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Abstract

Combining different treatment modalities has proven to improve patient outcome compared to apply-
ing single treatments. Consequently, mild hyperthermia (HT) and radiotherapy (RT) are combined to
radiosensitize tumour cells by inhibiting DNA damage repair mechanisms. In this study, it was inves-
tigated if combining both treatment modalities shows an improved therapeutic effect on 3D tumour
models made of FaDu cells. To this end, the spheroid size and cell viability were measured over time
after treatment. It was also attempted to obtain further qualitative information of the effect on the
spheroids using confocal microscopy.

During experiments spheroids were formed of FaDu tumour cells, cells of a head-and-neck squa-
mous cell carcinoma, using Matrigel®. These spheroids grew fast within the first 10 days of seeding up
to a size of 550-600 𝜇m reliably. These spheroids were then exposed to both single HT and RT as well
as combined HT and RT. Both single treatment modalities showed a decrease in cell growth and cell
viability with increasing treatment dose. The thermal doses of 30 and 120 CEM43 and radiation doses
of 2 and 6 Gy were chosen to be used in the combined treatment experiments.

Combined treatment showed an improved effect on the cell growth and cell viability for most treat-
ment groups, both for HT followed by RT and the other way around, with the determining factor
seemingly being the thermal dose. The thermal dose of 120 CEM43 combined with 6 Gy of radiation
dose showed the highest cell killing potential, with 9±2% of the cell viability remaining when using
radiotherapy before hyperthermia and 18±3% when starting with HT before using RT. The most sig-
nificant difference in effect due to the order in which RT and HT were administered was seen in the
group treated with 2 Gy of radiation dose and 120 CEM43 of thermal dose. In this group RT preceding
HT resulted in a cell viability of 13±2% on day 7 after treatment, whilst HT preceding RT resulted in
a cell viability of 48±8%. Visual inspection of the spheroids showed an increased effect in the form of
less growth, as well as flaking around the edges of the spheroids.

Obtaining qualitative information on the effect that combined treatment had on spheroids using
confocal microscopy was unsuccessful. Both using a live and dead cell staining kit, as well as PI
staining proved ineffective in accurately visualizing the dead cells in spheroids.
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Abbreviations

Abbreviation Definition

CEM43 Cumulative effective minutes at 43∘C, unit used to indicate the thermal dose

CT Combined treatment

DNA Deoxyribonucleic acid

DSB Double-strand break

ECM Extracellular matrix

Gy Gray, unit used to indicate the radiation dose

HR Homologous recombination

HT Hyperthermia treatment

HTRT Hyperthemia treatment preceeding radiation treatment

MCTS Multicellular tumour spheroids

NHEJ Non-homologous end joining

PI Propidium iodide

RT Radiation treatment or radiotherapy

RTHT Radiation treament preceeding hyperthermia treatment

SCC Squamous cell carcinoma

TER Thermal enhancement ratio
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1
Introduction

Modern medicine has come a long way compared to the early days of trying to heal diseases with
different types of berries, leaves and other substances. Nevertheless, still many challenges are present
nowadays in detecting, diagnosing and treating illness. A particularly difficult disease in this category
is cancer, which is a general term for diseases where a portion of someone’s cells grow uncontrollably
and are able to spread and invade different body parts [1]. Cancer is undeniably one of the most
widespread diseases in the modern developed world, as it is estimated that 39.5% of the population
will be diagnosed with a type of cancer at some point in their life [2]. In the European Union alone this
will amount to 2.7 million new cancer cases diagnosed in 2025, as well as 1.4 million cancer related
deaths [3].

Problems arise quickly when diagnosing and treating cancer due to the ambiguous nature of the
disease. There are currently more than 100 different types of cancer known [1] and the symptoms of
these cancers can be rather non-specific by nature [4], which makes diagnosis difficult. Furthermore,
in some cases patients tend to remain asymptomatic or are just asymptomatic in the beginning of the
disease, therefore giving the disease time to develop and spread, further hindering possible (already
difficult) treatment.

After diagnosis, the next step in a patients cancer trials is the actual treatment of cancer. Here,
expectedly, more problems arise, specifically in the selectivity (or the lack thereof) of the types of
treatment used. The chemotherapy and radiation therapy methods currently used lack the ability to
differentiate between cancerous tissue and healthy tissue, therefore leading to side-effects in patients
and in some cases even death [4]. Furthermore, metastasis (the spread of cancer cells from their
place of origin to other parts in the body [5]) also increases the difficulty of treatment even more [4].
Finding methods to increase this selectivity is thus vital in the battle against cancer.

This all brings us to the current state of things. New and improved diagnosing and treatment
methods are necessary to effectively tackle cancer. Specifically, some interest has been going out to
using hyperthermia (HT) as a stand-alone method of treating cancers. This has been investigated
since the early 1970’s and is based on the direct cell-killing potential of temperatures above 41∘C [6].
With different types of HT treatments possible [7] and also different ways of applying HT treatments
[8], there is still much to be gained when investigating this technique, both as an individual treatment
method, as well as, in combination with other treatment modalities [9]. Lately, it was suggested
that to use HT in combined treatment alongside conventional treatment methods would improve the
overall efficiency of cancer treatment [10][11][12][13]. These combined methods are already showing
promise in terms of local tumour control, objective response rates and relapse free survival [14].

In this specific project the attention was directed towards cancer cells of the FaDu cell line, which
is a type of head-and-neck cancer cells [15]. Specifically, the cells come from a hypopharyngael
(bottom part of the throat) squamous cell carcinoma (SCC) [15]. Whilst skin SCC is the second most
common form of skin cancer and mostly curable when diagnosed early [16], there are still an estimated
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2 1. Introduction

500000 cases of SCC of the head and neck diagnosed each year, which implies that the disease is still
a significant public health problem worldwide [17]. Furthermore, the FaDu cell line is also somewhat
radioresistant, meaning that consecutive irradiation of a tumour of this cancer type would result in non-
optimal results [18]. In detail, FaDu cells demonstrate a more active DNA repair ability after radiation
treatment (RT), by overexpressing the PARP1 enzyme, an important enzyme for initiating various forms
of DNA repair [19]. Luckily, research already showed that HT has influence on the inhibition of DNA
repair mechanisms associated with the PARP1 enzyme [20][21]. Warranting more research into this
type of anti-cancer therapy.

To this end, this research report will try to find new information on this type of anti-cancer therapy.
Specifically, this report will take a look into the topic of combined treatment. Hence, an attempt will be
made to answer the questions whether there is an improved effect when combining both RT and HT by
using 3D tumour models, spheroids, made of FaDu cells and if this effect can be qualitatively observed
using different imaging modalities. However, preparing 3D spheroids from these cells to imitate in vivo
tumours has proven to be difficult. In this thesis, a method utilizing a Matrigel® matrix for creating
spheroids was used. The goals of this thesis are therefore to prepare 3D FaDu tumour models and
to use them to determine the effect of single and combined RT and HT by investigating the growth
and viability of in vitro spheroid culture. Furthermore, it was attempted to study the effect that these
treatments have on the spheroids qualitatively using confocal microscopy by trying to visualize both
live and dead cells in the spheroids.



2
Theory

The following chapter will give an overview of the theoretical background required to understand this
report. Firstly, a section details information on the used cell line and different cell models, which
are used to grow 3D aggregates of cancer cells. Following this, the different treatments used in this
research and their effect on the working of cells are described. Next, information is provided on the
means by which the different treatments can be delivered to the cancer cells, as well as models for the
different treatment types to define the dose delivered by that treatment. Lastly, some information is
given about the different methods used to visualize the viability of the used spheroids after treatment,
both by using bioluminescence, as well as fluorescence imaging.

2.1. FaDu cell line
The basis of this research lies in the cell line that is used for all the different experiments. There are
many different cancer cell lines used as in vitro tumour models, each with unique characteristics and
responses to certain treatment types [22][23]. For this project the FaDu cell line was investigated. The
origins of this cell line lie in 1968 when the cell line was established from cells of a hypopharyngael
tumour, a tumour in the bottom part of the throat, from a patient with squamous cell carcinoma (SCC)
[15]. SCC is characterized by abnormal, accelerated growth of squamous cells [16]. These squamous
cells are found in the epidermis, the outer layer of the skin. When these squamous cells are exposed
to ultraviolet light, DNA damage can occur in the cells, which can ultimately lead to the formation of a
SCC [24].

The FaDu cell line is of particular interest as it is somewhat radioresistant. Consecutive irradiation of
a tumour of this cell line would result in non-optimal results, with the effectiveness of treatment slowly
decreasing over time [18]. Research showed that a culture of previously irradiated cells, FaDu-R cells,
demonstrated a significantly higher cell survival rate when irradiated compared to normal FaDu cells,
especially for treatment doses of 8 or 10 Gy [25]. One of the mechanisms behind this radioresistance
is the overexpression of the PARP1 enzyme, which is important for initiating various forms of DNA
repair. FaDu cells treated with radiation demonstrate a more active DNA repair ability by overexpressing
this enzyme [19]. Furthermore, hypoxia and the presence of certain adaptor proteins also show to
contribute to radioresistance in hypopharyngael tumours [26][27]. Overall, the radiosensitization of
FaDu cells could prove vital in treatment of this type of cancer.

2.2. Cell aggregates
As it can be imagined, it is difficult to accurately determine in vitro the effect of different types of cancer
treatments. This is due to the difficulty in reproducing the conditions tumours experience in vivo and as
mentioned in the introduction the difficulty in creating tumour like aggregates in vitro. Furthermore, the
use of animal and human test subjects poses more problems in the form of ethical concerns, availability
of test subjects and for animal tests the ability to adequately predict clinical efficacy [28]. To this end
multiple different models are used in vitro to study tumour cells. These are mainly classified in 2D and
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4 2. Theory

3D models, both having their own advantages and disadvantages. The following section will discuss
these different models and the relevance for this research.

2.2.1. From 2D models to 3D models
As of the present, in vitro 2D cell cultures are conventionally used to research different treatments
in cancer biology. These cell cultures mainly consist of cells attached to a glass or plastic container
submerged in growth medium. Under these conditions the cells will grow as a monolayer. This method
of growth has certain advantages associated to it, those mainly being the simplicity of working with
such cultures and the low-cost needed to maintain these cultures. Additionally, these cell cultures also
show a favourable proliferation of cells and are easily reproducible [29]. Nevertheless, 2D cell cultures
also show disadvantages compared to its 3D counterparts. The main problem arises when trying to
replicate in vivo tumour structures and characteristics. These in vivo 3D cultures differ in cell-cell
and cell-extracellular environment interactions, which in turn are responsible for most of the cellular
functions of the tumours, influencing for example the proliferation of cells, the expression of certain
genes and proteins and cell differentiation [30][31]. Whereas a 2D cell culture has more surface area
that comes in contact with culture medium and plastic, therefore not replicating realistic physiological
conditions [32]. Therefore, it can be concluded overall that 2D cultures differ in morphology compared
to 3D cultures and thus lack the ability to mimic cell functions exhibited by in vivo tumours [33]. This
means that moving from 2D to 3D models, although it might be difficult for certain models [34], is
valuable in obtaining essential information when evaluating different types of cancer treatment [35].

2.2.2. Multicellular tumour spheroids
The most used 3D aggregates are multicellular tumour spheroids (MCTS), which were first described
in the early 1970s [36]. This model is an intermediate form between complex in vivo tumours and
2D cultures [37]. This model immediately showed potential at providing information about the ef-
fects of nutrition and oxygenation on growth [38] and due to these similarities in proliferative and
metabolic gradients, these spheroids are able to better reflect the complex environment of in vivo tu-
mours [39][40]. Additionally, using the MCTS model later showed to be a more convenient method to
evaluate post treatment tumour growth and cell survival as well [41].

The biological similarity between MCTS and actual tumours can also be shown schematically (see
figure 2.1). Dependent on the size of the spheroids, these spheroids can display different layers within
the spheroid each with their own characteristics. Spheroids typically show a diffusion limit of about
150-200 µm for molecules like oxygen, due to inter-cellular tight junctions and necrotic cells [42].
This results in smaller spheroids remaining well oxygenated, while larger spheroids of a size between
400-500 µm start showing gradients in oxygen and nutrients [43]. These larger spheroids will hence
generally display 3 layers, which are more or less present in in vivo tumours as well. The outer layer is
the proliferative zone. Here cells are rapidly multiplying as nutrients and oxygen are readily available.
The second layer is the quiescent zone. In this zone the cells are still viable, however, due to a gradient
decrease in both oxygen and nutrients, cells are less active compared to the outer cells. The final layer
is the necrotic core of the spheroid. Here the cells have died due to necrosis and apoptosis resulting
from a lack of nutrients and oxygen [43]. Now looking at figure 2.1, similar zones are also visible in
actual tumours, except tumours are not spherical like the MCTS. This shows how MCTS can mimic real
tumours more accurately compared to 2D cell cultures.

Additionally, as briefly mentioned above, 3D cultures also display cell-cell interactions and cell-
extracellular interactions. The extracellular environment is often also known as the extracellular matrix
(ECM) and impacts cell proliferation, differentiation, cell survival and sometimes functions of whole
organs. [39][44]. Therefore, increasing the similarities in ECM by using spheroids also poses an
additional advantage over 2D cultures.
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Figure 2.1: A schematical view of a tumour formed using the MCTS model (left) and an actual tumour (right). The MCTS tumour
is composed of proliferative cells in the outer layer, quiescent cells in the middle layer and a necrotic core. Three concentration
gradients (nutrients, pH and oxygen) are also shown to be comparable to the situation in an actual tumour. Extracellular matrix
(ECM) and nanoparticles (NP) are also indicated. Taken from Millard et al. [41].

2.2.3. Spheroid growth
Now that the importance of taking the step from 2D cultures to 3D cultures has been established, it
is time to look at methods to create 3D cell aggregates and specifically MCTS. MCTS are generally
easily produced depending on the cell line used. Therefore, different methods have been established
to produce these 3D cell aggregates, some of these methods will be described shortly in the following
paragraph.

The first method is the hanging drop method. In this method a drop of cell suspension is placed
hanging from a lid of a petri dish. After a while the cells will then accumulate at the tip of the drop and
form spheroids. The second method is spontaneous spheroid formation. Ultra-low attachment plates
are used in this method. These plates repel cells effectively and therefore forces the cancer cells to
form aggregates, including spheroids. The third method makes use of suspension cultures. By keeping
the cells suspended, adherence to surfaces is prevented and therefore in time the suspended cells will
aggregate. Keeping the cells suspended can be done by either stirring or rotating the suspension or
by increasing the viscosity of the medium. The fourth method is based on scaffold-based models. To
this end, both natural or synthetic hydrogels are used to mimic the role of ECM in vivo, thus promoting
cell-ECM interactions. To this end, both hydrogel coated plates are used to seed spheroids, as well as
using a mixture of cells and hydrogel to seed spheroids [29][44][39].

2.3. Therapeutic background
Before the therapeutic response of treatments can be discussed, first an introduction must be given
into the background of the two treatments relevant for this work, i.e. hyperthermia and radiotherapy.
Therefore, in the following section, a short introduction is given into the origin of DNA damage, the
mechanisms cells use to repair this damage and the means by which hyperthermia can influence these
repair mechanisms.

