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Abstract

The aim of this research was to determine whether the efficacy of Tumour Treating Field
therapy could be improved using broadband electric fields instead of the single-frequency
treatment currently being used. A customised, low-impedance experimental set-up was
designed, simulated, constructed and used to deliver the broadband electric fields to cultured
cells from the MCF-7 cell-line in an in vitro environment. The experimental set-up used a
Nunc Lab-Tek Chamber Slide system that had been adapted using four 3D-printed parts
and a customised gasket. Enamelled copper wires with bare diameters of 0.100 mm were
used to deliver the electric fields in cell cultures containing both two wires and eight wires.
Each wire was located 1 mm away from adjacent wires in the cell culture. The simulations
were performed using FEKO and showed that a 2V excitation placed on adjacent wires
resulted in a minimum electric field intensity of approximately 4 V/cm between the wires.
This matched analytical predictions within 36 %. Treatment was performed for 24 hours
and the results were quantified with a resazurin-based dye assay. The results showed that,
with the voltages used, there were no significant and repeatable differences between the
broadband treatment and the optimal single-frequency treatment. However, as the results
from both of these treatments were similar to those of the untreated controls, it is suspected
that the voltages used were too low to generate the electric field intensities required to
inhibit the proliferation of the MCF-7 cells. Future work can be done in repeating these
experiments using higher voltages, in repeating them for other cell-lines, and in characterising
the frequencies of sensitivity for other cell-lines and their non-cancerous counterparts.
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Chapter 1

Introduction and Problem Description

1.1 Introduction

1.1.1 Cancer statistics and predictions

Cancer is a ubiquitous problem in society, crossing all racial, cultural, social and economic
boundaries. In 2015 it was estimated to be responsible for 8.8 million deaths, making it the
second leading cause of death due to non-communicable diseases, trumped only by cardi-
ovascular diseases which resulted in an estimated 17.9 million deaths [1]. In 2030, cancer
mortalities are expected to reach 11.5 million, accounting for more than 5% of the total
estimated deaths [2].

The prevalence and incidence data are also cause for concern: in 2015 it was estimated that
there were 90.5 million people living with cancer, of whom 18.6 million were new cases for
that year [3]. Assuming a global population of 7.3 billion at the time that the data was
collected, this translates to a prevalence of 1240 cases/100000 people and an incidence of
255 cases/100 000 people. The number of new cases each year already exceeds the predictions
for 2020 which were estimated to be 16.5 million by Bray and Mgller [4] and 15.5 million by
Mathers and Loncar [2].

The age-standardised death rate of cancer is decreasing (down by 10 % between 2005 and
2015) [1] resulting in an increasing age-specific rate of prevalence (up by 12.4 % between
2005 and 2015) [3]. This indicates that people are living longer with the disease, which is a
testament to the advancements made in the field of cancer treatment.



1.1.2 Cancer treatment

The conventional forms of cancer treatment have many drawbacks such as severe side-effects
and the radiation of healthy tissue. Although much research has been performed in devel-
oping methods to reduce the severity of the adverse effects and to mitigate the risks, there
is great potential in the development of other forms of treatment that do not have these
inherent problems.

Treatment using Tumour Treating Fields (TTFs) shows promise in certain tumours where it
has similar efficacy to chemotherapy treatment, but with the patient experiencing a better
quality-of-life [5, 6]. Additionally, when used in conjunction with chemotherapy, TTF treat-
ment has been shown to increase the efficacy and sensitivity of the chemotherapy without
any additional toxicity [7].

The TTFs used are low-intensity (1-3 V/cm), intermediate frequency (100-300 kHz), altern-
ating electric fields which were given their name after the discovery that they disrupt specific
processes in the cell-division cycle and lead to an inhibitory effect on the proliferation of tu-
mour cells [8].

1.2 Problem description

Given the burden that cancer places on both patients and the medical system, there is a need
to develop efficient and effective treatment modalities to combat this disease. In particular,
treatment must:

e Be able to discriminate between tissues
e Be able to discriminate between normal and cancerous cells of the same tissue
e Be performed non-invasively

o Be effective and lead to better survival rates

The conventional cancer treatments typically do not meet these criteria. For example, the
discrimination between normal and cancerous cells of the same tissue poses problems for
radiation therapy, chemotherapy and surgery alike, with the resultant complications being
said to be “necessary side effects” of the treatment. However, treatment using TTFs meets
all of the above criteria and has been shown to have reasonable success in both experimental
and clinical trials [6, 9, 10, 11].



Importantly, it may be possible to further improve the efficacy of the treatment, thereby
making it an even more attractive alternative to conventional treatment modalities. Treat-
ment is currently only being performed using a single frequency of excitation for each tissue
type, but it is proposed that the efficacy of the treatment can be improved by using multiple
frequencies simultaneously for the treatment of the same tissue. However, this simultaneous,
multiple-frequency (broadband) treatment has not been experimentally tested before and as
a result, the possible improvements in treatment efficacy are presently unknown.

The motivation for the proposed broadband treatment is as follows. If a single cell has
a narrow band of sensitivity as shown in Figure 1.2.1a, and cells are of slightly different
dimensions leading to different sensitivities, as shown in Figure 1.2.1b, then a population of
cells should have a broader band of sensitivity, as depicted in Figure 1.2.1c. As the physical
and electrical properties of cancer cells are different to that of normal cells [12], it is inferred
that a cancerous and normal cell population should have different bands of sensitivity, as
shown in Figure 1.2.1d.

4
2 ey
= 2
[ [
N n
Frequency Frequency
(a) A single cell. (b) Three cells with slightly different dimensions.
4 4
2 ey
= 2
[ [
n 2 cancer normal
cells cells
Frequency Frequency
(¢) A population of cells. (d) Cancerous and normal cell populations.

Figure 1.2.1: Sensitivity distribution of cells and cell populations.

Therefore, without damaging normal cells in the vicinity of the treatment, single-frequency
treatment should target a small proportion of the cancer cells (Figure 1.2.2a), whereas broad-
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band treatment should target a larger proportion of the cancer cells (Figure 1.2.2b).

A single-frequency A broadband
treatment treatment

2 2
= 2
b= 2
= =
Q Q
n caficer normal n normal
cells cells cells
Frequency - Frequency
(a) Single frequency treatment. (b) Broadband treatment.

Figure 1.2.2: Treatment of the cancerous cell population.

1.2.1 Aim of the research

Investigation into why no broadband treatment is currently being performed showed that
fairly large voltages were required to perform this type of treatment due to the high permit-
tivity and conductivity of biological materials [13]. The aim of this research was therefore
to assess the viability of cancer treatment using broadband electric fields, and if viable, to
implement it and compare it to the current single-frequency treatment. It was proposed that
the voltages required for broadband treatment could be lowered by constructing and using
a customised, low-impedance experimental set-up.

1.2.2 Research question

This research attempted to answer the question:

“Can the efficacy of TTF treatment be improved by using broadband electric
fields?”

1.2.3 Research objectives

The objectives of the research were to:



e Treat a cell-line with single-frequency TTF treatment at the optimal treatment-frequency
for that cell-line

e Treat the same cell-line with a comparable form of broadband TTF treatment

e Compare the results obtained using these two treatment techniques

1.2.4 Organisation of the dissertation

The rest of this dissertation is organised as follows. Chapter 2 contains a brief background
of concepts used in the research and Chapter 3 explains the electric field theory behind the
experiments. This is followed by the design of the experimental set-up in Chapter 4 and the
simulation of the experimental set-up in Chapter 5.

The experimental methodology used, and the results obtained therefrom are then presented
in Chapters 6 and 7 respectively. Chapter 8 details an extension of the research into the
field of ultrasound, Chapter 9 contains a discussion of matters pertaining to the research,
and conclusions are formulated in Chapter 10.



Chapter 2

Background

This chapter introduces phenomena and concepts that underpin the research presented in
this dissertation.

Tumour Treating Fields and their mechanisms of action are described in Section 2.1, followed
by an explanation of broadband signals in Section 2.2. The different categories of biological
experiments are then discussed in Section 2.3, and an overview of spectrophotometry and
its use in cell proliferation assays is presented in Section 2.4.

2.1 Tumour Treating Fields

2.1.1 Fundamentals

As mentioned previously, TTFs are alternating electric fields which have an intensity in the
range of 1-3V/cm and a frequency in the range of 100-300kHz [5]. Importantly, TTFs
are different from other physical modalities such as ionizing radiation and heating, in that
they disrupt specific processes in the mitotic (cell-division) cycle, leading to apoptosis (pro-
grammed cell death) rather than necrosis (death due to trauma) [5, 8, 14]. Interestingly
however, TTF treatment is also highly selective, inhibiting the proliferation of tumour cells
but not that of normal cells [5].

2.1.2 Mechanisms of action

In order to understand the mechanisms of action of TTF's, it is important to understand the
behaviour of dipoles in electric fields. When placed in a uniform electric field, an electric
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dipole experiences a torque that attempts to align the electric dipole moment with the field
[15]. Therefore, in a uniform alternating electric field, dipoles remain stationary but oscillate
or rotate at the frequency of the field.

However, in a non-uniform alternating electric field, dipoles experience a net force as well as a
torque. Therefore, dipoles move towards the region of higher field density, whilst oscillating
or rotating at the frequency of the alternating field. These phenomena are illustrated in
Figure 2.1.1.

There are two proposed mechanisms of action for TTF's, each acting in a different phase of
the mitotic cycle [5, 8, 9]:

1. Metaphase

In metaphase, the highly polarised tubulin subunits align to form tubulin polymers
known as microtubules. These microtubules then arrange themselves spatially in the
cell to form the mitotic spindle [16]. The TTFs disrupt the alignment of the tubulin
subunits needed for polymerisation, as well as the microtubule alignment needed for
the correct formation of the spindle. This leads to mitotic arrest, followed by apoptosis.
Figure 2.1.2 illustrates this effect.

2. Anaphase/Telophase

During cytokinesis, a cleavage furrow forms near the old metaphase plate. This furrow
is caused by a contractile ring of actin microfilaments which pinches the dividing cell
into an hourglass shape [16]. When TTFs are present in the cell, there is a higher field
density at the furrow, which causes movement of all dipoles and charges towards the
furrow. This leads to a piling-up of the intracellular macromolecules and organelles.
Cleavage cannot be completed and apoptosis occurs. This movement of dipoles towards

the cleavage furrow is illustrated in Figure 2.1.3.

For a more comprehensive explanation of the mechanisms involved, including detailed math-
ematical modelling of both the cell and sub-cellular structures, the reader is referred to the
research performed by Tuszynski et al. [17].
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form DC field.
+
(c) Dipole in a con-

verging DC field.

Figure 2.1.1: Behaviour of dipoles in electric fields.
2.1.3 Frequency dependence

Currently, tumours are being treated using a single, apparently optimal frequency that is
specific to the type of tumour. At this optimal frequency, the torque acting on the intra-
cellular tubulin subunits is at a maximum [18]. Appendix A of [18] shows that the optimal
frequency is proportional to the membrane thickness and the conductivity of the cytoplasm,
but is inversely proportional to the cell radius. Plots of the simulation results from this
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Figure 2.1.2: Alignment of tubulin subunits in an electric field.
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Figure 2.1.3: Converging of tubulin subunits towards a higher electric field density.

analysis can be seen in Figure 7 of the same appendix of [18].

It has been shown that the physical and electrical parameters of cancer cells differ signi-
ficantly from that of their normal counterparts [12, 19]. These differences lead to higher
electric field intensities in the cancer cells when the same field is applied [20]. Therefore,
cancer cells and normal cells experience mitotic interference at different frequencies, leading
to the selectivity mentioned previously [8].



The extent of the differences between normal and cancerous cells can be quite large. Hon-
droulis et al. reported whole-cell resistances for cancerous, adenocarcinoma cells (SKOV3)
being more than double those of normal, endothelial cells (HUVEC) [12]. Ermolina et al.
showed that these differences are present for lymphocytes too, with the membrane conduct-
ivities of normal cells being up to five times larger than those of cancerous cells [19]. Bajaj et
al. further support this by noting that there are large electrostatic and hydrophobic differ-
ences between the cell-membrane surfaces of normal, immortalised breast cells (MCF10A),
cancerous, non-metastatic cells (MCF-7) and cancerous, metastatic cells (MDA-MB-231)
[21]. In the research by Bajaj et al., these differences were used to displace fluorophores,
which allowed for the detection of fluorescences that differed by more than two-fold between
the three types of cells [21].

It should also be noted that in the study by Hondroulis et al., the resistance of the normal,
endothelial cells (HUVEC) changed only marginally (= 25 %) when subjected to TTF treat-
ment, whereas the resistance of the cancerous, adenocarcinoma cells changed significantly
(= 250 %) under the same conditions [12].

Complex models that can be used to analytically predict the range of sensitive frequencies
for a particular cell-line have been proposed [17, 22]. However, the dimensions and electrical
properties of various parts of the cell and its surroundings (in particular the extracellular
space, cytoplasm and membrane) need to be known as they are used as inputs for the models
(17, 22].

It may also be possible that some form of mechanical resonance exists at the optimal frequen-
cies proposed. This idea is elaborated on in Chapter 8, where treatment using ultrasound is
discussed.

2.1.4 Mitotic axis alignment

It has been shown that TTFs are more effective when the direction of the field is aligned with
the axis of the cell division [8]. However, in a population of cells the axes of cell division are
randomly orientated [18]. Previous authors have attempted to overcome this by sequentially
switching the field direction every second, alternating between two perpendicular directions
[7].

It is proposed that instead of changing the field direction, the axes of cell division should
be rotated so that they are aligned with the field. This can be performed using a small DC
electric field (=~ 1.5V /cm) [23].

