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Scientific Summary

Nowadays, whenever a patient is diagnosed with metastatic cancer, the survival rate
following diagnosis is typically low. For example, of all patients diagnosed with metastatic
breast cancer only 28% of all women (and 22% of all men) will still be alive after five
years. This number drops to 7% for patients diagnosed with metastatic lung cancer [1].
However, in the last two decades, promising results have been observed in clinical trials
using targeted alpha therapy (TAT) for treating metastatic cancers. In TAT, an alpha-
emitting radionuclide is attached to a vector that will carry the radionuclide towards the
cancer cells by traveling along the circulatory and lymphatic system in the body. Even
though the clinical trials look promising, TAT is nowadays not on a large scale clinically
in use for cancer treatment. This is mainly due to (1) the high costs, (2) the availability
and (3) the effects of the alpha-emitting sources and their recoiling daughter nuclei on
(cancer) cells that are not yet fully understood.

In the first part of this thesis, the focus will be on the further development of a
cell-irradiation protocol that can be used to determine the radiobiological effects of the
emitted alpha particles in the decay of ???Ac and subsequent daughter nuclei. The de-
velopment of this protocol is the first step in a larger experimental endeavor to probe
the radiobiological effects of the recoiling #2Ac daughter nuclei. The goal of this pro-
tocol is to study the impact of the alpha particles on the cancerous cells by externally
irradiating a hydrogel containing HeLa cells with alpha particles. After irradiation, the
cell survival can be determined using, for instance, a Resazurin assay. In this project,
three shortcomings of the existing protocol developed in earlier work were identified and
modified: (1) The cell sedimentation inside the hydrogels was improved, such that the
embedded cells are within reach of the alpha particles, (2) the protocol was adjusted such
that sample manipulations during the measurements are minimized which reduces the
chance of disrupting or damaging the hydrogels and (3) the glass slides required in the
sample preparation were provided with a coating to avoid gel rupture. Afterwards, with
the modified protocol, two new cell-irradiation experiments were performed.

In the second part of this thesis, the focus will be on the development of a recoil-
implantation generator that can be used for the production of isotopes for cell-irradiation
experiments. Whenever an 225 Ac isotope decays on an 22 Ac implanted foil, the remaining
daughter nucleus might recoil out of the foil as a result of conservation of momentum. The
idea behind the recoil-implantation generator is to implant these recoiling ?*°Ac daughter
nuclei on an empty aluminium disk. In this project, a setup was constructed from scratch
and two measurements were performed. In the first part of each measurement, an empty
aluminium disk is placed in front of an ???Ac implanted foil while in the second part
the implanted disk is placed in front of a passivated implanted planar silicon (PIPS)
detector to identify the collected daughter nuclei. Subsequently, an expression was derived
to determine the efficiency of the recoiling process from the data obtained during both
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measurements.
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Summary for a General Audience

Whenever a patient is diagnosed with cancer, there is a wide variety of treatment options
available. The choice for which treatment to use is typically dependent on the type of
cancer and the cancer’s stage. In the early stages, the tumor is typically well-localized
and can be treated well. In later stages, the cancer has often spread to other body
parts, which makes treatment much harder. Such cancers are referred to as metastatic
cancers. Nowadays, whenever a patient is diagnosed with metastatic cancer, the survival
rate following diagnosis is typically low. For example, of all patients diagnosed with
metastatic breast cancer only 28% of all women (and 22% of all men) will still be alive
after five years. This number drops to 7% for patients diagnosed with metastatic lung
cancer [1]. However, in the last two decades, promising results have been observed in
clinical trials using targeted alpha therapy (TAT) for treating metastatic cancers. In
TAT, a radioactive element is attached to a molecule known to the body that will carry it
towards the cancer cells by traveling along the natural pathways. The radioactive element
will emit alpha particles, which is a type of radiation that causes high damage to cells,
but has a very low penetration depth. Both these characteristics make TAT an extremely
effective way of damaging cancer cells, while reducing the damage to healthy cells to a
minimum. Even though the clinical trials look promising, TAT is nowadays not on a large
scale clinically in use for cancer treatment. This is mainly due to (1) the high costs, (2)
the availability and (3) the effects of the alpha-emitting sources that are not yet fully
understood.

In the first part of this thesis, the focus will be on the further development of a pro-
tocol that can be used to study the effects of the alpha-emitting sources. The goal of this
protocol is to study the impact of the alpha particles on the cancerous cells by externally
irradiating a gel containing cells with alpha particles. In this project, three shortcomings
of the existing protocol developed in earlier work were identified and modified: (1) The
cell sedimentation inside the gels was improved, such that the embedded cells are within
reach of the alpha particles, (2) the protocol was adjusted such that sample manipulations
during the measurements are minimized which reduces the chance of disrupting or dam-
aging the gels and (3) the glass slides required in the sample preparation were provided
with a thin layer (i.e., a coating) to avoid gel rupture. Afterwards, with the modified
protocol, two new cell-irradiation experiments were performed.

In the second part of this thesis, the focus will be on the development of a generator
that can be used for the production of radioactive sources for cell-irradiation experiments.
In a similar way compared to firing a gun, a radioactive nucleus will recoil as well upon
emitting alpha radiation. Hence, in this project, an experimental setup was built from
scratch in order to catch these recoiling nuclei such that new radioactive sources can be
produced. Subsequently, an expression was derived to determine the efficiency of the
recoiling process from the data obtained during the measurements.
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“Let’s start at the very beginning. A very good place to
start.”

Maria von Trapp — The Sound of Music

Introduction

When a patient is diagnosed with cancer, there is a wide variety of treatment options
available. Examples of such treatments are surgery, chemotherapy, hyperthermia (i.e.,
where heat is used to damage cancer cells), etc [3]. The applicability of each treatment
depends on the type of cancer and the cancer’s stage.

One of the main cancer treatments currently utilized, is radiotherapy where ionizing
radiation is used to damage and kill cancer cells. Victor Despeignes was in 1896 the
first physician to make use of radiotherapy to treat a malignant tumor of a patient by
irradiating it with x rays [4]. However, even though radiotherapy has been evolving
for more than 125 years since it was used for the first time, the most common type
of radiotherapy nowadays is still external irradiation of cancer cells with x rays and,
to a much lesser extent, irradiation with particles such as protons, electrons, neutrons
or carbon isotopes [5]. The main problem with external irradiation, is that the beam
of ionizing radiation must travel through the healthy tissue first in order to reach the
tumor. Consequently, the beam will not only deposit its energy in the tumor, but in the
surrounding healthy tissue as well and thus resulting in additional ionization damage. One
way to mitigate the dose® to healthy tissue, is to immediately place a small radioactive
source inside or near the tumor. That way, the radiation does not need to travel through
the healthy tissue to reach the cancer cells. This technique is called brachytherapy [7].
The radioactive sources typically used for brachytherapy have a relatively short half-life
(t1/2) and decay through S~ -decay or by electron capture. Examples of such isotopes are
Y21 (t1)9 = 73.8 days), '®I (t1)5 = 59.4 days) or '®*Pd (t1/, = 17.0 days) [8].

In S~ -decay, a nucleus of element X with proton number Z and mass number A,
decays to a nucleus of element Y with a lower energy state, emitting an electron (e~) and
an electron antineutrino (7) in the process. This decay can be written as

72X — .Y +e 47 (1)
Electron capture, on the other hand, is a process where an orbital electron (typically from
the K-shell) is drawn into the nucleus. As a result, an electron neutrino (v,) is emitted and
a lower energy configuration will be obtained. Both neutrinos and anti-neutrinos barely
interact with matter and thus do not cause any damage to cancer cells. However, the
isotopes selected for brachytherapy that decay through electron capture, decay towards
an excited nuclear state which on its turn will decay towards a stable configuration through
~v-decay or internal conversion. This decay can be written in a more compact form as

?X +e — éfly* + Ve

(2)

— S Y4yt

!The dose refers here to the absorbed dose which is defined as the mean energy absorbed per unit
mass from any type of radiation. The dose is typically expressed in Gray (Gy), where 1 Gy = 1 J/kg [6].
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Here a photon () is emitted in the process. In internal conversion, the emitted photon
will cause an orbital electron to be ejected from its orbit. The asterisk written next to the
daughter nucleus is to indicate the excited state. Because of the decays in Equation 2, the
dose delivered to the patient will be due to x rays following the electron capture, electrons
following the internal conversion in the subsequent decay or Auger electrons resulting in
the subsequent cascade following the internal conversion.

However, the emitted electrons in f~-decay are still able to travel up to several cen-
timeters deep (depending on the energy) in surrounding tissue. The emitted photons, as
a consequence of the v-decay or the emitted x rays, will travel even further in tissue. This
means that even in brachytherapy healthy tissue is still damaged to some extent, espe-
cially when small tumors are irradiated [9]. Moreover, when a patient is diagnosed with
metastatic? cancer, both external irradiation and brachytherapy are not suitable treat-
ments due to the fact that these treatments are only suitable for solid and well-localised
tumors. Even when additional treatments besides radiotherapy are offered to the patient,
the survival rate when being diagnosed with metastatic cancer is still low. For example, of
all patients diagnosed with metastatic breast cancer only 28% of all women (and 22% of
all men) will still be alive after five years. This number drops to 7% for patients diagnosed
with metastatic lung cancer [1]. However, in the last two decades, intensive research and
clinical trials have been performed using targeted radionuclide therapy (TRT), which is a
relative new technique that shows potential in treating metastatic cancers.

Targeted Radionuclide Therapy

In TRT, a radionuclide is attached to a vector and injected into the patient. The vector
will travel along the circulatory and lymphatic system in the human body towards the
cancer cells, while carrying the isotope. This basic principle behind TRT is shown more
clearly in Figure 1.

2 A metastatic cancer is a cancer that has spread to other parts of the body as a consequence of cells
breaking off from the original tumor. These tumor cells can then be transported through the blood-
stream or the lymph system to other parts of the body where new tumors can be formed. Consequently,
metastatic cancers are thus not well-localised nor solid [1].
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Figure 1: Schematic illustration of the basic principle behind TRT. This illustration is
based upon Figure 1(b) in [10].

The radionuclide is bound to a bifunctional chelating agent (or chelator) that is in turn
bound to a targeting vector. A chelating agent is a molecule where part of the molecule
can form a bond with the radiometal while the other part of the molecule consists of a
functional group that can covalently bind with the targeting vector. The chelator can
be directly attached to the targeting vector, but often an additional linker is present in
between the chelator and the vector to modify pharmacokinetics. In TRT, a variety of
vectors are possible: It can either be a small peptide, a protein (such as for example an
antibody) or a nanoparticle [10]. The choice of vector depends on the type of cancer the
patient is diagnosed with. However, in recent years, a shift in interest from general TRT
to targeted alpha therapy (TAT) has been observed as a result of promising results in
preclinical and clinical trials [11].