2.3.1. DNA damage and repair
Deoxyribonucleic acid (DNA) is found in every living organism. It contains all genetic information in
the two strands that DNA is composed of and therefore it is paramount for organisms to protect their
DNA. Nevertheless, DNA will still always get exposed to mutations during the life cycle of an organism.
These mutations can have different origins, some examples of origins being radiation, viruses, exposure
to chemicals and problems during DNA replication [45][46]. For this research, damage done due to
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radiation and the problems arising during DNA replication are mainly of interest. Damage done due
to radiation can be classified in 2 main categories, those being direct damage and indirect damage.
Both types of damage can be seen in figure 2.2. During the direct photon-DNA interaction the energy
of incoming radiation is directly absorbed by the DNA, leading to damage of the DNA strands. The
indirect interaction uses water radiolysis, where water is split into highly reactive free radicals. These
free radicals are then capable of damaging DNA strands as well. When irradiated with x-rays both
mechanisms affect DNA, with the direct interaction accounting for approximately 30% of total DNA
damage and the indirect interaction for the remaining 70% [47]. Most of the time this damage can be
repaired efficiently and reliably by DNA’s own repair system, however under certain conditions repair
can be unsuccessful and even impossible. The most noteworthy of the latter being DNA double-strand
breaks (DSBs), this type of lesion is seen as the leading cause for cell death. Therefore, this specific
type of DNA damage, specifically hindering the repair of this damage, is of interest when trying to
improve the efficacy of anti-cancer treatment [48] [49].

Figure 2.2: The two basic methods of DNA damage as a result of ionizing radiation. The direct effect happens when the incident
photon directly reacts with the DNA. The indirect effect happens when the incident photon loses its energy by radiolyzing water,
which creates reactive radicals that damage the DNA. Taken from Zeman et al. [47].

Once a DSB occurs in a cell, it will immediately start repairing the DNA damage. In the case of
DSBs this is done using two different mechanisms, nonhomologous end joining (NHEJ) and homologous
recombination (HR), where the relative contribution of each mechanism likely depends on the cell cycle
stage in which the cell resides [46]. NHEJ is the faster method of the two, however it is also error-prone.
The method directly connects broken strands back together without checking if there is homology
between the two broken DNA ends. The mechanism therefore works quickly, but at the possible gain
or loss of several nucleotides in a DNA strand [50]. On the contrary, HR repairs DNA without loss of
genetic information. To this end, the broken strands are unwound and these unwound strands are
introduced in a homologous DNA duplex molecule. This duplex acts as a template to resynthesize the
missing nucleotides from the broken strands, resulting in two complete DNA molecules being left after
the repairs are done [51][52].

2.3.2. Hyperthermia as a radiosensitizer
As briefly mentioned above, disturbing the repair of DSBs is an interesting way to increase the efficacy
of anti-cancer treatment. Nevertheless, this is not the only way in which treatment efficacy can be
improved. Like mentioned in the introduction, hyperthermia is of particular interest in this topic. Hy-
perthermia or heat treatment (HT) is a medical treatment type, which is based on heating up tumours
to treat the cancer or sensitize it to different treatment modalities. HT has shown to induce multiple
different biological effects in tumours, including inhibition of certain DNA repair mechanisms, but also
inducing more direct tumour cell killing [53][54]. These effects have been seen from temperatures as
low as 39∘C [55][56].
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The effects HT has on the effectiveness of radiotherapy and chemotherapy can be arranged in two
groups. Additive effects, where using HT will linearly increase the effect of treatment, and synergistic
effects, where there will be a nonlinear increase in efficacy of treatment when combined with other
treatment modalities. Both types of effects can be seen in figure 2.3. As can be seen these effects
range from increasing vasodilation (the widening of blood vessels) at low temperatures, to inhibiting
DNA repair at higher temperatures. Some of these important effects will be shortly discussed, starting
with inhibiting DNA repair. During DNA repair, like in all processes inside a living body, multiple different
proteins will be active [56], which are vital for executing DNA repair correctly. Both NHEJ and HR are
affected by HT, with HT decreasing the activity of DNA-PKcs [57], a protein which plays an important
role in NHEJ, and degrading the BRCA2 and reducing BRCA1 proteins, which are vital for completing
HR [58]. The synergistic effect here is easily seen, as less DNA breaks being repaired leads to more
residual DNA breaks being left and this in turn leads to cell cycle arrest and apoptosis [53]. Moving on
to some of the other aforementioned effects. Most of these effects have to do with reoxygenation of
areas inside tumours. Hypoxia, the deprivation of oxygen, is generally seen as an adverse prognostic
factor[59]. Using HT to counteract hypoxia has therefore shown correlation with improved clinical
results [60]. HT can increase oxygenation by increasing the blood flow to tumour cells by vasodilation.
This increase in oxygenation in turn increases the efficiency of radiotherapy [61]. Additionally, on
a physiological scale, HT at higher temperatures will also directly induce more tumour cell killing by
inducing the clotting of blood vessels [53][62].

Figure 2.3: The effect which enhance the effectiveness of radiotherapy and chemotherapy when using mild HT. Increasing the
temperature at which HT is performed increases the amount of additive and synergistic effects that will influence the efficacy of
other treatment modalities. Taken from Oei et al. [53].

2.4. Therapeutic response
To examine the therapeutic response on the used spheroids three different treatment types are used.
Radiotherapy, hyperthermia and combined treatment. In the following sections, all three types are
discussed including information about the methods in which the treatments can be administered, the
dose a treatment is associated with and problems with the treatment types.

2.4.1. Radiotherapy
Radiotherapy or radiation treatment (RT), is the most straightforward treatment method, in which
tumour cells are bombarded with ionizing radiation as a means to damage the DNA in the cells, thus
resulting in the cells no longer being able to proliferate. Problems with radiation are that it is non-
specific, meaning that upon irradiation of tissue, healthy cells are also affected. Furthermore, to target
entire tumour structures evenly is also a problem. The dose transferred by radiation is quantified using
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the Gray (Gy) unit, which is equivalent to the transferred energy per unit mass (J/kg).

In this research specifically x-rays are used as a source of ionizing radiation. X-rays are produced
in an x-ray tube. In an x-ray tube there are both a positively charged anode and a negatively charged
cathode with a tungsten filament, which are under the influence of a very high voltage. Due to this
voltage, the filament heats up and expels its surface electrons. The freed electrons are then accelerated
by the electric field between the cathode and the anode towards the anode. When the freed electrons
collide with the anode they lose their energy, both in the form of heat and x-rays [63]. These x-rays
can then be used to irradiate targets, like tumour cells. The radiation doses used in this research are
shown in table 3.1.

2.4.2. Hyperthermia
Hyperthermia or heat treatment (HT), is the second used treatment type in this research. HT is de-
fined as ”an artificial way of increasing the body tissue temperature by delivering heat obtained from
external sources to destroy cancerous cells or prevent their further growth” [64]. So like mentioned
above and in the definition heating tumour cells can directly destroy tissue, however it is used more
commonly as a sensitizer for other treatment modalities, as heating can make the cancer cells more
susceptible to other treatment methods by means of increased vascular permeability, increased blood
flow, increased oxygenation of the tumour cells and inhibition of DNA repair [65]. HT is mainly used in
three clinical applications: local, regional and whole-body HT, which are used for localized, advanced or
deep seated and metastatic tumours, respectively [64]. Additionally, HT can be applied using multiple
different methods to apply heat, including using microwaves, ultrasound, radiofrequency, or by directly
heating up blood using perfusion and even using magnetic nanoparticles [8][64]. For this research, as
experiments are only performed in vitro, HT is applied using a simple water bath.

After finding a way to apply HT, it is important to find a suitable relationship between temperature
and exposure time, to be able to measure the dose delivered to tumour cells. Luckily the majority of
biological systems exhibit a similar exponential relationship for this, as seen in equation 2.1 [66].

𝑡1 = 𝑡2𝑅(𝑇1−𝑇2) (2.1)

This equation shows the relationship between the time (t) and the temperature (T) as a function of
R, which can be calculated using ΔH (the activation energy) and the absolute temperature from an
Arrhenius plot. In general it is assumed that the value of R is constant depending on the temperature
used. With R = 0.5 for temperatures greater than 43∘C and R = 0.25 for temperatures below 43∘C [66].
43∘C is therefore a useful temperature to use as an anchor point, to make sure different treatments
are equivalent for comparison. Thus using this information, a general method to compare different
treatments is obtained. The resulting thermal dose delivered in HT is provided in the general unit of
cumulative effective minutes at 43∘C (CEM43), which is a normalizing method aimed to convert various
different HT treatments into a comparable exposure time at the arbitrary reference temperature of
43∘C [67]. The general equation for this can be seen in equation 2.2.

𝐶𝐸𝑀43 = ∫
𝑡

0
𝑅(43−𝑇)𝑑𝑡 (2.2)

In this equation T is the actual applied temperature during treatment to the target tissue, t is the
time in minutes during which the treatment is applied and R is a factor to compensate for a 1∘C
temperature change. This R value has the same values as above, so for T>43 R = 0.5 and for T<43
R = 0.25. Meaning that for a 1∘C change above 43∘C the equivalent time at 43∘C doubles, whilst
a similar temperature change below 43∘C results in a fourfold decrease in the equivalent time [66].
Even though this model is often used in studies to find thermal dose-effect relationships, it still has
its limitations compared to other models. Specifically, the model lacks in representation of thermally
induced damage or cell-death [68]. Nevertheless, this model will still be used in this research to
determine thermal doses, due to its simplicity and comparability. The eventual thermal doses used in
this research can be found in table 3.2.
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2.4.3. Combined treatment
Like mentioned before, combining treatment modalities has certain benefits, both in direct cell killing
potential, as well as in sensitizing cells for different types of treatments. Similar to HT, it is therefore of
importance to figure out a relationship to show the increased effect when combining treatment types.
The model, however, does not need to make the dose of the treatments equivalent in terms of one
overarching value, like the CEM43 model for HT. As treatments can be compared by simply looking at
the doses of single treatments. Additionally, it is also important for this model to keep in mind that
both the order in which HT and RT are administered and the time period between both treatments also
influences that combined effect. Research showed that performing both treatments simultaneously
maximizes the cell killing potential [69], whilst increasing the time period between both treatments
(regardless of order) rapidly decreases the radiosensitisation achieved by the HT [61].

A model that considers most of these factors is the Thermal Enhancement Ratio model (TER), the
definition of which is best shown in a formula, as shown in equation 2.3 [70].

𝑇𝐸𝑅 = 𝑑𝑜𝑠𝑒 𝑜𝑓 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑎𝑙𝑜𝑛𝑒 𝑡𝑜 𝑎𝑐ℎ𝑖𝑒𝑣𝑒 𝑒𝑛𝑑 𝑝𝑜𝑖𝑛𝑡
𝑑𝑜𝑠𝑒 𝑜𝑓 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑤𝑖𝑡ℎ ℎ𝑒𝑎𝑡 𝑡𝑜 𝑎𝑐ℎ𝑖𝑒𝑣𝑒 𝑒𝑛𝑑 𝑝𝑜𝑖𝑛𝑡 (2.3)

Although this equation is an oversimplification of the actual mathematical equations that follow from this
model, it does neatly show the end goal of the model. The model itself simply shows the effectiveness
of the radiosensitisation, the higher the TER, the more effective the combined treatment is and the
other way around.

2.5. Analytical techniques
The following section will discuss the different techniques used in this research and the theoretical back-
ground behind those techniques. To this end, an insight is provided to an indirect means of assessing
the viability of samples using bioluminescence, as well as a method using immunofluorescence to anal-
yse the viability of samples and composition of spheroids. The spheroids used in this research are also
evaluated visually using a microscope and a camera, which does not necessitate further explanation,
apart from the methods used, which will be discussed in chapter 3.

2.5.1. Bioluminescence
The first analytic method used to assess spheroids is based on bioluminescence, which is defined
as a class of enzyme-catalyzed reactions. Specifically, in these reactions enzymes (luciferases) react
with molecular oxygen, co-factors (most notably cytoplasmic ATP) and substrates (luciferins). The
breakdown of the latter together with the co-factors provides energy to autonomously excite photons,
which can then be observed [71].

In this research an ATP-based 3D CellTiter-Glo® assay (Promega, Madison, USA) was used. The
working principle of this assay is based on the Ultra-GloTM rLuciferase enzyme, which converts luciferin
during the assay using cytoplasmic ATP in the cells as a co-factor [72]. During this conversion light is
created that can be observed and quantified using a spectrophotometer. The process can also been
seen in figure 2.4. The CellTiter-Glo® assay is often praised for its sensitivity, robustness and simplicity,
which in turn allows for a high throughput screening [72][73]. Furthermore, when working with larger
spheroids (350-850 um), the method showed to be the best and most reproducible way of determining
the viability of these spheroids compared to the Trypan blue exclusion test and the Perfecta3D-Cell
Viability assay [74] (two different cell viability assays). An additional advantage of the CellTiter-Glo®

assay is the inhibition of endogenous ATPases, which are enzymes that degrade ATP during cell death,
resulting in decreasing ATP levels once the metabolism of a cell stops [75].

Nevertheless, this method also has some drawbacks. Starting with the fact, that the inhibitors that
keep the ATP stable in live cells, will also work in dead cells. Although the concentration of ATP will
rapidly decrease upon cell death, there is always still a chance of some ATP being left behind, which
in turn would influence the results. Furthermore, the method gives an indication of ATP presence
in a spheroid, yet it gives no information about the origin of this ATP. Subsequently, no quantitative
conclusion can be made about the number of living cells in a spheroid. Only a control group can be
compared to treated groups. A direct method of differentiating between live and dead cells could
therefore still be of use. In the next section a direct method will be discussed.
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Figure 2.4: Basic working principle of luciferin (on the left) in the CellTiter-Glo® assay taken from Fan et al. [76].

2.5.2. Immunofluorescence
Immunofluorescence is an overarching term that describes techniques that utilize fluorescent-labeled
antibodies to detect specific target antigens [77]. Like the name suggests, the technique is based
around fluorescence, which is the phenomenon that certain molecules, known as fluorophores, have
the ability to emit light after absorbing light of a typically shorter wavelength. In most cases the time
between both excitation and emission is in the range of only nanoseconds. If the exciting light is then
filtered out during data acquisition, it is possible to only see the objects that are fluorescent [78]. Moving
back to the ’immuno’ part of immunofluorescence. These fluorescent-labeled antibodies will only bind
to their antigen counterpart. When these antibodies are then excited by light of the right wavelength,
they will start emitting light at a certain wavelength [79]. If this light is then detected the location of that
antigen can be located. Nowadays fluorescent-labeled antibodies exist for most antibodies, meaning it
is only necessary to look into the antigens that are of interest for an experiment. Furthermore, there
are multiple different immunofluorescence techniques, like direct and indirect immunofluorescence and
complement binding indirect fluorescence [80] each with their own advantages and disadvantages.
For this research direct immunofluorescence is the most important, as it is the only type used. This
type of immunofluorescence uses a single antibody, which directly targets the antigen of interest.
Subsequently, this antibody is also fluorescently-labeled, meaning it can immediately be detected using
immunofluorescence [81].

Fluorescence microscopy
An easy way to detect fluorescence in samples is by using a fluorescence microscope. The principle of
which is easy to understand. Excite a sample using light of a certain wavelength and block that same
light upon returning to see the remaining fluorescence. The easiest way of blocking the returning
light is by using filters [78][82]. One type of microscope was of particular interest for this research,
that microscope being the confocal microscope. In confocal microscopy a laser is used to illuminate
a certain spot of a sample at a certain depth with light of a predetermined wavelength. This results
in fluorescence in this exact spot, which can then be detected. However, before this light is detected,
it travels through a pinhole inside the optical pathway, thus cutting off any light signal that is out of
focus, resulting in a sharper image of only the illuminated spot [83][84]. A schematical layout of a
basic confocal microscope can be seen in figure 2.5. The dichroic mirror in the middle only allows
for a certain small range of wavelengths to pass through. By changing the depth of the optical plane
observed, 3D structures can be analyzed, albeit still limited by the sample penetration depth.

