2Tl

5.2.3 Trypan Blue Exclusion

To count the cells and determine the cell viability, trypan blue exclusion was
used after cells had been trypsinised in Section [5.2.1] with the only difference
to the above protocol being that the cell pellet was resuspended in 1 mL of
medium instead of 5 mL. 25 pL of this cell stock was mixed with 25 uL of
trypan blue and 14 pL of this mixture was then placed into a clean haemocy-
tometer with a coverslip on top. The number of cells were counted in each of
the four large corner squares, where cells on the line were counted if they were
touching the bottom or right side. Cells were considered alive if they were
white, while cells were considered dead if they were blue. The number of cells

per square is 0.1 mm? so cell count/ mL was determined with Equation

Live Cell
Cletts = $ x 10* x DF (5.1)
Where Cqs is the cell concentration (cells/ mL), live cells are the total live

cells counted and DF is the dilution factor (this is always two if using the

volumes of cells and trypan listed above).
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Cell viability was always at least 90% and was determined using Equation 5.2}

where total cells is the combined number of live and dead cells.

Live Cells

Viability % = Total Colls

100 (5.2)

5.2.4 Cell Seeding

After cells had been counted and the percentage viability determined as in
Section [5.2.3] the desired volume of cells needed to make the required cell

concentration was determined using Equation [5.3}

o CQVQ

Vi C

(5.3)

Where V; is the unknown volume to take from the cell stock, Cs is the desired
final concentration of cells and V5 is the total volume of solution to be prepared

and C; is the starting concentration determined using Equation [5.1}

The appropriate volume of diluted cell stock was then added to the different
well plates or flasks as listed in Table [5.3| unless explicitly stated elsewhere.
The plate/ flask was then incubated for 24 hours at 37°C and 5% CO, to allow

for cell attachment.



Chapter 5.  Cell Culture 153

Table 5.3: Volume of cell stock added to different culture plates or flasks.
* 0.2 mL for semi-adherent cells.

Plate/ Flask Volume (mL)

12-well 1

24-well 0.5

96-well 0.1*
T25 3-5
T75 12
T175 30
T225 45

5.2.5 Presto Blue™ Cell Viability Assay

Cell metabolism was assessed using the resazurin-based PrestoBlue (PB) as-
say. To prepare the reagent, PB was diluted 1:10 in fresh, warmed, supple-

mented media.

Adherent Cells: Cell culture media in the plate was then removed and re-
placed with the diluted PB reagent. For a 96-well plate, 100 uL. of PB reagent
was used. The plate was incubated for was incubated at 37°C for 2 hours, or
until the negative control (live cells) had changed to pink/ purple in colour.
To prevent air bubbles from being transferred to the black well plate, which
can affect accuracy of measurements, 90 ul. of the media containing PB was
transferred to an opaque black 96-well plate and the fluorescence was measured
using a plate reader (Aex = 560 nm, A, = 590 nm). Results were normalised
by subtracting the average fluorescence value of PrestoBlue™ from the flu-
orescence values of PrestoBlue™ in the presence of cells and converted to

percentage metabolism by setting the negative control as 100% as described

in equations [5.4] and [5.5]

uy]

(5.4)

IN =T —
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TN —D

n

MY% = ( ) x 100 (5.5)

Where zy is the sample normalised to PrestoBlue™, x is the sample fluores-
cence, R is the average fluorescence of the PrestoBlue™ control, M% is the
relative metabolism of the cells, p is the average of the normalised positive

(dead) control and 7 is the average of the normalised negative (live) control.

Semi-Adherent Cells: To prevent suspended cells from being removed, 10%
PB was added directly to each well. In the case of a 96-well plate, 22 uL of PB
was added to give a total volume per well of 222 ul.. The reagent was mixed
by gently tapping the plate. The plate was incubated at 37°C for 2 hours, or
until the negative control (live cells) had changed to pink/ purple in colour.
To prevent cells from being transferred, the plate was then centrifuged at 123
x ¢ for 5 minutes to sediment any suspended cells. 90 uL of the supernatant
was then transferred to a black 96-well plate and fluorescence was measured

as for the adherent cells.

5.2.6 In Vitro Toxicity Studies

5.2.6.1 Live/ Dead Fluorescence Imaging

To carry out live/ dead fluorescence imaging, GIN and GCE 31 cells were first
seeded in a 96-well clear tissue culture plate at a density of 5 x 10* cells/
mL in 100 pL and left to attach for 24 hours. The cell medium was replaced
with the desired concentration of treatment as discussed in Section [5.2.6.2]
Negative (live) and positive (dead; 3% Triton-X 100 in DMEM) controls were
also prepared. Cells were incubated for 48 hours with the treatment. The plate
was then spun at 200 x ¢ for 5 minutes to prevent the accidental removal of

floating dead cells. A master stain mix was prepared in PBS containing 1 pl/
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mL calcein Am (live stain), 1 pL/ mL ethidium homodimer-1 (dead stain)
and 2 drops/ mL Hoechst 33342 (nucleus stain). The cell media was replaced
with this master mix and cells were incubated for 20 minutes. The cells were
then imaged using a Nikon ECLIPSE Ti Inverted Microscope with the green
fluorescent protein ‘GFP’ (510 nm; green), tdTomato (581 nm; red) and 4’,6-

diamidino-2-phenylindole ‘DAPT’ (460 nm; blue) laser channels.

5.2.6.2 Toxicity Curve

In all toxicity curves, cells were seeded at the desired concentration as discussed
in Section [5.2.4] After 24 hours, cell medium was removed from each well and
replaced with 100 uL of the treatment at the desired concentration (prepared
in PBS via serial dilution), then the cells were incubated for either 24 or 48
hours. Relative cell metabolism was determined using PrestoBlue™ (Section

5.2.5).

For the ferricyanide/ ferrocyanide toxicity study (Section [2.4.2)): Fer-
ricyanide (FIC) and ferrocyanide (FOC) toxicity was tested at the following
concentrations: 0, 0.001, 0.01, 0.1, 1, 2, 5, 10, 25, 50 and 100 mM.

For the pyrrole toxicity study (Section [2.4.2)): Pyrrole (Py) toxicity was
tested at the following concentrations: 0, 0.001, 0.01, 0.1, 1, 2, 5, 10, 25, 50,
100 200 and 500 mM.

For the nanoparticle toxicity study (Section4.4.4.2)): Zinc oxide (ZnO),
silica (SiO2) and gold (Au) nanoparticle toxicity was tested at the following
concentrations: 0, 0.1, 0.5, 1, 2, 5, 10, 20, 50 or 100, 200 pg/ mL.
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5.2.7 Flow Cytometry for Apoptosis Study

This work was carried out with Dr David Onion (School of Life Sciences,

University of Nottingham).

5.2.7.1 Sample Preparation

Cells were counted as described in Section and then seeded in a 12-
well plate as described in Section [5.2.4] Culture medium was replaced with
a supplemented DMEM containing the treatment and incubated for the de-
sired amount of time. After this, the supernatant was removed from the wells
and added to a falcon tube. Cells were washed with phosphate buffer saline
(PBS), and this wash was also added to the same falcon tube. Next, cells
were trypsinised, and after a 3 minute incubation media was added to inhibit
the trypsin. This solution was added to the supernatant previously collected.
Samples were centrifuged at 300 x ¢ for 5 minutes, then the supernatant was
discarded. 500 pul. PBS was added to disperse the pellet, then 2 drops of
caspase 3/ 7 detection reagent and 0.5 uL of Zombie dye were added to each
sample. Controls of cells with no caspase 3/ 7 reagent or Zombie dye, and
either just caspase 3/ 7 reagent or Zombie dye were also prepared for gating

the samples as shown in Table [5.4]

Table 5.4: List of controls for flow cytometry experiment.