TAT makes use of radionuclides that decay towards a lower energy configuration by
emitting a 3He nucleus in the process. This decay is a-decay and can be written in a more
compact form as

72X — 2T 4+ iHe. (3)
Alpha particles have a high linear energy transfer (LET), meaning that these particles
transfer large amounts of energy to the surrounding medium per unit distance travelled
inside this medium. The higher the LET of a particle, the more energy will be deposited
to the surrounding medium and thus the faster the particle will slow down in this medium.
Alpha particles are typically able to travel 50-100 pgm inside human tissue, but the energy
transferred per unit distance is much higher compared to electrons emitted in S~ -decay
due to their high mass. More specific: An alpha particle emitted in alpha decay typically
has an energy of approximately 4 MeV up to 9 MeV. As a result, the LET of such
an alpha particle ranges from 50 keV/um up to 200 keV/um in human tissue. On the
other hand, electrons emitted in S~ -decay have an energy of approximately 100 keV up
to 1 MeV, resulting in a LET of approximately 0.06 keV/um up to 0.15 keV/um in
human tissue [12, 13, 14]. Alpha particles thus cause much more damage to cancer cells
compared to electrons emitted in general TRT as a result of 5~-decay. Electrons emitted
in the decay of radioactive nuclei only cause limited ionization events resulting in single-
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or double-stranded breaks in the DNA of the cancer cells that are often repairable and
have a rather low probability of being lethal. Alpha particles, on the other hand, cause
much more ionization events compared to electrons. As a result, alpha particles will cause
multiple single- or double-stranded breaks in the DNA of cancer cells which are far more
difficult to repair compared to a single break and thus resulting much more often in cell
death. Hence, ionization events caused by alpha particles have a much higher probability
of being lethal [15]. Moreover, due to the high LET and the fact that the range of the
alpha particles (i.e., 50-100 pm) is only a few cell diameters in length, TAT makes it
possible to damage and kill cancer cells with a high precision in an extremely effective
way harming almost none of the surrounding healthy tissue [16].

Considerations to Take Into Account

In TAT, not only is the targeting vector of importance, but equally important is the
interaction between the vector and the alpha-emitting radionucleus attached to it. For
example, it is often challenging to find a suitable targeting vector that can maintain its
biological properties while being irradiated by the source attached to it. Moreover, when-
ever an alpha-emitting source decays, a daughter nucleus remains with entirely different
chemical properties compared to the parent nucleus. The daughter nuclei themselves are
often alpha-emitting sources as well, resulting in more daughter nuclei. However, in prac-
tice, the different chemical properties of the daughter nuclei are often not even the major
problem regarding the interaction between the targeting vector and the alpha-emitting
source. The reason for this is that once a nucleus decays and emits an alpha particle in
the process, the daughter nucleus will be pushed in the opposite direction as a result of
conservation of momentum. The energy of the recoiling daughters is typically more than
1000 times higher compared to the binding energy of any chemical bond. This means
that, in general, after a decay, the recoiling daughter will not be bound to the chelator
(and thus to the targeting vector) anymore. Consequently, the recoiling daughter will
become free from the targeting vector and might migrate away from the tumor where it
can cause damage to healthy cells elsewhere in the body [17]. There are typically two
solutions to avoid the distribution of daughter nuclei in the body of the patient.

The first solution is to choose an alpha-emitting source whose daughter nuclei have
short half-lives (i.e., the order of milliseconds up to a couple of minutes). For example, the
isotope ?23Ra is often utilized in TAT to palliate patients with bone metastasis. The ??*Ra
will target the hydroxyapatite matrix in the bone®, but the daughter nuclei of ?*3Ra will
not. However, due to the short half-lives of the daughter nuclei, the daughter nuclei will
not even have the chance to migrate away from the tumor. Consequently, the daughter
nuclei will deliver a high dose to the cancer cells as well, just like the 223Ra parent nucleus,
while only harming healthy cells in a limited way. [17].

The second solution, is the so-called nanogenerator approach where the alpha-emitting
source is internalized in the targeting tissue or even in the cancer cells themselves. Con-
sider for example the actinium isotope ?2?Ac. One of the daughter nuclei of ??*Ac is the
bismuth isotope 2!3Bi which can be extremely radiotoxic for the patient. This means the
distribution of ?!3Bi, and other daughter nuclei of 22Ac, in the body needs to be kept at

3TAT with 223Ra is a special case of TAT in the sense that no vector is required to carry the isotopes
to the cancer cells. 223Ra is a calcium homologue so it naturally targets the hydroxyapatite.
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a minimum. Hence, the radiopharmaceuticals containing 22° Ac make use of targeting vec-
tors that transport the radioactive #2°Ac inside the cancer cells. As a result, the daughter
nuclei will be contained inside the target tumor and thus maximizing their damage to the
cancer cells while minimizing their damage to healthy tissue [17, 18, 19].

Over the years, many (pre)clinical tests were performed taken the above-mentioned
considerations into account and it was concluded that 22Ac, 21'At, 212Bi, 213Bi, 2!2Pb,
22Ra, 2"Th and "9Tb showed the most potential for TAT [20, 21]. However, of the eight
alpha-emitting sources that are listed here, only ?23Ra is commercially available. The
radiopharmaceutical containing ***Ra is often better known as Xofigo and is utilized
for the treatment of castration-resistant prostate cancer with bone metastases [15, 21].
The remaining seven sources are currently not commercially available due to (1) the high
production costs and (2) the availability. Consequently, it is not possible to use these
alpha-emitting sources on a large scale for cancer treatment yet [19, 20]. Moreover, the
effects of the alpha-emitting sources or the recoiling daughter nuclei on cancer cells are
not yet fully understood and require further investigation. In this project, the focus will
be on the actinium isotope 22°Ac.

Actinium-225

The actinium isotope ??*Ac shows potential for the treatment of bladder and prostate
cancer, brain tumors (e.g., glioblastoma), neuroendocrine tumors and blood cancers (e.g.,
leukemia) [16, 22]. A more specific example of the potential of ?*Ac is demonstrated in
Figure 2.

A B Cc D

p Sea
¢ O )
4 0' . t
2x - 2x 1x
77Lu-PSMA : 225Ac-PSMA 225Ac-PSMA
: ‘
-
A 4 -
 J $
6/2015 9/2015 2/2016 4/2016
PSA =294 ng/ml PSA =419 ng/ml PSA =3.5 ng/ml PSA <0.1 ng/ml

Figure 2: An example illustrating the potential of *> Ac for metastatic cancer treatment.
The image shown here is a ®® Ga-PSMA-11 PET/CT scan of a patient that is diagnosed
with peritoneal carcinomatosis and liver metastasis first following " Lu-PSMA radionu-
clide therapy, then after * Ac-PSMA therapy. Figure obtained from [23].

A %Ga-PSMA-11 PET/CT scan of a patient diagnosed with peritoneal carcinomato-
sis* and liver metastasis is shown at different stages of treatment. At first, a conventional

4Peritoneal carcinomatosis is a form of cancer affecting the peritoneum. It is often the result of
colorectal, gastric or gynaecological tumors that have spread in the body of the patient [24].
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treatment was used where a 3~ -emitting source, ’"Lu, is attached to a prostate-specific
membrane antigen (PSMA) as targeting vector and is injected into the body of the pa-
tient. Unfortunately, the tumor kept growing and no improvement can be observed upon
comparing images A and B in Figure 2. In contrast, after applying a TAT treatment
with #25Ac, a clear improvement can be observed as can be seen in images C and D thus
indicating the potential of ?*5Ac.

However, even though the clinical trials with 22° Ac seem promising, further investiga-
tion is still required to make TAT with 2?° Ac commercially available. For example, further
investigation is necessary on the production side of 22*Ac such that larger quantities can
be produced at lower costs. On the other hand, there are also still some unanswered
questions on the radiobiology of TAT with ?2°Ac. For example, the radiobiological effects
of the recoiling daughter nuclei are not exactly known at this point. Nonetheless, it is
important to know this to a much greater precision. That way, a more accurate dose can
be delivered to the patient: An overestimation of the biological effects of the daughter
nuclei would result in a dose that is too small for an effective cancer treatment, while
an underestimation of the biological effects of the daughter nuclei would result in too
much damage to the healthy tissue. Hence, the main focus of this project will be on the
further development of a protocol that can be used to investigate the biological effects of
the recoiling ?2° Ac daughter nuclei by building on the work already established by Judith
Vankeirsbilck in her internship in 2021 [25], Viktor Van den Bergh’s master’s thesis in
2022 [2] and Nathan Meurrens’ honours project in 2023 [26].

The Goal of this Project

Judith Vankeirsbilck showed in 2021 during her internship at the Interdisciplinary Re-
search Group at the Institute for Nuclear and Radiation Physics (IKS) in Leuven that
it was not feasible from a practical point of view to measure the biological effect of the
recoiling daughters directly [25]. This conclusion was based upon numerous SRIM (Stop-
ping and Range of Tons in Matter) simulations. Hence, a different approach was required
to measure the dose delivered by the recoiling ?**Ac daughters in an indirect way. How-
ever, due to the fact that the total dose delivered to a patient is the sum of the dose
delivered by the emitted alpha particles and the dose delivered by the recoiling daughter
nuclei, the dose of the recoiling daughter nuclei can be measured in an indirect way by
subtracting the dose delivered by the emitted alpha particles from the total dose. As a
result, an experimental endeavour was born to measure the dose delivered by the recoiling
daughters of 22Ac. The endeavour consists of multiple steps: First, the dose delivered by
the emitted alpha particles will be investigated by externally irradiating cells embedded
in a hydrogel® with ??® Ac. The cells are embedded in hydrogels in order to mimic tissues
wn vitro. Next, in the second step, the cells will be embedded in a hydrogel containing the
225 Ac isotopes to measure the total dose delivered to the cells inside the gel. Finally, in the
third and last step, the total dose delivered will be remeasured where the 22°Ac isotopes
are attached to a targeting vector such that the radioactive isotopes will be brought to

SHydrogels are polymer networks in which the polymers are crosslinked with each other either chem-
ically (i.e., by covalent bonds) or physically (i.e., by van der Waals forces, electrostatic forces, hydrogen
bonds,...). The interstices in the polymer network of a hydrogel typically contain a considerable amount
of water that is bound to the polymers [27, 28].
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(or inside) the cells embedded in the hydrogel.

The first step of the above-mentioned experimental endeavour is currently in progress.
In 2022, in his master’s thesis, Viktor Van den Bergh laid the foundation of a protocol
to externally irradiate cells embedded in a hydrogel in order to experimentally determine
the cell viability after irradiation. Here the cell viability refers to the ratio of cells that
are alive after irradiation compared to the total number of cells, meaning that

# alive cells
# alive cells + # dead cells’

Cell viability = (4)
Once the cell viability is known, it can be correlated to the dose delivered by the emitted
alpha particles by using the Geant4 simulations developed by Nathan Meurrens in his
honours project in 2023 at the Interdisciplinary Research Group at the IKS in Leuven
[26].

The main focus of this thesis will be on the further development of the protocol devel-
oped by Viktor, which will be discussed in Part [. More specific, after having discussed
each step of the cell-irradiation protocol in detail in chapter 1, three shortcomings of the
protocol are identified near the end of this chapter. Hence, in chapter 2 and chapter 3,
these shortcomings are more thoroughly investigated and a solution will be provided.
Subsequently, in chapter 4, the results of two new cell-irradiation experiments will be
show and discussed that were performed by utilizing the modifications provided in chap-
ter 2 and chapter 3 to overcome these shortcomings. Lastly, in Part 11, the production of
radioactive isotopes that can be used for cell-irradiation experiments will be described.
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Development of a Cell-Irradiation
Protocol
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“Success is 1% inspiration, 98% perspiration, and 2%
attention to detail.”