Fluorophores
A plethora of different fluorescent-labeled antibodies are used to investigate different types of cancer.
However, other fluorescent compounds are used to stain cells, these are known as fluophores. Three
compounds, which are important for this research, are discussed here. The first fluorophore pair
is the pair of calcein-AM and ethidium homodimer-1. This pair is used in immunofluorescence as a
fluorescent LIVE/DEAD viability assay [85]. Calcein-AM is responsible for the live part of this assay.
It is nonfluorescent in this state, it is however cell-permeant, meaning it is able to enter cells freely.
After this compound has permeated into living cells, it is cleaved by nonspecific esterase in those
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Figure 2.5: Excitation and emission light pathways in a basic confocal microscope configuration taken from Ibidi®Confocal
Microscopy [83].

cells, producing calcein. This process can be seen in figure 2.6. Calcein is well retained in cells and is
additionally fluorescent. Furthermore, when illuminating calcein stained cells with light of a wavelength
of 495 nm, green fluorescence will occur at an emission wavelength of around 515 nm. Ethidium
homodimer-1, on the other hand, is responsible for detecting dead cells. This compound readily enters
cells with damaged cell membranes. Once it has entered the cell, it binds to the DNA in the cell with
high affinity. In turn this results in a 40-fold enhancement of fluorescence of the compound. Upon
illuminating these cells with light of a wavelength of 495 nm, the ethidium homodimer-1 will emit a
bright red fluorescence at a wavelength of around 635 nm [86][87]. Resulting in a spectrum that
shows live cells in green and dead cells in red, allowing for excellent differentiation between live and
dead cells.

Figure 2.6: Non-specific intracellular esterase cleavage of AM ester groups converts calcein-AM into highly fluorescent calcein
taken from AAT Bioquest Calcein [88].

The second fluorophore of interest for this research is propidium iodide (PI), which is a compound
used to evaluate apoptosis in cells cultures [89]. PI behaves similarly to ethidium homodimer-1, as it is
only permeable in dead cells in which it binds to DNA. Once bound, the fluorescence of the compound
is enhanced 20- to 30-fold. The fluorophore can also be excited by light with a wavelength of 535 nm
and in turn it emits light at a wavelength of 617 nm. This results in dead cells being shown as bright
red when using PI during fluorescence imaging [90].





3
Materials & Methods

In this chapter an overview is presented of the used materials and methods during this research. First,
a look will be taken at the methods used to culture the cells and how to create the spheroids used
in this research. Then the methods and doses for the RT and HT and the combined treatments will
be discussed, as well as the method to measure cell viability. This is followed by an overview of the
fluorescence methods used in this research. Lastly, a short description of the data analysis performed
during this research is given. All work with cells was conducted in a sterile in vitro environment using
an Interflow laminar flow cabinet.

3.1. Cell culturing and Spheroid formation
3.1.1. Cell culturing
The FaDu cell line which was used in this research was obtained from the Erasmus MC department of
genetics. Cells were cultivated in cell adherent culture flasks, which were kept in a humidified Hera
Cell incubator at 37∘C and 5% CO2, when not being used. The cells were constantly kept in a culture
medium, which contained equal parts Ham’s F10 with L-Glutamine (F10, L0140-500, Biowest) and
Dulbecco’s Modified Eagle Medium (DMEM, L0103-500, 4.5 g/L glucose, Biowest). This mixture was
supplemented with 10% Fetal Bovine Serum (FBS, S1810-500, Biowest) and 1% Penicillin/Streptomycin
solution (Pen/Strep, 100x diluted, L0022-100, Biowest). Culture flasks were examined every other day
using an inverted microscope. Cells were sub-cultured upon reaching approximately 80% confluency,
which occurred about 5-7 days after initial culturing. During sub-culturing first the old culture medium
was removed, before washing the still adherent cells with Dulbecco’s Phosphate Buffered Saline (PBS,
L0615-1000, Biowest). Cells were then resuspended using 1 mL Trypsin-EDTA 1x solution (L0930-100,
Biowest). After all cells were resuspended and detached from each other a small portion (around 100
µL) was placed in a new culture flask with 5 mL of fresh culture medium.

3.1.2. Spheroid formation
After sub-culturing the leftover Trypsin-EDTA solution with cells was placed in a 10 mL tube and to
that about 4 mL of culture medium was added, to reach 5 mL of cell solution. This solution was then
centrifuged at 2000 rpm for 5 minutes using a VWR CompactStar CS 4 centrifuge. After this, the
culture medium in the tube contained mostly dead cells and the live cells formed a pellet at the bottom
of the tube. The culture medium was subsequently removed and to the live cell pellet 1 mL of fresh
culture medium was added. The cells were then resuspended by lightly tapping the tube for a while
and the resulting concentration of cells was counted using a Luna-IITM Automated Cell counter (Logos
Biosystems). This information was then used to seed spheroids at a concentration of 2000 cells per 200
µL (determined in earlier research in the same group) of culture medium in cell-repellent, U-shaped
96-well plates (Greiner Bio-One GmbH, CELLSTAR®), which was supplemented with 1% Matrigel®

Basement Membrane Matrix (Corning®). The outer ring of wells on the plate was filled with PBS to
limit evaporation of culture medium during the experiments. After seeding the plate was centrifuged
for 10 minutes at 14-15∘C at 1000-1500 rpm to ensure all cells were in the bottom of the well. The
plates were then left alone for at least 3 days to not unnecessarily disturb the forming spheroids.

13
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3.2. Treatment methods and analytical techniques
Moving on to the treatments used in this research. Both individual as well as combined HT and RT
were used, nevertheless all experiments followed the same standard schedule. This schedule can be
seen in figure 3.1.

Figure 3.1: Standard treatment schedule

On day 0 the spheroids were seeded according to the method described above. After 4-6 days
(depending on the spheroid size) the spheroids were inspected, photographed and measured. Once
the spheroids were found to be at the desirable starting size of around 300 µm treatment could be
applied to the spheroids. After all the treatments were done, 100 µL of culture medium in the wells
was replaced, followed by a period of 3 days during which the spheroids were not disturbed. After
these 3 days the first viability assay was performed. During this assay half of the seeded spheroids
were used and discarded (usually 3-6 spheroids) and 100 µL of culture medium was refreshed for the
remaining spheroids. On day 7 after treatment the second viability assay was performed using the
remaining spheroids. Before every viability assay all spheroids were also inspected, photographed and
measured. After seeding and between every step in the experiment schedule the spheroids were also
incubated at 37∘C and 5% CO2.

Each time the spheroids were used for any kind of treatment, they were first inspected using
an inverted bright-field light microscope. Followed by the spheroids being photographed. This was
done using a 12MP camera, which was mounted on a binocular microscope with a 4x objective. This
microscope was fitted with a moving platform that was able to accurately capture each well of the
96-well plates using in-house designed automated imaging software called SampleScan. These images
were then analyzed using the free open-source image processing software ImageJ, which is elaborated
on in chapter 3.3.

3.2.1. Radiotherapy
First, single RT was carried out. This treatment was done using an x-ray tube, specifically the x-ray
beam was produced by an YXLON x-ray tube with a tungsten anode (YXLON International GmbH, Y.TU
320-D03, 3mm Beryllium filter with a wolfram anode). The x-ray tube was setup to produce a dose
rate of approximately 30 Gy/h. To this end, the samples were placed around 30 cm from the radiation
source within the x-ray tube and the tube itself was setup to produce x-rays at 300 kV, 5 mA, a 5.5
FOC using a 83 keV copper-filter (4 mm of copper) to harden the x-ray beam. The precise dose rate
was determined before starting each treatment, this was done using a M23361 ionization chamber
(PTW-Freiburg) to detect the radiation and a UNIDOS E T10008 universal dosimeter (PWT-Freiburg),
which had been calibrated beforehand.

Three different doses of radiation were used during the individual RT, alongside an untreated control
group. The 3 different doses can be seen in table 3.1. During irradiation the spheroids were kept in the
96-well plate and only the appropriate spheroids were irradiated, the other spheroids being covered with
lead plating. Additionally, the 96-well plate was sealed using a strip of Parafilm to avoid contamination
of the spheroids during treatment.

3.2.2. Hyperthermia
The second individual treatment used was HT. This type of treatment was performed by first transferring
the spheroids to individual U-shaped 8-well microplate strips (Greiner Bio-One GmbH). These strips
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Table 3.1: The different radiation doses and their respective irradiation times used during individual RT.

Dose Irradiation time
2 Gy 4 min
6 Gy 12 min
10 Gy 20 min

were then covered with a piece of Parafilm, again to avoid contamination of the spheroids and finally
the strips were placed in a water bath. This water bath was kept at a specific temperature, depending
on the thermal dose necessary, and the strips were kept in the water bath for a specific amount of
time, also depending on the thermal dose necessary. The water bath used was a temperature-controlled
precision immersion bath (Optima TX150, Grant), alongside an in-house made tray to keep the opening
of the spheroid strips above the water. Before each treatment the water level was checked to ensure
full encapsulation of the spheroids by water. After the necessary time had elapsed the strips were
removed from the water bath and the spheroids were placed back in the original 96 well plate.

During the individual HT 5 different thermal doses and an untreated control group were used.
These individual doses and their respective time and temperature settings can be seen in table 3.2.
The thermal dose is given in cumulative effective minutes at 43∘C (CEM43) as described above.

Table 3.2: The different thermal doses and their respective exposure times and temperatures used during individual HT.

Thermal dose Temperature Exposure time
1 CEM43 41∘C 15 min
5 CEM43 43∘C 5 min
30 CEM43 43∘C 30 min
120 CEM43 45∘C 30 min
480 CEM43 46∘C 60 min

3.2.3. Combined treatment
The last type of treatment used was combined RT and HT, also known as CT. During this type of
treatment identical procedures were followed compared to the individual treatments. However, during
this treatment RT and HT would be applied to the same spheroids following each other. Between the
RT and HT the spheroids were incubated for approximately 30 minutes at 37∘C and 5% CO2. Only
certain doses of the individual treatments were chosen to be used. This followed from the results of
the individual treatments, as doses were chosen which did show an effect on the spheroids, but were
not excessively damaging the spheroids on their own. The different orders of the treatments were
distinguished between by using the terms RTHT, meaning RT followed by HT, and HTRT, meaning HT
followed by RT. The CT doses used in the research can be seen in table 3.3. Furthermore, an untreated
control group was also used as a reference point for CT.

Table 3.3: The different combined doses used during CT.

HTRT RTHT
30 CEM43, 2 Gy 2 Gy, 30 CEM43
30 CEM43, 6 Gy 2 Gy, 120 CEM43
120 CEM43, 2 Gy 6 Gy, 30 CEM43
120 CEM43, 6 Gy 6 Gy, 120 CEM43

3.2.4. Viability assay
Moving on to the method used to complete the viability assays. The working principle of this assay was
described in chapter 2.5.1. For this research, a different method was used compared to the method that
accompanies the assay kit on purchase [91]. This was done following earlier research done using these
spheroids, finding this new method better equipped to handle the spheroids formed using Matrigel®.
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The actual method used on day 3 and 7 after treatment started with all spheroids being imaged, like
mentioned above. From these images, the spheroids that should be used for the viability assay were
selected. After this selection process the assay could start. The first step was to remove as much
medium from the spheroid wells as possible. Afterwards, 200 µL of PBS were added, to wash away
the remaining cell medium and dead cells. The PBS was then removed as well, after which 200 µL of
a 1:1 mixture of cell medium and 3D CellTiter-Glo® was added to the wells. The spheroids were then
incubated for 15 minutes, before they were washed in the mixture. Washing was done by pipetting the
spheroids up and down around 10 times in the mixture. Subsequently, the spheroids were incubated
again. Washing of the spheroids was repeated thrice, resulting in the spheroids being incubated in
the mixture for a total length of 60 minutes. Between each step the spheroids were also inspected
with a microscope to check if the spheroids were starting to dissociate. If this was not the case a
fourth wash and fifth incubate period was added to the method. Once the spheroids were falling
apart and the method was completed the spheroids were transferred to a 96 well white bottom plate
(ThermoFischer Scientific ®) and the remaining spheroids (which were not used in the viability assay)
were placed back in the incubator. The white plate was then transferred to a Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies) with a microplate reader accessory. Using this accessory,
the spectrophotometer was able to measure the bioluminescence of individual wells of the white plate
accurately. The bioluminescence was measured using a specific method in Agilent Advanced Reads
software, the settings of which can be seen in table 3.4. Only the gate time (measurement time)
was varied between measurements, to make sure the detected bioluminescence remained within a
detectable range. Furthermore, the measurement was repeated thrice to ensure the measured values
were accurate. Afterwards, the data was exported to be analyzed and the spheroids were discarded.
The measured viability data was normalized by comparing the results to the mean of the control group
of that experiment. The resulting viability was expressed as a percentage of the control.

Table 3.4: Setup used to measure bioluminescence.

Setting Value
Gate time (ms) Variable

Emission wavelength (nm) 600
Emission slit (nm) 20
Emission filter open
PMT voltage (V) ON

3.2.5. Confocal microscopy
To perform experiments using confocal microscopy a LSM 710 system for fluorescence imaging (Zeiss)
was used. This system consisted of an Observer Z.1 inverted microscope stand (Zeiss) with transmitted
light (HAL 100), UV (HBO 50) and laser illumination sources. Additionally, the stage of the microscope is
completely motorized, as well as the z-drive for focusing and the objective turret. The laser illumination
consisted of an Argon Laser (LASOS), which was able to use 4 different lasers, namely a 405 nm Diode
laser, an Argon laser (which could produce laser light at 458, 488 and 514 nm) and two different Helium
Neon lasers, which could produce laser light at 543 nm and 633 nm. The objective turret supported 5
objectives, these being a 2.5x (air), 10x (air), 20x (air) and two 40x (oil) objectives. For this research
mainly the 2.5x and the 10x objective were used. Furthermore, the system was equipped with an
AxioCam MRm camera (Zeiss). Lastly, images were captured and the system was controlled using
ZEN (black edition, Zeiss) software. Whilst images were being captured the room was kept as dark as
possible to minimize background noise.

3.2.6. Fluorescence imaging
The 2 different methods for immunostaining mentioned in chapter 2.5.2 were used. A LIVE/DEAD®

Viability/Cytotoxicity kit (L3224, Invitrogen, Therma Fischer Scientific) was used. A solution of 4:1
ethidium homodimer-1 and calcein-AM was made to be used for immunostaining. The staining itself
was done by first transferring the spheroids including medium to 8-well 𝜇-slides (Ibidi GmbH). Then,
the medium was removed and the spheroids were washed up to 3 times with PBS, by adding 200 𝜇L of
PBS and removing it again each time. This was done to make sure any loose dead cells were removed.
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After the final wash 200 𝜇L of the LIVE/DEAD® was added. These slides were then incubated for at
least 30 minutes, before the spheroids were imaged using the confocal microscope. The spheroids
were observed using the 2.5x objective. During imaging the spheroids were illuminated by the 488 nm
argon laser at a laser line attenuator transmission of 5, a gain of 750 and a pinhole opening of 18.8 𝜇m.
Fluorescence was detected at around 515 nm for the calcein and 635 nm for the ethidium homodimer-
1. Afterwards the spheroids were removed from the staining kit and placed back in a 96-well plate with
normal culture medium. This type of staining was done 7 days after treatment.