Control Caspase 3/ 7 Zombie-NIR
1 - ,
2 X -
3 - X
4 X X

Cells were incubated at 37°C, 5% and CO, for 30 min. Samples were then

centrifuged, the supernatant discarded and the pellet redispersed in PBS. This
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washing step was repeated. The resulting suspensions were then transferred to

M round-bottomed polystyrene test tubes and stored in the dark until

Falcon™
analysis. Samples were measured using an iD7000™ Spectral Flow Cytometer

(Sony).

5.2.7.2 Gating for Percentage Apoptotic Cells

To select single cells, the events were sequentially gated. First, forward scatter
(FSC) - Area (A) was plotted against side scatter (SSC) - A to identify cells
and exclude debris. Following this, to remove duplicate events, cells were
gated against SSC- Height (H) against SSC-A. Finally, cells were gated using
a quadrant gate for Caspase 3/ 7 vs Zombie-NIR. This gating was dictated by
the position of the cells stain with just Caspase 3/ 7, just Zombie-NIR and
the treated negative control (NC) stained with both stains. This is shown in

Figure . All gating was performed using FlowJo™ 10.10.
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Figure 5.1: Gating strategy for negative control (NC) GCE 31 cells
stained with both Caspase 3/7 and Zombie-NIR.

Cells were first gated based on physical parameters of cell size (Forward Scatter;
FSC) and structural complexity (Side Scatter SSC). Next, cells were gated to remove
duplicates by plotting SSC-Area (A) vs Height (H). Finally, cells were quadrant
gated.

5.3 Cell-Induced Polymerisation

Cells were seeded in a tissue culture-treated T175 flask at a density of 6.5 x
10° cells per flask then incubated for 24 hours at 37°C and 5% CO, to attach.
Py and FOC were added to supplemented DMEM to give final concentrations
of 500 and 40 mM respectively. The cell-culture medium was replaced with
40 mL DMEM + Py + FOC, and left to incubate for 48 hours for the poly-

merisation to occur. This media was then removed and filtered through a
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100 kDa Amicon® ultra centrifugal filter. The polypyrrole (Ppy) residue was
then resuspended in dH5O, then filtered and washed twice more. The final
residue was resuspended in dHyO and then snap frozen in liquid nitrogen and
freeze-dried for analysis. Two chemically-synthesised Ppy controls were also
prepared. Here, Py and FIC were added to either supplemented DMEM, or
dH>O to give final concentrations of 500 and 40 mM respectively, and a total
volume of 40 mL. These solutions were incubated alongside the cell-mediated

flask, and Ppy was isolated as above.

5.4 Claenorhabditis elegans

5.4.1 Preparation of Stock Solutions

Bacterial Food Source: Lysogeny broth (LB; also known as Luria Broth)
was prepared by suspending 20 g of LB broth powder in 1 L of milliQ water.
This was then autoclaved for 15 minutes at 121°C. One colony of E. coli
‘OP50” was added to 50 mL of LB. Two tubes were prepared for every 1 L of
Nematode Growth Medium (NGM). The tubes were incubated overnight at

37°C to allow the bacterial food source to grow.

For experiments, the FE. coli was prepared in the following way: After incuba-
tion in LB overnight, the bacteria solution was transferred to 15 mL centrifuge
tubes, then spun at 4000 x g for 3 min. The supernatant was removed and
the pellet resuspended in 10 mL M9 buffer. This was repeated twice more.
Finally, the pellet was resuspended in M9 to give an optical density (OD) of 1
(measured using ultraviolet/ visible (UV-Vis) spectroscopy). This was used
to dilute worm stocks to the desired concentration for worm seeding in Section

0.4.0l
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Calcium chloride (CaCl,) solution (1 M): 7.4 g of calcium chloride dihy-
drate (CaCly-2H20) was weighed out then placed into a clean 250 mL borosil-
icate bottle. Approximately 50 mL of milliQQ water was added to the bottle
to make the concentration 1 M. This solution was swirled to fully dissolve the
crystals. The lid was loosened, autoclave tape was added and this was auto-
claved for 15 minutes. This was stored at 4°C. Before use, the solution was

filter sterilised using a 0.22 pm filter.

Magnesium sulfate (MgSO,) solution (1 M): 12.3 g of magnesium sulfate
heptahydrate (MgSO,-7TH20) was weighed out then placed into a clean 250
mL borosilicate bottle. Approximately 50 mL of milliQQ water was added to
the bottle to make the concentration 1 M. This solution was swirled to fully
dissolve the crystals. The lid was loosened, autoclave tape was added and
this was autoclaved for 15 minutes. This was stored at 4°C. Before use, the

solution was filter sterilised using a 0.22 pm filter.

Potassium phosphate buffer (KPO,) solution (1 M): 54.2 g of monopotas-
sium phosphate (KH5PO,) (also known as potassium phosphate monobasic)
was weighed out then placed into a clean 500 mL borosilicate bottle. 17.8
g of dipotassium phosphate (KoHPO,) (also known as potassium phosphate
dibasic) was added. Next, 500 mL of milliQ) water was added to the bottle and
this solution was shaken vigorously to fully dissolve the crystals. The pH was
checked using pH paper to ensure it was between 5.8 - 6.0. The lid was loos-
ened, autoclave tape was added and this was autoclaved for 15 minutes. This
was stored at room temperature. Before use, the solution was filter sterilised

using a 0.22 pm filter.

Cholesterol in ethanol solution (5 mg/ mL): 10 mg of cholesterol was

placed in a clean glass vial and 2 mL of ethanol was added and the vial was
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shaken to mix. This was made each time NGM was prepared. It was not

autoclaved before use.

M9 Buffer: 1.8 g KHy;POy, 3.6 g Na,HPO,4 and 3 g NaCl were added to a
1 L borosilicate bottle and 600 mL of milliQ) water was added. The lid was
loosened, autoclave tape was added and this was autoclaved for 15 minutes.
After the solution was cooled to approximately 50°C, 0.6 mL of MgSO, (1 M)

was added and the solution mixed by swirling. This was stored at 4°C.

Sodium Hydroxide (NaOH) Solution (5 N): 50 g of NaOH was added to
a clean container and milliQQ water was added to make the total volume 250

mL. This was stored at room temperature.

5.4.2 Preparation of Growth Media

In this work, C. elegans were grown on NGM agar in 100 mm petri dishes to
ensure large quantities of worms for experiments. These plates were prepared

in the following manner:

NaCl (1.5 g), agar (8.5 g) and peptone (1.25 g) were added to a 1 L borosilicate
glass bottle with an autoclavable lid. 488 mL milliQ) water was added, the lid
was loosely placed on the bottle with autoclave tape and this was autoclaved
for 50 minutes. The bottle was then transferred to a sink filled with cold
water to cool the contents to approximately 50°C to prevent the salts from

precipitating out when added.

A flame was setup to ensure an aseptic environment. 1 mL each of sterile
CaCly (1 M) and MgSO, (1 M) were added to the bottle, along with 1 mL
of cholesterol in ethanol (5 mg/ mL) and 25 mL of KPO, buffer (1 M). This

solution was then swirled to mix. The NGM solution was then poured into
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petri plates using sterile procedures, filling each plate approximately 2/ 3 full.
The plates were then left at room temperature for 2 - 3 days to allow excess

moisture to evaporate from the plates.

To each plate, approximately 400 puL of E. colv OP50 in LB was added. This
was spread over the plate using a sterile L-shaped spreader, ensuring the lawn
was not spread to the very edge of the plate to prevent worms crawling up the
plate, drying out and dying. Plates were incubated at 37°C overnight, or until
a visibly thick lawn was observed. The NGM plates were the stored upside

down in an airtight container at 4°C until needed.