Phil Dunphy — Modern Family

The Cell-Irradiation Protocol

The focus of this first chapter will be on the cell-irradiation protocol developed by Viktor
Van den Bergh to study the impact of alpha particles on cells. First, in section 1.1, an
introduction on and global overview of the protocol will be provided. Subsequently, each
step in the protocol will be discussed in detail starting in section 1.2 up to section 1.8.
In the end, the goal of the cell-irradiation protocol is to quantify the impact of the alpha
particles on cells in the subsequent days following irradiation by utilizing a Resazurin
assay. Hence, in section 1.9 after having discussed the entire protocol, a fluorescence
calibration will be provided. That way, the measured fluorescence intensities as function
of time obtained from the Resazurin assays can be converted to the amount of cells that
are alive after irradiation as a function of time. Lastly, in section 1.10, three shortcomings
of the cell-irradiation protocol discussed in this chapter will be addressed.

1.1 Overview of the Cell-Irradiation Protocol

Studying and understanding the effects of both the alpha particles and recoiling daughter
nuclei on cells is a complex endeavor. Hence, in vitro models are often utilized to mimic
human tissue such that the complexity of the entire biological system can be reduced to a
limited amount of aspects that can be probed in a controlled environment. Consequently,
the main challenge when devising in vitro models is to obtain a model that is sufficiently
complex to mimic real human tissue, yet simple enough such that the required aspects
can be probed in a controlled way [29].

Viktor Van den Bergh laid in his master’s thesis the foundation of an in vitro model
to externally irradiate cells to study the impact of alpha particles. The cells that were
utilized were Hela cells, which is a cell line derived from cervical cancer cells [30]. In this
model, the cells are embedded in a 1.5 mg/mL collagen hydrogel to mimic human tissue
due to collagen being the most abundant protein in the human body [31]. Moreover,
utilizing hydrogels also has a practical advantage as it allows to position HeLa cells in
the top layer of the gel, within reach of the alpha particles, through sedimentation. This
approach to position the cells in the top layer of the gel is more clearly shown in the

12
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overview in Figure 1.1 where the protocol developed by Viktor Van den Bergh in his
master’s thesis to prepare and irradiate the embedded cells is illustrated.
Solldlﬁcatlon

Sedlmentatlon
—
°C 5°C
37 °C

Figure 1.1: A schematic illustration of all the steps in the protocol developed by Viktor
Van den Bergh during his master’s thesis to externally irradiate cells that are embedded
i a hydrogel. The blue color indicates a solution, while the red color indicates a gel. The
cells are illustrated in green. Due to the limited range of alpha particles in air, the source
needs to be placed as close as possible near the gel.

(3)

The first step in the protocol is the preparation of a solution in which the to-be-
irradiated cells are embedded. The choice was made to prepare the gels with a concentra-
tion equal to 10° cells/mL such that the results of multiple irradiation experiments can
be compared to each other. A cell concentration equal to 10° cells/mL is also the most
commonly used cell concentration in wn-vitro experiments. However, the higher the cell
concentration, the harder the cell manipulations and the greater the impact of the cells
on the material in which they are embedded. For example, when a concentration near 107
cells/mL is reached, the properties of the material in which the cells are embedded start
to alter due to the high number of cells present. Subsequently, the cells inside the solution
will be externally irradiated with alpha particles. However, due to the limited penetration
depth of the alpha particles in the gel (i.e., & 50 um), the cells need to be in the top
layer because otherwise the alpha particles will not be able to reach them. Hence, before
the crosslinking inside the solution in which the cells are embedded is complete, and a
polymer network is formed such that a gel is obtained, the sample is flipped upside down
(step two) and placed inside a fridge at 4 °C - 5 °C. That way, due to the low temperature,
the crosslinking in the solution will be delayed such that the cells inside the solution are
able to sediment towards the bottom without being hindered by the crosslinks formed
(step three). After the cells are sedimented, the solution is taken out of the fridge and
placed inside an incubator at 37 °C to accelerate the crosslinking. Once the crosslinking
is complete and a gel is formed (step four), the sample is flipped upside-down again (step
five) and can be irradiated (step six) because now all cells will, in theory, be in the top
layer within reach of the alpha particles.

In the subsequent sections, each step in protocol illustrated in Figure 1.1 will be
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discussed in detail for a general hydrogel and will not be limited due to 1.5 mg/mL
collagen gels only. The reason for this is that the same steps can and were used in this
project for different hydrogels besides the 1.5 mg/mL collagen gels.

The first step in the protocol is the preparation of an initial cell solution that will be
used to prepare the hydrogels with. That way, a hydrogel with a concentration equal to
10 cells/mL can be obtained. More details on the preparation of this initial cell solution
will be given in the next section.

1.2 Preparation of the Cell Solution

The preparation of the initial cell solution always started from an existing HeLa cell cul-
ture, in a 25 cm? cell culture flask, that is obtained by following the steps described in this
section. The cell culture flasks that were used in this project, were made from transparent
polystyrene and consisted of a vented cap combined with a 0.22 pym hydrophobic filter.
The filter allows gas exchange, but reduces the risk of contamination to a minimum [32].

First, the nutrient medium already present in the flask is removed to dispose of cel-
lular waste products and dead cells. For further reference on the nutrient medium that
was used in this project, see Appendix A. Next, all sides of the flask, but especially the
bottom where the cells are located, are gently washed with 5 mL of Gibco"’s Dulbecco’s
phosphate-buffered saline (DPBS). DPBS is a balanced salted solution that maintains
both the pH and the structural and physiological integrity of cells such that the risk of
an osmotic shock is kept at a minimum [33, 34]. After removing the DPBS from the flask
as well, 250 uL of Gibco™s Versene solution is added. Versene is an ethylenediaminete-
traacetic acidic (EDTA) solution which removes calcium ions from adhesion proteins and
thus disrupts cell adhesion. The Versene solution that was utilized in this project con-
tained 0.2 g EDTA(Nay) per liter of phosphate-buffered saline (PBS) [35, 36, 37]. After
incubating the cell culture flask for 2 - 3 minutes at 37 °C to accelerate the effect of the
Versene, 5 mL of new nutrient medium (see Appendix A) is added to the flask. Sub-
sequently, the nutrient medium and the Versene inside the flask are roughly flushed by
pipetting the solution multiple times in and out the pipette to make sure all cells inside
the flask are detached from each other and from the bottom. Next, 5 mL of the cell
solution is removed from the flask:

e 4 mL of the cell solution is added to a new and empty plastic test tube. The cell
solution inside this tube will be used to prepare the gel.

e 1 mL of the cell solution is added to a new and empty cell culture flask together with
4 mL of the nutrient medium discussed in Appendix A. This new flask is placed
inside an incubator at 37 °C and will serve as the new cell culture flask to start from
for the preparation of a new initial cell solution.

Even when no experiment in particular was performed, the cells were split each week by
following the above-mentioned procedure.

When an irradiation experiment is performed, the concentration of the cell solution is
required such that the right amount of cell solution can be mixed with the gel solution
to obtain hydrogels with a concentration equal to 10° cells/mL. That way, the results of
multiple irradiation experiments can be compared to each other. In the next section it
will be explained how the cell concentration was determined.
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1.3 Determining the Cell Solution Concentration

To determine the cell solution concentration, a hemocytometer, as shown in Figure 1.2,
was used.

(a)

(b)

Figure 1.2: A top view image and an illustration of the cross section of the hemocytome-
ter that was used in this project. The small red rectangle in (b) indicates a cover glass
that is placed on top of the hemocytometer.

In the middle of the hemocytometer, on top of the plateau indicated in blue in Fig-
ure 1.2b, two identical 3 mm x 3 mm squares are engraved of which one is utilized to
determine the cell concentration of the solution. An illustration of a single 3 mm x 3 mm
square is given in Figure 1.3 [38, 39].
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Figure 1.3: [llustration of a 3 mm x 3 mm grid engraved in the middle of the hemocy-
tometer that was used to determine the concentration of the cell solution.

Each 3 mm x 3 mm grid consists of

e four 1 mm x 1 mm grids which on their turn are made out of sixteen 0.25 mm X
0.25 mm grids (indicated in white in Figure 1.3) [38, 39].

e four 1 mm x 1 mm grids which on their turn are made out of twenty 0.25 mm X
0.20 mm grids (indicated in red in Figure 1.3) [38, 39].

e one 1 mm x 1 mm grid which is made out of twenty-five 0.20 mm x 0.20 mm grids.
Each 0.20 mm x 0.20 mm grid is on its turn made out of sixteen 0.05 mm x 0.05
mm grids (indicated in blue in Figure 1.3) [38, 39].

When pipetting 10 plb of a solution into one of the grooves indicated in green in Fig-
ure 1.2b, the entire volume between the plateau indicated in blue and the cover glass
indicated in red will be filled as a result of capillary action [39]. The distance between
the small plateau and the cover glass is exactly 0.1 mm. Hence, the cell solution volume
above any square in the grid illustrated in Figure 1.3 can exactly be calculated. The
solution that is pipetted into one of the grooves indicated in green in Figure 1.2b will be a
ten-times diluted version of the cell solution in the plastic test tube. That way, less cells
need to be counted to obtain the concentration.

The next step is the cell counting using a microscope. HeLa cells typically have a
radius approximately equal to 10 ym [40, 41]. Hence, only the white squares in Figure 1.3
will be considered to count the cells because the blue squares or red rectangles would be
too small to count appropriately. The small blue squares in the grid are typically used
for smaller cells such as, for example, bacterial cells which have approximately a radius
equal to 1 pm [41].

As a rule of thumb, only the cells located inside and on the upper or right side of the
0.25 mm x 0.25 mm square were considered. For example, seven cells can be seen either
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inside the square or on one of the edges in the illustration shown in Figure 1.4. In this
example, only the cells indicated in red and blue would be counted, meaning that this
square only contains five cells, not seven.

Figure 1.4: Illustration of a 0.25 mm x 0.25 mm grid where seven cells can be seen either
inside the square or on one of the edges. Applying the rule of thumb in this example, only
five cells are counted, not seven.

Subsequently, the number of cells in each of the white squares were counted and a
mean value N was determined. The uncertainty associated to N was the greatest of
the standard error on the mean of the four calculated values, or the error on the mean
calculated assuming Poisson statistics.

Finally, due to the fact that the distance between the plateau indicated in blue and
the coverglass indicated in red in Figure 1.2b is equal to 0.1 mm as stated earlier, the
total cell solution volume above a single white 1 mm x 1 mm square is equal to 0.1 mm?.

Hence, the total cell concentration of the solution can be calculated as

N -
# cells/mL = 0 1d cells/mm?

: (1.1)
= N -d- 10" cells/mL.

As stated earlier, the cell solution was diluted ten times hence d = 10 in this project.