The second method involved the aforementioned PI (25535-16-4, Sigma-Aldrich). Staining with
PI was done by adding PI straight to the used culture medium. This was done as it was found that
PI does not influence growth of spheroids when added to the culture medium [92]. PI was added at
a concentration of 5 𝜇g/mL. As there was difficulty with accurately weighing such low amounts, the
culture medium with PI was made in large batches of up to 50 mL. Again spheroids were incubated
for at least 30 minutes after staining [93]. Imaging was done using the 10x objective to focus on
individual spheroids. During imaging, the spheroids were illuminated by the 543 nm helium neon
laser at a laser line attenuator transmission of 5, a gain of 650 and a pinhole opening of 95 𝜇m. The
resulting fluorescence were observed in a spectrum around 617 nm. After imaging the spheroids were
transferred back to their original 96-well plate and the PI filled medium was replaced by normal fresh
culture medium, to ensure the spheroids grow like normal. PI staining was done to follow the behaviour
of spheroids over a longer period of time. To that end, the spheroids were first stained and imaged
the day before treatment and the day after treatment. After that the spheroids were imaged every 2
to 3 days for up to 2 weeks.

3.3. Data analysis
As mentioned above, every spheroid was imaged multiple times over the course of an experiment. All
these images were analyzed using either ImageJ or ZEN 3.5 (Blue edition, Zeiss) freeware depending
on the microscope the image was taken with. The use of both software types will be shortly discussed
in the following section.

Starting with ImageJ. ImageJ was used to estimate the size of the spheroids for the images captured
with the normal microscope. First, the system was calibrated using glass beads of a known size. With
this calibration, the images could be scaled in ImageJ. Following that, the images were turned into 16-bit
images to increase the contrast between the spheroid and the surrounding medium, after which the area
of the spheroid was selected and measured using ImageJ. After using different techniques to measure
(or calculate) the diameter of the spheroids, it was chosen to use the Feret’s diameter function of
ImageJ. Feret’s diameter is defined as the longest distance between any two points along the selection
boundary [94]. This method was chosen as the spheroids are assumed to be spherical, meaning the
longest distance between two points would only result in a small error. The measured diameter of
the spheroids was then transferred to Excel to be processed. Spheroids that were not predominantly
spherical, like spheroids affected by fibers in the medium used, were disused before measurement as
their size and shape would disturb the results gotten from the actual spherical spheroids.

Table 3.5: The different signs used in result graphs to indicate the significance of results. Herein ns indicates no significance
present and an increase in stars indicates an increase in significance.

Sign P-value
ns 0.1234
* 0.0332
** 0.0021
*** 0.0002
**** <0.0001

The resulting measured data was then copied to GraphPad Prism (version 8.0.2, GraphPad Soft-
ware, Dotmatics) to create different graphs. In these graphs all results were presented by the mean
± the standard deviation. The number of spheroids used to calculate the mean (n) differs between
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experiments and will be mentioned for each experiment individually in the next chapter. Statistical
analysis was also performed using GraphPad. P-values, the significance level at which the compari-
son between results would barely be considered significant, were determined for comparable sets of
viability results using the two-way ANOVA function of GraphPad followed by the Bonferroni’s multiple
comparisons correction. Results with a P-value of p < 0.05 were found to be in the selected 95%
confidence interval and thus these results were assumed to be significantly different. The level of
significance is also indicated in the graphs following the guidelines shown in table 3.5.

The images taken using the confocal microscope were evaluated using ZEN 3.5 freeware. This
software was used to adjust the images to limit background noise. Afterwards, the adjusted images
could be exported to be used elsewhere.



4
Results

In the following chapter the results of the experiments performed during the research will be displayed,
along with a description of those results. This is done with the goal in mind to show the differences
between different single treatments and to show the change in effect when combining those treatments.
To this end, first the single treatments will be discussed, followed by the combined treatments and lastly
the results of the confocal microscopy will be discussed.

4.1. Growth experiments
In the beginning of the research a simple experiment was done to get accustomed with working with
cells, in addition to getting a baseline as to how large the spheroids would grow and how quickly they
would reach that size. The results of these experiment are discussed in the following section.

The spheroids were cultivated in a 96-well plate, 26 wells of the plate were seeded with 2000 cancer
cells, half of which were cultured with Matrigel® and the other half without Matrigel®. These spheroids
were then observed for 28 days after initial seeding, with images being taken of the spheroids every
3 days. As it was one of the first experiments done, some errors were still present in the method.
As a result, during this experiment the culture medium was not refreshed every 3 days, which could
well have limited growth. Initially, there were 13 spheroids for both groups, however after 4 days 4
spheroids of both groups were used in different experiments, leaving only 9 spheroids for the remaining
days. The results of this experiment can be seen in figure 4.1.

Figure 4.1: Spheroid diameter growth for spheroids cultured with Matrigel® and without as a function of time. The spheroids
were untreated and observed for 28 days after initial seeding.
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Looking at the figure, it is quickly seen that the growth of the spheroids cultured with Matrigel® is
significantly faster compared to the spheroids cultured without it. Additionally, the spheroids started at
a size of about 303 𝜇m and reached a final size of around 550 𝜇m after 10 days, after which the growth
stopped. The group cultured without Matrigel® on the other hand shows no growth at all until day 10,
after day 10 the growth rate increases over the final 18 days of the experiment. Both groups reach a
similar size at the final measurement on day 28 and the error for both groups remains well within a
10% margin of the total size of the spheroids over the entire experiment. Therefore, the results are
assumed to depict an accurate representation of spheroid growth for FaDu cells.

A similar experiment was performed to confirm the results found earlier. This time, however, the
cell viability was also measured after 3, 7 and 14 days to visualize the difference in growth between
both groups in terms of cell viability. Furthermore, during this experiment the culture medium was
refreshed every 3 days. At the start of this experiment there were 24 spheroids per group and during
every viability assay 6 spheroids of each group were used. The results of this experiment can be seen
in figure 4.2. As can been seen in 4.2.a, the growth of the Matrigel® cultured spheroids is similar to
the experiment before. Starting at a larger size of around 423 𝜇m and reaching a size of around 588
𝜇m this time on day 11. Afterwards the growth stopped and some spheroids even started to shrink,
whilst the difference in size between spheroids started to increase. The error, however, stayed within
the aforementioned 10% of the total size of the spheroids. The growth of the non-Matrigel® cultured
spheroids is significantly different, as no growth was seen over the duration of the entire experiment.
Seemingly indicating that changing medium every 3 days for this group only had a negative influence
on the growth. Moving on to the second graph shown in figure 4.2.b. This graph shows the cell viability
of both groups on day 3, 7 and 14 during the experiment. These results were obtained by performing
a viability assay 3 times as mentioned in chapter 3.2.4 with 6 spheroids for each group. In this graph
the viability of the Matrigel® cultured spheroids was taken as a control group compared to the non-
Matrigel® cultured spheroids. Therefore, the cell viability of the Matrigel® cultured spheroids was set
at 100%. The graph itself shows that the viability of the second group is significantly lower compared
to the control, which explains the lower (or absent) growth of those spheroids. Overall the growth of
the spheroids cultivated using Matrigel® was thought to be quite reliable and therefore it was decided
to move on to the experiments in which different treatments will be compared. Additionally, as the
growth of spheroids stopped after about 10 days, it was decided that future experiments should only
investigate the time period between treatment, which is seen as day 0 of the experiment, and day 11,
as afterwards the growth would stop even without any form of treatment. It was therefore chosen to
look at treated spheroids for 7 days after treatment, with two viability assays being done on day 3 and
7.

Figure 4.2: Comparison of results for spheroids cultured with Matrigel® and without. a) The spheroid size as a function of time
for the two different culturing conditions. b) The viability of the cells as a function time for the non-Matrigel® cultured spheroids
compared to the Matrigel® cultured spheroids. Significance of these results is indicated with n=6 per group. * = p=0.0332, **
= p=0.0021, *** = p=0.0002 and **** = p<0.0001
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4.1.1. Spheroid malformations
Whilst the method for creating spheroids is fairly straightforward and in an ideal world every spheroid
seeded comes out perfectly spherical, problems still occur when forming the spheroids. Three examples
of these malformations are shown in figure 4.3. During all experiments three main forms of malforma-
tions occurred, of which two are different parts of the same problem. These are shown in 4.3.a and
4.3.b, where a) shows a spheroid that consists of multiple sections connected in the middle and b)
shows two separate spheroids being formed after seeding. Due to the spheroids still being quite soft
during seeding and treatment, they are easily deformed during this period. This can result in sections
of the spheroid disconnecting either partly or completely and thus it can result in spheroids that are
not spherical or in significantly smaller ”twin” spheroids. The second type of problem occurs when
fibers, that are present in the medium, disturb the spheroid formation. An example can be seen in
figure 4.3.c, the fiber is indicated by the dark stripe straight through the spheroid. Whilst the medium
used is filtered, these fibers do still exist in the medium and the cells used in the experiments like to
grow around these fibers (or any surface in general). This results in ”spheroids” that are misshapen
compared to normal spheroids and most often they tend to grow notably faster than normal spheroids.
Therefore, the size of these spheroids would not compare to normally formed spheroids. Generally, all
these problems lead to spheroids that are either significantly smaller or significantly larger compared
to other correctly formed spheroids in the experiments. Therefore, when it was detected on day 0 that
a problem occurred, all the results of these spheroids were not used for further analysis.

Figure 4.3: Images of the three different spheroid malformations that occurred during spheroid formation. The scale bar in each
picture is equal to 600 𝜇m. a) A spheroid that consist of multiple sections connected in the middle. b) Two separate spheroids
formed during seeding. c) A fiber from the medium interfering with normal spheroid formation.

4.2. Results of the single treatment experiments
For the single treatments, four different data sets will be shown. First, the growth of the spheroids will
be displayed as a graph showing the spheroid size over time. Following that, the function of growth
will be shown again, this time compared to the initial size of the spheroids upon treatment. Thirdly, the
viability assessments will be shown and lastly, some general images of the spheroids will be shown, to
show the spheroid characteristics at different stages in the experiment. All this data is used to look at
the overall state of the spheroids near the end of the treatment.

4.2.1. Radiotherapy
During these first experiments, the spheroids were treated once using RT. The radiation doses used
for this treatment can be seen in table 3.1 in the previous chapter. A control group was added, which
received no radiation dose during treatment, to show the difference in growth due to the treatment.
The control group consisted of 6 spheroids, of which 3 were used for each viability assay. The treated
groups consisted of 12 spheroids each, of which 6 were used for each viability assay.

The results of this experiment in terms of spheroid diameter can be seen in figure 4.4. Spheroids
were treated on day 0 at a similar size compared to the earlier growth experiment of around 403 𝜇m.
Additionally, the control group grew to a comparable size of 601 𝜇m, albeit after only 7 days. Further-
more, the growth of the treated groups followed an expected pattern with a higher dose resulting in
less growth over time. Due to different initial sizes between spheroids it was decided from this point on
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to also show the net growth of spheroids, as a function of the size of the spheroids on day 7 compared
to the initial size on day 0. It was deemed that this would give a more accurate indication of the actual
growth of the spheroids.

Figure 4.4: The spheroid diameter as a function of time for spheroids exposed to a dose of 0 (control), 2, 6 and 10 Gy of radiation
using x-rays.

The net growth of the spheroids, as well as the viability, can be seen in figure 4.5 a and b respectively.
Figure 4.5.a shows a similar trend as seen above, only now the growth over time can be directly read.
The image therefore confirms the trend seen in figure 4.4 with the lowest dose resulting in the most
growth. The difference between the control and 2 Gy group is rather negligible, growing about 115 𝜇m
in the first 3 days and showing a growth of around 180 𝜇m in total after 7 days. The 6 Gy group grows
around 81 𝜇m in the first 3 days and up to a total of 122 𝜇m after 7 days. The 10 Gy group shows a
growth of around 61 𝜇m after 3 days, which increases slightly up to 64 𝜇m after 7 days. In total the
growth of the 6 Gy group is about two thirds of the growth of the control group after 7 days and the
growth of the 10 Gy group is about one third of the control group after 7 days. It is also important
to note the standard deviation for the 6 and 10 Gy groups. This standard deviation occurred due to
the fact that it was difficult for some spheroids of those groups to determine their size accurately. The
spheroids started to lose solidity after 7 days and this resulted in loose cells and groups of cells being
present around the edges of the spheroids, making the determination of the spheroid edge difficult to
do and increasing the uncertainty in the spheroid size. Moving on, figure 4.5.b shows the result of the
viability assays performed on day 3 and 7 of the experiment. The viability is normalized to the control
group, with the viability of that group seen as 100%. The results confirm the trend shown in the growth
of the spheroids. After 3 days only the 6 and 10 Gy groups show a difference in viability, with their
value dropping to 87±10% and 85±4% respectively. On day 7 larger differences are visible. A viability
difference between the control and 2 Gy groups is again not present with the 2 Gy group showing a
cell viability of around 104±9%. However, the viability of the 6 Gy group is halved compared to the
control group with a value of 47±8%. The difference for the 10 Gy group is also increased, with a cell
viability that is only 25±0% of the viability of the control group. From these results it was chosen to
use the 2 Gy and 6 Gy treatment doses for the further combined treatment. This was chosen because
an improvement in the efficacy of the 2 Gy treatment should be easier to see as there seems to be no
effect when treated only by radiation and the 6 Gy treatment could possibly be improved to match the
effectiveness of the 10 Gy treatment.
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Figure 4.5: Two sets of results of a single RT experiment for spheroids exposed to 0 (control), 2, 6 and 10 Gy of radiation dose
using x-rays. a. The net growth of the spheroids diameter on day 3 and 7 compared to the size of the spheroid diameter on
day 0. b. The cell viability on day 3 and 7. The cell viability of the control group was used as a reference point on day 3 and 7.
The cell viability of this control group was therefore seen as 100%. Significance of these results is indicated with n=6 for the 2,
6 and 10 Gy groups, whilst n=3 for the control group. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001

Moving on to the bright-field light microscope images of one selected spheroid of each of the 4
used groups taken on day 0, 3 and 7. These images are shown in figure 4.6. The images on day 0
were taken right before treatment, whilst the images on day 3 and 7 were taken before performing
the viability assay of that day. The scale bar on the bottom right of each picture represents 600 𝜇m
in the picture. Looking at the images, there is no difference between the 4 groups on day 0, which
indicates that all spheroids have grown similarly up to this point. On day 3 the 6 and 10 Gy groups
show a slight decrease in size compared to the control and 2 Gy groups. On day 7 the control and 2 Gy
group are still similar in size, which corresponds to the results found in figure 4.5. The 6 Gy and 10 Gy
groups are of more interest. The spheroids for these groups show a loss of some solidity, indicated by
the presence of light and dark spots within the spheroid. Furthermore, both groups also show slightly
smaller spheroids compared to the control group, which was expected. Lastly, the spheroid of the 10
Gy group also shows some flakiness around the edge of the spheroids. This is due to clumps of cells
being loosened from the spheroids. Overall, visually an effect can be seen on the 6 and 10 Gy groups
after 7 days, which was also shown by the results in figure 4.5. Meanwhile, the control and 2 Gy group
show similar growth and the 2 Gy group shows no reaction to the treatment.

Figure 4.6: Bright-field light microscope images of a selected spheroid exposed to 0 (control), 2, 6 and 10 Gy dose of radiation
using x-rays on day 0, 3 and 7. Spheroids were treated on day 0. The scale bar in the bottom right of each image is equal to
600 𝜇m.
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This single RT experiment was carried out three times in total. The results of the second and
third experiment can be seen in Appendix A. These repeats roughly confirmed the results shown in
the graphs displaying the spheroid growth. Net growth showed a similar trend for the second single
RT experiment compared to the one seen in figure 4.5. The third single RT experiment showed less
growth for the control group compared to the earlier experiments. No additional information was found
that allowed to compare the viability of the different groups, as both viability assays failed to provide
a usable control group measurement on day 7. The viability assays, therefore, lacked a baseline to
normalize the results to. Nevertheless, the viability results shown in figure 4.5 are assumed to be quite
accurate as they follow a logical decrease of size and viability with increasing radiation dose.