5.4.3 Culturing C. elegans

Transferring worms on NGM plates: To quickly transfer worms from an
old plate devoid of a bacteria lawn to a fresh plate, a 1 x 1 ¢m chunk of agar
was cut from the old plate using a sterilised scalpel. This chunk was transferred
to the fresh plate, ensuring the chunk was flipped so that the worms were able

to crawl onto the new agar.

Cleaning Contaminated Plates: To remove bacterial or mould contami-
nants from plates, worms were first removed by washing the plate with sterile
H50 using a pipette. This was done twice to loosen any worms or eggs that
were stuck in the contaminant. The liquid was transferred to a centrifuge tube
and spun at 2000 x ¢ for 2 minutes to settle the worms. The supernatant was
removed and 3.5 mL sterile HyO was added to re-suspend the worms. 0.5 mL
NaOH (5N) was mixed with 1 mL sodium hypochlorite then this was added
to the tube. The tube was shaken well for a few seconds every 2 minutes for
a total of 10 minutes, or until the worms had broken down to release eggs as

identified under a brightfield microscope. The tube was spun at 1500 x ¢ for 1
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minute to pellet the eggs. The supernatant was removed and sterile HyO was
added to re-suspend the eggs in 5 mL total volume. The tube was shaken then
centrifuged as before. This wash step was repeated for a total of two washes.
The supernatant was removed, then the pelleted eggs were transferred to a

clean plate using a sterile pipette.

5.4.4 Synchronising the Worm Life Cycle

To synchronise the worm life cycle, eggs were obtained using the same method
described in Section “Cleaning Contaminated Plates”, using NaOH and
bleach to harvest eggs from adult worms. The eggs were divided between an
appropriate number of plates and left to reach the desired stage in the life

cycle. See below for timings for larval (L) stage 1 and adult worms.

To obtain larval (L1) worms: The plates were incubated at 20°C for 60
hours to allow two cycles of the life cycle to occur. To isolate the L1 larvae,
the worms were washed off the agar plate using dH,O and passed through 2
x nylon 20 pm filters. 50 mLL dH,O was passed through the filters to ensure
all L1 larvae had passed through. The larvae were then spun at 1500 x g for
2 minutes to pellet the worms. There were then counted as in Section [5.4.5

below.

To obtain adult worms: The plates were incubated at 20°C for 52 hours
to let the worms reach the adult stage in the life cycle, before egg laying had

begun.
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5.4.5 Counting C. elegans

Two 20 pm mesh filters were placed in a clean funnel and wetted using sterile
dH,O. Plates containing the synced worms previously described in Section
were washed with approximately 30 mL sterile dH,O, and this liquid
was then transferred to the filter to trap adult worms. Approximately 30 mL
more dH,O was passed through the filter to wash through any smaller worms
or contaminants. The adult worms were washed off the filter with less than
10 mL dH5O into a clean 15 mL centrifuge tube, before being spun at 1500
x ¢ for 2 minutes to pellet the worms. The supernatant was discarded then
the worms resuspended in dH,O to make a total volume of 1 mL. 20 uL of
this suspension was pipetted onto a microscope slide with grid marking using
a wide tip to ensure the worms would fit through the tip end. The number of
worms in 20 pL was counted then the concentration of worms was determined

using Equation [5.6]

CWorm = N2O x 50 (56)

Where Cyopn is the number of worms per mL (concentration) and Ny is the

number of worms in 20 pL.

The stock solution of worms was then diluted with a mixture of F. coli in M9
at an OD of approximately 1 to achieve the desired number of worms per 100
pL. This was then added to 96-well plates with 100 pL of the worm suspension
per well, ensuring that a tip with a wide end was used (cut using a scalpel if
necessary) to ensure all worms could pass through intact. The exact number

of worms per well was recorded, making note of both live and dead worms.
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5.4.6 Imaging C. elegans

Two slides were wrapped in a single layer of masking tape to create a slightly
raised platform and allow a thin agarose platform to be created. These were
placed on either side of a clean microscope slide. A droplet of 5% agarose gel
was placed in the middle of the microscope slide, then another clean slide was
placed perpendicular to the first slide over the droplet and the gel was left
to harden slightly (approximately 30 seconds). The top slide was removed,
leaving the spread droplet on a single slide. 5 pli of worms were added to the
droplet, and immobilised by the addition of levamisole (5 pL). Excess liquid
was removed by blotting using a low-lint tissue, taking care to not disturb the
worms or damage the gel. Finally, a coverslip was placed over the slide, which
could then be inverted and imaged using the brightfield setting on an EVOS

microscope. The preparation of agarose slides is depicted in Figure [5.2,

1.0 ] 2 ’“—m" 3. 4.
// N~
Q\ %%
. Droplet of
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tape agarose gel slide levamisole Coverslip
Microscope
slides

Figure 5.2: Graphical illustration of preparing agarose slides for imaging
nematodes.

(1) Two slides wrapped in a single layer of masking tape were placed on either side
of a clean microscope slide. A droplet of 5% agarose gel was placed in the middle
of the slide. (2) A clean slide was placed perpendicular to the first slide over the
droplet and the gel was left to harden. The slide was then removed. (3) Worms were
added to the droplet, and immobilised with levamisole. Excess liquid was removed.
(4) A coverslip was placed over the droplet before imaging.
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5.4.7 C. elegans Life Cycle Study

Three NGM plates were used per mutant as biological repeats. Eggs were
obtained using the method described in Section “Cleaning Contaminated
Plates”. Briefly, the plates were washed with dH,O and NaOH and sodium
hypochlorite were added as previously described. After vortexing/ shaking
regularly for 10 minutes, the tubes were spun at 2000 x g for 1 minute, the
supernatant was removed, fresh dH,O was added to wash the eggs and the
tubes were spun again at 2000 x ¢ for 1 minute. Worms were seeded on fresh

NGM plates, with approximately 100 eggs added per plate.

The plates were imaged using an EVOS brightfield microscope immediately,
then every three hours for a total of nine hours. In between imaging, the plates

were incubated at 20°C.

5.4.8 In vivo Toxicity Study

Potassium ferricyanide (FIC), potassium ferrocyanide (FOC) and pyrrole (Py)
serial dilutions were made up in M9 buffer to make concentrations of 0.002,

0.02, 0.2, 2, 4, 10, 20, 50, 100, 200, [400, 1000 - pyrrole only] mM.

Worms were plated as described in Section to give approximately 15
worms per 100 uLL per well in a 96-well plate. 100 uL of chemical concentration
was added in triplicate to the worms to give final concentrations of 0.001, 0.01,
0.1, 1, 2, 5, 10, 25, 50, 100, [200, 500 - pyrrole only] mM. A negative control
of 100 puLL M9, and a positive control of 100 ul. of ethanol were added in
triplicate, ensuring the positive control was on a different plate to the other
conditions due to the ethanol vapour toxicity that has previously been recorded

[347]. The number of live and dead worms per well was recorded immediately.
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Plates were then incubated for 24 and 48 hours at 20°C, with the number of
live and dead worms counted every 24 hours. Images of the worms in the wells

were also obtained using an EVOS brightfield microscope.

5.4.9 Nematode Length Measurements

When the number of live/ dead worms was counted in Section[5.4.8] brightfield
images of the worms were taken. These were then processed using ImagelJ
with the plugin Wormsizer [256] to determine the length of the worms. The
magnifications used in the plugin were recorded in a spreadsheet as: 4 | 1
| 1.582278481 and 10 | 1 | 0.782013685. The threshold used was ‘IsoData’.
This approach only worked when worms were well separated; for overlapping
worms, manual measurements were taken using the ‘segmented’ line tool down
the central ‘spine’ of the worm. These values were then plotted using a violin

plot.