1.4 Sample Preparation

Once the initial cell solution is ready and its concentration is known, four samples were
prepared in total: Two samples that will be irradiated and two control samples. The
reason why two additional control samples are required, is to make sure the cells inside the
gel are dying due to alpha irradiation and not due to external causes such as for example
dehydration. All four samples were prepared in a Teflon holder shown in Figure 1.5.
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(b) (c)

Figure 1.5: Pictures illustrating the two parts of the Teflon holder. The front and back
of the larger part is shown in respectively (a) and (b). The smaller part, which fits on top
of the larger part, is shown in (¢). The dashed white square indicates where a 170 micron
thick glass slide is placed when assembling the Teflon holders (see subsection 1.4.1).

1.4.1 Cell Sedimentation

The first step in the sample preparation, is to place a small, square and 170 micron thick
glass slide on the dashed, white square that is indicated in Figure 1.5c. The larger part
of the Teflon holder, shown in Figure 1.5a and Figure 1.5b, is then placed on top of the
smaller part such that the glass slide is located in between both parts of the holder. Next,
both the larger and smaller part are turned upside down such that three small screws can
be inserted in the three holes visible in Figure 1.5c. The three screws are then tightened
to make sure the larger and smaller part of the Teflon holder are firmly attached to each
other with the glass slide in between them. In the next step, the Teflon holder is again
turned upside down such that the four small holes in the middle (see Figure 1.5b) are
visible when observing the Teflon holder from above. Once all four Teflon holders are
assembled in this way, the gel solution is mixed with part of the initial cell solution (see
section 1.2) such that a total concentration of 10° cells/mL is obtained. Throughout this
project, four different hydrogels were prepared, each in a different way depending on the
experiment. Hence, more details on the gel preparation will be provided when each of
the experiments are discussed in detail'. Subsequently, through the four small holes in
the larger part of the Teflon holder, part of the gel solution mixed with the initial cell
solution is pipetted into the holder in two steps: First, 100 L is pipetted into one of the
four small holes which mainly fills the volume enclosed by the small glass slide and the
larger part of the Teflon holder underneath the four holes. Secondly, an additional 100
L is added on top to make sure each of the four holes is covered. In the next step, a
plastic cover is placed on top of the Teflon holders such that they can be placed inside a
fridge at 4 °C - 5°C. An illustration of the sample after placing it in the fridge is given in
Figure 1.6.

!This will be in section 1.10, where the gel preparation will be discussed in subsection 1.10.1, and in
chapter 2 where the gel preparation will be discussed in subsection 2.4.1.
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Figure 1.6: Top view of a Teflon holder that has been placed in the fridge after pipetting
100 pL of the solution in one of the holes, an additional 100 puL on top of the holes and
placing a plastic cover on top of it. That way, the cells embedded in the hydrogel solution
can sediment towards the glass slide in between both parts of the holder without being
hindered by the crosslinks formed. The pink dot at the center of the image is the 100 uL
that was pipetted on top to cover all four holes.

At this point in the sample preparation, the solution pipetted in the Teflon holder
is still a liquid. The Teflon holders remain in the fridge at 4°C - 5°C for 1.5 hours to
delay the crosslinking, allowing the cells to sediment towards the bottom (i.e., towards
the glass slide in between the larger and smaller part of the Teflon holder). The less
crosslinks formed in the gel, the better the cell sedimentation. If the cell sedimentation is
unsuccessful, and the cells are as a consequence not positioned in the bottom layer near
the glass slide, the alpha particles would not be able to reach the cells inside the gel due
to their limited range.

After 1.5 hours refrigeration, the Teflon holders are placed inside an incubator at 37 °C
for an additional 1.5 hours. That way, the crosslinking inside the solution is accelerated
such that a gel is formed.

1.4.2 Before Irradiation

Once the gels remained in the incubator for 1.5 hours, two additional steps need to be
taken to make sure the cells are (1) within reach of the alpha particles and (2) do not
dehydrate while being irradiated.

First, the samples need to be flipped upside down such that the three small screws are
again visible from above. That way, 8 mL of the nutrient medium discussed in Appendix A
can be added into the upside-down plastic cover to make sure the cells in the gel do not
dehydrate while being irradiated. In a subsequent step, the three screws are removed
from the to-be irradiated sample together with the smaller part (i.e., the part shown in
Figure 1.5¢). Once the smaller part is removed, the small glass slide in between both
parts of the Teflon holder is carefully removed as well using tweezers. In theory, all cells
sedimented towards the bottom (i.e., near the small glass slide) as a consequence of placing
the Teflon holders in the fridge, meaning that the cells should be in the top layer of the
gel once the sample is turned upside down and the glass slide is removed. An illustration
of the sample and a close up of the gel are shown in Figure 1.7.
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Figure 1.7: The illustration in (a) shows the larger part of the Teflon holder that is
placed in nutrient medium (indicated in blue) to avoid cell dehydration. An illustration of
how the cells (indicated in green) should be positioned in the gel (indicated in red) after
sedimentation is shown in (b). Both images only serve as an illustration and are not
drawn to scale.

Both the control sample and the sample that will be irradiated are placed in 8 mL of
nutrient medium, but only the glass slide and smaller part of the to-be-irradiated sample
are removed because otherwise the alpha particles will not be able to reach the cells due
to the presence of the glass slide. Both of these parts are not removed from the control
sample to avoid cell dehydration.

1.5 Experimental Setup

Both samples are ready for an irradiation experiment once the glass slide and smaller part
of the holder are removed from the to-be-irradiated sample and both samples are placed
in 8 mL of nutrient medium.

The experimental setup that was used in this project to irradiate all samples, was
the Direct Irradiation with Alphas on Cells (DIRAC) setup developed in Viktor Van den
Bergh’s master’s thesis [2]. A picture and an illustration of the setup is respectively shown
in Figure 1.8a and Figure 1.8b. In each experiment, the source was brought as closely as
possible to the gel.
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Figure 1.8: A picture and an illustration of the DIRAC setup showing both the irradiated
sample and the control sample. In the illustration in (b), the gel is indicated in red, the
nutrient medium in blue, the ' Am source in orange and the small glass slide in between
the smaller and larger part of the Teflon holder is indicated in green in the control sample.
However, in reality, both the gel and the nutrient medium share the same color. Hence,
in order to distinguish both of them in the illustration in (b), the nutrient medium is
deliberately indicated in blue while in the picture in (a) the nutrient medium has a red
color. The image in (b) only serves as an illustration of the setup and is not drawn to
scale.

The plastic foil wrapped around the setup, as shown in Figure 1.8a, is to make sure
cell dehydration is kept at a minimum, yet maintaining a limited air flow in order to
avoid condensation on the source. As indicated in Figure 1.8b, an **'Am? source was
used to irradiate the gels instead of an #2°Ac source. The reason for this is due to the
availability and convenience of handling semi-open ! Am sources. That way, there is no
extra hazard of recoiling daughters that should be taken into account. However, due to
the fact that the main goal of this project is the optimization and further development of
the cell-irradiation protocol, it does not make a difference whether an ??*Ac source or an
241 Am source is used in this stage of the project.

The ?*!Am americium isotope decays by alpha decay with the two most intense al-
pha particle energies being 5485.560(120) keV and 5442.800(130) keV with intensities
84.80(50)% and 13.10(30)% respectively. However, as a result of the decay of **'! Am, not
only alpha particles are emitted, but low-energy gamma rays are emitted as well. The
two most prominent low-energy gamma rays have energies of 13.9 keV and 59.5409 keV?

2The same 24! Am source was used for each cell-irradiation experiment throughout this project. This
source had an initial activity of 8010 Bq on 30/11/2022.
3The reference that was consulted did not mention an uncertainty on these two energy values [42].
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with an intensity respectively equal to 37.10(30)% and 35.90(40)% [42].

1.6 Procedure After Irradiation: The Resazurin As-
says

In each cell-irradiation experiment, one sample was irradiated for one hour and one sample
for thirty minutes such that the impact of different irradiation times on the cells could
be probed as well. Both irradiations were performed back-to-back. The first sample was
irradiated for one hour. After irradiation, both gels from the irradiated and control sample
were carefully removed from the Teflon holder and were then added to a different well of
a twelve-well plate, made from transparent polystyrol, containing 1 mL of the nutrient
medium discussed in Appendix A. Well Al, as indicated in Figure 1.9, contains the gel
that was irradiated for one hour. Well A2 contains the gel that served as a control during
the irradiation that lasted for one hour.

C
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Figure 1.9: Illustration of the twelve well plate that was used to store each gel after irra-
diation. Well A1 and A2 both contain 1 mL of nutrient medium together with respectively
the gel that was irradiated for one hour and the corresponding control gel. After irradiat-
ing the second sample, the nutrient medium was removed from both these wells such that
1 mL of a ten-times diluted Resazurin solution could be added to each well in either red or
blue to perform the Resazurin assays. The gel that was irradiated for thirty minutes and
the corresponding control sample were then added to respectively well A3 and A4. The
well indicated in blue only contains 1 mL of the ten-times diluted Resazurin solution and
serves as a reference.

The twelve-well plate, containing both gels, was then placed inside an incubator at 37
°C. Subsequently, the second sample and the corresponding control sample were prepared
as described in subsection 1.4.2 such that the second sample could be irradiated for thirty
minutes. Once the second sample is irradiated for thirty minutes, the nutrient medium
from wells A1 and A2 is carefully removed using a pipette without removing the gel inside
the wells. Subsequently, 1 mL of a ten-times diluted Resazurin solution with FluoroBrite',
required for the Resazurin assays that will be discussed in the next paragraph, is added to
wells A1, A2, A3, A4 and Bl afterwards. The gel that was irradiated for thirty minutes
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was then added to well A3 and the control sample corresponding to this measurement was
added to well A4. Well B1, the one indicated in blue in Figure 1.9, served as a reference.
It only contained 1 mL of the Resazurin solution but no irradiated gel nor a gel that
served as a control.

Resazurin is a poorly fluorescent dye, but metabolic active cells reduce Resazurin to
the highly fluorescent dye Resorufin [43]. Consequently, the more cells alive in a gel, the
more Resazurin will be reduced to Resorufin. The number of cells in a gel is proportional
to the amount of Resorufin. Moreover, each amount of Resorufin contributes to the
total fluorescence intensity. Hence, the higher the amount of Resorufin, the higher the
fluorescence intensity, meaning the amount of Resorufin is also expected to be proportional
to the fluorescence intensity. In conclusion, it is found that the amount of cells alive in a
gel is proportional to the measured fluorescence intensity:

# Alive cells « Amount of Resorufin (12)
o Fluorescence intensity. ‘

Once the ten-times diluted Resazurin solution is added, the twelve-well plate shown in
Figure 1.9 is placed inside an incubator at 37 °C for three hours in order to accelerate the
conversion of the poorly fluorescent dye Resazurin to the highly fluorescent dye Resorufin
by metabolic active cells. Once the twelve-well plate remained in the incubator for three
hours, three times 100 pL is pipetted out of each well into a new 8 x 12 microplate as
indicated in Figure 1.10. The microplate that was used for this project was a Greiner 96
microplate made from transparent polystyrol.