It has also been shown that small DC electric fields (= 2V /cm) arrest the cell cycle of
vascular endothelial cells at the G1/S transition [24]. Although it is unknown if the same
effect is present in other cell types, vascular endothelial cells are key to angiogenesis and
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the inhibition of their proliferation may have great significance in treating tumours [24].
However, there is a concern that if the cell cycles of the tumour cells are also arrested at
the G1/S transition, the cells won’t reach mitosis and will therefore be immune to the TTF
treatment which is only effective on dividing cells.

2.1.5 Broadband extension

Confirming their theoretical hypotheses, Kirson et al. showed that a cultured population of
tumour cells responds to TTF treatment at many frequencies (see Figure 2C from [8]). They
plotted the efficacy of the treatment as a function of the frequencies used, and an optimal
frequency (corresponding to the frequency with the highest efficacy) was then chosen for
treatment. However, it is proposed that far better efficacies can be achieved if treatment is
performed using the simultaneous application of all of the frequencies that the tumour cells
are sensitive to.

Treatment using many frequencies simultaneously is called broadband treatment. An explan-
ation of this term, and the methods of creating signals for broadband treatment, is provided
below. It should be noted that one of the concerns with using broadband treatment is that
the frequency-dependent selectivity mentioned in Section 2.1.3 may be diminished, allowing
for the TTF's to damage normal cells along with cancer cells.

2.2 Broadband signals

In a spectrum of frequencies, a specific range is called a band. For example, in the electro-
magnetic spectrum, the band of frequencies comprising visible light is between 4.2 x 10'* Hz
and 7.9 x 10 Hz [25]. The width of the band is appropriately called the bandwidth and
is an indication of how many frequencies are present in the band. As such, white light is
composed of the full band of visible light and therefore has a broader bandwidth than light
of a single colour [15].

An example of these terms being used in medicine is provided by the Broadband Light
(BBL) treatment used by dermatologists: in this treatment, the skin is subjected to light
with wavelengths of between 560 nm and 1200 nm, corresponding to the frequency band in
the electromagnetic spectrum of between 2.5 x 10 Hz and 5.4 x 104 Hz [26].

As sinusoids in the time domain correlate to single frequencies in the frequency domain
[27], a signal containing a band of frequencies can be obtained through the summation of
sinusoids in the time domain. Given below is a summary of the mathematics that underpins
this summation.
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2.2.1 Summing two sinusoids

The theory behind the summation of two sinusoids is based on the well-known trigonometric
identity seen in Equation 2.2.1.

cos () +cos (8) = 2cos (O‘;B) cos (O‘;B) (2.2.1)

Figure 2.2.1 shows the sum of two sinusoids with frequencies f; = 100 kHz and f; = 110 kHz.
Both sinusoids had unity amplitude and the phases (f; and 65) were chosen such that at
t = 0 they were in-phase (0, = 6, = 0).

Amplitude
o

| | |
0 0.1 0.2 0.3 0.4
Time [ms]

Figure 2.2.1: Superposition of two closely-spaced sinusoids (initially in-phase).

Following the above equations, the high-frequency oscillations in Figure 2.2.1 occur at a
frequency of % = 105kHz. One would expect the low-frequency amplitude modulation

to be evident at a frequency of w = 5 kHz, however, the modulation occurs twice per
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cycle (in both the positive and negative portions of the low-frequency modulating signal),
causing a “beat” frequency given by |f; — fo| = 10kHz [15]. Note that this relationship is
true whether frequency or angular frequency is used, as they are just scaled versions of each
other.

Figure 2.2.2 shows the sum of the same two sinusoids used in Figure 2.2.1, but in this case the
phases were selected so that at ¢ = 0, the sinusoids were out-of-phase (; = 0, and 0, = 7).
Note that changing the phase of the sinusoids causes a delay in the resultant signal, but does
not affect any of its other characteristics.

Amplitude
o

| | |
0 0.1 0.2 0.3 0.4
Time [ms]

Figure 2.2.2: Superposition of two closely-spaced sinusoids (initially out-of-phase).

2.2.2 Summing many sinusoids

Summing many closely-spaced, in-phase sinusoids results in a sine cardinal (sinc) function
that has a peak amplitude at t = 0. If the amplitude of the sinusoids being summed are all
the same, the magnitude of the peak can be calculated using Equation 2.2.2.
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|Acos (wit) + Acos (wat) + ... + Acos (wnt)| |t:0 = |Acos (0) + Acos (0) + ... 4+ Acos (0)]
(2.2.2)
=A4+A+...+A
= AN

where
A = amplitude of each sinusoid
w; = angular frequency of the 7*" sinusoid
t =time
N = number of sinusoids being summed

Figure 2.2.3 shows a sinc function that was generated by summing 100 sinusoids that all
had an amplitude of 1V and were all in-phase at ¢ = 0. Note that the sinusoids that were
summed were discreet and the resulting signal had a finite period, leading to the periodicity
seen in the figure.

2.2.3 Discreet sinusoids

Using the same nomenclature as above, consider a continuous-time sinusoid f (t) = Acos (wt + 6).
If this signal is sampled with a sampling period of T', then the signal becomes

f(KT) = Acos (kwT + 0) (2.2.3)

where k is an index and f (kT) is the k' sample of the function.

This equation is sometimes written in different notation as

[ [k] = Acos (k2 + 0) (2.2.4)

where () = wT and is called the angular frequency of the discreet sinusoid.

The overall period of the signal is given by NyT' with Ny being the number of samples in the
signal and T being the sampling period used in the sampling of the signal [27].
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Figure 2.2.3: Summation of 100 sinusoids (all in-phase at ¢ = 0).

If several of these sinusoids, each with a unique phase, are summed in a frequency band from
the first frequency €, to the last frequency Qg + (IV — 1) AQ, the resulting signal can be
obtained by a simple summation in the discreet-time domain [27]:

flk] = X_: Acos [k (o +iAQ) + 6,

where
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k = sample index

flk] = k' sample of the overall function

N = number of sinusoids in the summation
A = amplitude of each individual sinusoid
Qo = first frequency in the band

AQ) = spacing between frequencies in the band
1 = sinusoid index

9, = phase of the i*" sinusoid

A further discussion of discreet sinusoids is given in Chapter 6 where the creation and
implementation of the broadband signal used for the treatment is detailed.

2.2.4 Methods of generating broadband signals

The waveforms in Figures 2.2.1, 2.2.2 and 2.2.3 were obtained by summing discreet sinus-
oids in the time domain. It should be noted that the same waveforms can be obtained by
performing an Inverse Fourier Transform (IFT) on the band of frequencies in the frequency
domain. The formation of the sinc pattern in Figure 2.2.3 can also be predicted using the
IFT: a group of closely spaced sinusoids of the same amplitude form a rectangular pulse
function in the frequency domain, and the IFT of a rectangular pulse function is a sinc
function, for both analogue [27] and discreet signals [28].

Another method of creating a broadband signal is to bandpass filter white noise [28]. In
theory, white noise contains the full spectrum of frequencies so that after filtering, only the
desired band remains [28].

It should be noted too that there are frequency modulation techniques such as frequency-
shift keying (FSK) that utilise a spread spectrum, however, the frequencies in the spectrum
are applied sequentially and not simultaneously [27] and are therefore not suitable for use in
this research.

2.3 Biological experiments

Biological experiments are typically initiated in an in vitro environment such as petri-dishes,
test tubes, cell-culture chambers or any other artificial labware. The advantage of in wvitro
experiments is that the cells are beyond the influences of the organism as a whole and aren’t
subjected to byproducts produced by other cells [29].

Once proof of concept has been performed in the in wvitro environment, the next step is
to perform the same experiment in an ¢n vivo environment to see if the same results are

16



obtained (see [30] as an example). These in vivo experiments typically progress from animal
trials to human trials, when deemed safe to do so (see [18] for this progression with the TTF
treatment research).

Human trials are then broken down by the FDA into phases [31], which are summarised in
Table 2.1.

Table 2.1: Phases of clinical human trials.

Number of patients Length of study Purpose
Phase I 20 - 100 Several months Identify dosage and side effects
Phase I1 100 - 300 Several months to 2 years Evaluate efficacy and side effects
Phase I11 300 - 3000 1 to 4 years Further evaluate efficacy and monitor side effects
Phase IV 3000+ 4+ years Post-market safety monitoring

2.3.1 Cell-lines

The first case of cell culturing was in 1907 when scientists cultured nerve cells in order to
ascertain whether a nerve fibre was the outgrowth of a single cell or the fusion of many cells
[14]. These days, cell culture is commonplace in the biological sciences, with cultures either
being prepared directly from the tissue of an organism (primary cultures) or with primary
cells being repeatedly subcultured (passaged) as secondary cultures [14].

As most primary cells in culture stop dividing after a finite number of cell divisions, the cells
need to be immortalised so that repetitive subculturing can occur [14]. This process usually
involves ensuring that the telomeres don’t shorten (by introducing a gene that is involved in
the production of telomerase) and through inactivating certain protective mechanisms (by
introducing certain cancer-promoting oncogenes) [14]. Immortal cells can also be generated
directly from cancer cells and are then called transformed cells [14].

Once immortalisation is achieved, the cells can be subcultured repetitively as a cell-line
[14]. For in wvitro experiments, specific cell-lines are generally used. These cell-lines are
standardised, commercially available stocks of specific and well-established cells that have
undergone rigorous characterisation and which have well-known origins [14]. Such cell-lines
enable researchers from all over the globe to experiment on cells of the same type and origin,
thereby allowing for the accurate comparison of scientific research [14]. One of the largest
repositories of cells lines is maintained by the American Type Culture Collection (ATCC)
(see [32]).

2.4 Spectrophotometry

Spectroscopic methods, such as spectrophotometry, can be used to calculate the concentra-
tions of substances in a solution [33].
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A spectrometer operates as follows [33]: the light from a light source is passed through
a series of lenses, slits or collimators before being split into light of a single wavelength
by a monochromator. This monochromatic light is then passed through the sample and a
comparison of the incident light intensity and the detected light intensity is used to calculate
the absorbance that the sample has on that specific wavelength of light.

2.4.1 Beer’s Law

Beer’s Law (also called the Beer-Lambert Law or the Beer-Lambert-Bouguer Law) states
that, for each wavelength of light, there is a linear relationship between the concentration of
a substance and its absorbance [33]. Equation 2.4.1 represents this relationship [34]:

A=ec (2.4.1)
where
A = absorbance
e = molar absorptivity coefficient (also called the molar extinction coefficient)
¢ = concentration of the substance
[ = path-length of the light

It is important to note that the molar absorptivity coefficient is a function of wavelength
and its profile is unique for each substance.

Usually, there are several substances in a solution, each with their own concentrations and
each contributing some absorbance to the total absorbance [35]. Assuming the path-length
for all of the substances is the same, this situation is represented by Equation 2.4.2.

Avoral = A1 + Ay + ...+ Ay (2.4.2)

= 5101l + EQCQl + ...+ ENCNZ

N
= Z 61'02'[
i=1
N
=1 Z EiC;
i=1
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Note that this equation holds true for each wavelength of light. Usually, the absorbance
is measured, the molar absorptivity coefficient and path-length are known, and the con-
centrations are hence determined. However, it must be emphasised that to solve for the
concentrations of N substances in a solution, the total absorbance at N wavelengths needs
to be measured so that simultaneous equations can be created and all of the unknown con-
centrations can be evaluated.

2.4.2 Cell proliferation assays

There are many cell proliferation assays that utilise Beer’s Law to estimate concentrations
from absorbance data [34]. An example of this is the Alamar Blue assay which uses a dye
(identified as resazurin) which has a reduced and an oxidised form [34, 36]. Metabolic activity
chemically reduces the dye, converting it from resazurin, which is deep blue in colour, to
resorufin, which has a pink hue [34]. The concentrations of these two forms are calculated
by measuring the absorbances of the solution at two separate wavelengths (usually using a
microplate reader [34]) and applying Beer’s Law to the data obtained.

The equations given in the protocol, however, are independent of path-length as the protocol
specifies that the volume of fluid pipetted into the wells must be the same [37]. An overview
of the calculations underpinning the protocol is given below.

The absorbance of the dye solution is first measured at a wavelength \;, providing an equa-
tion of the form

Credgred()\l) + Coxgom(/\l) = A)q (243)
where
Clred = concentration of the reduced form of the dye solution
Cos = concentration of the oxidised form of the dye solution
Ered(n;) = molar absortivity coefficient of the reduced form of the dye solution at \;
€ox(n;) = molar absortivity coefficient of the oxidised form of the dye solution at A,
Ay, = absorbance of the dye solution at A\;

The absorbance is then measured at a separate wavelength Ay, providing another equation
of the form

Credgred()\g) + CO$€O$(>\2) = A)\z (244)
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where C,..q and C,, are defined as above and where

Ered(r,) = molar absortivity coefficient of the reduced form of the dye solution at A,
Eox(ry) = molar absortivity coefficient of the oxidised form of the dye solution at A,
Ay, = absorbance of the dye solution at A,

These two equations are solved simultaneously for the unknown concentrations, yielding

Cred — 8055()\2)’4)\1 B goa:()q)A)\g

(2.4.5)
Ered(M1)€ozx(X2) — €ox(A1)Ered(r2)

Cox = Ered) Ars = Ered(o) Ay

(2.4.6)
Ered(A1)€ox(M2) — €ox(A1)Ered(Az2)

These concentrations are then used to infer metabolic activity, and therefore cell proliferation
and viability [37]. It must be emphasised, however, that appropriate controls need to be used
in this process as it is actually the ratio of concentrations in the test wells compared to the
control wells that allows for the calculation of the cell proliferation in the test wells to be
determined relative to the cell proliferation in the control wells [37].

This assay is therefore a relative assay, not giving an absolute value for cell proliferation,
but rather a percentage increase or decrease relative to the cell proliferation of the control.
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Chapter 3

Electric Field Theory

This chapter details the electromagnetic theory that is relevant to this research.

The fundamental equations underpinning electromagnetic theory are described in Section
3.1, followed by the simplifications which can be made for quasistatic and electrostatic fields
in Section 3.2. A discussion on dielectrics then ensues in Section 3.3, and the chapter is
concluded with an analysis of the electric field produced by a wire in Section 3.4.