5.4.10 In vivo Polymerisation of Pyrrole

5.4.10.1 Polymerisation for Visual Microscopy Analysis

Nematodes were first synced as described in Section to obtain a syn-
chronous adult population, then counted and added to a 96-well plate as de-
scribed in Section Approximately 10 worms were plated per well in
dH,0. Worms were either treated with polypyrrole (100 pg/ mL), pyrrole
(500 mM), FIC (40 mM) or FOC (40 mM) as shown in Table[5.5] The plate
was then incubated for 24 or 48 hours before wells were imaged using an EVOS

brightfield microscope.
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Table 5.5: Treatments of C. elegans for in situ polymeristaion of pyrrole.
*Sample 1 = negative control i.e. untreated. Ppy = polypyrrole; Py = pyrrole; FIC
= potassium ferricyanide; FOC = potassium ferrocyanide.

— A e
1* _ - _ ]
2 X : _ .
3 . X X :
4 _ : ; X
5 _ X : :
6 _ X _ X

5.4.10.2 Polymerisation for Raman Analysis

Nematodes were first synced as described in Section to obtain a syn-
chronous adult population, then counted as described in Section and
nematodes were added to a 1.5 mL Eppendorf tube so that the total volume
with the treatment was 1 mL containing either 1000 nematodes (for the Ppy,
FIC, FOC or Py samples) or 3000 nematodes (for the Pys0oFOC,y sample).
The treatments given are shown in Table [5.5] with an additional treatment
of just FIC (40 mM) also given. The tubes were incubated at 20°C for 48
hours, then spun at 2000 x ¢ for 2 minutes. Worms were washed with dH,O
three times, resuspending and then pelleting the worms between each wash to

remove any treatment not internalised.
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5.5 Tumour Treating Fields

5.5.1 Initial Well Plate Layout

GIN and GCE 31 cells were counted as described in Section [£.2.3 then seeded
in a tissue culture-treated 12-well or 24-well plate at a density of either 0.7 or
0.09 x 10° cells per well respectively and incubated at 25°C and 5% CO,. A

control of cells without TTFields was also seeded at the same time.

5.5.2 High Throughput 96-Well Design

5.5.2.1 TTField Experiments using the High Throughput System:

Cells were seeded in a cell culture-treated 96-well plate and incubated for 24
hours at 37°C and 5% COs to allow for cell attachment. Cell medium was
replaced with complete DMEM, and the plate lid replaced with the TTField-
modified lid. Cells were incubated at 25°C for 4, 24 or 48 hours with electrical
stimulation at 300 kHz and 3 V/ cm. After stimulation for the desired length
of time, cell media was replaced with 10% PrestoBlue™ and incubated at
25°C for 3 hours before being transferred to an opaque black 96-well plate.
The fluorescence was recorded using the method in Section [5.2.5]

5.5.2.2 TTField Enhancement with Nanoparticles (Adherent
Cells):

Cells were seeded in a cell culture-treated 96-well plate and incubated for
24 hours at 37°C and 5% CO, to allow for cell attachment. Cell media was

then replaced with media containing 5 ug/ mL ZnO NPs and incubated for 4
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hours at 37°C and 5% CO, to allow for cellular uptake. Media was replaced
with complete DMEM and cells were electrically stimulated as described in

the above section for 48 hours, then metabolic activity was determined as in

Section [5.2.9]

5.5.2.3 TTField Enhancement with Nanoparticles (Semi-Adherent
Cells):

Cells were seeded as above and incubated for 24 hours to allow for partial
adherence. To prevent the removal of adherent cells, the plate was first spun
at 123 x ¢ for 5 min. The supernatant was then replaced with media containing
5 pg/ mL ZnO NP and cells were incubated as above. After 4 hours, the plate
was spun at 123 x ¢ for 5 min and the media was replaced with supplemented
DMEM. Cells were electrically stimulated as described previously. After 48
hours, 10% PrestoBlue™ was added to each well to determine the relative

metabolic activity.

5.5.2.4 Combined Therapy - TTField and ‘Reverse Prodrug’:

Cells were seeded as above and incubated for 24 hours to allow for cell attach-
ment. Cell media was then replaced with media containing either Ppy (5 ug/
mL), or Py (10 or 20 mM) and FOC (2 mM). Immediately, cells were electri-
cally stimulated as described in above for 48 hours, then metabolic activity
was determined as in Section [5.2.5l The full list of conditions is shown in Table

0.0}
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Table 5.6: Conditions used for tumour treating fields and ‘reverse pro-
drug’ combined study. EF = electric field stimulation; TTField = tumour treat-
ing field.

No EF + TTField -+ Current

No Treatment X X X
Ppy (5 pg/ mL) X X X
Py10FOC2 X X X
Py20FOC2 X X X

5.5.3 Tumour Treating Field Enhancement with

Nanoparticles

5.5.3.1 System Setup:

The equipment used for this experiment are shown in Figure 5.3l Briefly,
this consisted of a TTField generator, a base plate capable of housing eight
ceramic dishes and lids. The base plate was connected to the generator using
a flat rainbow cable, and the system was connected to a computer, where the

TTField parameters could be adjusted.

5.5.3.2 TTField Enhancement with Nanoparticles:

Cells were counted on a haemocytometer using trypan blue exclusion and then
seeded on tissue culture-treated coverslips (22 mm diameter) housed in a 6-well
plate at a density of 0.02 x 10° cells/ mL (24-hour treatment time) or 0.04 x
106 cells/ mL (48-hour treatment time) in 500 pL supplemented DMEM. Cells

were incubated for 24 hours at 37°C and 5% CO, to attach.
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(M)

x1

(iii) x8

(iv) x8

(") (V) yh x1
x1

Figure 5.3: Novocure® Plate Layout.
(i) Generator; (ii) Inovitro™ base plate; (iii) ceramic dish and (iv) dish lid; (v)
rainbow cable. Number of each components also shown.

Zn0, Si0y, and Au NP suspensions were prepared in PBS and then added to
supplemented DMEM to give a final concentration of 5 pg/ mL. The media
on the coverslips was removed using a micropipette, the edges of the coverslip
dried on a low-lint tissue, then the media was replaced with 400 L of the
nanoparticle-containing medium and the cells were incubated for 4 hours to

allow for cellular nanoparticle uptake. This is illustrated in Figure |5.4

R

1. Media removed 2. Coverslip picked 3. Coverslip dried 4. Nanoparticle
up using tweezers suspension
added

Figure 5.4: Schematic for the removal and NP replacement for cells on a
coverslip.
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The ceramic dishes and lids (Figure (iii) and (iv)) were cleaned with 70%
industrial methylated spirit then sterilised using UV for 15 minutes prior to
use. The base plate was also wiped using 70% industrial methylated spirit just

before use, then the ceramic dishes were mounted into the base plate.

After NP incubation was complete, the coverslips were removed from the 6-
well plates using tweezers and transferred to the ceramic inovitro™ dish. 1.5
mL of warmed, supplemented media was added to each dish to cover the cell-
coated coverslips. A lid was placed on each dish and the plate was placed
in an incubator set at 25°C and 5% CO,. Cells for the negative control (no
TTFields or NPs) also had the media removed from the coverslip and 1.5 mL
new media added to replicate the conditions of the TTField plate. This is
illustrated in Figure . This plate was also added to the low temperature
incubator. The rainbow cable was added to connect the inovitro™ base plate
to the generator, then the generator was switched on. The frequency was set
to 300 kHz and 3 V/ cm. Cells were electrically stimulated for either 24 or
48 hours, with the culture medium replaced after 24 hours with 1.5 mL fresh,

warmed, supplemented media to limit effects of media evaporation.