1 2 3 4 5 6 7 8 9 10 11 12
Al @ @€ 0O O O O O O O O O
Ble @€ @€ @€ O O O O O O O O
cle @€ @€ @€ O O O O O O O O
pe @€ @ @€ 0O O O O O O O O
EflO O O O O 0O 0O 0O O O O O
FIO O O O O O O O O O O O
G|l O O O 0O 0O 0O O 0 0o O O
HO O O O 0O 0O 0O 0O 0O O O O

Figure 1.10: [llustration of the 8 x 12 microplate that was used to measure the fluores-
cence intensity. Fach well indicated in either red or blue contains 100 L from a well in
Figure 1.9.

First, 100 uL of the solution in well B1 from the microplate illustrated in Figure 1.9
is pipetted in wells A1, A2 and A3 from the microplate shown in Figure 1.10. Next,

e 100 pL of the solution in well A1 from the microplate illustrated in Figure 1.9 is
pipetted in wells B1, C1 and D1 from the microplate shown in Figure 1.10,

e 100 pL of the solution in well A2 from the microplate illustrated in Figure 1.9 is
pipetted in wells B2, C2 and D2 from the microplate shown in Figure 1.10,
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e 100 pL of the solution in well A3 from the microplate illustrated in Figure 1.9 is
pipetted in wells B3, C3 and D3 from the microplate shown in Figure 1.10,

e 100 pL of the solution in well A4 from the microplate illustrated in Figure 1.9 is
pipetted in wells B4, C4 and D4 from the microplate shown in Figure 1.10.

Subsequently, the fluorescence intensity of each well was measured using a fluorometer.
The fluorometer emitted ten flashes of light with a wavelength equal to 540 nm (and a
bandwidth of 9 nm). Part of the emitted photons were then absorbed by the solution
in the wells which resulted in the emission of fluorescence photons with a wavelength
equal to 590 nm (and a bandwidth of 20 nm). For further reference on fluorescence,
fluorescence photons and the associated bandwidth, see Appendix B. The measured
fluorescence intensity of the three wells corresponding to each of the prepared samples,
and the blanco, where then combined into a single mean value. A statistical uncertainty
was then deduced by calculating the standard deviation divided by the square root of
three (i.e., the number of repeated measurements).

The remaining Resazurin solution in each well of the twelve-well plate was removed
afterwards using a pipette and 1 mL of the nutrient medium discussed in Appendix A
was added instead to each well that contained a Resazurin solution. The well plate was
then placed in an incubator at 37 °C. In the subsequent days following irradiation, the
same procedure can be repeated multiple times to probe the impact of the alpha particles
on the cells over time, as indicated in the overview shown in Figure 1.11.

Remove nutrient A L I ; L
medium dd 1 m ncubate for 3
. Resazurin at 37 °C
(Start)
Add new . Add 3 x 100 pL
nutrient medium Remove remain-
. — . ) — from each well
+ incubate ing Resazurin . .
into a microplate
at 37 °C

Measure
fluorescence
intensity

Figure 1.11: An overview illustrating the required steps to perform the Resazurin assays.
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1.7 Summary of the Cell-Irradiation Protocol

The Resazurin assays discussed in the previous section conclude the cell-irradiation pro-
tocol. A flowchart summarizing each step in the protocol discussed in this chapter is

provided in Figure 1.12.

Preparation of
initial cell solution

(see section 1.2)

Sedimentation
(90 minutes at

4°C -5 °Q)

Solidification
(90 minutes

at 37 °C)

Determination
of cell solution

concentration

(see section 1.3)

Pipetting gel solution
in Teflon holders

(see subsection 1.4.1)

Preparation of second
control and to-be

irradiated sample

(see subsection 1.4.2)

Irradiation for

thirty minutes

Preparation of first
control and to-be

irradiated sample

(see subsection 1.4.2)

Assembly of
Teflon holders (see

subsection 1.4.1)

Preparation of gel
solution and initial
cell solution mixture

(108 cells/mL)

Irradiation

for one hour

Placing control and
irradiated gel in

incubator (at 37 °C)

Removal of nutrient
medium from
first control and

irradiated gel

Addition of nutrient
medium to control
and irradiated gel

(see section 1.6)

Addition of 10x
diluted Resazurin
to all gels (see

section 1.6)
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Removal of re-
maining Resazurin

(see section 1.6)

Fluorescence intensity
measurement

(see section 1.6)

Addition of new
nutrient medium

(see section 1.6)

Incubation at 37 °C

_ assay in subsequent

Incubation at 37

°C for three hours

Repeat Resazurin

days (see section 1.6)

Figure 1.12: A flowchart summarizing each step in the cell-irradiation protocol.

1.8 Expected Results

Once multiple Resazurin assays are performed, and thus the fluorescence intensity of both
the irradiated and control gels are probed over time, a graph similar to the one illustrated
in Figure 1.13 is expected after approximately eight or nine days.

\
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Control gel

[rradiated gel

\

4
Time

Figure 1.13: Illustration of the expected result after an irradiation experiment. The time
t = 0 corresponds to the day the irradiation experiment was performed.

HeLa cells typically divide every 22 hours, meaning every 22 hours the amount of HeLa
cells in each sample doubles [44]. The cell growth over time can thus mathematically
be described with exponential growth. However, the amount of cells cannot increase
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indefinitely due to the limited nutrient medium and space available. Consequently, after
a finite amount of time the total number of cells in each sample will start to saturate
[45]. At t = 0, a difference in fluorescence intensity is expected due to the direct damage
caused by the alpha particles. The cells inside the gel of the control sample were not
damaged and thus will keep dividing in the days following the irradiation experiment
until saturation is reached. As a result, the measured fluorescence intensity is expected to
keep increasing as well until saturation is reached. The fluorescence intensity measured
from the irradiated gel, on the other hand, will not immediately increase as a consequence
of the cells attempting to repair non-lethal damage caused by the alpha particles. It is
even possible for the fluorescence intensity to slightly drop after the first day due to
irreparable damage. However, afterwards, once the non-lethal damage is repaired or the
cells died, the remaining cells in the irradiated sample will start dividing as well resulting
in an increase in fluorescence intensity until the same saturation level is reached. The
same saturation level is expected for both the control and irradiated gel because the same
amount of nutrient medium is added to both each time a Resazurin assay is performed
(see Figure 1.11) and the cells also have the same amount of space available in both gels.

1.9 Fluorescence Intensity Calibration

Once multiple Resazurin assays are performed, and a graph similar to the one in Fig-
ure 1.13 is obtained, a fluorescence calibration will be required. That way, the fluores-
cence intensities as function of time obtained from the Resazurin assays can be converted
to the amount of cells that are alive after irradiation as a function of time. The required
fluorescence calibration will be discussed in more detail in the subsequent subsections.

1.9.1 Preparation of the Initial Cell Solution

The calibration is obtained by making use of a serial dilution of which the fluorescence
intensity is measured after three hours incubation with Resazurin. The first step in
the preparation of the serial dilution is an initial cell solution obtained by following the
steps given in section 1.2. However, there was one slight change near the end of the
procedure described in this section: Instead of removing 4 mL of the cell solution from
the flask, 5 mL of the solution was removed and added to a new and empty plastic test
tube. Subsequently, the concentration was determined by making use of the procedure
described in section 1.3 such that a value equal to 2.52(26) x 10° cells/mL was obtained.
In order to increase the concentration even more, the cell solution was centrifuged for five
minutes at 1500 rounds per minute. Afterwards, 3 mL of the solution was removed from
the top, meaning the cell concentration of the remaining 2 mL solution in the test tube
was equal to

5 mL
% £ 2.52(26) x 10° cells/mL = 6.31(70) x 10° cells/mL. (1.3)
m

The remaining 2 mL solution having a cell concentration equal to 6.31(70) x 10° cells/mL
served as the initial cell solution from which the dilution series was prepared.
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1.9.2 Preparation of the Serial Dilution

To obtain the dilution series required for the fluorescence calibration, a 8 x 12 microplate,
as illustrated in Figure 1.14, was used. The microplate was a Greiner 96 microplate, made
from transparent polystyrol.

1 2 3 4 5 6 7 8 9 10 11 12
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El®e @€ @€ O @€ @ ¢ O O O O O
rFrre @€ @€ O @€ @€ ®8 O O O O O
G|l @ @€ O @€ ®@¢ @8 O O O O O
He @€ @€ O @€ @& @8 O O O O O

Figure 1.14: Top view llustration of the 8 X 12 microplate that was used for the serial
dilution. The wells indicated in red are part of the serial dilution and thus contain cells,
while the wells indicated in blue only contain FluoroBrite" and serve as a reference.

First, each well indicated in either red or blue in Figure 1.14 was filled with 100
uL of FluoroBrite". The nutrient medium discussed in Appendix A and the FluoroBrite"
solution are almost identical to each other except for one key difference: The FluoroBrite "
does not contain any phenol red, while the nutrient medium does. Consequently, using
FluoroBrite" for determining the calibration curve results in less fluorescence background
noise compared to the nutrient medium discussed in Appendix A. Next, 100 uL of the
6.31(70) x 10° cells/mL solution was pipetted into well B1. Both the FluoroBrite" present
in the well and the cell solution were then thoroughly mixed by pipetting the solution
fifteen times in and out the pipette. Subsequently, 100 L of the solution in well B1 was
pipetted in well C1. The solution was again pipetted fifteen times in and out the pipette
in order to thoroughly mix the solution. Next, 100 pL of the solution in well C1 was
pipetted in well D1, etc. This process was repeated each time starting from well B1 up
until well H1. From well H1, 100 uL. was pipetted into well A5 and the same procedure
was repeated up until well H5. In total, three identical serial dilutions were prepared
using the procedure explained above:

1. Starting in well B1 up until well H1, continuing in well A5 up until well H5,
2. Starting in well B2 up until well H2, continuing in well A6 up until well H6,

3. Starting in well B3 up until well H3, continuing in well A7 up until well H7.

The main advantage of this technique is that by pipetting 100 pL of the previous well in
the subsequent well, the concentration of the cells is each time reduced by a factor two.
This was done several times to allow the fluorescence of a range of cell concentrations to be
measured. The three wells indicated in blue (A1, A2 and A3) only contain FluoroBrite",
no cells, and served as a reference. A summary of the cell concentration in each well
indicated in either red or blue in Figure 1.14 is given in Table 1.1.
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Table 1.1: Summary of the cell concentration in each well indicated in either red or blue

m Figure 1.14.

Wolls Cell [Zzﬁ§?$£?tion Wolls Cell [Zzﬁszlr’f{?tion
Al, A2, A3 0 A5, A6, AT 2.47(26) x 10*
B1, B2, B3 3.16(33) x 10° B5, B6, B7 1.233(130) x 10*
C1, C2, C3 1.578(160) x 10° C5, C6, C7 6.16(60) x 10°
D1, D2, D3 7.89(80) x 10° D5, D6, D7 3.08(32) x 10°
El, E2, E3 3.95(40) x 10° E5, E6, E7 1.541(160) x 10®
F1, F2, F3 1.97(21) x 10° F5, F6, F7 7.70(80) x 102
G1, G2, G3 986(100) x 107 G5, G6, G7 3.90(40) x 102
H1, H2, H3 4.93(50) x 10* H5, H6, H7 1.93(20) x 102

The well plate was then placed for two hours in the incubator at 37 °C to make
sure all cells inside the solution are able to sediment towards the bottom of the plate.
Subsequently, after removing 100 puL from each well, 100 uL of a ten-times diluted Re-
sazurin solution with FluoroBrite" was added to each well using a pipette. The amount
of cells is proportional to the cell concentration. Hence, a linear relation between the cell
concentration and the fluorescence intensity is expected as well (see Equation 1.2).