Where possible, the differential form of equations is given instead of the integral form.

3.1 Electromagnetic fundamentals

The fundamentals of electromagnetic theory is based upon a set of six equations [25]:
Lorentz’s force equation (Equation 3.1.1), the equation of continuity (Equation 3.1.2), and
Maxwell’s equations (Equations 3.1.3 to 3.1.6). Together, these equations can be used to
predict and explain all electromagnetic phenomena on the macroscopic scale [25].
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F=q(E+uXx B) (3.1.1)

dp
V- J=—— 3.1.2
pr (3.1.2)
0B
VXE=—— 3.1.3
ot ( )
oD
V:-D=p (3.1.5)
V-B=0 (3.1.6)
where
V. = divergence operator
Vx = curl operator
) o . . . . .
5 = operator for the partial derivative with respect to time
p = volume density of free charges
q = charge
u = velocity vector
J = volume density of free currents
F = electromagnetic force
E = electric field intensity
H = magnetic field intensity
D = electric flux density
B = magnetic flux density

Lorenz’s force equation describes the electromagnetic force that a charge ¢ undergoes when
placed in an electromagnetic field, the equation of continuity dictates that charge must be
conserved, and Maxwell’s equations explain the interactions between electric and magnetic
fields and their respective flux densities [25]. Note that in these equations, J comprises both
convection current (pu) and conduction current (0 E), where ¢ represents conductivity and
the other symbols are as defined above.

For linear and isotropic media, the link between the flux densities and their respective in-
tensities is given by the vector constitutive relations which are shown in Equations 3.1.7 and
3.1.8, for the electric and magnetic quantities respectively [25].



where

€ = permittivity
i = permeability

Maxwell’s equations can be rewritten using the constitutive relations in order to obtain

ouH
E=—— 1.
V x Y (3.1.9)
VXH=J+ 82—57 (3.1.10)
V-cE =p (3.1.11)
V.uH =0 (3.1.12)

In this form, it can be seen that E and H are coupled in Equations 3.1.9 and 3.1.10.
This coupling is produced by the magnetic induction predicted by Faraday’s Law and the
displacement current density predicted by the generalisation of Ampere’s Circuital Law,
with these phenomena being represented by the time-derivative terms in Equations 3.1.9
and 3.1.10 respectively [38].

3.2 Quasistatics

If the geometry of the system under scrutiny has dimensions much smaller than the wavelength
of the electromagnetic wave and the currents vary slowly with time (i.e. they are of a low
frequency), quasistatic assumptions can be made [25, 38]. This is tantamount to ignoring
radiation effects and time-retardation effects resulting from the finite propagation velocity
of electromagnetic waves [25].

Depending on whether the system is dominated by electric fields or magnetic fields, the
system may then be analysed as either electroquasistatic, meaning that the magnetic induc-
tion term of Equation 3.1.9 may be neglected, or as magnetoquasistatic, meaning that the
displacement current density term of Equation 3.1.10 may be neglected [38].

The condition for either the electroquasistatic or magnetoquasistatic assumption to be valid
is given by Equation 3.2.1, but practically, Equation 3.2.2 is commonly used [25, 38].

L<\ (3.2.1)
A

L< = 3.2.2
%0 (3.2.2)
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L = spatial length
A = wavelength of the electromagnetic wave in the medium of interest

As an example, consider a medium similar to water with relative permittivity and relative
permeability defined as e, = 80 and pu, = 1, respectively, at the frequency of interest. The
speed of an electromagnetic wave in this medium (given by Equation 3.2.3) evaluates to
3.35 x 10"m/s. Note that the relative permittivity €, and u, are both material-specific and
frequency-dependent, and this speed would not necessarily be true in another medium or at
another frequency.

1 1
v = =
VEHR ErEollr o

(3.2.3)

For a source with a frequency of 100 kHz, the wavelength of the electromagnetic wave (given
by Equation 3.2.4) evaluates to 335 m.

A= (3.2.4)

v
f

Using the condition in Equation 3.2.2; an electromagnetic wave of 100 kHz travelling in a
medium similar to water may be considered to be quasistatic if the geometry of the system
consists of dimensions, L, being less than 6.71m. Therefore, in this situation, it may be
assumed that the system does not radiate and that the time-delays due to the propagation
of the electromagnetic wave are unimportant.

If the system is dominated by electric fields, an electroquasistatic assumption may be chosen
and the magnetic induction caused by moving charges may be ignored. Equation 3.1.9 may
then be simplified, resulting in the electric field being defined by its curl and divergence as

VXE=0
VeeE =p

Equations 3.2.5 and 3.2.6 illustrate that the electric field in this situation is irrotational and
diverges according to the permittivity of the medium through which it is travelling and the
volume density of free charges therein.
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Note that, although there are no time-derivatives in these equations, this does not mean that
the electric field is time-independent. It simply means that the electric field at any instant
in time can be determined from the values of its sources in that instant, irrespective of what
the values of the sources were in the instant of time earlier. Essentially, each instant of time
can be considered as a snapshot in which the electric field can be solved for if the value of
the sources in the same snapshot are known [38].

The solution of the system may proceed by taking the divergence of Equation 3.1.10 and
using Equation 3.2.6 to obtain Equation 3.2.7 [38].

dp
Jar P 2.
VT + 50 =0 (3.2.7)

With E and J determined from Equations 3.2.6 and 3.2.7 respectively, H can be solved for
through the substitution of E and J in Equation 3.1.10 [38]. However, generally H is not
crucial to the electroquasistatic motion of charges and may be ignored [38].

If H is ignored, the problem is simplified to that of an electrostatic one. In fact, the
fundamental postulates of electrostatics are given as Equations 3.2.5 and 3.2.6, and can be
used to derive all other laws, relations and theorems pertaining to electrostatics [25].

3.3 Dielectrics

3.3.1 Fundamentals

The electromagnetic properties of media can be described using three constitutive paramet-
ers: permittivity (¢), permeability (u) and conductivity (o) [39]. For electrostatic analyses,
the contributions from the magnetic field (dictated by u) and from the flow of electrons
(dictated by o) are neglected and the only parameter of importance is the permittivity.

Non-conducting materials are termed dielectrics [15] and most are deemed to be simple
media, meaning they are homogeneous, linear and isotropic as defined below [25]:

1. Homogeneous: the permittivity of the material is independent of position

2. Linear: the polarisation vector (P) is directly proportional to the electric field intensity

3. Isotropic: the polarisation vector is directly proportional to the electric field intensity,
independent of the direction of the field
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For a dielectric, the electric flux density is a function of both the electric field intensity and
the polarisation vector [25], as seen in Equation 3.3.1.

D=cE+P (3.3.1)

However, for linear and isotropic media, the polarisation vector is proportional to the electric
field intensity [25]

P =cy\.E (3.3.2)

which when substituted into Equation 3.3.1, yields

D=c(1+4+x.)FE (3.3.3)
=coe,. B
=cF
where
€
er=14+Xe=— (3.3.4)
€0
and where
g, = relative permittivity
Xe = electric susceptibility
€ = absolute permittivity
gop = permittivity of free space

Thus it can be seen that the constitutive relation between the electric field intensity and the
electric flux density holds for dielectrics, as long as the absolute permittivity of the dielectric
is used.
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3.3.2 Lossy dielectrics

A lossy dielectric material can be analysed with the same equations, except using a complex
permittivity e.:

. = ¢ —j&" (3.3.5)

where ¢ represents the energy storage capability of the material and &” accounts for the
ohmic and polarization losses in the material [25, 13]. Both of these quantities are generally
functions of frequency [25]. In Equation 3.3.5, the expression for €. is given in real-imaginary
form, however, it may also be represented in a modulus-argument form as

ce = lele™ (3.3.6)

where 0 is termed the loss angle [25]. The loss tangent, tan d, is another measure of the loss
of the material and may be written as follows [25]:

tand = — (3.3.7)

An alternative means of representing lossy dielectrics is to incorporate all of the loss into
a conductivity parameter, ¢, whilst leaving the permittivity of the material, ¢, as a real
number. In this formulation, € represents only the energy storage capabilities of the material
and o accounts for all of the losses. To convert between the formulations, the following may
be used [25]:

o = we’ (3.3.8)

tand = — (3.3.9)
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remembering that ¢ in Equation 3.3.9 represents the same energy storage capability that &’
represented in Equation 3.3.7.

Using Equation 3.3.9, a medium is said to be a “good conductor” if ¢ > we, and is conversely
said to be a “good insulator” if we > o [25]. Note that these conditions are frequency-
dependent, meaning that a material can be a good insulator at one frequency but a good
conductor at another.

It must also be noted that as soon as losses are incorporated into the system, electrostatic
assumptions are no longer valid. However, electrostatic analyses may still render good ap-
proximations if the losses are small enough.

3.4 Electric field produced by a wire

Returning to electrostatics, the electric field intensity of an infinitely long and straight line
charge consists of only a radial component, which is given by

Pl
E=a.E =a 3.4.1
T "omer ( )
where

a, = unit vector in the radial direction from the source to the field point
pi = line charge density
€ = permittivity of the medium surrounding the line charge
r = radial distance from the line charge

Although no physical line charge can be infinitely long, Equation 3.4.1 provides a good
approximation for the electric field for points that are close to a long and straight line charge

[25].

As E is a curl-free vector, it can be described as the gradient of a scalar field [25] which
allows for the definition of the electric potential V', such that

E=-VV (3.4.2)

Clearly, if E is known, V' can be calculated from integration of F.
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The potential difference between two points can also be obtained from integration. For
example, the potential difference between two points located along the same radial line at
r =ry; and r = ry away from the line charge (with the electric field given by Equation 3.4.1),
can be calculated as

V=—| Edr (3.4.3)

Pl (7’1 )
=—1In|—
2me T9

If multiple wires are present, the electric field at any point in space can be determined as
the superposition of the electric fields generated by each wire [25].
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Chapter 4

Design

This chapter details the design of all the components that were required to perform exper-
iments, along with the decisions and trade-offs that needed to be made to achieve the final
design.

The design of the culture plate and the jig to seal and hold the culture plate in place are
described in Sections 4.1 and 4.2 respectively. The choice for the quantification technique
chosen is then explained in Section 4.3.

4.1 Design of culture plate

4.1.1 Important design inputs
4.1.1.1 Overview

The cell culture set-up used by Kirson et al. for their in vitro tests (see [8]) was found to
be too limited to perform the broadband experiments required for this research. Various
adaptations needed to be made to overcome these limitations and the factors that were
identified as having particular importance were:

1. The ability to generate the required electric fields with low voltages
2. The ability to run multiple tests simultaneously

3. The ability to see the cells through a microscope

30



4. The capacity to use reasonable working volumes

5. The ease, repeatability and inexpense of the construction

The reasons for the importance of each of these design inputs is explained in more detail
below.

4.1.1.2 Explanations

The voltages used to generate the electric fields need to be as low as possible because this
allows for more frequencies to be included in the broadband treatment. If the electrodes
delivering the electric fields are considered to be a capacitor, then the design of the set-up
should be made such that it has a high capacitance resulting in a low capacitive impedance

according to Equation 4.1.1.

X, = WLC (4.1.1)

The ability to perform multiple tests simultaneously has many advantages in improving
the efficiency and accuracy of the research. Firstly, it allows for different treatments to
be performed simultaneously and be compared to a single control. Secondly, several cell-
lines may be tested under the same conditions, if required. Lastly, biological systems can
be temperamental and the ability to run multiple tests simultaneously allows for statistical
analyses to be used which are important for having confidence in the results obtained [14]. For
example, results can be written as ¥+ o where Z is the mean and o is the standard deviation.
The standard deviation may then be compared to the uncertainty of the measurement and
the validity of the results may be ascertained. In addition, outliers can be highlighted and
the reasons for their presence can be investigated.

The ability for cells to be seen through a microscope allows for the morphology (and the
morphological changes) of the cells to be analysed. Furthermore, various structures can be
stained and photographed using molecular probes and fluorescence microscopy. In addition,
live-cell imaging may be performed in order to divulge information about the mechanisms
of action for the treatment.

Having large working volumes is important in order to avoid evaporation issues, and so that
the supernate can be pipetted off several times if several measurements need to be taken.
Evaporation can also be lowered by increasing the humidity in the incubator. However, if
left unchecked, the evaporation of the medium can cause incorrect results due to lowered

cellular metabolic activity and increased dye concentrations if colorimetric techniques are
used [40].

The ease and inexpense of construction allows for a repeatable creation of the set-up, even
by those with limited equipment and few resources. It should be noted that, although other
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authors have recently recognised the need for standardising a cell culture platform for TTF
treatment (for example, see [41] and [42]), the design inputs proposed in this dissertation
are different as the ease and inexpense of construction features as a major constraint.

4.1.2 Design overview
The culture plate required for this research had three main components:

1. The culture surface
2. The electrodes

3. The well structure

In order to perform successful experiments, it was necessary that the combination of these
components met the requirements of the design inputs described above. FEach of these
components is discussed below and the chosen design for the culture plate is detailed in
Section 4.1.3.

4.1.2.1 Culture surface

In the original in wvitro experiments by Kirson et al., thin wires were fixed to the culture
surface of 4-well cell culture chambers and the cells were cultured only between the wires
[8]. When attempting to repeat their experiment, two major difficulties arose:

1. Drilling into the curved surface of the wells made the manufacture of the experimental
set-up complex and lowered its repeatability.

2. When gluing wires down, it was difficult to get a good seal on the bottom of the dish
without the glue encapsulating the wire, essentially forming another layer of insulation.

If glue wasn’t used, it was difficult to keep the wires in contact with the bottom of the
dish where the cells adhered.