1. Dishes connected to base plate
2. Coverslips placed in dish

3. Media added

4. Covered with lid

Figure 5.5: Schematic for using the ceramic dishes with the base plate
and coverslips.
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After the desired stimulation time, the generator was turned off and the base
plate was disconnected. The media in each dish was removed, the edge of the
coverslips were dried, then the coverslips were placed cell-side up into a sterile
6-well plate. Relative metabolism was determined as in Section with
minor adjustments. Cells were incubated with 400 pL diluted PrestoBlue™
for 30 minutes, then the media was removed and mixed thoroughly in an Ep-
pendorf before 100 uL was added to an opaque black 96-well plate in triplicate
for each sample. Fluorescence measurements and calculations were performed

as described previously. The conditions tested are shown in Table

Table 5.7: Conditions tested for tumour treating field (TTField)-
enhancement study.
Sample 1 was the negative (untreated) control.

Sample TTField Nanoparticle

1 _ _
2 X -
3 X X

5.6 Analytical Methods

5.6.1 Fourier Transform Infra-Red Spectroscopy

Crystalline samples were first ground into a fine powder using a pestle and mor-
tar. Nanoparticles were air dried at 25°C for 48 hours before measurement. The
crystal of the Cary 360 Fourier transform infra-red spectrophotometer (Agilent
Technologies Ltd.) was cleaned with an Azo 70% isopropyl alcohol wipe and
left to dry. A background measurement was recorded before the samples were
placed on the crystal and the transmittance was measured between 4000 to

400 cm™ L.
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5.6.2 Ultraviolet-Visible Spectroscopy

Suspensions or solutions of the sample were made up in an appropriate medium,
either deionised water or PBS as appropriate. The concentration of the solu-
tion was such that the maximum absorbance of the sample was 1 to fall within
the limits of the Beer-Lambert law. Samples were added to a microcuvette
(maximum volume of 1.5 mL) and the absorbance was measured against a
blank of the same medium used to disperse the solution using a Cary 3500

UV-Vis (Agilent Technologies Ltd).

5.6.3 Dynamic Light Scattering

The hydrodynamic diameter (hq) was measured on a Malvern Zetasizer Nano-
ZS (Malvern Instruments, UK). The disposable folded capillary cell (DTS1070)
was rinsed three times with diH,O then dried using compressed air. The so-
lution of interest was added to the cuvette using a syringe, avoiding bubble
formation. The cuvette was inserted into the sample holder and the sample
measured using the following parameters: Dispersant - water; temperature -
25°C; equilibration time = 120 s; measurement angle - 173° backscatter; auto-

matic measurement duration; three measurements; 0 s between measurements.

5.6.4 Zeta Potential

The cuvette was prepared and sample filled as in Section[5.6.3] The cuvette was
inserted into the sample holder and the sample measured using the following
parameters: Dispersant - water; F(Ka) model - Smoluchowski; temperature
- 25°C; equilibration time = 120 s; automatic measurement duration; three

measurements; 0 s between measurements.
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5.6.5 Solid State Nuclear Magnetic Resonance

This work was carried out with Dr Huw Williams (School of Chemistry, Uni-
versity of Nottingham). Samples were either analysed on a Bruker Advance I11
HD 600 MHz or 800 MHz spectrophotometer at room temperature. Spectra
were calibrated to adamantane, with all signals referenced to the downfield
carbonyl peak at 173.5 ppm. For samples run using the 600 MHz spectropho-
tometer, a Larmor frequency of 150.8 MHz using a 3.2 mm probe at a spin
rate of 15 kHz was employed. The *C 7/2 pulse duration was 4.0 us, spectral
width was 45.4 kHz, acquisition time was 18 ms, and 90112 scans were run.
For samples run using the 600 MHz spectrophotometer, a Larmor frequency
of 201.3 MHz using a 2.5 mm MAS probe at a spin rate of 18 kHz was used.
the 1¥C 7 /2 pulse duration was 3.6 us, spectral width was 82 kHz, acquisition

time was 38 ms, and 32768 scans were run.

5.6.6 Raman Spectroscopy

This work was carried out with Dr Graham Rance (Nanoscale and Microscale
Research Centre, University of Nottingham). Spectra were acquired with either
a HORIBA LabRAM HR upright microscope with 200 gm hole and a grating
of 300 lines/ mm between 410 and 1800 cm™! or a HORIBA XploRA INV
inverted microscope with a 300 um hole and a grating of 600 lines/ mm between
200 - 3600 cm™!. A 785 nm laser was used with a grating of 300 lines/ mm.
Before measurements were obtained, the instruments were calibrated using
the Rayleigh line at 0 cm™! and a standard Si (100) reference band at 520.7
ecm~ 1. A laser power of 0.1 - 100% was used. Samples were placed on a quartz
microscope slide and left to dry for 48 hours prior to imaging. Toxic samples

were imaged through a glass vial.
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Intensity maps were carried out using the HORIBA XploRA INV inverted
microscope with a grating of 600 lines/ mm using a 785 nm laser. Spectra were
collected between 200 and 2600 cm™! over an area of 10 x 10 um with a grid
spacing of 1 pum steps along both the x and y axes for a total of 121 spectra per
map. Each spectrum was collected for four seconds and was repeated once to
give a total acquisition time of approximately 17 minutes. The height intensity
of the desired bands and corresponding intensity ratios were determined within
the mapped cross-sectional area. Representative spectra were extracted for

comparison. This was run at 100% laser power.

To map the location of Ppy across the surface of a nematode, the intensity of
a known Ppy band was plotted in one of two ways. The first way was using
univariate analysis (UVA), where intensity was plotted as a function of spatial
location. The second way was using multivariate analysis (MVA), specifically
multivariate curve resolution (MCR), where a two component model was ap-
plied to the optical image. The first loading corresponded to the Ppy, and
the second loading to the background substrate. The combined loading scores
were then normalised to 100% to generate individual maps. These were then
overlaid onto an optical image of the nematode, and a heat map showing max-
imum signal intensity of Ppy was produced. Raman spectroscopic analysis was
carried out at 785 nm and 0.1% power. A grating of 600 lines/ mm was used
with a 200 pm slit and 300 p hole. The spectra were taken at 20 x magnifi-
cation, with a four second acquisition time over a 80 x 180 pum grid in 2 pm
steps for a total of 3731 images. Total acquisition time was approximately 4

hours and 30 minutes.
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5.6.7 Scanning Electron Microscopy

This work was carried out with Lorelei Robertson (Nanoscale and Microscale
Research Centre, University of Nottingham). One drop of filtered Ppy solution
was placed in a stub and left to air dry for 48 hours. This was then sputter
coated with 10 pum Iridium using a turbo sputter and carbon coater (Quo-
rum Q150TES), before imaging the sample using a 7100F FEG-SEM scanning

electron microscope (Jeol Ltd.) with a 5 kV power supply.

5.6.8 Transmission Electron Microscopy

This work was carried out with Dr Michael Fay (Nanoscale and Microscale
Research Centre, University of Nottingham). The stock nanoparticle solution
was diluted 1:10 with dH50O, then 10 pL of the sample was combined with
40 pL. dH50O and ultrasonicated 3 minutes to disperse particles and decreases
agglomeration. 3 pl. was then drop dispersed onto an appropriate grid (See
Table . After five seconds, excess liquid was wicked off using filter paper.
The sample was pre-pumped for five minutes to ensure it was completely dry
before loading into a JEOL 2100 Plus transmission electron microscope (Jeol,

Ltd.). Average particle diameter was measured using ImageJ.