1.9.3 Results: The Calibration Curve

Once the well plate incubated for three hours at 37 °C, the fluorescence intensity of each
well was determined using a fluorometer in a similar way as explained in section 1.6. The
measured fluorescence intensity of each well is summarized in Table 1.2 and is given in
arbitrary units (a.u.). The higher the number, the more fluorescence photons emitted by
the cell solution in the wells were detected.

Table 1.2: Summary of the measured fluorescence intensity of each well that was indicated
in either red or blue in Figure 1.14. The intensities for each well are given in arbitrary
units.

1 2 3 5 6 7
A | 278 | 269 | 284 | 928 | 1194 | 1392
B | 7723 | 7923 | 8518 | 612 | 468 | 342
C | 7993 | 8021 | 7715 | 470 | 413 | 347
D | 7312 | 7451 | 7038 | 371 | 279 | 328
E | 6118 | 6369 | 5865 | 345 | 316 | 278
F | 3704 | 3284 | 3373 | 305 | 305 | 303
G | 2499 | 2322 | 2102 | 310 | 302 | 279
H | 1424 | 1304 | 1364 | 302 | 289 | 295
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The fluorescence signal of each dilution series was normalised to each of the control
samples in wells A1, A2 and A3 respectively to correct for background noise, such as for
example fluorescence photons emitted by the FluoroBrite".

As discussed in subsection 1.9.2, three identical serial dilutions were prepared. Hence,
as is also shown in Table 1.1, the cell concentration in wells B1, B2, B3 are all equal, the cell
concentration in wells C1, C2, C3 are all equal, etc. In order to associate a fluorescence
intensity to these cell concentrations, the average measured fluorescence intensity was
calculated for each well with equal cell concentration. The results are summarized in
Table 1.3.

Table 1.3: Summary of the average fluorescence intensity of each well that was indicated
i either red or blue in Figure 1.14. The given intensities are normalized and thus dimen-
sionless quantities.

Wells Avera;gr(itilrlllsoitt“;a’scence Woells Avera;gstgrlllsoii;scence
Al, A2, A3 1 A5, A6, A7 4.23(40)
B1, B2, B3 29.08(50) B5, B6, B7 1.72(24)
C1, C2, C3 28.58(60) C5h, C6, C7 1.483(110)
D1, D2, D3 26.26(70) D5, D6, D7 1.176(70)
El, E2, E3 22.11(70) E5, E6, E7 1.132(60)
F1, F2, F3 12.47(40) F5, F6, F7 1.0993(160)
G1, G2, G3 8.34(40) G5, G6, G7 1.073(40)
H1, H2, H3 4.924(80) H5, H6, H7 1.0665(120)

The uncertainties associated to the values in Table 1.3 are statistical uncertainties
which were determined by calculating the standard deviation divided by the square root
of number of repeated measurements, which is equal to three in this case.

Finally, when combining the results in Table 1.1 and Table 1.3, the fluorescence cali-
bration curve shown in Figure 1.15 is obtained.
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Figure 1.15: The fluorescence calibration curve. The fluorescence intensity expressed on
the vertical axis in each graph is the average fluorescence intensity shown in Table 1.5.
The cell concentration (in cells/mL) expressed on the horizontal axis is shown in Table 1.1.
The region in blue indicates the uncertainty on the fit due to the fitparameters. The vertical
dashed blue line indicates the expected cell concentration when performing the Resazurin
assays during the cell-irradiation experiments. Both graphs in (a) and (c) show each data
point, while the graphs in (b) and (d) show a close-up of the region of interest. The
horizontal axis in (c¢) and (d) is a logarithmic scale.

As a result of the steps taken in the preparation of the serial dilution, the cell con-
centration on the horizontal axis is thus defined as the number of cells per mL of the
total volume. That way, by utilizing the cell concentration instead of the amount of cells
in the fluorescence calibration, the impact of the available Resazurin on the measured
fluorescence intensity is taken into account as well. Consequently, when utilizing the fluo-
rescence calibration for the cell-irradiation experiments, the cell concentration is expected
to be near

0.08 - 10° cells
80 4L + 1 mL

as a result of adding approximately a 80 uL gel with a cell concentration equal to 10°
cells/mL into a well containing 1 mL of Resazurin. This value is indicated with the dashed
blue line in Figure 1.15 and is within the linear region.

Due to the proportionality relation between the cell concentration and the measured
fluorescence intensity, a linear function of the form

~ 74074 cells/mL (1.4)

y=oazr+b (1.5)

was proposed to fit the data. However, this linear relation is only valid if no saturation
occurs. An equal amount of Resazurin was added in each well, but whenever the cell
concentration in a well is too high, only a limited number of cells have access to the
available Resazurin whereby only a limited number of cells can reduce the Resazurin to
Resorufin. Hence, the number of cells will not be proportional anymore to the amount
of Resorufin if the cell concentration is too high. Consequently, the five data points in
Figure 1.15a (and Figure 1.15¢) where the concentration is the highest were not taken
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into consideration for the linear fit due to the fact that for these concentrations saturation
can be observed. At the end of this section, more details are provided to argue why it
was justified to remove these five data points to obtain the fit.

The data in Figure 1.15 was fit using the Python package Orthogonal Distance Regres-
sion (scipy.odr) [46] in order to take both the uncertainties on the cell concentration
and the average fluorescence intensity into account. The values of a and b in the linear
model in Equation 1.5 were respectively found to be equal to 7.83(68) x 107> mL/cells
and 1.0446(123). The associated reduced x?-value is equal to 2.13, indicating the fit and
the data are almost in agreement with each other [47]. The relative residuals, (i.e., the
residuals expressed in units of standard deviations) corresponding to the fit in Figure 1.15
are shown in Figure 1.16.
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Figure 1.16: Plot of the relative residuals as function of the cell concentration (in cell-
s/mL). The horizontal blue line indicates when the residuals are equal to zero. Both
horizontal red lines indicate when the residuals are equal to three or minus three standard
deviations. Only the residuals corresponding to data points used for the fit in Figure 1.15
are shown here. The vertical dashed blue line indicates the expected cell concentration
when performing the Resazurin assays in the cell-irradiation experiments. Both graphs in
(a) and (b) show the same residuals, but the horizontal axis in (b) is a logarithmic scale.

Except for one residual, at a cell concentration near 0.25x10° cells/mL, all residuals are
smaller than three standard deviations and larger than minus three standard deviations.
Hence, the residual near 0.25 x 10° cells/mL in Figure 1.16 could explain the slightly
high reduced x2-squared value. With the residuals shown in Figure 1.16, a more rigorous
justification can be provided for not taking the five data points with highest concentration
into consideration for the fit. More specific, in Figure 1.17, the same residuals from
Figure 1.16 are shown. However, one additional residual was added as well: The residual
corresponding to the data point with the smallest concentration out of the five data points
with highest concentration that were left out to obtain the fit (i.e., the data point with a
concentration near 2 x 10° cells/mL in Figure 1.15). The residual corresponding to this
data point indicates a value near minus eleven standard deviations. This clearly indicates
a deviation from the linear fit due to saturation which justifies not considering this data
point for the fit. Moreover, due to the fact that the remaining four data points are even
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further away from the linear fit, as can be observed in Figure 1.15, it was justified to not
take these four data points into consideration either.
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Figure 1.17: Plot of the relative residuals as function of the cell concentration (in cell-
s/mL) from Figure 1.16 with the addition of the residual corresponding to the data point
near 2 x 105 cells/mL in Figure 1.15. The horizontal blue line indicates when the residuals
are equal to zero. Both horizontal red lines indicate when the residuals are equal to three or
minus three standard deviations. The vertical dashed blue line indicates the expected cell
concentration when performing the Resazurin assays in the cell-irradiation experiments.
Both graphs in (a) and (b) show the same residuals, but the horizontal axis in (b) is a
logarithmic scale.

1.10 Shortcomings of the Cell-Irradiation Protocol

Once multiple irradiation experiments are performed by utilizing the cell-irradiation pro-
tocol discussed in this chapter, and thus multiple graphs similar to the one in Figure 1.13
are obtained, the time can be determined at which the difference in number of cells alive
in the control sample compared to the number of cells alive in the irradiated sample is
the largest. It will be at this time that in a later stage of the experimental endeavor the
cell viability will be determined. However, the existing cell-irradiation protocol described
in this chapter has some shortcomings that will be addressed in the remainder of this
section.

1.10.1 2.0 mg/mL Collagen Gel Preparation

By following the steps of the cell-irradiation protocol described in section 1.2 up to sec-
tion 1.7, a first irradiation experiment was performed. The hydrogels that were used
for this irradiation experiment were collagen gels, which were prepared in a similar way
compared to the gels that Lens Dedroog and Olivier Deschaume prepared in Viktor Van
den Bergh’s master’s thesis [2]. However, one change was made: In Viktor’s thesis the
collagen hydrogels were prepared using a 1.5 mg/mL collagen solution. The gels turned
out to be very fragile and easily damaged resulting in unwanted cell death. Hence, in
order to create a stronger and stiffer hydrogel, a 2.0 mg/mL collagen solution was used
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instead in this project [2].*
In order to prepare the collagen solution, four ingredients were utilized:

e A 6 mg/mL collagen type I stock solution of bovine origin,
e A 0.1 M NaOH solution,
e The nutrient medium discussed in Appendix A,

e The cell solution that was obtained by following the protocol discussed in section 1.2
of which the cell concentration is known.

First, the collagen stock solution needs to be diluted three times. Moreover, the stock
solution is typically acidified with acetic acid and thus needs to be neutralized as well
using the 0.1 M NaOH solution to obtain a neutral pH equal to 7.4(1) [48]. If the pH
of the gel is too low, the cells will not be able to survive in it. As a rule of thumb to
neutralize the collagen stock solution, 10 pL of a 0.1 M NaOH solution was added for
each 66.66 L collagen stock solution.

When preparing the samples for the irradiation experiments, typically 600 L of the
collagen-gel solution is required in order to prepare two samples. As a result, 200 uL
of the collagen stock solution and 30 pL of the 0.1 M NaOH solution is required. The
remainder of the 600 uL solution, i.e. 370 L, consists of the nutrient medium discussed
in Appendix A mixed with the cell solution that was obtained following the steps given in
section 1.2. As was stated in the end of section 1.2, the choice was made to prepare the gels
with a concentration equal to 10° cells/mL such that the results of different irradiation
experiments can be compared to each other. Hence, if the concentration of the initial cell
solution is equal to a x 10° cells/mL, % L of the cell solution will be required. As a
consequence, 370 puL — % L of the nutrient medium discussed in Appendix A will be
needed. However, if the cell concentration of the solution is too low, meaning that the
required volume equal to 6%0 pL would exceed the available 370 pL, the cell solution needs
to be centrifuged first for five minutes at 1500 rounds per minute. Once the solution is
centrifuged, part of the cell solution volume needs to be removed from the top in order
to increase the concentration. More specifically, the initial volume of the cell solution is
equal to 4 mL (see section 1.2). If the final volume of the cell solution is equal to V' (in
units of mL) when part of the initial 4 mL is removed from the top after centrifugation,
the new concentration of the cell solution is equal to (432E - a) x 10% cells/mL.

v
In conclusion, in order to prepare 600 uL of the collagen-gel solution,

e 200 uL of the collagen stock solution,

e 30 uLb of a 0.1 M NaOH solution,

o %0 4L of the cell solution (or 4?,5)3& pLs after centrifugation),
\4

e 370 pul — % pL of the nutrient medium discussed in Appendix A (or 370 pL —

%S_a uL after centrifugation)
\%

4The higher the collagen concentration in the gel, the more fibrils present and thus the more crosslinks
formed which results in a stronger and stiffer gel.
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is required where a x 10° cells/mL is the concentration of the initial cell solution before
centrifugation and V' (in units of mL) the volume of the cell solution when part of the
initial 4 mL is removed from the top after centrifugation.