4.1.2.2 Electrodes

Electrode Insulation Electric fields may be delivered using either insulated or unin-
sulated electrodes. Essentially, the insulation prevents electrons from passing through it
causing the current that is generated to be capacitive instead of conductive. The major
consequences of this are summarised in Table 4.1 below [25]:
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Table 4.1: Comparison of ideal insulated and uninsulated electrodes.

Insulated Uninsulated
Current induced Displacement (capacitive) Conductive
Predominant electromagnetic domain Electrostatic Electrodynamic
Governing equation J = jweE J=0cFE
Electron flow through dielectric? No Yes
Electrochemistry? No Yes
Losses Polarisation (dielectric) | Polarisation (dielectric), ohmic and electrochemical

From the information in Table 4.1 it must be emphasised that although it may be tempting
to use uninsulated wires to deliver electric fields, this must be avoided to ensure that the
results aren’t affected by ohmic heating or electrochemical interactions.

Kirson et al. confirmed this finding through their analysis of intracellular calcium concentra-
tions of cell cultures (see Appendix B and Figure 6 of [18]), where a significant rise (=~ 10 %)
in concentration was noted after just 10 minutes of electric field exposure through uninsu-
lated electrodes. They concluded that, as a result of this, insulated electrodes should be
used to avoid similar (and potentially hazardous) ionic changes.

Electrode placement The choice and placement of electrodes is essential in order to
deliver the required electric fields. Of particular concern is that culture medium is not only
a good dielectric (e, ~ 80) [8] which makes it difficult to establish a strong electric field in
it due to the large polarisation vector that is created (see Section 3.3), but it is also fairly
conductive (o ~ 0.3S/m) [8] which essentially “shorts out” the field according to Ohm'’s
Law, the point form of which is given as the governing equation of the uninsulated system
in Table 4.1 [25].

Investigations into low-conductivity growth media showed that, although these media are
generally used for bacterial cultures [43], they may also be used with human cell cultures
without significant loss in cell viability or cell adhesion over short periods of time [44]. For
this research, however, it was decided that the possible benefits of making and using custom
culture media did not outweigh the possible sources of error that could be introduced by it.

4.1.2.3 Well-structure

As mentioned previously, the ability to perform multiple tests simultaneously is advantageous
for both statistical purposes and for testing different cell-lines under the same conditions.
Therefore, it was decided that a well-structure should be chosen that allows for simultaneous
experiments to be performed easily and repeatably in triplicates or quadruplicates.

In addition, the well-structure needed to be large enough to house enough fluid to ensure
that evaporation didn’t affect the results but at the same time it needed to be small enough
so that large quantities of dye and media didn’t need to be expended in each experiment.
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4.1.3 Chosen design

After several iterations of design and construction, it was decided that a standard chamber
slide system should be used. The Nunc Lab-Tek Chamber Slides with catalogue number
177402 were chosen. This item is depicted in Figure 4.1.1 with its specifications provided in
Table 4.2.

Figure 4.1.1: Nunc Lab-Tek Chamber Slide.

Table 4.2: Details of Nunc Lab-Tek Chamber Slides.

No. of wells 8
Shape of wells Rectangular
Suggested working volume [ml/well 0.2-04
Culture area [cm?/well| 0.8

The advantage of using this chamber slide system over a standard multi-well system was
that no modifications needed to be made to the structure, with the system still adhering to
all of the design inputs outlined in Section 4.1.1:

e Insulated wires could be placed between the glass slide and the wells without the need
for drilling or glueing.

e The wires could be far thinner than would be possible if drilling or glueing was to be
performed.

e The wires could be placed any distance apart, and this distance could be adjusted from
experiment to experiment.
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The cells could be viewed on a standard microscope.

and several aliquots could be taken from each well.

The wire that was chosen to be used was an enamelled copper wire with parameters detailed
in Table 4.3. It was chosen as it was the thinnest wire that was strong enough to be handled

The construction was simple, repeatable and inexpensive.

The working volume was large enough to prevent evaporation from affecting the results,

Multiple tests could be run simultaneously with each chamber slide being able to
provide quadruplicate wells for both the experiment and the control.

without breaking whilst still being reasonably easy to work with.

Table 4.3: Wire parameters.

Parameter Value | Unit

Bare diameter 0.100 | mm

Outer diameter 0.119 | mm
Insulation thickness 9.5 pm
Minimum breakdown voltage | 900 \Y%

Resistance 2.176 | Q/m

4.2 Design of jig to seal the culture plate

A 3D-printed jig consisting of four parts was created to:

e Hold the chamber slide system in place.

e Guide the wires so that they could be placed accurately across the chamber slide

system’s length.

e Ensure that a good seal was maintained between the glass slide and the well-structure.

The jig was designed in Autodesk Inventor Professional 2016 and its parts are shown in

Figures 4.2.1 to 4.2.4. Each of the parts are briefly described below.
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Figure 4.2.1: Wire Guider.
4.2.1 Wire Guider

The Wire Guider depicted in Figure 4.2.1 served the purpose of guiding the wires so that
they could be held parallel at fixed distances apart. The rectangular cut-out in the centre
was to allow for the slide to be inserted into place from below when the wires were strung
across it.

There were several groups of holes arranged around the part. Each hole-group was designed
to guide wires across the slide to the hole-group on the opposite side of the slide. The
hole-groups were laid out such that their centre-lines passed through the centre-lines of the
wells.

There were 16 holes in each hole-group: 8 to the left of the centre-line and 8 to the right
of the centre-line. The holes were laid out so that, symmetrically about the centre line, the
distance between “pairs” of wires ranged from 1 mm to 8 mm in increments of 1 mm. The
holes were provided so that wires could be fed through and stretched taught over the slide.
This allowed for the wires to be kept parallel at very precise distances apart.

Where dimensions are not given in Figure 4.2.1, congruency and symmetry with similar
dimensioned features may be assumed.

36



4.2.2 Slide Platform

10000

@

Figure 4.2.2: Slide Platform.

The purpose of the Slide Platform depicted in Figure 4.2.2 was to provide a platform for
the glass slide to rest on. It was designed so that slides could be added or removed without
disturbing the wires strung across the Wire Guider and it was dimensioned so that its raised
portion fitted snugly into the central cut-out of the Wire Guider.

When a standard glass slide was placed on the Slide Platform and the assembly was raised
into the Wire Guider, the top surface of the glass slide sat flush with the top surface of the
Wire Guider. This ensured that the wires sat directly on the surface of the glass slide where
the cell layer was located.

4.2.3 Clamp Brace

The Clamp Brace shown in Figure 4.2.3 was designed to be placed over the wells such that
the top of the wells emanated from the rectangular cut-outs in the Clamp Brace. When
the wells and glass slide were assembled and placed in the Chamber Slide Holder, clamps
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Figure 4.2.3: Clamp Brace.

could be used to hold the Clamp Brace and the Chamber Slide Holder together. The surface
around the edge of the Clamp Brace provided the space for these clamps to be placed.

The thin sections between the rectangular cut-outs were designed to force down onto the
small ribs between the wells, and the rectangular extrusion surrounding the rectangular cut-
outs was designed to force down on the base of the well-assembly directly above the gasket
that sealed the wells to the glass slide. The rectangular extrusion had small insets on its
short sides because the base of the well-assembly had small protrusions on its corresponding
sides, and the force would be concentrated on these protrusions if no insets existed.

4.2.4 Lid Spacer

The Lid Spacer depicted in Figure 4.2.4 was designed to be a spacer between the top surface
of the well-assembly and the lid. This allowed clamps to be placed on top of the lid, if
desired, without the lid cracking or breaking. The struts of the Lid Spacer were dimensioned
so that their centre-lines passed over the centre-lines of the wells. This helped distribute the
forces applied to the lid evenly whilst still allowing for the inside of each well to be seen with
ease.
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Figure 4.2.4: Lid Spacer.

4.3 Design of quantification technique

4.3.1 Choice of cell-line

The MCF-7 (ATCC HTB22) cell-line is an adherent, epithelial, adenocarcinoma line obtained
from the breast tissue of a 69 year old female [45]. It was chosen because it has been used
in numerous TTF treatment experiments which identified the optimal treatment-frequency
to be 150kHz [46, 47, 48] and it has a fairly fast doubling time of 29 hours [45, 48], which
allows for results to be obtained with relatively short treatment periods.

In addition, it has been reported that MCF-7 cells become larger and more spread after
mitotic slippage [46], which is useful if the morphology of the cells is to be analysed.
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4.3.2 Choice of quantification technique
4.3.2.1 Alamar Blue identified as resazurin

Cell viability assays, which measure decreases in viable cell numbers, may be used as a direct
measure of cytotoxicity [49]. Commonly used are the Trypan Blue dye (which is excluded
by living cells but which stains dead cells), the Sulforhodamine B assay (which forms an
electrostatic complex with the amino acid residues of proteins) and the Alamar Blue assay
(which provides a redox indicator that exhibits both fluorescent and colourimetric changes)
[49]. The advantage of the Alamar Blue assay over other assays is that it is easy to use, has
a low toxicity, doesn’t require the cells to be trypsinised before measurements, and it may
be used on both adherent and suspension cell-lines [49].

Kirson et al. used an an XTT assay (a type of metabolic assay) to quantify the results
for their in vitro experiments [8]. However, it was decided that a cell viability assay, such
as Alamar Blue, was sufficient for this research as decreases in viable cell numbers (due
to decreased cell proliferation, decreased cell survival, or increased cell death) could be
used as a direct measure of treatment efficacy [49]. Furthermore, Alamar Blue is non-toxic,
involves no cell lysis, and has been shown to be accurate, sensitive, and linear for time-course
measurements [50].

Despite these advantages, however, the Alamar Blue assay uses a proprietary dye with
unspecified composition. Using a proprietary product has associated risks such as a lack of
assurance of the continuity of the composition, the inability to determine its mode of action,
and the inability for other researchers to replicate the experiments without purchasing the
proprietary product themselves [51]. Fortunately, the dye used in the Alamar Blue assay has
been identified as resazurin [36].

In order to mitigate the risks associated with using a proprietary dye, and because of the
significant financial benefit, it was decided that plain resazurin (in powder form) would be
used to make the dye solution instead of using Alamar Blue, which comes in a pre-mixed
liquid form to be used as a 10 % solution (e.g. 10 uL mixed in with 90 L. medium).

This stock solution of Alamar Blue was calculated to be equivalent to a resazurin concen-
tration of 560 uM [52], which implies that the final concentration of resazurin to be used
and added to cell cultures is 56 uM. This is marginally higher than the value reported by
O’ Brien et al. in which it was determined that the concentration of the stock solution of
Alamar Blue was equivalent to a resazurin concentration of 440 uM, which would result in
a final concentration of 44 uM [36]. However, because of the proprietary nature of the dye,
these researchers have no assurance that they were in fact testing stock solutions of the same
concentration and therefore it is frivolous to make comparisons of this nature.

The concentrations detailed above may be expressed in different units as follows. Using the
molar mass of resazurin (251.173 g/mol), the molar concentration of 56 M may be expressed
as a mass concentration as shown in Equation 4.3.1.
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p=cM (4.3.1)
= (56 uM) (251.173 g/mol)
= (56 x 10" °mol/L) (251.17 g/mol)
=0.0141 g/L
= 0.0141 mg/mL

where
p = mass concentration
¢ = molar concentration
M = molar mass

Assuming the solvent added to the resazurin powder has a density of 1000 mg/mL (similar
to that of water), this concentration may be expressed as

p = 0.0141 mg/mL (4.3.2)
mg 1mL
mL 1000 mg
= 0.00141% by mass

= 0.0141 x 100%

Assuming the calculations of [52] are correct, the result of Equations 4.3.1 and 4.3.2 is the
concentration recommended by the Alamar Blue protocol [37]. However, a concentration
appropriate to the incubation time of the dye and the doubling time of the cells should be
chosen. This is particularly important as cells with long doubling times require long-term
incubations to reduce the dye which, if long enough, may have toxic effects on the cells [53].

Fairly long incubation times have been used by other researchers, such as the 48 hours
with a 0.02 % resazurin solution used by Chandra et al. [54]. However, it has also been
demonstrated that incubation times in the order of days may have toxic effects on the cells
[53], and the Alamar Blue protocol recommends incubating the cells with the dye for periods
of less than eight hours [37].

4.3.2.2 Resazurin concentration for MCF-7 growth

In order to determine the optimal combination of cell plating density and resazurin concen-
tration for the MCF-7 cells, a similar protocol to that specified in [37] was used.
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Mimicking the procedure by Kirson et al. [8], it was decided that the cells would be allowed
to grow for a control period of 24 hours before the 24 hours of treatment commenced. After
the treatment, the resazurin solution would be added and allowed to reduce for 1 hour
before aliquots were taken. The plating density and resazurin concentration chosen needed
to ensure that the reduction of the resazurin solution:

1. Remained in the linear range (away from saturation).

2. Changed significantly in the 1hour period before aliquots were taken.

Various combinations were tested and it was found that seeding 100 000 cells allowed for a
reduction of close to 40 % in the time period before aliquots were taken, when used with
0.5 mL of a resazurin solution with a concentration of 0.141 mg/mL. This high concentration
was used (10 times higher than recommended by the Alamar Blue protocol) because lower
concentrations were found to be subject to more variance which produced indeterminate
results. Note that the seeding of 100000 cells to be used in 0.5 mL of dye corresponds to a
plating density of 200000 cells/mL.
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Chapter 5

Simulations

This chapter contains the details and results of the simulations that were performed. The
simulation results were crucial in determining the magnitude of the voltages that needed
to be used in the experiments in order to ensure that the magnitude of the electric fields
applied to the cell culture was sufficiently large to have a therapeutic effect.

The details of the simulation of the designed experiment are presented in Section 5.1, followed
by the simulation results in Section 5.2. A comparison between the simulation results and
analytical predictions is then presented in Section 5.3.