Table 5.8: Grids used for TEM analysis of nanoparticles.

NP Grid Code Company
Carbon-coated copper ..
Au (400 mesh) AGS160 Agar Scientific
. Amorphous Carbon .
Si0O, (300 mesh) C300Cu25 EM Resolutions

Graphene Oxide on
ZnO Holey Carbon (300 GOHC300Cu50

mesh)

Electron Microscopy
Sciences
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5.7 Statistical Analysis

All analysis was carried out using GraphPad Prism 10.3.1, with an appropriate
statistical test used. Tests used: One-way ANOVA, two-way ANOVA and T-
test. Significance was confirmed and represented by the following values: *P

= 0.0332; **P = 0.0021; ***P = 0.0002; ****P < 0.0001.

5.8 Software

All graphs were plotted using using GraphPad Prism 10.3.1. Image analysis
was performed using FIJI 2.16.0, an image processing package distribution of
ImageJ2. All graphics were produced with Inkscape 1.0.2-2 or BioRender.com.

The thesis was written using KTEX.
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Chapter 6

Future Work and Perspectives

This thesis has laid the foundation for investigating the combination of cell-
induced polymerisation with tumour treating field (TTFields) stimulation as
a dual approach to treat cancer. To first achieve this, polypyrrole (Ppy) was
synthesised in situ and characterised using an in vitro model. Following this,
polymer synthesis in an in vivo model was explored, showing the formation
of Ppy in Caenorhabditis elegans (C. elegans) for the first time. Lastly,
coupling this with TTFields was examined, and a combination approach of
electric field (EF) stimulation with the ‘reverse prodrug’ had a significant effect
on cell behaviour. Concluding remarks of each chapter and future directions

of research are discussed in the next sections.
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6.1 Polypyrrole Can Be Synthesised Using

Adherent Cells

The aim of this chapter was to better understand the ‘reverse prodrug’ ap-
proach. This is where a toxic monomer is given to cells, inducing cell death

then subsequently being inactivated to a biocompatible polyomer.

The first objective was to identify the most suitable analytical techniques for
Ppy analysis in what is an inherently uncontrolled system. By utilising a
range of different methods of purification and characterisation, solid state nu-
clear magnetic resonance (NMR) was found to be the most suitable approach.
The formation of Ppy was successfully demonstrated by combining one of two
adherent cell lines, ‘Glioma INvasive margin’ (GIN) 31 and ‘Glioma Core En-
hanced’ (GCE) 31 with the inactive Fe (II) complex potassium ferrocyanide
(FOC) and the monomer pyrrole. While this mechanism is not fully under-
stood, this is hypothesised to be initiated by components in cellular exudate

that converts Fe (II) to Fe (III), driving the polymerisation reaction.

The second objective was to investigate the toxicity of the starting materials on
the two cell types. From this, optimum concentrations were determined: a non-
toxic range of FOC was selected, and a concentration of pyrrole that induced

some toxicity was chosen as hypothesised to initiate the polymerisation.

The toxicity was further evaluated using flow cytometry to explore the mech-
anism of cell death through either apoptosis or necrosis. Differences in the
response to treatment were seen between the two cell lines, highlighting the

potential to optimise this treatment to target different cells.
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Combining both pyrrole and FOC induced less toxicity than the monomer
alone suggesting that a ‘reverse prodrug’ approach is possible. This approach
is where the toxic monomer can be polymerised to a biocompatible polymer.
Future work should focus on optimising the parameters of this polymerisa-
tion reaction to more effectively treat the cancer cells remaining after surgical

resection.

As the ‘reverse prodrug’ approach also relies on the inactivation of pyrrole
as it is converted to Ppy, it is important to investigate the best ratio of pyr-
role to FOC (Fe (II)). To initiate the polymerisation, Fe (II) must first be
oxidised to Fe (III), with this conversion potentially limiting the rate of poly-
merisation [348]. As such, future work should first focus on understanding
the rate of oxidation of Fe (IT) in glioblastoma cells in both the presence and
absence of pyrrole. Previous work in the Rawson Group has used linear sweep
voltammetry to identify the concentration of iron in both the (II) and (III)
oxidation states. Therefore, it is recommended that this technique is used to
shed more light onto the changes in the ratios between these two oxidation

states [348] 349].

Once the maximum concentration of Fe (III) in the system has been deter-
mined, future work should then be carried out to assess the most-suitable
concentration of pyrrole and the rate of this reaction using 'H NMR as de-
scribed by Tan et al. [130]. Both of these features are important to know as
they dictate the amount of polymer formed and the optimum treatment time

for this cell-mediated polymerisation approach.

To answer questions about the internalisation of the resulting Ppy within living
cells, impedance of the cells should be assessed to identify any decrease in
current resistivity, which would indicate the conductive material is located

within the cells [350]. Determining if conductive material is internalised would
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also assist with understanding how TTFields could be combined with cell-

induced polymerisation as a dual approach to treat cancer.

6.2 C. elegans Can Generate Polypyrrole In

Situ

Following on from the cell-induced polymerisation approach, the application
of this in an in vivo setting was assessed using C. elegans as a model organism.
While there has been some research investigating the polymerisation of other
materials within C. elegans, this is the first time Ppy has been made in situ

in these nematodes.

In this work, the methods for analysing polymer formation were optimised,
within initial observations using a brightfield microscope showing distinct mor-
phological differences across different samples of nematodes treated first with
the individual starting materials. From this, evidence of toxicity was seen
at high concentrations of pyrrole (500 mM), causing the breakdown of lipid-
containing fat deposits and disruption of other internal organs such as the
intestinal tract. Lower concentrations of pyrrole also influenced nematodes,
resulting in changed patterns of movement, such as body twitches and slowed
locomotion at a concentration of greater than or equal to 10 mM. Changes to
the morphology or locomotion of worms treated with FOC (Fe (II)) up to 100

mM were not observed.

In a previous study, Ppy nanoparticles were imaged within the intestinal tract
of the nematodes [244]. The study provided the template for the imaging of
internalised polymer in this work, here showing that non-formulated Ppy can

be observed within the nematodes. While polymer was visible here, it was
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only found in the posterior region of the nematode, indicating that within 24

hours the polymer had already passed through much of the intestine.

To improve characterisation of the polymer formed, Raman spectroscopy was
chosen due to its compatibility with C. elegans [245]. This work showed the
distribution of iron (II) and (III) varied significantly within the nematodes,
with Fe (III) far more homogeneous across the sample, while Fe (II) only
appeared in highly localised pockets. Within the Fe (III) sample, evidence of
reduced Fe (II) was observed in the Raman spectrum, indicating the redox

capabilities of the in vivo model without external stimuli.

To study the potential for C. elegans-initiated redox of iron, future work could
investigate using a time-based study to map the intensity of Fe (II) and Fe
(III) peaks following treatment. The ratio of Fe (II) to Fe (III) could then be
plotted to see changes to the oxidation states in situ. This would provide a
mechanistic understanding into the conversion of the inactive iron initiator to
the active form before the polymerisation occurs. It is hypothesised that the
iron initiator should be given before the monomer to allow for internalisation
and oxidation to Fe (III), encouraging polymerisation within the nematode.
By studying the length of time for the maximum conversion of Fe (II) to Fe
(I11), the optimum time between dosing with Fe (II) and pyrrole could also be
identified.