1.10.2 Results

The results of the irradiation experiment, after having applied the fluorescence calibration
obtained in section 1.9, are shown in Figure 1.18.
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Figure 1.18: Results of the irradiation experiment using 2.0 mg/mL collagen hydrogels.
The graph in (a) shows the results of the sample that was irradiated for thirty minutes
(in blue) together with the corresponding control sample (in yellow). The graph in (b)
shows the results of the sample that was irradiated for one hour (in red) together with the
corresponding control sample (in green). Finally, in (c), the results show in (a) and (b)
are combined in a single graph.

Due to a handling issue with the gel that was irradiated for one hour, the fluorescence
intensity of the gel in this sample could only be measured up to two days after irradiation.
Nonetheless, the graph in Figure 1.18b indicates results that are not in accordance with
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what is expected: The data points corresponding to the sample that was irradiated for
one hour indicate a higher number of cells that are alive compared to the corresponding
control sample. Moreover, the data points on day 0, the day of the irradiation experiment,
seems to suggest the alpha particles had no significant impact on the cells at all.

On the other hand, upon comparing the blue and yellow data points in the graph in
Figure 1.18a, it can be observed that the data points corresponding to the sample that
was irradiated for thirty minutes indicate a higher number of cells that are alive compared
to the data points of the control sample which is in accordance with what is expected.
Nonetheless, the difference between both samples is rather limited due to only a difference
of 24(7)% in number of alive cells on day 0 which indicates a rather limited impact of the
alpha particles. Upon comparing both measurements in the graph in Figure 1.18c on day
0, the highest number of cells alive is in the thirty-minute control sample while the lowest
number of cells alive is in both the one-hour control and one-hour irradiated sample.
However, both control samples should, in principle, have more or less the same amount of
cells alive. This is clearly not what is observed and could be a result of additional damage
caused to the cells.

To investigate why the results shown in Figure 1.18 are not in accordance with what
is expected, three hypotheses were proposed:

1. The increase of the collagen concentration from 1.5 mg/mL to 2.0 mg/mL heavily
impacted the cell sedimentation inside the hydrogel. Hence, due to the poor cell
sedimentation, the emitted alpha particles are not able to reach the cells deeper
inside the gel.

2. After irradiation, both the gel inside the control sample and the gel inside the
sample that was irradiated need to be taken out of the Teflon holders to perform
the Resazurin assay (see section 1.6). The gels are taken out of the holders using a
pair of tweezers which probably causes more damage to the cells compared to the
irradiation.

3. Often adhesion of gel fragments to the glass slide could be observed upon removing
it from the gel. However, if the cells sedimented well and are positioned in the top
layer of the gel, the cells will be torn off from the gel upon removing the glass slide.
Consequently, the cells will adhere to the glass slide as well and thus will not be
irradiated.

All three hypotheses were investigated in this project and it turned out that all three
of these aspects required adjustments. More details will be given in the subsequent two
chapters: First, in chapter 2, the issues regarding the cell sedimentation will be addressed.
Secondly, in chapter 3, the modifications made to the glass slides and the Teflon holders
will be discussed in detail to avoid respectively gel adhesion to the glass and the gel
manipulation after irradiation.
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Investigating the Cell Sedimentation

In this chapter the cell sedimentation in three different hydrogels will be discussed: In
2.0 mg/mL collagen gels, 5 weight percentage (wt%) polyethylene glycol (PEG) hydrogels
and hydrogels containing 50% Matrigel.

As the results in section 2.5 will show, a poor cell sedimentation was observed in the
2.0 mg/mL collagen gels. Hence, this seems to confirm the first hypothesis stated near
the end of subsection 1.10.2 that the cells are not within reach of the alpha particles
due to the poor sedimentation in the gel. Consequently, two potential alternatives were
proposed for the cell-irradiation experiments, i.e. 5 wt% PEG hydrogels and hydrogels
containing 50% Matrigel, and the cell sedimentation in these hydrogels was investigated
as well. The PEG hydrogels promise to be much stiffer (and thus stronger) compared to
the 2.0 mg/mL collagen gels thus making them in the cell-irradiation protocol much easier
to manipulate and more resistant to damage caused by gel manipulations. However, the
higher density of these gels might result in a poorer cell sedimentation as well. A hydrogel
containing 50% Matrigel, on the other hand, promises to be equally stiff compared to the
2.0 mg/mL collagen gels, but an excellent cell sedimentation is expected due to the unique
properties of this material which will be discussed in more detail later in this chapter.

First, in section 2.1 and section 2.2, more details will be provided on PEG and Matrigel.
Moreover, in both these sections, the claims made in this introduction regarding the
characteristics of these materials will be motivated in a more exact way. Subsequently, in
section 2.3, further reference on confocal microscopy will be provided as this technique was
utilized to probe the cell sedimentation in each material. Lastly, after having discussed
the gel and sample preparations of the 5 wt% PEG hydrogels and hydrogels containing
50% Matrigel in section 2.4, the results of the confocal microscopy measurements will be
shown and discussed in the remainder of this chapter.

37
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2.1 Polyethylene Glycol

Polyethylene glycol (PEG) is a linear polymer that can be expressed with the chemical
formula H(OCHyCH,),,OH, where n > 4 [49]. In this project, 5 wt% PEG hydrogels
were prepared using 8-arm PEG, which is a multi-arm polyethylene glycol consisting of a
hexaglycerol core on which eight arms are connected with a vinylsulfone group at the end
of each arm [50]. The PEG polymers are crosslinked by adding dithiothreitol (DTT) that
binds to the vinylsulfone groups at the end of each arm which allows the PEG molecules
to be attached to each other such that a gel can be formed.

The main advantage of using PEG hydrogels is that the produced gels will be much
stiffer, and thus stronger, compared to both the 1.5 mg/mL collagen gels Viktor used
in his master’s thesis and the 2.0 mg/mL collagen gels discussed in subsection 1.10.1.
This can clearly be seen upon comparing the linear elastic (or storage) modulus' of both
materials: For a 2.0 mg/mL collagen gel, a value equal to 20.4 Pa is obtained while for a 5
wt% PEG hydrogel a value equal to 3788.3 Pa is found. Hence, utilizing PEG gels would
thus result in more robust hydrogels such that less additional damage is caused to the
cells inside due to the gel manipulations during the cell-irradiation protocol. However,
due to the fact that the PEG gels also have a much higher density compared to both the
1.5 mg/mL and 2.0 mg/mL collagen gels, the cell sedimentation might be much poorer
as well which was investigated in this project.

2.2 DMatrigel

The cell sedimentation was also investigated in hydrogels containing 50% Matrigel. Ma-
trigel is a cell- and tissue-derived substance extracted from an Engelbreth-Holm-Swarm
(EHS) mouse tumor that is rich in extracellular matrix proteins [52, 53]. In this project,
Corning® Matrigel was used which contains

e 60% of laminin, which are complex adhesion proteins that are most typically found
in the basement membrane [52, 54],

e 30% of collagen type IV, which is the major component of the basement membrane
and is essential for structural maintenance [52, 55, 56],

e 8% of entactin, which is a molecule that interacts with laminin and collagen type
IV and is important for structural organization [52],

e 2% of growth factors, which are signaling proteins stimulating, among other things,
cell growth and tissue repair, and heparan sulfate proteoglycans which are receptors
that are, among other things, important for growth factor action [52, 57].

The above-mentioned percentages are only approximately true. Hence, when comparing
different Matrigel batches, the composition can slightly differ. Moreover, the composition

!The linear elastic (or storage) modulus is a measure for the amount of energy stored in a material
and thus provides insight in the structure present inside the material. The higher this value, the stiffer
the material. The linear elastic storage modulus is typically expressed in Pascal (Pa) [51]. Each storage
modulus that will be given in this thesis, unless mentioned otherwise, was measured by Lens Dedroog by
applying an oscillating strain (i.e., a torque) at an angular frequency of 1 rad/s using a stress controlled
rheometer (MCR501 Anton Paar).
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of the final 2% consisting of growth factors and heparan sulfate proteoglycans is not
exactly known, only approximate values are given (see for example [52]).

Nonetheless, Matrigel promises from a theoretical point of view to be an excellent
material for the cell-irradiation experiments due to its unique temperature range for gel
formation. More specifically, when the proteins in Matrigel have enough energy, at tem-
peratures between 22 °C and 35 °C, the functional domains of these proteins can interact
with each other which eventually will result in a gel. At low temperatures, near 4 °C, the
functional domains of the proteins do not have enough energy to interact with each other
and, as a consequence, the Matrigel remains liquid at these low temperatures. When
comparing the cell sedimentation in gels containing Matrigel to the collagen or PEG gels,
an improved cell sedimentation is thus expected from a theoretical point of view due to
the fact that Matrigel remains liquid while in the fridge. More specifically, even at a de-
creased rate, bonds are still formed in the collagen and PEG solutions at 4 °C - 5 °C which
impacts the cell sedimentation to some extent [58]. Matrigel, on the other hand, remains
liquid at these temperatures due to the fact the functional domains of the proteins simply
do not have enough energy to interact with each other. Consequently, because the fridge
is at a temperature of 4 °C - 5 °C, no bonds will be formed while in the fridge that will
disturb the cell sedimentation.

However, the downside of working with Matrigel is that during the measurements, the
Matrigel has to be held on ice at all times. The reason for this is that once the functional
domains of the proteins have enough energy, which is typically near 10 °C, the Matrigel will
start to solidify quicker than the collagen gels [52]. Once the gel formation is completed,
the result will be a gel that is approximately equally stiff as the 2.0 mg/mL collagen
gels, but less stiff compared to the PEG hydrogels. This can be seen upon comparing
the linear storage moduli of both materials: For a 2.0 mg/mL collagen gel, a value equal
to 20.4 Pa is obtained while for gels containing 50% Matrigel a value equal to 21.6 Pa
can be found. Thus using hydrogels containing Matrigel as material for the irradiation
experiments would, in theory, result in a stronger gel compared to the 1.5 mg/mL collagen
gels that solves the cell-sedimentation problem as well. Hence, this hypothesis was tested
by experimentally investigating the cell sedimentation using confocal microscopy.

2.3 Confocal Microscopy

A brief overview regarding the fundamentals of confocal microscopy will be given in this
section based on the schematic illustration shown in Figure 2.1.
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Figure 2.1: [llustration indicating the fundamentals of confocal microscopy. The fluores-
cence photons emitted by the dyes in the sample are indicated by the dashed lines. Figure
adapted from [59].