4.2.2. Hyperthermia
The second type of single treatment experiment performed involved treating spheroids with HT. The
treatment doses used in these experiments are shown in the previous chapter in table 3.2. Here a
control group was added as well, which received no treatment during the experiment. 10 spheroids
were seeded for the control group and every treated group, of which 5 were used for each viability
assay.

The results for the single HT experiment are shown in figure 4.7. The results are shown in three
different data sets, similar to the single RT results. First looking at the spheroid diameter growth over
time in figure 4.7.a. All spheroids start at a size of around 400 𝜇m and grow up to a size of around 570
𝜇m, apart from the 120 and 480 CEM43 groups. With the 120 CEM43 group showing a slightly smaller
growth up to only 495 𝜇m and the 480 CEM 43 group shrinking to a size of 278 𝜇m after the initial
measurement on day 0. Differentiating between the control group and the 1, 5 and 30 CEM43 in this
graph is difficult. The difference between those groups is more easily seen in figure 4.7.b. Here it can
be seen that the control groups show the largest net spheroid diameter growth with 146 𝜇m and 213
𝜇m after 3 and 7 days respectively. The 1 CEM43 group is next with a growth of 139 𝜇m and 195 𝜇m.
Followed by the 5 CEM43 group with 130 𝜇m and 182 𝜇m and the 30 CEM43 group with 112 𝜇m and
149 𝜇m. The 120 CEM43 group then shows a growth of 92 𝜇m and 95 𝜇m and lastly, the 480 CEM43
group shows a decrease in size with a growth of -105 𝜇m and -119 𝜇m after 3 and 7 days. A trend can
be seen with each additional bit of thermal dose resulting in less growth over the 7 days compared to
the control. Surprisingly even the 1 and 5 CM43 groups show a decrease in net growth compared to the
control group. Comparable results are shown in the results of the viability assays shown in figure 4.7.c.
Here the measured cell viability of the control group is seen as a value of 100%. Compared to that
value, the 1 and 5 CEM43 groups show a similar response with a cell viability of 100±6% and 105±1%
respectively on day 3 and 83±8% and 82±7% respectively on day 7. The decrease in cell viability is
more significant for the 30 and 120 CEM43 groups, with a cell viability of 106±6% and 62±10% on day
3 respectively and 104±6% and 39±7% on day 7 respectively. Finally, the 480 CEM43 group shows
little viability on both day 3 and day 7 with values of 16±3% and 3±1% respectively.

Moving on to bright-field light microscope images of a selected spheroid of each group taken on
day 0, 3 and 7. These images are shown in figure 4.8. On day 0, the spheroids of all groups show a
similar shape and size, indicating successful seeding of the spheroids. However, on day 3 a difference
can be seen. Whilst, the spheroids of the control group and the 1, 5 and 30 CEM43 groups are still
similar in shape and size. A decrease can be seen for the spheroids of the 120 and 480 CEM43 groups,
with the 120 CEM43 spheroid showing a decrease in growth compared to the control spheroid and
the 480 CEM43 spheroid showing a decrease in size compared to the day 0 image as well. On day
7, the size of the control and 1 CEM43 spheroids is still similar, whilst the size of the 5 and 30 CEM43
spheroids is decreased compared to the control spheroid. This effect is even more apparent for the
120 CEM43 spheroid. Finally, the 480 CEM43 spheroid showed to have lost its spherical shape, with
parts of the spheroid detaching from each other. Furthermore, flakiness can be seen around the edges
of the spheroid. The image of day 7 for the 480 CEM43 spheroid, which showed an increase in size,
might seem contradictory to the results shown in figure 4.7, which stated that the spheroids shrank
further between day 3 and 7. This is only seemingly the case, as the protuberances at the side are not
considered to be part of the spheroid anymore as these mostly consist of lose clumps of cells, alike
the 10 Gy group for the RT experiments. Therefore, the part of the actual spheroid that should be
considered is still smaller. It should be noted that this difficulty in defining what the actual spheroid is,
does increase the error in measuring the size of this group.
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Figure 4.7: Three data sets showing the results of a single HT experiment for spheroids exposed to 0 (control), 1, 5, 30, 120
and 480 CEM43 of thermal dose using hyperthermia. a. The growth in spheroid diameter as a function of time after treatment.
b. The net growth of the spheroid diameter on day 3 and 7 compared to the size of the spheroid diameter on day 0. c. The cell
viability on day 3 and 7. The cell viability of the control group was used as a reference point on day 3 and 7. The cell viability
of this control group was therefore seen as 100%. Significance of these results is indicated with n=5 per group. * = p=0.0332,
** = p=0.0021, *** = p=0.0002 and **** = p<0.0001

Figure 4.8: Bright-field light microscope images of a selected spheroid exposed to a thermal dose of 0 (control), 1, 5, 30, 120
and 480 CEM43 using hyperthermia on day 0, 3 and 7. Spheroids were treated on day 0. The scale bar in the bottom right of
each image is equal to 600 𝜇m.
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Considering all results shown above for the HT experiments, it was decided to move on with the
two treatment doses below the highest 480 CEM43 dose. The 30 CEM43 was chosen as it does show an
effect on the spheroid growth and viability, this effect nonetheless is not as significant that no effect of
the combined treatment could possibly be detected. On the other hand, the 120 CEM43 does already
show a significant effect on growth and cell viability, however the bright-field light microscope images
showed no morphological effect yet. Combining this treatment with radiation might clearly show a
visible increase in effect as well, which could hopefully lead to a dose of 120 CEM43 combined with
radiation having the same effect as a dose of 480 CEM43. To this end, the 30 and 120 CEM43 HT doses
were used during the combined experiments.

The single HT experiments were carried out in triplicate, with the results of the other two experi-
ments shown in Appendix A. Whilst, the results of the second single HT experiment were difficult to
interpret due to a longer waiting time before treatment, thus resulting in the spheroids already reaching
their final size before treatment. The results of the third single HT experiments were useful. The results
mainly confirmed the results found in the experiment shown above, whilst also helping justifying the
choice of HT doses to work with during the combined experiments. Therefore, the results shown in
figure 4.7 are assumed to be reliable, as they follow a logical trend of a decrease in size and viability
at higher heating dose.

4.3. Results of the combined treatment experiments
The next presented results are those of the CT experiments performed. First, the results for the
experiments with HT preceding RT are displayed (HTRT), followed by the results for the experiments
that treat the spheroids the other way around (RTHT). The results will be displayed in three figures
per experiment. The first figure will show the spheroid diameter growth over time, as well as the net
spheroid diameter growth over time. The second figure will show the cell viability of the treated groups
compared to the cell viability of the single treatment experiments over time. Lastly, some bright-field
light microscope images of the different used groups are shown over time.

4.3.1. HTRT
The results shown below belong to a combined HTRT experiment. Four different treatment groups and
a control group were used during this experiment, the treatment dose of each can be seen in table
4.1. The table also shows that the different treatment groups will be given a name to make reading of
the following section easier. For this experiment, 6 spheroids were seeded for the control group and
9 spheroids were seeded per treatment group. Consequently, there were 3 control spheroids and 4
treated spheroids available per viability assay, with one spheroid being left as a reserve if spheroids
formation failed or spheroids were lost during the experiment.

Table 4.1: The names of the different treatment groups used in the HTRT experiments, as well as the combined thermal dose
the groups were exposed to using hyperthermia and subsequently the radiation dose applied using x-rays.

Group name Treatment dose
Control group No treatment
Group A 30 CEM43, 2 Gy
Group B 30 CEM43, 6 Gy
Group C 120 CEM43, 2 Gy
Group D 120 CEM43, 6 Gy

The measured growth of the spheroids for each group is shown in figure 4.9.a. It can be seen that
the spheroids of the control group grow from a size of 233 𝜇m on day 0 to 437𝜇m on day 7. The
spheroids started at a smaller size compared to earlier experiments and end on a smaller size as well.
It should be noted that a similar trend is seen in this figure, where a higher treatment dose leads to
a decrease in spheroid growth. Nevertheless, it is more interesting to look at the net growth of the
spheroid diameter for the different groups in figure 4.9.b. Starting with the control group, the spheroids
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show a growth of 121 𝜇m on day 3 and 179 𝜇m on day 7, which is in a similar range compared to
earlier experiments. The trend shown in the spheroid diameter growth is seen in this figure as well.
The net growth of the treated groups on day 7 equals 125 𝜇m, 88 𝜇m, 78 𝜇m and 39 𝜇m for group
A, B, C and D respectively. Group B and C showed limited growth between day 3 and 7 and group
D even showed a decrease in size from day 3 to day 7. Overall the response of group B and C being
similar seems logical, as both groups contain the lower treatment dose of one type of treatment and
the higher dose of the other, the overall treatment dose for both groups being comparable as a result.
Furthermore, it is interesting to note that in contrary to single treatments, even after three days effects
are already seen in the growth of the spheroids.

Figure 4.9: Two data sets showing the results in terms of growth for a HTRT experiment. The results are given for a control
group and 4 groups that were treated with a combination of a thermal dose of 30 and 120 CEM43 applied using hyperthermia
and a radiation dose of 2 and 6 Gy applied using x-rays. a. The size of the spheroid diameter for each group on 0, 3 and 7 days
after treatment. b. The net growth of the spheroid diameter for same groups on day 3 and 7 compared to the diameter size on
day 0.

Figure 4.10: Two data sets showing the results in terms of cell viability of a HTRT experiment. The results are given for a control
group and 4 groups that were treated with a combination of a thermal dose of 30 and 120 CEM43 applied using hyperthermia
and a radiation dose of 2 and 6 Gy applied using x-rays. Significance of these results is indicated compared to the results of the
single treatment experiment. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001 a. The cell viability of the
different groups on day 3 after treatment. b. The cell viability of the different groups on day 7 after treatment.

Table 4.2: The cell viability values after 3 and 7 days for the chosen single treatments applied using HT and RT used in the CT
experiments.

Treatment dose Viability (day 3) Viability (day 7)
2 Gy 99±6 % 104±9%
6 Gy 87±10 % 47±8%

30 CEM43 106±6 % 62±10%
120 CEM43 104±6 % 39±7%
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Continuing with the cell viability, as seen in figure 4.10. The results on day 3 and 7 are normalized
to the control group, which is assumed to show 100% cell viability. After three days an increase in cell
viability is seen for all treated groups compared to the control group. It should be said that the viability
assessment for the control group was flawed, as only one of the three control group spheroids produced
a usable result. After seven days a different trend is seen, where groups A and B, both treated with the
30 CEM43 dose, showed a similar cell viability on day 7 of 50±6% and 48±8% respectively. Groups C
and D, both treated with the 120 CEM43 dose, also showed a similar cell viability on day 7 with a value
of 22±4% and 18±3% respectively. To compare these results to the single treatments, the viability of
the single treatments after seven days are summarized in table 4.2. Comparing the values on day 3
does show significantly different results, however only a significant increase in viability is seen for the
treated groups compared to the single treatments. It is more interesting to compare the results on day
7. Here it is seen that the cell viability for groups treated with 2 Gy is significantly lower, whilst less of
a difference can be seen between the groups treated with 30 CEM43, with group A showing the most
significant decrease in cell viability compared to the single treatments. Group B is the only group that
shows an increase in effect compared to the single treatments with a cell viability of 48±8% on day
7. Lastly, the cell viability of group C and D is also lower compared to both single treatments, albeit
less significant compared to group A. This indicates that an improved effect was seen for the treated
groups A, C and D. This effect was most significant for group A.

Lastly, the bright-field microscope images of the experiment, shown in figure 4.11, are considered.
Starting on day 0, all groups show a spheroid of similar size and shape. On day 3 the spheroids of
every treated group are slightly smaller compared to the control group. The final images on day 7,
show an increased difference from day 3 between the size of the control group and the four treated
groups. Furthermore, group A, B, C and D all show some form of flakiness around the edge of the
spheroid, with clumps of dead cells releasing from the spheroid. This is effect is the least apparent for
group A, whilst it is most clear for group C and D, with group C showing a less solid spheroid overall
on day 7 and group D mainly showing a solid core as all that is left of the spheroid. Overall, these
effects are in agreement with the single results, where such effects would also happen on day 7 after
a treatment dose of 6 Gy and 120 CEM43. The day 3 picture of group C is vaguer due to condensation
on the lid of the 96-well plate, therefore blocking proper imaging.

Figure 4.11: Bright-field light microscope images of a selected spheroid for a control group and 4 groups that were treated with
a combination of a thermal dose of 30 and 120 CEM43 applied using hyperthermia and a radiation dose of 2 and 6 Gy applied
using x-rays, wherein the thermal dose was first applied before the radiation dose. Spheroids were treated on day 0 and imaged
on day 0, 3 and 7. The scale bar in the bottom right of each image is equal to 600 𝜇m.
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To confirm these results, the HTRT experiment was carried out four times in total. The results of
the other three HTRT experiments can be seen in appendix B. The growth results of these experiments
confirmed the trend seen where a higher treatment leads to a decrease in spheroid growth over the 7
days of an experiment. Furthermore, cell viability results of one of the experiments showed a significant
increase in effect for all treated groups even on day 3 after treatment, whilst another experiment only
showed an increased effect for spheroids of group A. This effect is also visible when inspecting the
spheroids with a bright-field light microscope, with all spheroids showing a significant decrease in
growth on day 3 and 7. Furthermore, flakiness around the edges of the spheroids of each group on
day 7 also suggest an increased effect is seen.

4.3.2. RTHT
The results of a RTHT experiment are shown below. Here again reading will be made easier by giving
each treatment group a name. The names and the subsequent treatment doses associated with that
group can be seen in table 4.3. For these experiments, the same number of spheroids were seeded as
for the HTRT experiment above. There were 6 control spheroids seeded and 9 spheroids per treatment
group, with 3 control spheroids and 4 treated spheroids available per viability assay, with one spheroid
being left as a reserve if spheroids formation failed or spheroids were lost during the experiment.

Table 4.3: The names of the different treatment groups used in the RTHT experiments, as well as the combined radiation dose
the groups were exposed to using x-rays and subsequently the thermal dose applied using hyperthermia.

Group name Treatment dose
Control group No treatment
Group A 2 Gy, 30 CEM43
Group B 2 Gy, 120 CEM43
Group C 6 Gy, 30 CEM43
Group D 6 Gy, 120 CEM43

The results for the RTHT experiment can be seen in figures 4.12 and 4.13. Starting with the spheroid
diameter at different time points in figure 4.12.a. All spheroids start at a size of around 270 𝜇m and
the control grows up to a size of 569 𝜇m. The size of the control group on day 7 is similar to earlier
experiments, whilst the starting size of 270 𝜇m is slightly lower. Looking at the treated groups a similar
trend to the HTRT experiments can be seen, with increasing dose leading to a decrease in growth.
Similarly to the HTRT experiments as well, groups B and C, of which both consist of a higher dose
of HT or RT and a lower dose of the other treatment type, show a comparable size on day 7 of the
experiment after shrinking slightly from day 3 onward. Contrasting to the HTRT experiments, group
A, the group with the lowest treatment dose, does still grow after day 3 and follows the trajectory of
the control group quite closely. Additionally, group D also grows up to day 3, after which the spheroids
start shrinking in size to a similar size as on day 0. The net growth shows these same trends in figure
4.12.b, with group D barely growing, group B and C growing similarly and group A growing slightly
less than the control group. The control group has a net growth of 290 𝜇m after 7 days, which is
significantly more than the net growth in earlier experiments.