5.1 Simulation details

5.1.1 Software package and solver settings

The system was simulated on FEKO version 7.0.2, an electromagnetic simulation package
provided by Altair. The electric fields in the region of interest were solved with the Method
of Moments (MoM) solver using the Volume Equivalence Principle (VEP). As the FEKO
software is generally used for higher frequency simulations, a “low frequency stabilisation”
setting was enabled for the MoM solver.

5.1.2 Geometry

Simulations were performed for both a 2-wire set-up and an 8-wire set-up. The geometry for
each of these set-ups is depicted in Figures 5.1.1 and 5.1.2 respectively. Note that, although
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Figure 5.1.1: Geometry used for the 2-wire simulations.

Figure 5.1.2: Geometry used for the 8-wire simulations.

not shown here, fine meshing was performed on the geometry before the simulations were
run.

A close-up of the wire geometry is provided in Figure 5.1.3 and the dimensions used in all of
the simulations are provided in Table 5.1. Note that the width is defined along U-dimension
(on the axis between the wires), the depth is defined along the V-dimension (on the axis
along the wires) and the height is defined along the N-dimension (the remaining orthogonal
dimension).
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Figure 5.1.3: Close-up of the wire geometry.

Table 5.1: Geometry used for the simulations.

Parameter Value | Unit

Wire bare diameter 0.100 | mm

Wire outer diameter 0.119 | mm

Wire insulation thickness 9.5 pam

Wire length 22 mm

Distance between wire centres 1 mm
Width of dielectric block (U-dimension) 10 mm
Depth of dielectric block (V-dimension) 10 mm
Height of dielectric block (/N-dimension) 5 mm

5.1.3 Materials

The details of the materials used in the simulations are provided in Table 5.2. The values
for the copper and polyethylene materials were taken from the FEKO Materials Library and

the values for the culture medium was was taken from the paper by Kirson et al. [8].

Table 5.2: Materials used in the simulations.

Structure Material | Relative permittivity | Conductivity (S/m)
Wire core Copper N/A 58.13x10°
Wire insulation | Polyethylene 2.25 7.5104x 107
Culture medium Custom 80 0.3

Note that the conductivity given for the polyethylene material in Table 5.2 was calculated

from its loss tangent, tan (6) = 0.0004, using Equation 3.3.9 and a frequency of 150 kHz.
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5.1.4 Excitations

In the experiments performed by Kirson et al. it was shown that the efficacy of TTF
treatment increased with higher field intensities but also that different cell-lines required
different field strengths in order to achieve the same treatment efficacy [8]. The aim of this
research was not to find the threshold at which the electric field intensity yielded results, and
so it was decided that the voltage used for excitation should be chosen such that it generated
a field intensity of at least 3—4 V/cm throughout the cell-layer.

This field intensity is slightly higher than the 1-3 V/cm range that is normally used, but it
was deemed to be justified given the scope of the research. It must be highlighted that, in
previous in vitro experiments, the only effect observed with using higher field intensities, was
increased treatment efficacy [8, 18, 7]. Analytical predictions further support this observation
[22].

The parameters of the excitations used in the simulations are provided in Table 5.3. In all
of the simulations, all of the wire ports (one for the 2-wire simulation and four for the 8-wire
simulation) used voltage sources with these parameters. Note that the amplitude given is
the peak amplitude which would result in a peak-to-peak amplitude of double the specified
value.

Table 5.3: Excitations used in the simulations.

Parameter | Value | Unit
Frequency 150 kHz
Amplitude 2 \Y

It must also be emphasised that a frequency of 150 kHz was used as it had been identified
as the optimal treatment-frequency for the MCF-7 cell-line [48].

5.1.5 Near-field request

The number of field points in the near-field request, along each dimension of the simulation,
is detailed in Table 5.4.

Table 5.4: Number of points in the near-field request.

Parameter Value
Number of field points along the width | 10000
Number of field points along the depth 3
Number of field points along the height 1
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A large number of field points was used along the width as this was the dimension of interest
where the electric field intensity was expected to vary significantly, especially over the very
thin layers of wire-insulations where the permittivity was far less than that of the culture
medium.

Three field points were used along the depth so that the electroquasistatic assumption could
be confirmed. If all three sets of data along this dimension were similar, it could be said
that the time-delays due to the propagation of the electromagnetic wave were unimportant.
A single set of field points was used along the height as any additional information about
the electric field intensity along this dimension was deemed to be futile due to the thinness
of the cell-layer.

5.2 Simulation results

As one would expect of an electroquasistatic system, the profile of the electric field intensity
was the same all along the depth dimension of the wires. Therefore, the results provided
below are for the profile of the electric field intensity along the width dimension, U €
(=5 mm, 5mm), but taken at the centres of the depth dimension (V' = 0) and the height
dimension (N = 0).

5.2.1 Two wires

The simulation results for a single pair of wires are depicted in Figures 5.2.1 to 5.2.3. Al-
though Figure 5.2.1 shows the full profile of the electric field intensity, it is difficult to see
the intensity that the cell layer would be exposed to, and so Figures 5.2.2 and 5.2.3 show
the same data, but with different axes in order to allow for this data to be seen.

The electric field intensity at the centre-point between the wires was read off the graph as
0.333kV/m which equates to 3.33 V/cm using the conversion of 0.1kV/m =1V /cm.

5.2.2 Eight wires

The simulation results for four pair of wires are depicted in Figures 5.2.4 to 5.2.6. Again,
Figures 5.2.5 and 5.2.6 were provided so that the details of the electric field intensity in the
culture medium could be seen.

The minimum field intensity was, once again, located at the centre-point, and was read off
the graph as 0.364kV/m which equates to 3.64V/cm.
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Figure 5.2.1: Simulation results for a single pair of insulated wires in culture medium.

5.3 Comparison with analytical predictions

5.3.1 Analytical predictions

The electric field predicted by Equation 3.4.1 and the electric potential predicted by Equation
3.4.3 are depicted in Figure 5.3.1 for two wires whose centre are separated by 1mm. The
magnitude of the excitation between the wires was set to be 2V, the same as what was
used to produce the simulation results. In order to achieve this magnitude, the line charge
density, p;, on the wires was set to be 505 pC/m and -505 pC/m respectively. Care was taken
to ensure that the geometry and material parameters used for the analytical predictions
matched those used in the simulations. The independent axis is scaled so that the centre of
each wire is located on each extremity of the axis.

Note that the electric potential is continuous even though the electric field intensity is dis-
continuous. This is important as a discontinuity in the electric potential would imply an
infinite electric field intensity at that point [25]. Also note that the electric potential is
negative as a result of the negative sign in Equation 3.4.2. This negative sign is included
in order to conform with the convention that in going against an electric field, the electric
potential increases [25].

48



20

18

1.6

1.4

1.2

1.0

0.8

Electric Field Intensity [kV/m]

0.6

0.4

0.2

0.0
-5 4 -3 2 -1 0 1 2 3 4 5

Position Relative to Centreline [mm]

Figure 5.2.2: Simulation results for a single pair of insulated wires in culture medium (axes
adapted).

Although it is difficult to see in the graphs, the decay of the electric field intensity is propor-
tional to é whereas the decay of the electric potential is proportional to —mTr, as required

by Equations 3.4.1 and 3.4.3.

An analysis of the electric potential showed that the total potential difference comprised
three potential differences and, even though thin wire with a thin layer of insulation was
modelled, the voltage drop across the two layers of insulation (one contributed by each wire)
was still significant and accounted for approximately 69 % of the total voltage drop, as can
be deduced from Equation 5.3.1.

‘/total = ‘/insulation + Vmedium + V;nsulation (531)
= (=0.60V) + (—=0.62V) + (—0.69V)
—2.00V

The axes for the electric field intensity were altered so that the intensity at the centre-line
could be seen with more easily. The resulting graph is shown in Figure 5.3.2, and the electric
field intensity at the centre-line was read off the graph as 0.454kV/m = 4.54 V /cm.
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Figure 5.2.3: Simulation results for a single pair of insulated wires in culture medium (axes
further adapted).

5.3.2 Comparison

Clearly, there are slight differences between the results from the simulations and the results
predicted by analytical methods. There are numerous possible causes for these discrepancies:

e The analytical equations are for infinite line charges, not finite ones as was used in the
simulations.

e The analytical equations are only valid for electrostatic analyses but the simulations
modelled both the polarisation losses and the slight conduction losses that result from
non-zero conductivities.

e Analytically, the electric field intensity in a conductor must equal zero (under static
conditions) with all of the charge migrating to the surface of the conductor [25]. How-
ever, the simulations didn’t model the conductors in that way but rather modelled
them as line charge sources at the centre of the wires.

Using the values for the electric field intensity at the centre-point between the wires, the ana-
lytical predictions deviate from the simulations by 36 %. This is a relatively small deviation
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Figure 5.2.4: Simulation results for four pairs of insulated wires in culture medium.

given the assumptions, mentioned above, that were used for the analytical predictions.
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Figure 5.2.5: Simulation results for four pairs of insulated wires in culture medium (axes
adapted).
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Figure 5.2.6: Simulation results for four pairs of insulated wires in culture medium (axes
further adapted).
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Figure 5.3.1: Analytical predictions for electric field intensity and electric potential.
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Chapter 6

Methodology

This chapter details the methodology that was used in the experimental process. Section 6.1
details the preparation that was performed before experiments could be initiated, Section
6.2 describes the experimental procedure, and Section 6.3 details the techniques used to
quantify the results.

6.1 Preparation for experiments

6.1.1 3D printed jig

The 3D-printed parts mentioned in Section 4.2 were printed on a Form 2 printer made
by FormLabs. This printer uses stereolithography technology and is able to print with
resolutions as small as 0.025 mm. However, this precision was not required for this research
and so all of the parts were printed with a resolution of 0.1 mm.

Various resins were tested and it was found that the clear resin suited this research the best
as it was strong and allowed for leaking culture medium to be easily identified. The parts
were designed to be fairly thick (> 5mm) so that they wouldn’t flex with the stress induced
by the clamping. The 3D-printed parts are shown in Figure 6.1.1.

6.1.2 Customised gasket

In the preliminary testing, it was found that the gaskets that were provided with the Nunc
Lab-Tek Chamber Slides proved to be too thin to provide a good seal when the wires were
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Figure 6.1.1: 3D-printed parts. From left to right: Slide Platform, Wire Guider, Clamp
Brace and Lid Spacer.

incorporated into the system. Therefore, a thicker gasket was created by piping a silicone
sealant (Bostik Clear Home Silicone Sealant) into the mould provided by the space in the
Nunc Lab-Tek Chamber Slide where the original gasket lay. This allowed for thicker (and
wider) gaskets to be made simply and cheaply to the exact dimensions required.

Excess silicone was removed from the gasket using a craft-knife so that the gasket didn’t
impose on the culture area. One of these customised gaskets is shown next to the original
gasket in Figure 6.1.2.

Figure 6.1.2: Customised gasket (left) next to original gasket (right).
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6.1.3 Threading of wires

If the centre-line of the wells is taken to be at position zero, for the 2-wire set-up the
wires were threaded through the wire holes at £ 0.5 mm so that they were 1 mm apart and
symmetric about the centre-line of the wells. If the same coordinate system is used for
the 8-wire set-up, the wires were threaded through the +0.5mm, + 1.5mm, +2.5mm and
+ 3.5 mm wire-holes so that each wire was located 1 mm from the next one. This was done
on both sides of the Wire Guider where corresponding hole-groups were located.

However, as there were sixteen holes in each hole-group, but only eight holes had been
utilised, this left half of the wire-holes open. In a fashion similar to that done in sewing,
these open holes were used to “double-thread” the wires in order to fasten them tightly in
place. This also allowed the wires to be tightened so that they were stretched taught across
the Wire Guider and didn’t slip out of position. Note that this double-threading was also
performed for the 2-wire set-up.

The enamel on the ends of each wire was stripped and these ends were soldered together
onto a thicker wire that was less fragile. This was important as crocodile-clips and probes
needed to be connected to the wires without damaging them. For the 8-wire set-up, it was
ensured that adjacent wires were soldered together onto different wires. In other words, if
the wires had been numbered from one to eight according to their position, all of the wires
with even numbers would have been soldered together and all of the wires with odd numbers
would have been soldered together. This was done to ensure that the polarities of adjacent
wires were opposite. An example of the wire-threading is shown in Figure 6.1.3.

Although the dielectric strength of the insulation of the wires was far greater than the
voltages to be used between the wires, insulation tape was wrapped between the layers of
wires that had opposite polarity (on the ends of the Wire Guider) as an extra precaution in
case any of the wires had defects in their insulation.

6.1.4 Clamping and sealing

The clamping and sealing required several steps which are listed below:

e A thin cotton-wool cushion was placed onto the Slide Platform, and the glass slide
was placed onto the cushion. The cushion evened out the force on the glass slide and
prevented it from cracking.

e The Slide Platform was then raised into the rectangular cut-out in the centre of the
Wire Guider so that the wires were pressed up against the glass slide.
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Figure 6.1.3: Threaded wires for a 8-wire set-up (left) and a 2-wire set-up (right).

e A thin layer or petroleum jelly (Vaseline BlueSeal Original) was applied to the under-
side of the customised gasket and the gasket was placed in position on the glass slide,
on top of the wires.

e The well-assembly was placed onto the gasket such that the protrusions on the gasket
fitted into the corresponding indent of the well-assembly.

e The Clamp Brace was placed on top of the well-assembly so that the tops of the eight
wells protruded through the eight holes in the Clamp Brace.

e A single spring-clamp (Tork Craft 30 mm) was placed over the centre of the assembly
in order to fix all of the components into place. It had its pads resting on the bottom
of the Slide Platform and the top of the Clamp Brace.

e The remaining spring-clamps (Tork Craft 30 mm) were placed around the assembly in
an alternating fashion to ensure that the forces applied to any one side were balanced.
Six spring-clamps were used for this.

e The central spring-clamp was removed.

The wires were inspected through the holes in the Clamp Brace to ensure that wires were still
parallel and located centrally across the culture surface of each well. The sealed assembly
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with the lid on is shown in Figure 6.1.4 and the wires viewed through the sealed assembly
are shown in Figure 6.1.5.