After identifying the toxicity of the starting materials, a lower concentration of
pyrrole and FOC (Fe (II)) were chosen to investigate the polymerisation using
viable living nematodes. Thus, concentrations of 20 mM pyrrole and 2 mM
FOC (in line with the concentrations identified in Chapter [2|) were selected.
Despite there being no significant change in the percentage of worm survival,
those treated with pyrrole were smaller, indicating some developmental arrest.

Before characterisation of the polymer within C. elegans using Raman is pos-
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sible, it will be necessary to first optimise the ratio of iron to pyrrole, as any
pyrrole not polymerised has been shown to fluoresce and mask the presence of

any Raman peaks attributed to Ppy.

Another parameter to assess the polymerisation of pyrrole within C. elegans
is to monitor changes to the impedance of the worms. This approach was
previously carried out by Chen et al. to identify the stage of the nematode in
the lifecycle based on the alterations in impedance caused by different worm
lengths [351]. As Ppy is a conductive material, the hypothesis of this approach
is that nematodes containing the polymer will have a reduced impedance com-
pared to negative control worms allowing for change in the conductivity of the

worms to indicate the presence of the polymer formed.

To investigate the use of C. elegans as a model organism for optimising cancer
therapies, two mutants were selected due to their relevance to cancer (TP53
homologue, cep-1, knockout and H3.3 mutation, his-72). Changes to the devel-
opment and acute toxicity were assessed over 48 hours to as an indication for
the toxicity of the starting materials on the mutant models. This work showed
that, as with the Bristol N2 wild type nematodes, there was no significant
effect on the proportion of viable worms over 48 hours, but that development
was once again inhibited by the presence of pyrrole at a concentration of 20
mM. As the TP53 homologue in nematodes, cep-1, causes changes in response
to non-ionising radiation, given that this treatment was not used here there,
effects due to the mutation would not be observed. It is therefore of inter-
est to identify changes to the genome for the wild-type and mutant worms
in response to the in-situ polymerisation. The ultimate aim for this cell or
organism-induced polymerisation was to couple it with the tumour treating
fields as a dual approach to treat cancer. Therefore, future work should also

investigate changes to the gene expression in nematodes treated with TTFields
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in the presence and absence of both pre-formulated and synthesised polymer

m situ.

6.3 Tumour Treating Fields Can Be

Enhanced

In this chapter, the overarching objective was to identify approaches to enhance
the effects of TTFields, either using inorganic nanoparticles or the ‘reverse

prodrug’ polymer.

First, the design of a TTField platform was investigated. An initial setup
was prepared using blunted electrodes coated in a dielectric ink to insulate the
wire. While evidence of an effect on cell viability could be observed, high intra-
experiment variability led to the decision to investigate using a more robust
system to generate TTFields. A modified setup consisting of fixed electrode
position within each well reduced the potential for electrodes to move during
the experiment, and electrode variation was limited to the thickness of the

epoxy resin at the tip of each copper wire insulated electrode.

Initial experiments testing the efficacy of the system on adherent cells showed
no difference in cell viability after 4 - 48 hours TTF application time. It was
hypothesised that the lack of effect was because there could be a small number
of cells in the correct orientation. To test this hypothesis, the semi-adherent
medulloblastoma cell line, D425, was used. Here the metabolic activity greatly
increased when TTFields were applied, but decreased when conductive elec-

trodes were used, allowing the movement of ions within the system.

This work highlights the importance of designing a system that can target the

more of the cell population, and so a dual electrode pair setup is preferred
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for TTField stimulation. As the optimum frequency of the electric fields has
a pronounced effect on the efficacy of the system, to improve this system it
would be necessary to carry out a frequency scan, testing the cytotoxicity of
increasing frequency between 100 - 400 kHz. The intensity applied could also

be easily investigated between 1 - 4 V/ cm.

It was hypothesised that the dual approach of TTFields and cell-induced poly-
merisation may enhance the effects seen by TTFields. To test this, cells were
treated with either no electrical stimulation, electric fields or electric currents
and either no treatment, commercial Ppy or the starting materials of the cell-
induced polymerisation in Chapter [2] No significant difference was observed
when using the commercial polymer with either TTField or current stimula-
tion. There was also no observed effect of the lower concentration of ‘reverse
prodrug’ when combined with either T'TFields or currents. However, when the
higher concentration of pyrrole and FOC (Fe (II)) were combined with electric
currents, there was a significant decrease in metabolic activity compared to
currents or starting material treatment alone. This shows that the combined
treatment had a significant effect on the cells. As this effect was not seen when
electric fields were applied, the cause must be attributed to the movement of

conductive materials within the culture medium and cells.

To further evaluate this hypothesis, there are a few different avenues to inves-
tigate. Firstly, a positive polymer control of Ppy nanoparticles should be used
as a treatment method. This will allow for effects from internalised polymer
combined with electric field or current application to be more easily assessed
and compared to the ‘reverse prodrug’. It is unclear from this work whether
the effects are from the formation of the polymer extracellularly or intracellu-
larly. To test for this, the cells should be first treated with the cell-mediated

polymerisation starting materials, then after a period of incubation to allow
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for the polymerisation to occur, the culture medium should be replaced prior
to electrical stimulation. By removing any material outside of the cells effects

due to material internalisation could be investigated.

To better understand the mechanism of action of T'TFields, inorganic nanopar-
ticles were used as TTField enhancers. A range of conductivities and charges
were required, so as such, three nanoparticles with varying physicochemical
properties were selected (gold - conductive, negatively charged; zinc oxide
- semi-conductive, negatively charged; silicon dioxide - insulator, positively
charged). When all three particles were used at a non-toxic concentration
with TTFields, there was a significant decrease in metabolic activity of the
cells. This shows that nanoparticles can be enhance the effect of TTFields.
It is hypothesised that this is due to dipole alignment and dielectrophoresis.
The effect was amplified when a higher concentration of gold nanoparticles was

used.

To better understand how both the organic in situ-generated Ppy and the in-
organic NPs influence TTFields, computational modelling using a multiphysics
software such as COMSOL Multiphysics® should be used. This could be cou-
pled with the experimental data generated in this work to provide clarity on

changes in electric field strength when enhancing TTFields.

While this work suggests that in an in vitro model TTFields can be enhanced
using nanoparticles, it is important to consider this in the context of clini-
cal delivery of the therapy. In clinic, TTFields are always given alongside
the chemotherapeutic temozolomide (TMZ) [66]. Therefore, this enhancement
needs to be compared to using TMZ both with and without TTFields to assess

its potential as a clinical treatment to enhance TTFields.
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6.4 Final Conclusions

This thesis has investigated a combined cell-mediated polymerisation of pyrrole

with TTField as a potential dual-approach to treat cancer.

The ‘reverse prodrug’ approach inactivating the toxic monomer to the biocom-
patible, conductive material, PPy, both in vitro in two adherent cell lines, and
i vivo in a C. elegans model has been shown. From this work, understand-
ing methods to characterise the polymer in complex environments has been
determined, and effects of the starting material and ‘reverse prodrug’ on two

glioblastoma cell lines have been established.

Significantly, the first known example of using C. elegans to generate Ppy
has also been shown. This move to a simple model organism will allow for
more research into the in vivo polymerisation instead of more complex systems
with considerable ethical and experimental challenges. By utilising mutated C.
elegans strains, there is opportunity to assess how this in vivo ‘reverse prodrug’
polymerisation could affect genetic pathways found in cancer. The cancer
models could also provide valuable insight into ways that TTF enhancement
could impact on the genetic profile of glioblastoma or other hard-to-treat-

cancers.