The viability results in figure 4.13 do show some differences compared to the HTRT experiments.
First, on day 3 the viability of all treated groups is already slightly lower than the control group, with
group B and C on a similar viability of 87±3% and 87±5% respectively. The cell viability of group D
was only a slight step below that at 80±5%. A decrease in cell viability is seen on day 7, where the
viability of group B, C and D all decreased significantly, their viability being 13±2%, 18±3% and 9±2%
respectively. Group A retains a higher viability of 55±8%. Comparing these values to the viability
values of the single treatments, shows that each treated group showed a significant increase in effect
compared to the single treatments. This effect is most significant for group B, showing the largest drop
in viability after 7 days.
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Figure 4.12: Two data sets showing the results in terms of growth for a RTHT experiment. The results are given for a control
group and 4 groups that were treated with a combination of a radiation dose of 2 and 6 Gy applied using x-rays and a thermal
dose of 30 and 120 CEM43 applied using hyperthermia. a. The size of spheroid diameter for each group on 0, 3 and 7 days after
treatment. b. The net growth of the spheroid diameter for same groups on day 3 and 7 compared to the diameter size on day
0.

Figure 4.13: Two data sets showing the results in terms of cell viability of a RTHT experiment. The results are given for a control
group and 4 groups that were treated with a combination of a radiation dose of 2 and 6 Gy applied using x-rays and a thermal
dose of 30 and 120 CEM43 applied using hyperthermia. Significance of these results is indicated compared to the results of the
single treatment experiment. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001 a. The cell viability of the
different groups on day 3 after treatment. b. The cell viability of the different groups on day 7 after treatment.

Bright-field light microscope images of a selected spheroid of each treatment group used during
the RTHT experiment are also shown in figure 4.14. Again on day 0, all the spheroids for each group
start at a similar size and shape. On day 3, all treated groups show a decrease in size compared to the
control group. Lastly, on day 7 it can be seen that the spheroid of group A has grown and is only slightly
smaller compared to the control group spheroid. As expected, following the viability results, group B,
C and D all show significantly smaller spheroid on day 7, with all spheroids experience flaking around
the edge of the spheroid. This effect is most clearly seen in group D, with a darker core remaining
present in the spheroid on day 7. This clearly represents the cell viability effect shown on day 7.

An attempt was also made to confirm these results by carrying out this experiment three more times.
The results of these experiments can be seen in appendix B. From the results of these experiments it
can be seen that a decrease in effect is shown in each of the treated groups compared to the single
treatments. However, as every experiment lacked in spheroid growth, no clear conclusion can be
drawn from these results. It was interesting to note that group B and D often showed a similar cell
viability on day 7, sparking the idea that for RTHT experiments the thermal dose is mostly responsible
for the response seen in the spheroids, with the radiation dose mattering little. No further significant
conclusions could be drawn from the results of these three RTHT experiments.
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Figure 4.14: Bright-field light microscope images of a selected spheroid for a control group and 4 groups that were treated with
a combination of a thermal dose of 30 and 120 CEM43 applied using hyperthermia and a radiation dose of 2 and 6 Gy applied
using x-rays, wherein the radiation dose was first applied before the thermal dose. Spheroids were treated on day 0 and imaged
on day 0, 3 and 7. The scale bar in the bottom right of each image is equal to 600 𝜇m.

4.4. Confocal imaging
This final section of the results will show the results obtained using confocal imaging. Due to time
constraints, only two experiments were done in which spheroids were stained and imaged. One ex-
periment included staining the spheroids with a mixture of calcein-AM and ethidium homodimer-1 and
the other experiment used PI, of which both methods are explained in chapter 3.2.6. Only qualitative
results in the form of images will be presented in this chapter.

4.4.1. Live and dead imaging
The first experiment was only a trial to see if live and dead cells in spheroids could be easily imaged
without sectioning the spheroids first. The images from this experiment can be seen in figure 4.15, with
the spheroids visible under normal light in a, the same spheroids visible under illumination by a 488 nm
argon laser in image b and c. Image b shows the detected light spectrum around 515 nm and image
c does the same for 635 nm. The final image, d, shows all spectra overlapping. The spheroids used in
this experiment did not undergo any treatment. It can be quickly seen that the resulting fluorescence
due to the laser can only be seen at the height of the spheroid that is in focus, meaning the center of
the spheroid remains dark. Furthermore, both calcein and ethidium homodimer-1 images are similar in
shape and brightness. As both images should be recorded using different parts of the light spectrum,
it was checked during the experiment to see if this was not an error made by the user and it turned
out that this was not the case as all settings were correct. No further experiments using this type of
cell staining kit were done, as spheroids were discarded after confocal imaging, therefore resulting in
difficulty in following the effects of different treatments on the spheroids over time.
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Figure 4.15: 4 images of calcein-AM and ethidium homodimer-1 stained untreated spheroids captured using a confocal imaging
microscope with a 2.5x objective. a) Bright-field light image of the two spheroids. b) Overlapping image of both the bright-
field light image and the calcein imaging spectrum. c) Overlapping image of both the bright-field light image and the ethidium
homodimer-1 imaging spectrum. d) Overlapping image of all three images combined.

4.4.2. Propidium iodide
The last experiment performed during this research involved staining spheroids with PI. The spheroids
used in this experiment were imaged both using the bright-field light microscope, as well as the confocal
microscope under light conditions and under illumination by a 543 nm helium neon laser. A control
group, as well as 8 differently treated groups of spheroids were used, with 6 spheroids seeded per
treatment group and the same 3 spheroids used during each confocal imaging session, to visualize the
change over time in these spheroids. The treatment groups chosen for this experiment can be seen
in table 4.4. These groups are also given a name to make reading of the following section easier. The
treatment dose named first is the treatment modality used first, with the second treatment modality
following after a period of 30 minutes. The spheroids were treated on day 1 of the experiment, leaving
the measurement on day 0 as a baseline for the rest of the experiment.

Table 4.4: The different treatment groups used during the PI experiment, with the treatment doses the spheroids of the group
experienced. The treatment dose named first was the treatment dose administered to the spheroid first. The second treatment
dose followed after a period of 30 minutes.

Group name Treatment dose
Control No treatment
Group 1 30 CEM43
Group 2 120 CEM43
Group 3 2 Gy
Group 4 6 Gy
Group 5 30 CEM43, 6 Gy
Group 6 2 Gy, 120 CEM43
Group7 6 Gy, 120 CEM43
Group 8 120 CEM43, 6 Gy
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The results of the experiment can be seen in figure 4.16, with a selected spheroid of each group
presented over time in a row in the figure. Looking at the results, starting with the control group, a
similar response is seen for each day, apart from day 14, which is also in agreement with the day 0
image of groups 1 to 8. On day 2, the day after treatment, an immediate response can be seen in
groups 2 and 7, whilst no significant response is seen for groups 1, 3, 4, 5, 6 and 8. This is changed
on day 6, where group 4 and 5 show a severe increase in dead cells. Whilst it was expected that the
largest response would be seen in the groups containing either (or both) the 6 Gy or the 120 CEM43
treatment dose, it is surprising to see group 5 have a significant response on day 6. The increase in
response for group 1 on day 6 is due to a fiber being present in the spheroid. On day 8, the response
of all spheroids is decreased. Whilst on day 10, an increase in dead cells is seen for groups 3, 4, 5, 6,
7 and 8. On day 14, a significant increase in dead cells is seen in both the control group and group 1.

Figure 4.16: Confocal images of a spheroid of each of the 9 different groups exposed to none, either or both thermal and
radiation dose after being stained with PI and illuminated by a 543 helium neon laser. Images were taken on day 0, 2, 6, 8,
10 and 14 with a 10x objective. The same selected spheroid of each group is shown over time. Treatment was done on day 1,
leaving the day 0 images as a baseline measurement.
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Discussion

In the following chapter the results presented in chapter 4 will be discussed and some improvements
will be suggested. To this end, possible limitations in the experimental methods will be proposed
in an effort to explain the outcome of certain experiments. Furthermore, some results will also be
compared to results found in literature. This discussion is divided in 4 sections, each covering one of
the experimental sets shown in chapter 4.

5.1. Spheroid growth
The growth experiments performed in this research were the simplest experiments. They were mainly
done as a baseline to check the size up to which the spheroids would grow if left untreated. A size
of 550 𝜇m to 600 𝜇m was generally reached after 7 to 10 days for spheroids seeded with Matrigel®,
which was significantly more compared to spheroids formed without Matrigel®. This is in agreement
with other research done into the effect of Matrigel® on the growth of spheroids [95], which is expected
to improve both cell proliferation and the overall morphology of the cells [96]. The only real limitation
found during these experiments was the limit in size a spheroid could adopt after a time period, which
has also shown to be a problem in other research reports [97]. This was most probably caused by both
the initial cell seeding density and the size of the microwells used [98]. During these experiments it
was decided to only compare the results of viability assays to a control group used during that specific
viability assay. As spheroids grow over time, this will automatically influence the viability, as larger
spheroids mean more cells and therefore more ATP present. Using a control group in this manner
would present a baseline of viability over time, which would make comparisons easier.

Different options for measuring the spheroid diameter were also considered. This was done as a
way to minimize the error in measuring the spheroid diameter. Two methods were mainly considered,
the first of which was using the Feret’s function in ImageJ. This function most likely overestimates
the diameter of the spheroids, as it shows the distance between two points of a measured area that
are apart the furthest. This method most often overestimates the spheroid diameter, as spheroids
are never perfectly symmetrical. The second method considered was calculating the diameter from
the area of the measured spheroid. Here both underestimates and overestimates would happen as
selecting the boundary of the spheroid precisely in ImageJ is impossible. For simplicity it was chosen
to use the Feret function, as it was the easiest method to implement to measure the spheroid diameter.
This method would still produce an error whilst measuring the spheroid diameter, yet it was deemed
that this error would be most significant for spheroids that deviate the most from the spherical shape.
As these non-spherical spheroids were often disregarded during experiments the resulting error due to
the Feret function would also be minimized. Additionally, FaDu cells tend to take up a spherical shape,
when cultured in U-shaped wells, minimizing the error even further [99][100].

5.2. Single treatments
At the start of these experiments the results were thought to be straightforward, both in terms of
spheroid growth and cell viability, with increasing treatment dose resulting in a decrease in spheroid
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growth and cell viability. The initial results seemed to confirm this, however problems occurred when
repeating both single HT and RT experiments. For single RT experiments the main problem was the
lack of a useful control group. As the treated groups could not be related to this control group, it
became difficult to say anything meaningful about these results. For the single HT experiments the
problem was found in the growth over time, with one experiment showing no growth from treatment
until the end of the experiment and the other experiment showing an increase in growth between day 3
and 7. As the proliferative state of spheroids is severely influenced by the presence of ATP [101][102],
it can be imagined that increased growth or an absence of growth can significantly influence the results
of a cell viability assay based on measuring the presence of ATP. Nevertheless, as research showed
a similar effect of increased radiation dose on the viability of FaDu cells [103][104], it was assumed
that the results shown in figure 4.5 are a reliable representation of the therapeutic response. A similar
conclusion was drawn for the single HT results, with the effect of hyperthermia on FaDu cells already
being shown in research [105].

Even so, some of the problems that occurred during the single treatment experiments could easily
be solved. A first simple improvement would be to seed more control spheroids for each experiment.
As said during the RT repeat experiments the number of control spheroids usable for the viability assay
were often limited, leading to results that were meaningless. As the control group is the most important
group of all, with a lack of a control group leading to all other results being meaningless, increasing
the number of seeded control spheroids would easily solve this problem. Additionally, the third single
RT experiment shows quite significant errors in spheroid diameter and net growth, this is due to the
fact that the spheroids were seeded using a 12-channel pipette. This specific pipette had an offset,
which made half of the channels not tuned correctly. This resulted in certain pipette tips collecting
more medium and thus cells and resulted in those wells containing more cells compared to the others.
Upon measuring half of all spheroids seeded were significantly larger than the other half. By checking if
a pipette is properly tuned beforehand, this problem could be negated in future experiments. Another
possible issue occurred in the first single HT experiment. As seen in figure 4.7, both the 1 and 5 CEM43
groups show a response in both growth and viability, whilst for these treatments doses a visible effect
was not expected. A possible reason for this could be that those spheroids are transferred from a
96-well plate to an 8-well strip and back to a 96-well plate during treatment. During this transfer cells
in the spheroid could be damaged by the pipette tips used. As the control spheroids are left untouched,
this could be a reason for the difference. A solution for this could be to transfer the control spheroids
to a strip and back to the original plate, limiting errors in this part of the experiment.

5.3. Combined treatments
More interesting are the results of the combined treatments. 2 significant errors were made during the
time period in which these experiments took place. First, whilst the FaDu cells were in a sub-culturing
flask, they were exposed to normal culture medium without the F10 addition. This was not supposed
to be the case. The medium in which cells grow severely impacts both the growth rate and the viability
[106]. Therefore these cells probably needed to adjust themselves when exposed to the F10 medium
used to seed the spheroids, resulting in a difference in spheroid growth and thus viability. The second
problem is visible in both RTHT and HTRT experiments, with the overall growth reducing from the first
combined treatment experiment to the fourth experiment. Over the course of performing all these
experiments the same original batch of F10 medium was used and whilst the medium was preserved
in a fridge when not in use, this medium would still age. As time went by it is now assumed that the
aging of this medium affected the growth of the spheroids. This can be seen in the overall growth
decreasing with later experiments.

Moving on to a discussion about the results of these experiments. The HTRT experiments showed an
increased effect for the 30 CEM43, 2Gy, the 120 CEM43, 2 Gy and the 120 CEM43, 6 Gy groups. Carrying
out the HTRT experiment a second time confirmed these results, with an effect even visible on day
3 after treatment, whilst two further HTRT experiments showed no significant response. The RTHT
experiments initially did show an increased effect for each of the treated groups, most significantly
for the groups involving the 120 CEM43 HT dose and the 6 Gy, 30 CEM43 group. An effect was even
seen on day 3 after treatment. However, confirming these results proved difficult, as a reduced overall
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growth negatively influenced the results. Nevertheless, these additional experiments did all seem to
show that the 120 CEM43 thermal dose was most influential in the overall growth and cell viability of
the spheroids. Comparing both experiment types, it therefore seems to be the case that the HT dose
is most significant in determining the overall effect of combined treatment, with the 120 CEM43 group
showing the highest cell killing potential in combination with both radiation doses in both HTRT and
RTHT experiments. When comparing cell viability results of both the HTRT and RTHT experiments only
a significant difference is seen between the cell viability of the 2 Gy, 120 CEM43 and the 120 CEM43,
2 Gy groups, with RT preceding HT showing a lower cell viability of 13±3% after 7 days compared to
48±8% for HT preceding RT. This would suggest that irradiating spheroids before treating them with
hyperthermia could be more beneficial in combined treatment. The lack of reproducibility, however,
makes it difficult to say this with certainty. Whilst performing both treatment modalities at the same
time maximizes the cell killing potential [69], it has also been shown by Overgaard (1980) that RT
preceding HT with a period of at least 4 hours in between does improve the thermal enhancement
ratio of these treatments [107]. Overgaard (1980) ascribed this effect to ”the direct heat killing of
radioresistant tumor cells”. This would mean that the increased effect in the RTHT experiment could
be correct. This could be explained as hyperthermia is able to inhibit the BRCA2 protein, a protein
that is vital in nonhomologous end joining [108]. Inhibiting these repair mechanisms after RT could
well enhance cell killing, even in the short term. The results of the HTRT experiments could also be
decently compared to values found in literature, in which the groups containing the 30 CEM43 dose
could be directly compared. In supplemental table 1 in chapter 3 of the book by Van den Tempel
(2017) [109], the surviving fraction of cells treated by 30 CEM43 followed by 4 Gy of radiation is shown.
This value is found to be equal to 41% for a combination of 4 cell lines (BLM, HeLa, FaDu and VH10-
SV40). This value is quite close to the values of 50±6% and 48±8% for 30 CEM43 followed by 2 and
6 Gy respectively found in this research. An additional paper by Hu et al. (2020) also showed that
combining a radiation dose of 5 Gy and a thermal dose of 120 CEM43 resulted in a survival fraction for
FaDu cells of less than 10% post-treatment [110]. This coincides well with the cell viability of 9±2%
for the 6 Gy, 120 CEM43 group on day 7 in the RTHT experiment.