Figure 6.1.4: Sealed assembly.

6.1.5 Sterilisation

Working in a Labotec Level 2 sterile biohazard cabinet fitted with High Efficiency Particulate
Air (HEPA) filters, the sealed assembly (along with the lid and the Lid Spacer) was sterilised
using a 70 % ethanol solution. Excess petroleum jelly that had been squeezed out from under
the gasket during the clamping was also removed by this ethanol solution. The components
were then rinsed twice with sterile Phosphate Buffered Saline (PBS), pH 7.4, to remove any
residual ethanol, and left to dry in the sterile biohazard cabinet.
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Figure 6.1.5: Wires visible in the sealed assembly.

6.1.6 Cell culture technique

A sterile, internal-thread-with-sealing-ring cryovial (Corning) of previously cryopreserved
cells in 1 mL of freeze medium, was taken from the Liquid Nitrogen (-178°C) tank (Afrox,
SA) and rapidly thawed in sterile water at 40°C. The freeze media consisted of sterile,
neat Foetal Calf Serum (FCS) (Sigma) with 10 % (v/v) sterile, cell culture grade Dimethyl
Sulphoxide (DMSO) (Sigma) added to it. The purpose of the DMSO was to prevent ice
crystals from forming during the freezing process as the sharp edges of ice crystals damage
the cell membranes and thus kill the cells.

Once thawed, the 1 mL cell solution was placed into a sterile 15 mL graduated polypropylene
conical centrifuge tube (Corning). The tube was filled to the 12 mL mark with a pre-warmed
(37°C) cell culture media mixture composed of a 1:1 mix of standard Dulbecco’s Modified
Eagle Medium (DMEM) (Sigma) and Ham’s F12 Nutrient Mixture (Sigma) supplemented
with 10 % FCS (Sigma) and 1 % Penicillin-Streptomycin (P/S) (Sigma). The tube containing
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the cells in the freeze media and culture media mixture was placed in a bench-top Beckman
Coulter centrifuge and centrifuged at 1000 rpm for 2 minutes in order to wash the cells free
from the DMSO of the freeze media, which can be toxic to cells at 37°C.

Upon centrifugation, the cells formed a firm cell pellet at the bottom of the tube. The
supernatant freeze media and culture media were poured off and the cell pellet was carefully
resuspended by adding 1 mL of culture medium to it with a 1 mL pipette and slowly pipetting
the cell solution up-and-down several times in order to form a single cell suspension.

This cell solution was then placed into a sterile 25cm? cell culture flask with a vented lid,
containing 25 mL of the described pre-warmed cell culture medium. The flask was gently
swirled a few times to ensure an even distribution of the cells. The flask was then placed flat
on a sterile shelf in a Forma Scientific water-jacketed incubator set at 37°C and 8 % COa,
with the COy being supplied by an Afrox medical COs cylinder which was located next to
the incubator.

The flask of cells was checked every morning under an inverted microscope at 100 times mag-
nification to establish the condition of the cells, and to estimate the percentage confluency.
When the cells reached a confluency of approximately 80 % (in other words, the cells were
in the log growth phase), the culture medium was poured off into a sterile glass beaker in
the sterile biohazard cabinet. The flask was rinsed with 5mL of sterile PBS, to remove any
residual FCS which would inactivate the trypsin mixture (Sigma) used next for lifting the
cells from the flask’s culture surface.

Since the cells used in this research were adherent in nature, the enzymatic activity of 0.1 %
trypsin mixed with 0.01 % ethylenediamine tetraacetic acid (EDTA) was needed to loosen
the cells from the flask’s culture surface and to loosen the cells from one another. The EDTA
inhibits the cell-to-cell adherent effect of Ca®" ions in the cell membranes and, together with
the enzymatic activity of trypsin, the cells could be resuspended into a single cell-suspension
in 1 mL of culture medium, to be counted.

The cells were counted manually using a standard haemocytometer and a bright-field mi-
croscope at 100 times magnification. The total cell count was noted and a calculation was
performed to determine the number of cells/uL needed to result in 100000 cells per 10 uL
per well of the Nunc Lab-Tek Chamber Slide. This calculation was to ensure the plating
density mentioned in Section 4.3.2.2 was achieved. After the calculation was confirmed, the
cells were ready to be plated.

6.1.7 Cell proliferation dye preparation

The cell proliferation dye solution was prepared by adding 7.05g of resazurin powder to
50mL of the previously mentioned cell culture medium, thereby forming a solution with a
concentration of 0.141 mg/mL. After the treatment, this dye solution was added directly to
the empty wells and was not diluted any further.
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6.1.8 Creation and loading of broadband signal

The broadband signal was created in Octave by summing sinusoids in the time domain. 201
sinusoids were summed (100kHz to 300kHz in 1kHz increments) and the phases of each
sinusoid was chosen so that the overall signal created had the lowest peak-to-peak value.
This assignment of phase was automatically performed by a script which ran through a few
million iterations of phase-assignments and chose the set of phases that minimised the peak-
to-peak value. The signal that was used is shown in Figure 6.1.6, along with its one-sided
FFT in Figure 6.1.7, and its power spectral density in Figure 6.1.8. Note that a uniform
distribution was used for the amplitudes of the frequencies in the desired band.
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Figure 6.1.6: Time-domain of the broadband signal.

The parameters of the broadband signal are listed in Table 6.1 using the same nomenclature
introduced in Section 2.2.

The signal created in Octave was saved as a .csv file, which was then converted to a .tfw
format using Tektronix’s ArbExpress software. The signal was then loaded onto an Arbitrary
Function Generator (Tektronix AFG 3022B) and outputted using the Arbitrary Waveform
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Figure 6.1.7: Single-sided FF'T of the broadband signal.
Table 6.1: Parameters of the broadband signal.
Symbol Description Value Units Notes
Qo First frequency included 2007 x 10 | rad/sample Corresponds to 100 kHz
Oy Last frequency included 6007 x 10° | rad/sample Corresponds to 300 kHz
A Frequency resolution 2m x 103 | rad/sample Corresponds to 1kHz
N Number of superimposed sinusoids 201 —
A Amplitude of each sinusoid 2 \Y Peak amplitude
0; Phase of the i sinusoid 0; € [0,2m) rad Chosen to minimise the summed amplitude
Ey Sampling frequency 2 MHz
T, Sampling period 0.5 1S
Ny Number of samples in time-domain signal | 100 x 10? samples

option which loads the entire signal into memory and allows for the amplitude and frequency
for the entire signal to be specified. The signal had 100000 points sampled at a sampling
frequency of 2 MHz and so the period of the whole signal was calculated as

64




Power/Frequency [dB/Hz]

350 | | | \
0 200 400 600 800 1000
Frequency [kHz]

Figure 6.1.8: Power spectral density of the broadband signal.

T=LxT,
=0.05s
= 50 ms

T = period of whole signal
L = number of points in whole signal
T, = sampling period

This period of 50 ms corresponds to a frequency of 20 Hz for the whole signal. The output
impedance of the function generator was set to its high impedance setting and the amplitude
of the signal was set to its maximum of 20V,_, with a 0V offset. This signal was then
inputted into a Wideband Power Amplifier (Krohn-Hite Corporation Model 7500) which
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amplified the signal to the required 110 V,_, with a 0V offset. The 110V,_, was calculated
so that each of the 201 frequencies present had an amplitude of 2V, as is evident in Figures
6.1.6 and 6.1.7.

6.2 Experimental procedure

The experimental procedure used was similar to that used by Kirson et al. for their in vitro
experiments [8]. 100000 cells in 10 uL: of culture medium were plated in the centre of each
well. The cells were left for one hour to settle and attach to the slide, before 490 uL of
culture medium was added to make 500 ul. of culture medium in total. Care was taken to
ensure that the initial 10 L. did not evaporate.

The cells were then placed in an incubator at 37°C with 8% COs and left to grow for a
control period of 24 hours. After this period, the culture medium was replaced with fresh
medium and the treatment signals were connected to the wires on the sealed assemblies. The
cells were treated for 24 hours before the cell proliferation was quantified.

The electrical signals for the single-frequency treatment were created by an Arbitrary Func-
tion Generator (Tektronix AFG 3021B) which was set to output a signal of 4V,_, with
a 0V offset at 150kHz. Note that this voltage corresponded to an amplitude of 2V. It
must also be emphasised that a frequency of 150 kHz was used as it had been identified as
the optimal treatment-frequency for the MCF-7 cell-line [48]. The output of the Arbitrary
Function Generator was connected directly to the wires which were being used to deliver the
single-frequency treatment.

As mentioned in Section 6.1.8, the broadband signal was loaded onto an Arbitrary Function
Generator which then passed the signal through an amplifier to generate the required voltage
of 110 V,,_, with a 0V offset. The output of the amplifier was connected directly to the wires
which were being used to deliver the broadband treatment. The validity of all of the signals
were confirmed on an oscilloscope (Tektronix DP04034) which provided frequency, peak-to-
peak amplitude, and FFT measurements.

The equipment that was used is labelled and shown in Figure 6.2.1, and the inside of the
incubator is shown in Figure 6.2.2. There was a small hole in the rear of the incubator that
allowed for the cables from the oscilloscope, signal generator and amplifier to pass through
from the outside to the inside of the incubator.

6.3 Quantification of results

Once the treatment period was completed, the sealed assemblies were taken out of the
incubator and the temperature of the wells was measured without delay using an infrared
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Figure 6.2.1: Laboratory set-up.

Figure 6.2.2: Inside of the incubator.

thermometer (EeziTemp DT-8806). The sealed assemblies were then placed inside the sterile
biohazard cabinet and the culture medium in each well was sucked off using a pipette. The
fluid was immediately replaced with 500 uL of dye solution. Figure 6.3.1 shows the sealed
assembly with the wells containing culture medium (Figure 6.3.1a) and dye solution (Figure

6.3.1b).
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(a) With culture medium in the wells. (b) With dye in the wells.

Figure 6.3.1: Sealed assembly.

The sealed assemblies were then returned to the incubator and left for one hour to allow for
the cells to reduce the dye solution. After this period, the sealed assemblies were taken out
of the incubator and placed in the sterile biohazard cabinet once again.

Four 100 uL aliquots were taken from each well and pipetted into a sterile, flat-bottomed,
96-well cell culture plate using the reverse pipetting technique to ensure that no air bubbles
were created. Each time that aliquots were taken from a different well, the pipette tip was
replaced with a new one to ensure that no cross-contamination of the solutions occurred. As
each test had four individual wells, four pipette tips were used and a total of 16 aliquots were
taken per test. 16 blank aliquots (containing only the cell culture medium) and 16 aliquots
for the negative control (containing only the dye solution) were also taken.

Figure 6.3.2 shows an example of a 96-well plate containing aliquots from one of the ex-
periments. The first two columns contained the blank aliquots, the next two contained the
aliquots from the negative control and the remaining columns contained aliquots from the
sealed assemblies. Note that the eight empty wells seen in Figure 6.3.2 are as a result of two
of the wells leaking, thereby deeming their contents invalid for that experiment. Although it
is difficult to see in this figure, the aliquots from the sealed assemblies have reduced the dye
slightly, turning it from the deep blue colour of the negative control, to a more purple hue.

The 96-well plates containing the aliquots were taken to a spectrophotometer (BioTek Syn-
ergy HT) and the absorbance of each well was read at wavelengths of 570 nm and 600 nm.
The absorbance data was then analysed in accordance with the equations provided in [37].
The spectrophotometer that was used to obtain the absorbance readings is shown in Figure
6.3.3.
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Figure 6.3.2: 96-well plate with aliquots.
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Figure 6.3.3: The spectrophotometer that was used.
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Chapter 7

Results

The experimental results are detailed in this chapter. Section 7.1 explains the nomenclature
used in the presentation of the results, Section 7.2 presents various sets of results and Section
7.3 contains a summary and an analysis of the results.

7.1 Nomenclature

Before the results are presented, it is important to understand the nomenclature used for
the controls. In these experiments, a positive control was defined as a set of untreated wells
that had cells plated in them. This was different to a negative control, which was defined as
a set of untreated wells that had no cells plated in them.

Positive controls contain cells that are growing without any inhibition, and they therefore
dictate the maximum expected proliferation rate of the cells, and therefore the maximum
expected reduction rate of the dye. When the calculations are performed, the percentage
reduction of the dye for a set of wells is always reported with reference to the negative
control, which has no cell proliferation and therefore no change in the reduction of the dye.

The inhibition of proliferation for a set of wells is normalised with reference to the positive
control. In these experiments, the positive control chosen to normalise all the other data was
the positive control that contained eight wires in the cell culture. The values were normalised
such that this positive control had a 0% inhibition of proliferation. Therefore, positive
values for this measure indicated proliferation-inhibition, whilst negative values indicated
proliferation-stimulation. For more information on this normalisation, the reader is advised
to consult the Alamar Blue protocol [37]. Note that the term “inhibition of proliferation”
used in this research is equivalent to the “therapeutic enhancement ratio” term used by
Kirson et al. in [8].
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In order to assess the validity and repeatability of the measurements, the experiments were
performed in two independent batches. These batches are identified in subsequent sections
as Experiment Set 1 and Experiment Set 2. It should be noted that the exact same set-up,
methodology and equipment was used for both batches of experiments.

The error bars in the figures below represent a standard deviation of uncertainty on either
side of the mean value.

7.2 Sets of results

7.2.1 Positive controls

Three positive controls were used with the aim of determining;:

e Whether the inclusion of the wires in the cell culture would have an effect on cellular
proliferation
e Whether positive controls on separate culture plates would yield different results
The reduction and proliferation data for each positive control is shown in Figures 7.2.1 and

7.2.2. For each of the positive controls, the temperature of the wells was measured to be
36.7°C for Experiment Set 1 and 36.3 °C for Experiment Set 2.
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Figure 7.2.1: Reduction of the dye for the positive controls, where greater deviations between
controls are evident for Experiment Set 2 when compared with Experiment Set 1.
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Figure 7.2.2: Normalised inhibition of proliferation for the positive controls, where Exper-
iment Set 2 shows large uncertainties and large deviations between the various controls.