This work has also investigated the enhancement of TTFields using inorganic
nanoparticles and the organic Ppy synthesised through the above ‘reverse pro-
drug’ approach. A variety of routes could be employed that are either already
approved by the United States Food and Drug Administration, or could be

used as a new therapeutic modality in the treatment of cancer.
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By identifying ways to enhance TTFields, specifically when combined with the
‘reverse prodrug’ approach, this work lays the foundations for further research

into improving clinical treatments for cancer.
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Appendix A

Introduction

The table on the following page (Table [A.1)) details a complete list of clinical
trials between 2019 - 2024 (excluding trials that were withdrawn) that have

used a device-based approach for treatment of glioblastoma (GBM).
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Table A.1: List of clinical trials (ClinicalTrials.gov) in the past five years using a device-based treatment for GBM.

Treatment Therapy Drug Description Phase Ref
Caesium-131 seeds in a collagen tile
CammaTile® N/A permanently implanted at the tumour IV [352]
Radiotherapy site.
TheraSphere GBM N/A Yttrium-90 glass microspheres used for I 52
Y-90 targeted radiotherapy. 40 Gy + 10% :
Intraoperative PDT at 200 - 400 J/ cm? I/11  [353]
Phototherapy Photodynamic 5-ALA HCI ) )
MR-Guided Laser Thermal ablation of
brain lesions using the TRANBERG®
Laser Interstitial N/A Thermal Therapy System and Pilot [355;
Thermal Therapy TRANBERG® Thermoguide
(LITT) Workstation.
Thermotherapy N/A LITT followed by hypo-fractionated Pilot  [356]
radiation therapy, 35 Gy/ 10 fractions. :
NanoTherm® Tron oxide nanoparticles  HEER B G B R N BT
Therapy (NPs) & P o

cancer cells.

V61

v wpuaddy



Table A.1: List of clinical trials (ClinicalTrials.gov) in the past five years using a device-based treatment for GBM.

(Continued)

Treatment Therapy

Drug

Description Phase Ref

SonoCloud-9

Liposomal doxorubicin +
balstilimab + botensilimab

Albumin-bound paclitaxel +

11
Ultrasound to induce blood-brain barrier

1358

(BBB) opening + cocomitant

(5C9) carboplatin chemotherapeutic treatment. /1 35
Carboplatin 111 [360]
Microbubbles and ultrasound used to
Exablate Model Carboplatin dirsrupt BBB. Combined with I/1I [3619
4000 362
chemotherapy. :
Ultrasound CVo11 5-ALA Sonosensitiser used alongside ultrasound. I [363]
Combination of focused ultrasound with
NaviFUS N/A re—lrr.adlatlon using stere(?tactlc Pilot  [364]
radiosurgery or conventional ’
radiotherapy.
Microbubbles and ultrasound used to [365+
Bevacizumab dirsrupt BBB. Combined with a targeted — II-III
therapeutic. 367
SonoFIRST Temozolomide (TMZ) Ultrasound to induce BBB opening and g

cocomitant chemotherapeutic treatment.

vV wpuaddy

G61



Table A.1: List of clinical trials (ClinicalTrials.gov) in the past five years using a device-based treatment for GBM.

(Continued)
Treatment Therapy Drug Description Phase Ref
OncoMAGNETX N/A Exposure-time study using a portable  py) gy
non-invasive magnetic device. ’
Magnetic Fields . Stupp protocol combined with
Electromagnetic . . .
felds N/A radiofrequency electromagenetic field N/A  [370]
treatment (13.56 MHz).
TDS-IM v 2.'0 Personalized Neoantigen Imrm.mothera'upy siven by .
electroporation ) . : electroporation-mediated intramuscular I [B71
. DNA vaccine 4+ Retifanlimab S ’
device injection.
Electric Fields .
TfnSlSrLglei(iSic Two pairs of electrodes worn for 19-22 h
N/A per day for 6 months to assess efficacy of I [372]

Fields Treatment
System

TTFields on recurrent GBM.

961
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Table A.1: List of clinical trials (ClinicalTrials.gov) in the past five years using a device-based treatment for GBM.

(Continued)
Treatment Therapy Drug Description Phase Ref
Tislelizumab/ pembrolizumab ~ TTField treatment with c‘hem.otherapy 11/ 11 [96_,
+ TMZ and monoclonal antibodies. 97|
Pembrolizumab + lenvatinib T'Thields + (i:glnlzl;n:}tre;;?y + targeted I/ [98]
Electric Fields Optune® Niraparib TTFields + targeted cancer therapy. 11 [373]
N/A Preoperative/ preradiotherapy TTFields. I [99]
N/A TTFields + cocomitant radiotherapy. II [100]
N/A Increased number of ceramic discs to I 7]

increase field intensity:.

vV wpuaddy

L6T



Appendix B

Cell-Induced Polymerisation

Brightfield Live Dead Nucleus Merged

25

Concentration (mM)

50 |

200

Figure B.1: Live/ dead staining of GIN 31 cells exposed to increasing
concentrations of pyrrole.

Cell viability assessed 48-hours post-treatment. Scale bar 100 pym. Independent
channels (brightfield, live, dead, nuclei shown separately and merged. Live (green
fluorescence; Calcein AM), dead (red fluorescence; propidium iodide) and nuclei
(blue fluorescence; Hoeschst 33342).
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Brightfield Live Dead Nucleus Merged

25

Concentration (mM)

50

200

Figure B.2: Live/ dead staining of GCE 31 cells exposed to increasing
concentrations of pyrrole.

Cell viability assessed 48-hours post-treatment. Scale bar 100 pum. Independent
channels (brightfield, live, dead, nuclei shown separately and merged. Live (green
fluorescence; Calcein AM), dead (red fluorescence; propidium iodide) and nuclei
(blue flurescence; Hoechst 33342).
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Figure B.3: Example flow cytometry gating of cell events (FSC v SSC).
(A) GIN 31 and (B) GCE 31 gating.



Appendix C

Polymerisation of Pyrrole in

Living Systems

Table C.1: Assignment of pyrrole Raman peaks from Figure

Wavenumber (cm™1) Assignment
3135.78 C-H stretch
3107.57 C-H stretch
3054.57 C-H stretch
1468.68 C-H bend

C-N stretch
1416.11 N-H bend (in plane)
1382.14 C-C stretch
1237.13 C-H bend (in plane)
1200.63 Ring breathing
1145.42 Ring breathing
1076.73 C-H bend (in plane)
1047.86 C-H bend (in plane)
868.51 Ring deformation
841.57 C-H bend (out of plane)
558.77 N-H bend (out of plane)
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Table C.2: Assignment of ferrocyanide (Fe (II)) and ferricyanide (Fe
(III)) Raman peaks from Figure Values previously reported in brackets
[272]; ** indicates only one band observed in this work.

Raman Shift (cm™!)

Compound _ ) Vibration Mode
Solid Solution
2065 (2131 2058 (2129 E
2092 (2136) 2092 (2135) Ay,
2126 (2063 2130** (2062 E
2132 (2094) 2130** (2098) Ay

Table C.3: Assignment of C. elegans peaks in Figure
Wavenumber in brackets from [277]. Structure: d, DNA/ RNA; 1, lipid; p, protein.

Wavenumber (cm™!) Assignment Structure
664 (667) G,T d
721 (720) Choline; A I: d
780 (785) U,T,C + (0-P-0) d
820 (811) O-P-O d; 1
855 (853) Tyrosine p
939 (936) C-C D
996 (1004) Phenylalanine p
1029 (1032) Phenylalanine p

1084 (1094, 1100) POy~ d
1120 (1125) C-N: C-C p; 1
1315 (1300) CH, 1
1334 (1320) G; CH deformation d; p
1450 (1450) CH deformation p; 1
1572 (1577) A, G d

1662 (1655~1685) Amide p
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