5.4. Confocal imaging
Lastly, the confocal imaging experiments will be discussed. Starting with the measurement visualizing
the live and dead cells. Only one data set was collected using this method and this data set showed a
similar response for both types of staining. This led to the belief that the Matrigel® was influencing the
outcome by both the staining molecules being taken up by the Matrigel® inside the spheroids, resulting
in a similar image for both spectra. The method used was therefore deemed unable to differentiate
between live and dead cells effectively in these spheroids formed with Matrigel®. A possible means to
check this would be to image spheroids seeded without Matrigel® and to check if these spheroids do
present two different spectra. Furthermore, another useful improvement to this method could be to use
a staining mixture of calcein-AM and PI. As both compounds are activated by a different wavelength,
the resulting spectra should definitely be different if the Matrigel® was not the problem. Additionally,
the combination of calcein-AM and PI has shown to work in earlier research investigating the effect of
HT on tumour cells [111].

To see if it was possible to accurately image dead cells and to possibly see if the Matrigel® was
causing a problem, the simpler PI method was used afterwards. Furthermore, an additional goal of
this experiment was to show results similar to what was seen in the paper by Brüningk et al. (2020)
[92], where the PI intensity of spheroids treated with HT could be clearly seen over time. This would
include a clear view at the necrotic core of the spheroids. The first problem during this experiment
occurred, due to the confocal microscope being located in a different lab in a different building. This
microscope was used by multiple users, resulting in some problems with the set up as it was difficult to
use the exact same settings for each experiment. Furthermore, due to these multiple users, time-lapse
imaging methods were not possible. This resulted in the spheroids being moved between labs and
cell plates, possible affecting the results, as these actions could possibly damage the outer cells of the
spheroids, thereby increasing the relative PI intensity. Moving the spheroids furthermore meant that a
different surface of the same spheroid could be imaged each time, reducing comparability. Additionally,
despite playing around with multiple different settings, it was found that the setup used was only able to
detect the fluorescence of the outer layer of the spheroids. As this surface damage could also be due to
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moving the spheroids, the PI intensity would tell little about the actual effectiveness of the treatments
performed on the spheroids. Not to mention the fact that only a small slice of the spheroid could be
imaged sharply at a time, resulting in an incomplete total picture of the spheroid. Another problem
seen in the images is the influence of fibers. These fibers show up bright in images, disrupting the PI
intensity being shown by dead cells. Lastly, the growth experiments performed early in the research
showed that the spheroids tend to decrease in size after about 10-14 days. It is therefore unknown if
the increase in PI intensity from day 10 onward is due to the treatment performed on the spheroids
or just due to the spheroids losing viability naturally. The effect seen in the control group on day 14
would suggest the latter.
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Conclusion and recommendations

Due to the widespread nature of cancer, it is important to look at different treatment modalities to
improve the efficacy of cancer treatment. To this end combining hyperthermia with different treatment
modalities showed great potential in increasing both cell killing directly and sensitizing cancer cells to
the different treatment modalities. Furthermore, using 3D tumour cell aggregates to mimic in vivo
conditions in vitro would also bring cancer research one step closer to real-life tumours. This project
focused on the combined effect of radiotherapy and hyperthermia on both growth and cell viability in
multicellular tumour spheroids formed from FaDu tumour cells.

In this project, spheroids were formed of FaDu tumour cells using Matrigel® as a scaffolding agent.
The spheroids formed were found to grow fast and up to a size of 550-600 𝜇m reliably. These spheroids
could then be used in different treatment settings, using both single and combined hyperthermia and
radiotherapy to treat the spheroids and the effect on the spheroids was measured using both biolumi-
nescence and fluorescence methods, as well as by visibly measuring the growth of the spheroids over
time.

The single treatments showed results that were deemed logical, as a higher treatment dose resulted
in a decrease in both cell viability and spheroid growth for both radiotherapy and hyperthermia. These
results, however, proved to be difficult to replicate, as factors like older medium used and errors in
the spheroid seeding method hindered the collection of comparable results. Furthermore, the lack of
useful control group spheroids proved to be an obstacle in comparing the cell viability of experiments
to other similar experiments. The thermal doses of 30 and 120 CEM43 and radiation doses of 2 and 6
Gy were chosen to be used in the combined treatment experiments. Due to the fact that these doses
still showed room for an improved effect on cell viability, whilst ensuring that an effect would always
be present in the experiments.

Combined treatment showed an improved effect on the retardation of cell growth and the decrease
of cell viability for most treatment groups, both for hyperthermia followed by radiotherapy and the
other way around, with the determining factor seemingly being the thermal dose. The highest thermal
and radiation dose of 120 CEM43 combined with 6 Gy showed the highest cell killing potential, with
9±2% of the cells remaining viable when using radiotherapy before hyperthermia and 18±3% when
starting with hyperthermia before using radiotherapy. The most significant difference in effect due
to the order in which radiotherapy and hyperthermia were administered was seen in the 2 Gy, 120
CEM43 group. With radiotherapy preceding hyperthermia resulting in a cell viability of 13±2% on day 7
after treatment, whilst hyperthermia preceding radiotherapy resulted in a cell viability of 48±8%. The
improved effect for most groups was seen in terms of viability, but could also be seen in cell growth
and also by visual inspection of the spheroids. The treated groups that showed an increased effect
showed less growth, as well as flaking around the edges of the spheroids upon visual inspection. This
flaking was the result of cell clumps releasing from the spheroids, indicating an increase in cell death.

Visualizing the effect the treatment had on spheroids using confocal microscopy had some difficul-
ties. Both using a live and dead cell staining kit, as well as PI staining proved ineffective in accurately
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visualizing the dead cells in spheroids with the setup used during the research. Furthermore, the
multiple steps transferring spheroids from plate to plate and to a different lab, where the confocal mi-
croscope used was positioned, did not improve the overall result of these methods. Some differences
between the treatment groups could be seen, but it was uncertain if these differences were due to
the treatment or due to other external factors. Additionally, only the signal of the outer layer of the
spheroids could be detected, these results thus lacking in information about the entire spheroid.

Concluding, an improved effect was seen in terms of viability and cell growth when combining both
radiotherapy and hyperthermia as treatment modalities for spheroids made of FaDu tumour cells. This
effect was also visible when examining the spheroids under a bright-field light microscope. Experiments
attempting to show this effect using confocal imaging, however, proved unsuccessful.

Lastly, some recommendations are provided for future research on this topic. Starting with the
reproducibility of experiments, which proved difficult during this project. Often a lack of a proper control
group made results meaningless. This lack of control spheroids can be easily fixed by seeding more
of these spheroids, whilst simple errors, like using the wrong medium, can be ironed out quickly and
effectively. Furthermore, the emphasis of the data collected during the research should lie on means
of measuring the cell viability. Whilst spheroid size and growth are easy to measure, these results
are often not an accurate indication of the liveliness of spheroids, which is the most important factor
when considering the effectiveness of treatments. Viability assays often offer a quantitative method to
measure this, giving a better indication of the overall viability of spheroids. The difference between a
live and a dead cell in a spheroid is difficult to notice using a microscope and impossible to measure
using images, whilst this difference is clearer for viability assays, as a live cell produces ATP, whilst a
dead cell will not. Moving on, research has shown that the dose rate in which radiation is applied to
tumour cells also influences the cell viability [112]. It is possible that the low dose rate used in this
project has influenced the results. Investigating the effect of the dose rate on cell viability of spheroids
might be useful. Thirdly, research by Oseroff et al. (1988) showed an improved effect when combining
hyperthermia and photo-chemotherapy to treat FaDu tumour cells [113]. This effect was even shown at
low temperatures. It might therefore be of interest to see if the addition of photo-chemotherapy could
improve overall efficacy. Lastly, if confocal imaging is of interest, it is important to take a deep look
at literature and evaluate the possibilities with the equipment at hand. Multiple ideas were proposed
during this research of which not many were achievable. Plans that were achievable often did not
provide desired result. Researching these topics sufficiently beforehand could significantly reduce the
risk of coming up empty handed after performing an experiment for multiple days. For instance, when
staining spheroids with PI it could be beneficial to leave the spheroids in medium with dissolved PI for
the duration of the entire experiment, as PI showed no influence on spheroid growth [92].
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Appendix A: Single treatment results

This appendix shows the results of all the repeated experiments using only single treatments over the
time of this research project. The results will be presented in the same way as in the main text, only
without the bright-field light microscope images. The results will be accompanied by a short description
of the noteworthy elements visible in the results.

A.1. Results of the single RT experiments
As mentioned in the main text the single RT experiments were repeated twice more, the last 2 sets of
results shown below. During these experiments the same amount of spheroids were used, so in total
6 control spheroids were used, of which were used 3 per viability assay, whilst 12 spheroids were used
per treated group, of which 6 were used per viability assay.

The results of the second single RT experiment are shown in figure A.1. The growth of the spheroid
diameters is similar to the earlier shown results, with the exception being that the spheroids started
and ended at a slightly lower size, 307 𝜇m and 496 𝜇m respectively for the control group. However, the
net growth of the spheroid diameter shows the growth to be similar to the earlier mentioned results.
This time the control group grew 118 𝜇m after 3 days and 185 𝜇m in total after 7 days. The 2 Gy group
spheroid diameters grew 123 𝜇m and 170 𝜇m after 3 and 7 days. The growth of spheroid diameter
of the 6 Gy group was slightly lower with a value of 101 𝜇m and 150 𝜇m after 3 and 7 days. Lastly,
the growth of spheroid diameter of the 10 Gy group was smallest with a value of 97 𝜇m and 101
𝜇m after 3 and 7 days. The standard deviation for the control, 2 and 10 Gy group is increased on
day 7 compared to the earlier shown results. The cell viability on day 3 was 95±12%, 94±8% and
90±7% for the 2, 6 and 10 Gy groups respectively, which is slightly higher for the 6 and 10 Gy groups
compared to the results in the main text. The viability assay on day 7, however, lacked a usable control
group measurement. Due to this the viability results could not be normalized properly. These results
therefore show a meaningless viability percentage. Furthermore, the cell viability of the 2 Gy and 10
Gy group was similar, with the 6 Gy cell viability being slightly higher, which is also interesting.

The results of the third single RT experiment are shown in figure A.2. Looking at the spheroid diam-
eter growth in a) it can be seen that the control group grew less compared to the earlier experiments,
growing from a size of 318 𝜇m to 426 𝜇m after 7 days. The control group spheroids also started at a
smaller diameter size compared to the 2, 6 and 10 Gy groups. This growth trend for the control group
is also seen in the net growth in the spheroid diameter in b), with the growth of the control group
being 98 𝜇m after 3 days and 118 𝜇m after 7 days. The 2 Gy group grew the most with 84 𝜇m after
3 days and 147 𝜇m after 7 days. The 6 and 10 Gy groups grew 98 𝜇m and 80 𝜇m and 108 𝜇m and
49 𝜇m after 3 and 7 days respectively. The growth of every group was lower than that of the other
two experiments. A similar result is seen in the viability assays of this experiment. The cell viability on
day 3 of the 2, 6 and 10 Gy groups was 80±34%, 97±25% and 97±9% respectively and on day 7 this
was 161±74%, 110±43% and 44±28% respectively. Both the net spheroid diameter growth and the
cell viability show similar results for the control and 6 Gy groups. Therefore it was assumed that the
smaller start size of the control group negatively influenced the results of the experiment.
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Figure A.1: Three data sets showing the results of the second single RT experiment for spheroids exposed to 0 (control), 2, 6
and 10 Gy of radiation dose using X-rays. a. The growth in spheroid diameter as a function of time after treatment. b. The net
growth of the spheroid diameter on day 3 and 7 compared to the size of the spheroid diameter on day 0. c. The cell viability on
day 3 and 7. The cell viability of the control group was used as a reference point on day 3 and 7. The cell viability of this control
group was therefore seen as 100%. No meaningful significance was found.

Figure A.2: Three data sets showing the results of the third single RT experiment for spheroids exposed to 0 (control), 2, 6 and
10 Gy of radiation dose using X-rays. a. The growth in spheroid diameter as a function of time after treatment. b. The net
growth of the spheroid diameter on day 3 and 7 compared to the size of the spheroid diameter on day 0. c. The cell viability on
day 3 and 7. The cell viability of the control group was used as a reference point on day 3 and 7. The cell viability of this control
group was therefore seen as 100%. No meaningful significance was found.

Overall, the second and third single RT experiments lack information in terms of viability. As the
growth still roughly follows an inversely proportional trend for the second experiment, with a higher
dose leading to a lower growth over time, it was expected that the viability would also show this trend
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like in the earlier data. However, lacking a proper control group to relate the treated groups to, hinders
the viability results for both the repeats.

A.2. Results of the single HT experiments
The HT experiments were carried out 3 times in total as well, with the final 2 data sets shown below.
During both experiments 10 spheroids per group were used, with 5 being used during each viability
assay, similar to the experiment mentioned in the main text.

The results of the second single HT experiment are shown in figure A.3. Together with the general
spheroid growth experiments, this was one of the first experiments performed during the entire project.
Due to this, the entire experiment was compromised slightly, with the spheroids not being treated on
day 0, but after an additional 4 days of waiting. During this time most spheroids already reached a
size similar to their size at the end of the experiment. The net spheroid growth of the control group
was 183 𝜇m and 193 𝜇m on day 7 and 11 respectively. The growth of the 1 and 5 CEM43 group
was slightly lower with values of 151 𝜇m and 173 𝜇m on day 7 and 176 𝜇m and 182 𝜇m on day 11
respectively. Whilst, the growth of the 30 and 120 CEM43 group was slightly higher with values of 222
𝜇m and 201 𝜇m on day 7 and 221 𝜇m and 220 𝜇m on day 11 respectively. The size growth therefore
did not change much between day 7 and 11, with only the 480 CEM43 group showing a decrease in net
spheroid growth from 189 𝜇m on day 7 to 112 𝜇m on day 11. Furthermore, the net growth contains a
number of large error margins due to the differences in spheroid sizes. Subsequently, not much can be
said about the net growth for most groups. A similar effect can be seen in the viability assay results.
With the cell viability of the 1 and 5 CEM43 groups being slightly lower compared to the control group
on day 3 and 7. The cell viability of the 30 and 120 CEM43 groups was slightly higher compared to the
control group on day 3 and 7. Lastly, only a significant effect on the cell viability was visible for the 480
CEM43, which as expected is significantly lower than the control group. It is assumed that delaying the
treatment and thus the larger spheroid size in treatment effected the results.

The results of the third single HT experiment are shown in figure A.4. These results show more
similarities compared to the results shown in the main text. The spheroid diameter of the control group
grows from 293 𝜇m on day 0 to 541 𝜇m on day 7 and a decrease in spheroid diameter is seen for the 480
CEM43 group. The net growth shows a similar inversely proportional trend, with a higher dose leading
to less spheroid growth. An outlier can be seen in the form of the 1 CEM43 group, which shows slightly
lower net spheroid growth compared to the control group. Furthermore, the net spheroid growth of
the 120 CEM43 group is higher compared to the results shown in the main text on day 7. Lastly, the
480 CEM43 group shows a net spheroid growth of only 4 𝜇m after 7 days. Although the net spheroid
growth in general is slightly higher compared to the earlier mentioned results, the overall trend is still
comparable. The same can be said about the cell viability, although it should be mentioned that this
time an effect is already seen after 3 days for every treated group apart from the 1 CEM43 group. The
effect on the cell viability of the 5, 30 and 120 CEM43 is reduced after 7 days, with viability increasing
for these groups, whilst the cell viability of the 1 CEM43 group is decreased on day 7 compared to the
control group. Lastly, as expected the 480 CEM43 group shows little cell viability on both day 3 and day
7.