7.2.2 Multiple pairs of wires

In the experiments by Kirson et al., two wires were used to deliver the electric fields, and the
cells were cultured between the wires and allowed to adhere and settle before more culture
medium was added [8]. In the experiments performed for this research, it was found that
the cells spread out across the entire culture surface, even if they had been allowed to settle
and adhere in the region only between the wires. Therefore, an experiment was initiated to
determine whether using multiple pairs of wires to subject the entire culture surface to the
treatment would yield better results.

The reduction and proliferation data for the wells undergoing treatment with two wires and
with eight wires are shown in Figures 7.2.3 and 7.2.4. As mentioned in Chapter 6, the exact
same voltages were used on each pair of wires in order to produce the same electric fields
in the cell culture medium. Note that the voltages displayed in the figures are peak-to-
peak voltages. For both the 2-wire and 8-wire treatments, the temperature of the wells was
measured to be 36.7°C for Experiment Set 1 and 36.3 °C for Experiment Set 2.

7.2.3 Broadband treatment

In this experiment, eight wires were used to deliver the electric fields for both the single-
frequency treatment and the broadband treatment. The reduction and proliferation data
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Figure 7.2.3: Reduction of the dye in the test comparing the efficacies of treatment using 2
wires and 8 wires, where Experiment Set 1 shows very similar reductions but Experiment
Set 2 shows a lowered reduction for the 8-wire treatment.
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Figure 7.2.4: Normalised inhibition of proliferation for the cells undergoing treatment using
2 wires and 8 wires. The 2-wire treatment for Experiment Set 2 appears to stimulate cell
proliferation instead of inhibiting it.

for the wells undergoing each type of treatment are presented in Figures 7.2.5 and 7.2.6.
Note that the voltages displayed in the figures are peak-to-peak voltages. For both types of
treatment, the temperature of the wells was measured to be 36.7°C for Experiment Set 1
and 36.3 °C for Experiment Set 2.
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Figure 7.2.5: Reduction of the dye in the test comparing the efficacies of single-frequency

treatment and broadband treatment.

The experiment sets display opposite trends with

Experiment Set 2 showing an increase in reduction for the broadband treatment.
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Figure 7.2.6: Normalised inhibition of proliferation for the cells undergoing single-frequency
treatment and broadband treatment. The broadband treatment in Experiment Set 2 appears
to be stimulating cell proliferation instead of inhibiting it.

7.3 Summary and analysis

The reduction and proliferation data for all of the experiments are superimposed and shown
in Figures 7.3.1 and 7.3.2. Note that, although the single-frequency treatment was performed
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using both an 8-wire and a 2-wire set-up, the broadband treatment was performed using only
an 8-wire set-up and not a 2-wire set-up.
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Figure 7.3.1: Percent reduction data showing large uncertainties in both experiment sets.
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Figure 7.3.2: Normalised inhibition of proliferation data showing large uncertainties and no
convincing trends between experiment sets.

In these figures, it can be seen that for Experiment Set 1:

e The positive controls are all fairly similar

e The treatment using eight wires is marginally better than the treatment using two

wires
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e The broadband treatment is significantly better than the single-frequency treatment
However, for Experiment Set 2, these trends are no longer apparent and it can be seen that:

e The controls vary greatly

e The treatment using eight wires is significantly better than the treatment using two
wires

e The broadband treatment is significantly worse that the single-frequency treatment

This variation in results is worrying and attention must be drawn to the large uncertainties
in the measurements. Despite the attempts to minimise these uncertainties by using a high
dye concentration, ensuring aliquots were reverse pipetted, and using 16 samples per datum,
analysis of the uncertainty propagation showed that the small measurement uncertainties
resulted in surprisingly large uncertainties after all the calculations were performed. Each
calculation required five scalar multiplications, two subtractions and one division. With each
of these operations, the uncertainty increased.

Table 7.1 lists the mean values (Z) and the standard deviations (o) for the reduction data
for each series seen in Figure 7.3.1, and Table 7.2 lists the same statistical measures for the
inhibition of proliferation data for each series seen in Figure 7.3.2. In these tables, the data
for the negative controls (to which all the other values are normalised) are also included. Tt
should be noted that there was a large difference between the mean values of the negative
controls between the two experiment sets. The reason for this difference is unknown as the
same dye, concentration of dye, and equipment were used for both experiment sets.

Table 7.1: Percent reduction data showing large uncertainties for the two experiment sets.

. Experiment Set 1 | Experiment Set 2
Series — —
T o T o
Negative Control 10.17 1.30 20.74 1.70
Positive Control (8 wires) 32.49 1.65 30.50 3.59
Positive Control (no wires) 32.87 2.76 33.75 3.03
Positive Control (no wires, separate plate) 32.83 2.84 36.13 3.36
Treatment (2 wires, 150 kHz, 4 V) 31.54 3.09 33.81 2.15
Treatment (8 wires, 150 kHz, 4 V) 31.02 3.41 29.84 7.30
Treatment (8 wires, broadband: N=201, V=110 V) 25.70 4.71 36.09 3.06

The large uncertainties open up the question as to whether the results are statistically sig-
nificant at all. Welch’s t-tests were performed on the proliferation data so that comparisons
could be drawn between the results in order to ascertain if they were significantly different.
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Table 7.2: Normalised inhibition of proliferation data showing large uncertainties for the two
experiment sets.

. Experiment Set 1 | Experiment Set 2
Series — =
T o T o4
Positive Control (8 wires) 0.00 7.86 0.00 20.68
Positive Control (no wires) -1.17 11.32 -10.65 19.76
Positive Control (no wires, separate plate) -1.04 11.57 -18.45 21.56
Treatment (2 wires, 150 kHz, 4 V) 2.91 12.23 -10.85 16.90
Treatment (8 wires, 150 kHz, 4 V) 4.51 13.17 2.17 32.63
Treatment (8 wires, broadband: N=201, V=110 V) 20.90 16.71 -18.33 20.54

Table 7.3: Welch’s t-tests performed on Experiment Set 1, showing a significant difference
between broadband versus single-frequency treatment.

Comparison t-statistic | d.f. | p-value

8-wire positive control versus O-wire positive control 0.3396 26.74 | 0.73681
8-wire treatment versus 2-wire treatment 0.3561 29.84 | 0.72427
Broadband versus single-frequency treatment 3.0814 28.45 | 0.00454

Table 7.4: Welch’s t-tests performed on Experiment Set 2, showing no significant difference
between any of the comparisons.

Comparison t-statistic | d.f. | p-value

8-wire positive control versus O-wire positive control 1.4894 29.938 | 0.14684
8-wire treatment versus 2-wire treatment 1.4173 22.507 | 0.17009
Broadband versus single-frequency treatment -2.1267 25.274 | 0.04345

These tests were performed independently for each experiment set. The parameters and res-
ults for Experiment Set 1 and Experiment Set 2 are shown in Tables 7.3 and 7.4 respectively.
In both tables, d.f. refers to the degrees of freedom.

Using a significance level of 0.01, the p-values in Table 7.3 indicate that for Experiment
Set 1:

e The positive controls are not significantly different from each other

e The treatment using eight wires is not significantly different from the treatment using
two wires

e The broadband treatment is significantly different from the single-frequency treatment

Therefore, having confidence that the result is statistically significant, it can be said that
the broadband treatment in Experiment Set 1 inhibited the proliferation of the MCF-7 cells
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by 16.39 % more than the equivalent single-frequency treatment. This difference translates
to a 363 % increase in treatment efficacy.

However, again using a significance level of 0.01, the p-values in Table 7.4 indicate that for
Experiment Set 2:

e The positive controls are not significantly different from each other

e The treatment using eight wires is not significantly different from the treatment using
two wires

e The broadband treatment is not significantly different from the single-frequency treat-
ment

The significant result from Experiment Set 1 could not be repeated in Experiment Set 2.
Therefore, the claim made therefrom (of broadband treatment yielding an improved treat-
ment efficacy) must be abandoned. Consequently, it is concluded that the treatments per-
formed in these experiment (both the single-frequency and broadband treatments, and both
in a 2-wire and 8-wire set-up) do not inhibit the proliferation of MCF-7 cells at the electric
field intensities used.
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Chapter 8

Ultrasound

This chapter presents a brief description of the research that was performed using ultrasound.
Its contents diverge slightly from the rest of the dissertation as it was an extension of the
research performed for broadband electric field treatment. However, as discussed below, it
was thought that ultrasound could be a possible, alternative means of delivering energy in
order to achieve the same results of TTF therapy, through taking advantage of the same
mechanisms of action.

A brief introduction is given in Section 8.1, followed by a description of the preliminary
experiments and the results obtained therefrom in Sections 8.2 and 8.3 respectively. The
chapter is concluded with a brief discussion in Section 8.4.

8.1 Introduction

The thermal ablation of cancerous tissue using ultrasound has been well researched and
documented [55], however, the use of non-thermal ultrasound in cancer treatment has also
attracted attention in recent years [56]. Of particular relevance is that non-thermal ultra-
sound at a frequency of 1 MHz was found to induce changes in the cytoskeleton in cancer
cells [57].

Additionally, Naruse predicted that the chromosome system would have a mechanical res-
onance at frequencies of between 22kHz to 50kHz during metaphase [58]. This indicates
that the resonance used for TTF treatment may, in fact, be mechanical in nature. If this is
indeed the case, it may be possible to use ultrasound at the same frequencies to yield similar
results.

As mentioned previously, biological materials generally have high permittivities and conduct-
ivities (see [13]) which makes it difficult to establish electric fields of significant intensities
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inside of them. However, unlike electric fields, ultrasound can penetrate the body with ease
and is not constrained by the electrical properties of biological materials [55, 59]. Therefore,
the complications that arise due to the high voltages required to produce broadband elec-
trical fields may be circumvented by using ultrasound. This makes ultrasound particularly
attractive for broadband treatment, and hence its inclusion in this research.

8.2 Preliminary experiments

A set of preliminary experiments were performed using ultrasonic treatment at frequencies
in the TTF therapy range. Cells were grown in standard 24-well cell culture plates, with the
controls and treated cells located on separate plates so that there would be no significant
mechanical coupling between them.

Initially, the transducers were clamped directly to the underside of the wells undergoing
treatment as shown in Figure 8.2.1. However, in the case of the transducer shown, this had
the disadvantage of only allowing for a single well to be treated.

(a) Close-up view. (b) Full view.

Figure 8.2.1: Transducer clamped to the underside of a 24-well cell culture plate.

Controlling the temperature of the transducer was also found to be difficult. In an attempt
to mitigate temperature effects, a fan was used to circulate the air in the incubator, and
higher-power transducers were tested. This set-up can be seen in Figure 8.2.2. However,
the controlling of the temperatures of the transducers still remained an issue. Ultrasound
gel was used to couple the transducers to the cell culture plates, but with the transducers
heating up, the gel dried out.

A new experimental set-up was designed where the 24-well cell culture plates were suspended
in a bath of pre-heated water such that the underside was completely submerged (with no
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(a) Small transducer. (b) Large transducers.

Figure 8.2.2: Ultrasonic treatment set-up with clamped transducers.

bubbles), but the well-openings were above the water level. This was implemented using
standard curtain hooks, which connected to the sides of the water bath, and an elastic band
which was wrapped around the cell culture plate and connected to the hooks on either side.
The transducers delivering the ultrasound were placed in the water-bath which helped to cool

them and circumvented the coupling issues mentioned previously. This set-up is depicted in
Figure 8.2.3.

It was found that the distance between the transducers and the cell culture plate made
very little difference to the intensity of the ultrasound in the wells of the cell culture plate.
Therefore, the transducers were left at the bottom of the water-bath instead of being clamped
to the cell culture plate, as they previously were. This had the added benefit of allowing
more of the cell culture plate to be subjected to the ultrasound due to the spreading-out of
the pressure waves as they travelled through the water.

The pressures inside the water-bath, and inside of the wells of the cell culture plates, were
measured using an omnidirectional hydrophone (Onda HGL-0200 with Onda AH-2010 pre-
amplifier) which was connected to an oscilloscope (Tektronix DP04034) through a DC power
supply (Onda AH-2010-DCBNS).

Another advantage of using a water-bath is that the acoustic impedances of water, poly-
styrene (of which the cell culture plate was composed) and biological materials, are all fairly
similar [59, 60]. This helps decrease the reflections at the change of interfaces, thereby
allowing for a larger proportion of the initial wave intensity to reach the cell layer.

At their resonant frequency, the transducers had their impedances electrically matched to
50 €2, which was the output impedance of the signal generators and amplifiers. This allowed
for maximum power transfer to the transducer to occur. The transducers were all capacitive

82



(a) Close-up view. (b) Full view.

Figure 8.2.3: Ultrasonic treatment set-up in a water-bath.

in nature, and so the matching was performed by adding an inductance (using a custom-
made inductor) to cancel out the capacitive impedance, before transforming the new, real
impedance to 50€) (using a custom-made transformer). This matching was performed with
the aid of a Vector Network Analyser (Rohde & Schwarz ZND).

The treatment signals used 100 cycles of the resonant frequency at a duty-cycle of 0.1. This
low duty-cycle was used to ensure that the transducers didn’t overheat. From this, the Pulse
Repetition Frequency (PRF) of the signal was calculated, and the signal was loaded onto an
Arbitrary Function Generator to be repeated at this PRF. Short ramp-functions were used
to ramp the signal up to its full magnitude at the start of the “on” period, and to ramp it
down to its zero magnitude at the start of the “off” period.