Concluding, whilst the second single HT experiment did not provide information on most treated
groups apart from the 480 CEM43 group, the third single HT experiment does largely confirm the results
shown earlier in the report. Strengthening the already seen trend that a higher dose leads to a reduce
in growth over time, with the 480 CEM43 group showing a drastic response and the 1 and 5 CEM43
groups showing little to no effect. Both the 30 and 120 CEM43 groups do still show an effect on both
net spheroid growth and cell viability, which is not as drastic as the response of the 480 CEM43 group.
The choice to continue to the combined treatments with the 30 and 120 CEM43 groups is therefore
confirmed.
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Figure A.3: Three data sets showing the results of the second HT experiment for spheroids exposed to 0 (control), 1, 5, 30, 120
and 480 CEM43 of thermal dose using hyperthermia. a. The growth in spheroid diameter as a function of time after treatment.
b. The net growth of the spheroid diameter on day 3 and 7 compared to the size of the spheroid diameter on day 0. c. The cell
viability on day 3 and 7. The cell viability of the control group was used as a reference point on day 3 and 7. The cell viability
of this control group was therefore seen as 100%. Significance of these results is indicated with n=5 per group. * = p=0.0332,
** = p=0.0021, *** = p=0.0002 and **** = p<0.0001

Figure A.4: Three data sets showing the results of the third HT experiment for spheroids exposed to 0 (control), 1, 5, 30, 120
and 480 CEM43 of thermal dose using hyperthermia. a. The growth in spheroid diameter as a function of time after treatment.
b. The net growth of the spheroid diameter on day 3 and 7 compared to the size of the spheroid diameter on day 0. c. The cell
viability on day 3 and 7. The cell viability of the control group was used as a reference point on day 3 and 7. The cell viability
of this control group was therefore seen as 100%. Significance of these results is indicated with n=5 per group. * = p=0.0332,
** = p=0.0021, *** = p=0.0002 and **** = p<0.0001
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results

Appendix B provides the results of the other combined treatment experiments. The results of both
the other HTRT and RTHT experiments will be displayed after each other. The results are shown in
the same form as in the main text without the bright-field light microscope images. All results will be
supported by a brief description of the graphs.

B.1. Results of the combined HTRT experiments
First the results of the three HTRT experiments are discussed. In contrast to the results mentioned in
the main text, the spheroid allocation per group is a bit different. To achieve the following results 6
control spheroids were used and 8 spheroids per treated group, with 3 control spheroids and 4 treated
spheroids per group being used for each viability assay. The treatment dose and methods remained
the same and can be seen as a reminder in table B.1.

Table B.1: The names of the different treatment groups used in the HTRT experiments, as well as the combined thermal dose
the groups were exposed to using hyperthermia and subsequently the radiation dose applied using X-rays.

Group name Treatment dose
Control group No treatment
Group A 30 CEM43, 2 Gy
Group B 30 CEM43, 6 Gy
Group C 120 CEM43, 2 Gy
Group D 120 CEM43, 6 Gy

Starting off with the results of the second HTRT experiment. The growth results are shown in figure
B.1. As can be seen in figure B.1.a, the control group spheroids grew from a size of 328 𝜇m on day
0 to 521 𝜇m on day 7. This is similar to earlier experiments. Again the treated groups followed the
trend where a higher treatment dose resulted in less diameter growth over time. It is interesting to
note that the spheroid diameter for all treated groups decreased between day 3 and 7. Looking at the
net growth, the results followed the results in figure 4.9, apart from the total growth for the treated
groups being almost halved on day 3. This negative impact on net growth was only increased on day
7. With group B and C showing the same response, whilst group A showed a larger growth and group
D showed a decrease in growth compared to the middle groups, reaching a size below the spheroid
diameter that the group had on day 0. In general, whilst the control group showed normal growth over
the 7 days, the growth of each treated group was significantly reduced compared to the results shown
in the main text. Moving on to the cell viability results shown in figure B.2. On day 3 a significant
effect was already seen for each treated group. With the most significant effect shown by group B and
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C. The seen effect only increased up to day 7, with all treated groups showing little viability on day 7.
The most significant effect was seen for group A. The cell viability shown by this group was similar to
that of the groups with higher treatment doses. Overall, the cell viability followed a similar trend as
the earlier results.

Figure B.1: Two data sets showing the results in terms of growth for the second HTRT experiment. The results are given
for a control group and 4 groups that were treated with a combination of a thermal dose of 30 and 120 CEM43 applied using
hyperthermia and a radiation dose of 2 and 6 Gy applied using X-rays. a. The size of spheroid diameter for each group on 0,
3 and 7 days after treatment. b. The net growth of the spheroid diameter for same groups on day 3 and 7 compared to the
diameter size on day 0.

Figure B.2: Two data sets showing the results in terms of cell viability of the second HTRT experiment. The results are given
for a control group and 4 groups that were treated with a combination of a thermal dose of 30 and 120 CEM43 applied using
hyperthermia and a radiation dose of 2 and 6 Gy applied using X-rays. Significance of these results is indicated compared to the
results of the single treatment experiment. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001 a. The cell
viability of the different groups on day 3 after treatment. b. The cell viability of the different groups on day 7 after treatment.

The results of the third HTRT experiment are shown in figures B.3 and B.4. The results of the
growth are quite similar compared to the results shown in figure B.1. The only difference is the overall
growth was lower, even for the control group, which barely grew after day 3. The net growth can be
summarized by saying the group A grew the most of the treated groups after day 7, followed by group
B and C, which showed a slight decrease in size after 7 days. Lastly, group D showed a significant
decrease in spheroid size over the 7 days. Not much information can be learned from the cell viability
assessment, as each treated group showed a similar response after 3 and 7 days. With only group A
and C showing a significant increase in effect compared to single 2 Gy treatment on day 7.
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Figure B.3: Two data sets showing the results in terms of growth for the third HTRT experiment. The results are given for
a control group and 4 groups that were treated with a combination of a thermal dose of 30 and 120 CEM43 applied using
hyperthermia and a radiation dose of 2 and 6 Gy applied using X-rays. a. The size of spheroid diameter for each group on 0,
3 and 7 days after treatment. b. The net growth of the spheroid diameter for same groups on day 3 and 7 compared to the
diameter size on day 0.

Figure B.4: Two data sets showing the results in terms of cell viability of the third HTRT experiment. The results are given
for a control group and 4 groups that were treated with a combination of a thermal dose of 30 and 120 CEM43 applied using
hyperthermia and a radiation dose of 2 and 6 Gy applied using X-rays. Significance of these results is indicated compared to the
results of the single treatment experiment. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001 a. The cell
viability of the different groups on day 3 after treatment. b. The cell viability of the different groups on day 7 after treatment.

The fourth combined HTRT experiment showed some interesting results, which can be seen in
figures B.5 and B.6. All spheroids shrink between days 3 to 7, even the control group. The trend shown
by the net growth, however, stayed similar compared to the net growth of the first three experiments.
The only exception being that group B showed a larger decrease in spheroid diameter compared to
group C. Furthermore, this time a reduce in spheroid diameter was seen for each group after 7 days.
The cell viability results showed no valuable information as the response of each group was similar on
day 3, with an increase in viability for all treated groups compared to the control group. On day 7 the
viability of group A and D was similar, whilst the other 2 groups had a slightly increased viability. Only
group A showed a significant increase in effect compared to single 2 Gy treatment, whilst the other
groups all showed a significant decrease in effect.

From the results of the three HTRT experiments shown in this appendix, it can be concluded that
the growth follows a trend, where the 30 CEM43, 2 Gy group grows the most, followed by the 120
CEM43, 2 Gy and 30 CEM43, 6 Gy groups, which grow similarly, and the 120 CEM43, 6 Gy group which
grows the least. The problems lies with interpreting the viability assessment results, as little variance
is seen between the groups in most experiments. Still, in figure B.2 it could be seen that each treated
group showed an increased effect compared to the single treatments.
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Figure B.5: Two data sets showing the results in terms of growth for the fourth HTRT experiment. The results are given for
a control group and 4 groups that were treated with a combination of a thermal dose of 30 and 120 CEM43 applied using
hyperthermia and a radiation dose of 2 and 6 Gy applied using X-rays. a. The size of spheroid diameter for each group on 0,
3 and 7 days after treatment. b. The net growth of the spheroid diameter for same groups on day 3 and 7 compared to the
diameter size on day 0.

Figure B.6: Two data sets showing the results in terms of cell viability of the fourth HTRT experiment. The results are given
for a control group and 4 groups that were treated with a combination of a thermal dose of 30 and 120 CEM43 applied using
hyperthermia and a radiation dose of 2 and 6 Gy applied using X-rays. Significance of these results is indicated compared to the
results of the single treatment experiment. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001 a. The cell
viability of the different groups on day 3 after treatment. b. The cell viability of the different groups on day 7 after treatment.

B.2. Results of the combined RTHT experiments
Lastly, the results of the three other RTHT experiment are discussed. Again the spheroid allocation
changed a bit from the experiment in the main text. 6 control spheroids and 8 spheroids per treated
group were seeded at the beginning of each experiment, resulting in 3 control spheroids and 4 treated
spheroids per group being used in each viability assay. The different groups and their associated
treatment doses are shown in table B.2.

Looking at figure B.7, it should be immediately noted that treatment during this experiment occurred
on day 3 instead of day 0. Due to this error in the experimental method, every group barely grew
between day 3 and day 10, with group C even shrinking significantly between day 6 and 10. On day
10 all treated groups end on a similar size, with only the control group spheroids being larger. Net
growth for the control group was also lower compared to the RTHT experiment shown in the main text.
Overall, no useful information could be retrieved from the growth results of this experiment. Moving
on to the cell viability assessment, the results of which are shown in figure B.8. On day 3, only a slight
decrease in cell viability is seen for each treated group, with only a slightly significant difference being
shown by group C compared to the single treatments. On day 7 the cell viability does differ between
the groups. Here group B shows the highest viability, followed by group A and C, that have a similar
lower viability. As expected, the group treated with the highest doses, group D, shows the lowest
viability after 7 days. Only a significant increase in effect is shown on day 7 by group A, whilst group
B and C show a significant decrease in effect.
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Table B.2: The names of the different treatment groups used in the RTHT experiments, as well as the combined radiation dose
the groups were exposed to using x-rays and subsequently the thermal dose applied using hyperthermia.

Group name Treatment dose
Control group No treatment
Group A 2 Gy, 30 CEM43
Group B 2 Gy, 120 CEM43
Group C 6 Gy, 30 CEM43
Group D 6 Gy, 120 CEM43

Figure B.7: Two data sets showing the results in terms of growth for the second RTHT experiment. The results are given for a
control group and 4 groups that were treated with a combination of a radiation dose of 2 and 6 Gy applied using x-rays and a
thermal dose of 30 and 120 CEM43 applied using hyperthermia. a. The size of spheroid diameter for each group on 0, 3 and 7
days after treatment. b. The net growth of the spheroid diameter for same groups on day 3 and 7 compared to the diameter
size on day 0.

Figure B.8: Two data sets showing the results in terms of cell viability of the second RTHT experiment. The results are given
for a control group and 4 groups that were treated with a combination of a radiation dose of 2 and 6 Gy applied using x-rays
and a thermal dose of 30 and 120 CEM43 applied using hyperthermia. Significance of these results is indicated compared to the
results of the single treatment experiment. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001 a. The cell
viability of the different groups on day 3 after treatment. b. The cell viability of the different groups on day 7 after treatment.

Proceeding to the results of the third RTHT experiment, shown in figures B.9 and B.10. Similarly
to the results of the HTRT experiments, the overall growth decreases. During this experiment the
spheroids of all groups shrank between day 3 and 7, except for group A, which slightly increased in
size. A large decrease in size is seen for both group B and D. At the same time the size of group C
remains quite stable at its starting size on day 0. This effect is also seen in a less obvious manner for
the viability. On day 3, the cell viability of groups A, B and D is similar to the control group, whilst the
viability of group C is slightly lower. After 7 days, group A shows the highest percentage of cell viability
of each treated group. After that group C follows with a slightly higher viability compared to groups B
and D, which show a similar viability. The net growth and cell viability both show the most effect for
groups B and D. Furthermore, this distribution is also shown in the results in the main text, the main
difference being that the overall cell viability is higher and the net growth is lower for this experiment.
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Figure B.9: Two data sets showing the results in terms of growth for the third RTHT experiment. The results are given for a
control group and 4 groups that were treated with a combination of a radiation dose of 2 and 6 Gy applied using x-rays and a
thermal dose of 30 and 120 CEM43 applied using hyperthermia. a. The size of spheroid diameter for each group on 0, 3 and 7
days after treatment. b. The net growth of the spheroid diameter for same groups on day 3 and 7 compared to the diameter
size on day 0.

Figure B.10: Two data sets showing the results in terms of cell viability of the third RTHT experiment. The results are given for
a control group and 4 groups that were treated with a combination of a radiation dose of 2 and 6 Gy applied using x-rays and a
thermal dose of 30 and 120 CEM43 applied using hyperthermia. Significance of these results is indicated compared to the results
of the single treatment experiment. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001 a. The cell viability
of the different groups on day 3 after treatment. b. The cell viability of the different groups on day 7 after treatment.

The results of the fourth RTHT experiment are shown in figures B.11 and B.12. Following the
earlier shown HTRT results, here the overall growth is once again decreased, with even the control
group shrinking significantly between day 3 and day 7. The results for the net growth also show this,
with the control group growing similarly to the group B and groups A, C and D all showing a comparable
significant decrease in size. Nevertheless, the viability results are similar to those shown in figure B.10.
On day 3, the cell viability of group B, C and D is slightly increased compared to the control group, whilst
group A shows a significant decrease in cell viability. On day 7, the viability of group A is subsequently
increased, whilst that of group B, C and D is decreased. These three group show a similar pattern as
the previous experiment, with group B and D showing a similar cell viability and that of group C being
slightly higher. All treated groups show a decrease in effect compared to the single treatments.

To conclude, the three RTHT experiments in this appendix confirm none of the results shown in the
main text. No clear conclusion can be drawn of the growth of the spheroids and the cell viability. In
general, the largest effect on viability is seen in both groups B and D, treated with the HT dose of 120
CEM43, with the radiation dose for these groups mattering little. However, every treated group only
showed a decrease in effect compared to using the single treatments and therefore these results are
non-conclusive.
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Figure B.11: Two data sets showing the results in terms of growth for the fourth RTHT experiment. The results are given for a
control group and 4 groups that were treated with a combination of a radiation dose of 2 and 6 Gy applied using x-rays and a
thermal dose of 30 and 120 CEM43 applied using hyperthermia. a. The size of spheroid diameter for each group on 0, 3 and 7
days after treatment. b. The net growth of the spheroid diameter for same groups on day 3 and 7 compared to the diameter
size on day 0.

Figure B.12: Two data sets showing the results in terms of cell viability of the fourth RTHT experiment. The results are given
for a control group and 4 groups that were treated with a combination of a radiation dose of 2 and 6 Gy applied using x-rays
and a thermal dose of 30 and 120 CEM43 applied using hyperthermia. Significance of these results is indicated compared to the
results of the single treatment experiment. * = p=0.0332, ** = p=0.0021, *** = p=0.0002 and **** = p<0.0001 a. The cell
viability of the different groups on day 3 after treatment. b. The cell viability of the different groups on day 7 after treatment.
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