As an example of the PRF calculation, consider a transducer with a resonant frequency
of 100kHz. The period of this frequency is 10 us and so the “on” period, consisting of
100 cycles, has a period of 1 ms. For a duty cycle of 0.1, the “off” period is nine times longer
than the “on” period and so the total period of the signal is 10 ms. The PRF is calculated
as the inverse of this total period, which evaluates to 100 Hz.

With the cooling provided by the water-bath, the voltages applied to the transducers could
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be large without risking them heating up significantly. Voltages of up to 400V,_, were
applied to the large, 60 W transducers depicted in Figure 8.2.1. These transducers had a
resonant frequency of 120kHz and so were driven at a PRF of 120 Hz. This PRF is in the
audible range and could be heard as a low humming-sound originating from the transducers.

8.3 Preliminary results

The results from the preliminary ultrasonic experiments were indeterminate, with some of
the experiments demonstrating an inhibition of proliferation for the ultrasonically treated
cells, but with other experiments demonstrating the opposite effect. The lack of repeatability
in the experimental results meant that no conclusions could be drawn from them, and the
results were hence deemed to be indeterminate.

8.4 Discussion

The causes that rendered the results to be indeterminate are unknown. A possible com-
plication that was identified with the ultrasonic treatment is that the propagation of the
ultrasonic waves was directed perpendicularly to the culture surface, meaning that the cells
were subjected to waves which travelled along the axes of their height. This was different
to the implementation of the electric field treatment, where the direction of the electric field
was parallel with the culture surface. Logically, it makes sense that the cells would divide
in the direction parallel to the culture surface, instead of perpendicular to it, as this parallel
orientation would require less energy.

A possible means of avoiding this complication would be to use 3D cultures, in which the
axes of mitosis are expected to be more randomly orientated in all three dimensions. A
resazurin-based dye has previously been used successfully on 3D cultures [61], and so the
same quantification technique presented in Section 4.3.2 could be used if experiments using
3D cultures were to be performed.

Another concern is that, because the electric field treatment takes advantage of a rotational
resonance but the ultrasonic treatment takes advantage of a translational resonance, the
resonant frequencies that cause the disruption of mitosis may be different. The resonant
frequency of the rotational system would be a function of a moment of inertia whereas the
resonant frequency of the translational system would be a function of a mass.

It is proposed, however, that any imperfection or misalignment of the intracellular structures
would cause some component of the rotational resonance to be present, even when stimulated
by a translational, planar wave.
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Chapter 9

Discussion

Although some discussion is provided in previous chapters, this chapter contains additional
discourse in key aspects of the research. Firstly, Section 9.1 examines whether the research
aim and objectives were met. The complications that were encountered with the set-up are
then detailed in Section 9.2, followed by a scrutiny of the methodology and results in Section
9.3. Finally, a description of possible extensions for the research is provided in Section 9.4.

9.1 Research aim and objectives

In Section 1.2.3, it was stated that the objectives of the research were to:

e Treat a cell-line with single-frequency TTF treatment at the optimal treatment-frequency
for that cell-line

e Treat the same cell-line with a comparable form of broadband TTF treatment

e Compare the results obtained using these two treatment techniques

All of these objectives were achieved, and their validations are discussed briefly below.

It must be emphasized that the MCF-7 cell-line was chosen because its optimal treatment-
frequency had been identified as 150 kHz [48]. Therefore, the single-frequency TTF treatment
performed in this research was at the optimal treatment-frequency for the cell-line used in this
research. This confirms that the first objective was achieved. Broadband TTF treatment was
performed on the same MCF-7 cell-line, using the same electric field intensity per frequency
as was used in the single-frequency treatment. This confirms that the second objective
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was achieved. Lastly, the results from these two experiments were compared and discussed,
thereby meeting the criteria of the final objective.

In Section 1.2.2, the research question was stated as:

“Can the efficacy of TTF treatment be improved by using broadband electric
fields?”

The results of this research showed that treatment using broadband electric fields did not
significantly and repeatably improve the efficacy of TTF treatment. However, it must be
emphasised that this was only shown to be true for the MCF-7 cell-line and only with the
specific voltages used.

9.2 Complications with the experimental set-up

Although the set-up was carefully designed, various issues with it were exposed in the exper-
imental process. The parts that were 3D-printed underwent several re-designs to overcome
these problems, the most serious of which was getting the system to seal properly. With
wires running through the system it proved to be impossible to obtain a good seal with the
original gaskets. This lead to the creation of the customised gasket which was thicker, wider
and made from a softer silicone than the original one. This improved gasket allowed for
a larger contact surface with the glass slide and allowed for more compression around the
wires.

However, slow leaks were still evident, even with the improved gasket. As the wires contacted
the flat glass slide tangentially, small spaces on either side of the tangential contact remained.
It seemed that the slow leaking was due to fluid running out along the underside of the wires,
in these small spaces. This issue was solved by using a small amount of petroleum jelly on
the gasket to seal off these spaces.

Another issue that was identified was that the wires seemed to stretch slightly over time
and didn’t remain parallel to each other due to this stretching. Although the wires could
be re-tightened, a simpler solution was to raise the glass slide slightly in order to force the
wires to be taught. This was one of the functions of the cotton-wool cushion that was placed
between the glass slide and the Slide Platform. With this adjustment, experiments could be
repeated without the set-up requiring any significant preparation.

It was also mentioned in Section 6.1.3 that insulation tape was used to separate wires of
different polarities that lay on top of each other. This was introduced after an electrical
fault occurred due to insulation defects and the leaking of a well: the conductive cell culture
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medium electrically connected a defect in the insulation of one of the wires with a defect
in the insulation of another wire with opposite polarity. In this incident, the wires were
delivering broadband treatment at over 100 V and the electrical fault caused the wires to
heat up and melt a portion of the 3D-printed parts, before burning out. All of the cells in
the vicinity of these wires were found to be dead, most likely due to the overheating of the
cell culture medium, and the results for that experiment were deemed to be invalid.

9.3 Scrutiny of the methodology and results

It was known that there would be natural variation with the cells and that this variation
would result in measurement uncertainty. However, as seen in Section 7.3, the calculations
required to determine the results from the resazurin-based assay greatly exacerbated the
uncertainty. The use of a different assay that didn’t have this intrinsic flaw should have been
investigated. Additionally, other quantification techniques could have been used to confirm
the proliferations results. Possible techniques include Trypan Blue cell counting methods,
metabolic assays, protein assays, morphological analyses, and the use of molecular probes.

Another method of lowering the uncertainty would have been to average the raw data (for
each series separately) across experiment sets. It follows on that, if several more experiment
sets were performed, a large number of measurements could have been averaged together
which could have been used to further lower the uncertainties. However, it must be em-
phasised that this averaging must be performed on raw data, before any calculations are
performed.

It was thought that the efficacy of the treatment delivered using 8-wires would be vastly
superior to the treatment delivered using 2-wires. As seen in Chapter 7, this was not the
case. The motivation behind the belief that the 8-wire set-up would be superior was based
on the fact that it provided a more consistent distribution of the electric field intensity across
the culture surface, thereby allowing for a larger proportion of the cells to be subjected to
electric field intensities above the therapeutic threshold.

Another criticism of the experimentation is that treatment was performed for only 24 hours,
even though MCF-7 cells are reported to have a doubling time of 29 hours. Although a
large proportion of the cells would have attempted to undergo mitosis after 24 hours, more
accurate treatment results could have been obtained if the cells were subjected to longer
treatment periods.

In the initial in vitro experiments performed by Kirson et al. [8], all of the cell-lines, except
for one, had doubling times of less than 24 hours, which was also the treatment period that
they used. It should also be noted that the “therapeutic enhancement ratio” calculated from
their results ranged from approximately 30 % to 100 %, whereas, in this research, the same
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metric never exceeded 21 %. In fact, for several of the treatments, this metric was reversed,
implying a stimulation of cell proliferation instead of the expected inhibition. The source of
this discrepancy is unknown but it is suspected that may be related to the mismatch between
the treatment period and the doubling time of the MCF-7 cells.

In a 2007 publication by Kirson et al. [18], treatment efficacies (equivalent to the “therapeutic
enhancement ratio” mentioned previously) of between 70 % and 90 % were observed after
24 hours of treatment at optimal frequencies. Although, the cell-lines used were different
to that used in this research, it should be noted though that the cell-line that required the
highest intensity electric field was a breast cancer cell-line (MDA-MB-231) [18]. The electric
fields were also switched between two perpendicular directions, which was claimed to have
improved the treatment efficacy by 20 % for some of the cell-lines used [18].

In a 2009 publication by Kirson et al. [7], treatment efficacies of around 50 % were observed,
even with the switching of the electric fields. However, in these 24-hour experiments, a lower
field intensity of 1.75V/cm was used [7].

This insight leads to another possible explanation for the poor treatment efficacies observed
in this research: despite the simulations and calculations performed, the voltages used may
have been too low to generate the electric field intensities required to inhibit cell proliferation.
This is a likely scenario given that neither the single-frequency, nor the broadband treatment
generated results that differed significantly and repeatably from the controls. This theory
may also explain why there was no significant difference between treatment delivered using
2-wires and 8-wires: if the electric field intensity was too low, it would not have made a
difference how well distributed the intensity was across the culture surface.

With this in mind, it would have been useful to repeat the experiments using higher voltages
to see if greater treatment efficacies could have been achieved. If an improvement was
observed, this would have indicated a flaw in the simulations and analytical calculations
that were used to predict the electric field intensities from the applied voltages.

A final criticism for the experiments is that the optimal treatment-frequency for the MCF-7
cell-line was not confirmed in this research. The assumption that the frequency of 150 kHz
was optimal was based purely on the research by other authors. However, even cells from
the same cell-line may behave differently under different conditions, and so this confirmation
of the optimal treatment-frequency should have been performed.

9.4 Extensions

One of the concerns with broadband TTF treatment is that the treatment band may overlap
with the sensitivity band of normal cells of the same tissue-type. Although the scope of
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this research didn’t allow for the characterisation of this possible overlap, it is an important
concern that requires additional research.

Another concern was that, for in vivo treatment, the higher voltages required for broadband
treatment may prove to be dangerous. For this in vivo treatment, the high-voltage electrodes
would need to be fully insulated in order to deliver the electric fields, and so under normal
operation, the high voltages would pose no concern to health and safety. However, defects
in the insulation could result in harm if no current-limiting circuitry is implemented. Other
possible methods of lowering the voltages required for broadband treatment include using
a different amplitude distribution for the treatment band (for example, a Gaussian distri-
bution), and using fewer frequencies in the treatment band. Both of these methods could
significantly lower the voltages required, possibly without sacrificing any of the treatment
efficacy.

Although in this research broadband treatment didn’t yield increased treatment efficacies
for the MCF-7 cell-line, there is reason to believe that broadband treatment may result in
increased treatment efficacies with other cell-lines. This is supported by the fact that Kirson
et al. showed that the B16F1 and F-98 cell-lines were each sensitive to their own band of
frequencies [8]. The ability to characterise the frequency-sensitivity of cell-lines easily and
quickly, would be extremely useful for broadband treatment. Although this characterisation
was performed manually by Kirson et al. (through full experiments at each frequency),
it may be possible to characterise the frequency-sensitivity using much faster impedance
techniques. If there is some form of resonance occurring in the cell at a frequency where it is
sensitive to the electric fields, there should be an impedance change around that frequency.
It is hypothesised that if this change can be detected, a simple impedance-sweep of the cells
may be enough characterise their frequency-sensitivity.

It was shown by Zhao et al. that a small DC electric field with a magnitude of 1.5V /cm
orientates the axis of mitosis [23]. It was also shown by Kirson et al. that TTF treatment
is vastly more effective when mitosis is orientated such that the cleavage axis is aligned
with the direction of the electric field. Therefore, it is proposed that it may be possible to
align the axes of mitosis by using a superimposed DC field on the TTFs, thereby further
increasing the treatment efficacy. Both of the above-mentioned studies were performed in
in vitro environments, however, this proposed extension could possibly be applied in in vivo
environments too.

Although the results from the preliminary ultrasonic experiments were indeterminate, it is
believed that therapy using ultrasound is still plausible. In addition, it is interesting to note
that the current state-of-the-art systems being used to deliver TTF treatment make use of
high-permittivity ceramic insulators, such as lead magnesium niobate-lead titanate (PMN-
PT) [42]. These ceramic insulators are piezoelectric in nature, implying that they may in
fact be generating ultrasound, albeit at a low intensity.
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Chapter 10

Conclusions and Future Work

10.1 Conclusions

The background and theory behind TTF treatment was investigated and it was found that
the concept of using a customised, low-impedance experimental set-up to perform broadband
TTF treatment in an in vitro environment was viable. Therefore, an experimental set-up
of this nature was designed, simulated, constructed and used to implement broadband TTF
treatment on cells cultured from the MCF-7 cell-line.

The results showed that, with the voltages used, there were no significant and repeatable
differences between the broadband treatment and the optimal single-frequency TTF treat-
ment. However, as the results from both the single-frequency and broadband treatment were
similar to those of the untreated controls, it is suspected that the voltages used were too low
to generate the electric field intensities required to inhibit the proliferation of the MCF-7
cells.

10.2 Recommendations for future work

There is much scope for future work derived from this dissertation, including;:

e Repeating the experiments with higher voltages

e Repeating the experiments and averaging the raw data across experiments to lower the
uncertainties

e Repeating the experiments with other cancer cell-lines
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Characterising the frequency-sensitivity for each cancer cell-line and comparing it to
the frequency-sensitivity for normal cells of the same tissue type

Determining the optimal amplitude distribution for the frequency band to be used in
treatment

Determining whether the broadband treatment is effective in 3D cultures and in in
viwo environments

Improving the experimental set-up so that it can be standardised and used by other
researchers

Determining whether profiles of frequency-sensitivity can be characterised using impedance-
sweeps

Determining whether improved treatment efficacy can be obtained by aligning the
mitotic axes using a small DC electric field

Determining whether similar results can be achieved with treatment that uses ultra-
sound instead of electric fields
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