In confocal microscopy, a laser emits light towards a beam splitter (i.e., the dichro-
matic mirror) which reflects the emitted photons towards an objective lens. Due to the
presence of the source pinhole in front of the laser, in combination with the objective lens,
the emitted photons are focused on a specific spot in the sample, as illustrated by the red
lines in Figure 2.1. The wavelength of the photons emitted by the laser is chosen in such
a way that the photons are absorbed by the fluorescent dye in the sample and fluores-
cence photons with a longer wavelength will be emitted from the dye as a consequence.
The fluorescence photons are indicated in dashed lines in Figure 2.1. A dichromatic (or
dichroic) mirror reflects light with a wavelength shorter than a certain wavelength and
light with a larger wavelength will be able to pass. Hence, a suitable dichromatic mirror
can be chosen which reflects the light emitted by the laser towards the sample and lets
the emitted fluorescence photons pass due to their difference in wavelength [59, 60, 61].

Even though the light emitted by the laser is focused on a certain spot in the sample,
some of the photons will still be absorbed by the dye slightly above or below the focal
plane due to, for example, scattering in the sample. Consequently, fluorescence photons
are emitted slightly above or below the focal plane which will result in a blurry image.
Hence, in order to maintain a high-resolution image, the detector is provided with a
detector pinhole which prevents most of the photons emitted slightly above or below
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the focal plane from reaching the detector. However, the photons emitted in an almost
vertical direction towards the detector, are still detected. This is indicated in Figure 2.1
by the green and purple vertical dashed lines reaching the detector. Consequently, the
imaged cells will appear more elongated in the direction towards the detector than they
in reality are (i.e., instead of spherical shapes, the cells in the gel will appear to have a
more ellipsoid shape).

In this project, the cells embedded in the hydrogel were stained using two different
dyes: Calcein AM and Ethidium homodimer in order to respectively image living cells
and dead (or dying) cells. Calcein AM itself is not fluorescent. However, it can be
transported through the cell membrane where it can be converted by metabolic active
cells to the green-fluorescent dye Calcein [62]. Calcein is able to absorb photons with a
wavelength near 494 nm and will emit fluorescence photons with a wavelength near 517
nm [63]. Ethidium homodimer, on the other hand, is a membrane-impermeable and high-
affinity nucleic acid stain. When cells are dead or dying, their plasma membrane becomes
disrupted and, as a consequence, the Ethidium homodimer is able to enter the dead or
dying cells and bind to their DNA. When bound to the DNA, the Ethidium homodimer is
able to absorb photons with a wavelength near 528 nm and will emit fluorescence photons
with a wavelength near 617 nm which results in a red color [64]. The values for the
wavelengths given in this paragraph correspond to the maxima of both the emission and
absorption spectrum of the dyes.

Due to the difference in excitation wavelength between both dyes, it was not possible
to image both living and dead cells at the same time. Hence, each sample was imaged
three times and the obtained results were afterwards combined in a single image. Each
time a different filter was used for imaging, resulting in the emission of photons with
different wavelengths:

e First, photons with a wavelength equal to 488 nm were emitted in order to image
all the living cells.

e Secondly, photons with a wavelength equal to 514 nm were emitted in order to image
all the dead or dying cells.

e Thirdly, photons with a wavelength equal to 488 nm were emitted in order to image
the bottom of the well containing the gel (see Figure 2.2 in the next section).

The same wavelength was used to image the living cells and the bottom of the well plate.
However, when imaging the bottom of the well plate, no fluorescence photons were emitted
meaning that the wavelength of the measured photons was also equal to 488 nm, resulting
in a blue color. Hence, in the results shown in section 2.5, the living cells will appear in
green, the dead or dying cells in red and the bottom of the well plate in blue.
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2.4 Gel and Sample Preparation

The gel and sample preparation required for the confocal microscopy measurements are
discussed in this section.

2.4.1 Gel Preparation

The first step in each gel preparation, is to obtain an initial cell solution and determine its
concentration by following the steps provided in respectively section 1.2 and section 1.3.
For each gel the choice was made to prepare them with a cell concentration equal to 10°
cells/mL such that the sedimentation in different gels can easily be compared to each
other.

First, the 2.0 mg/mL collagen gels investigated in the confocal microscopy measure-
ments were prepared in an identical way as described in subsection 1.10.1. Subsequently,
four ingredients were utilized to prepare the 5 wt% PEG hydrogels:

e 8-arm PEG with a molecular weight equal to 20000 g/mol,

e Dithiothreitol (DTT) with a molecular weight equal to 154.24 g/mol,
e A 0.3 M HEPES? buffer solution,

e An initial cell solution of which the cell concentration is known.

First, a 100 mg/mL PEG solution and a 20 mg/mL DTT solution are prepared. Both
the 8-arm PEG and DTT are powders, hence both solutions are prepared by mixing the
powders with the 0.3 M HEPES buffer solution to obtain a homogeneous suspension. For
an irradiation experiment, 600 pL is required to prepare two samples. Half of the solution,
i.e. 300 pL, consists of the 100 mg/mL PEG solution and 45 uL out of the total 600 uL
consists of the 20 mg/mL DTT solution. The remainder of the volume, which is equal
to 255 ul, is a mixture of the cell solution and the HEPES buffer solution such that a
concentration equal to 10° cells/mL is obtained. Whenever all ingredients are then added
together, the DTT will bind to the vinylsulfone groups at the end of each arm of the
8-arm PEG allowing the PEG molecules to be attached to each other such that a gel can
be formed.

Lastly, to prepare a 600 uL solution for the hydrogels containing 50% Matrigel, 300
pL of Corning® Matrigel was utilized. The remaining 300 pL consists of a mixture of
the cell solution and the nutrient medium discussed in Appendix A with a concentration
equal to 2 x 10° cells/mL. That way, the total 600 uL gel solution volume will have a
concentration equal to 10° cells/mL when the Matrigel is added to the cell solution and
nutrient medium mixture.

However, it could be that the cell concentration of the initial cell solution is too low
such that the required amount of cell solution to obtain a concentration equal to 10°
cells/mL would exceed to available volume for the nutrient medium and cell solution
combined. If this is the case, the solution needs to be centrifuged first for five minutes
at 1500 rounds per minute. Afterwards, part of the cell solution volume is removed from
the top such that the concentration of the solution increases. More specifically, assume

2HEPES is short for 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulphonic acid [65].
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the initial cell solution has a concentration equal to a x 10° cells/mL. If the volume of
the cell solution is equal to V' (expressed in mL) after removing part of the solution from

the top after centrifugation, the new cell concentration of the solution will be equal to

4 mL
\%

to 4 mL (see section 1.2).
In conclusion, in order to prepare 600 uL of the PEG solution,

: a> x 105 cells/mL due to the fact that the initial volume of the solution is equal

e 300 uL of a 100 mg/mL 8-arm PEG solution,

e 45 pL of a 20 mg/mL DTT solution,

. 6%0 pL of the cell solution (or %ﬁ)_a pLs after centrifugation),
\%4

e 255 uL— % pL of the nutrient medium discussed in Appendix A (or 255 puL — %Lo_a
1%
uLs after centrifugation)
is required and to prepare 600 L of a gel containing 50% Matrigel,
e 300 uL of Corning® Matrigel,

e 300 pL of a mixture containing the cell solution and the nutrient medium discussed
in Appendix A such that the cell concentration is equal to 2 x 10° cells/mL

is required where a x 10°% cells/mL is the concentration of the initial cell solution before
centrifugation and V' (in units of mL) the volume of the cell solution when part of the
initial 4 mL is removed from the top after centrifugation.

2.4.2 Sample Preparation

Two different samples were prepared for each material such that the impact of different
refrigeration times on the cell sedimentation could be probed as well:

e One microplate was put into the fridge at 4 °C - 5 °C for one hour and thirty
minutes. Afterwards, it was put in an incubator at 37 °C for one hour and thirty
minutes.

e One microplate was not put into the fridge, but was immediately placed in an
incubator at 37 °C for one hour and thirty minutes.

Only a third sample was prepared as well for the 2.0 mg/mL collagen gels. This third
sample was put into the fridge at 4 °C - 5 °C for thirty minutes. Afterwards, it was put
in an incubator at 37 °C for one hour and thirty minutes as well.

Each sample of which the cell sedimentation was investigated, was prepared in an
identical way by pipetting 100 uL of the gel solution into two different wells of a 8 x 12
microplate (a Greiner 96 microplate, made from transparent polystyrol). An illustration
of the microplate is given in Figure 2.2.
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Figure 2.2: Top view illustration of the microplates that were used for all samples. All
wells indicated in red are filled with 100 uL of DPBS. The wells indicated in blue are filled
with 100 pL of the gel solution obtained by following the steps in subsection 2.4.1. The
wells indicated in green were deliberately not used to avoid cell dehydration.

The wells indicated in blue in Figure 2.2 each contain 100 uL of the gel solution
obtained by following the steps in the previous subsection. The wells indicated in red
all contain 100 uL. of DPBS to make sure the cells remain hydrated while performing
the confocal microscopy measurements. The wells indicated in green were deliberately
not used due to the fact that these wells are too close near the edge of the microplate
which would increase the risk of cell dehydration. A different microplate was used for
each sample.

In a next step, a staining solution was prepared containing 1 mL of DPBS, 2 uL of
Calcein AM and 2 ul. of Ethidium homodimer such that the cells are visible when imaging
the gels. After the samples remained in the incubator for one hour and thirty minutes, 100
1L of the staining solution was pipetted in each well indicated in blue in Figure 2.2. Next,
each microplate was placed inside the incubator at 37 °C for an additional hour in order to
accelerate the effects of the Calcein AM and the Ethidium homodimer. After the samples
remained for one hour in the incubator, the cell sedimentation could be investigated using
the confocal microscope.

To ease the discussion of the results in the next section, each investigated sample will
be referred to with a letter to indicate the material (i.e., C for collagen, P for PEG and
M for Matrigel) and a number to indicate the time (in minutes) the sample remained in
the fridge (i.e., 0, 30 and 90).

2.5 Results

The results of the cell sedimentation are shown in Figure 2.3 and Figure 2.4.
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Figure 2.3: A cross section of each gel in which the cell sedimentation was investigated.
The first, second and third vertical column corresponds to respectively the collagen, PEG
and Matrigel samples. The samples in the first, second and third horizontal row remained
in the fridge for respectively 0, 30 and 90 minutes. The cells indicated in green and red
correspond to respectively living cells and dead (or dying) cells. The horizontal line in
each image corresponds to the bottom of the well. The horizontal blue line in the first
vertical column was added manually afterwards.
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Figure 2.4: A bottom view of each gel in which the cell sedimentation was investigated.
The first, second and third vertical column corresponds to respectively the collagen, PEG
and Matrigel samples. The samples in the first, second and third horizontal row remained
in the fridge for respectively 0, 30 and 90 minutes. The cells indicated in green and red
correspond to respectively living cells and dead (or dying) cells.

In each image in Figure 2.3, the glass slide can be observed as well: For sample CO0,
C30 and C90 this is the horizontal blue line in the middle. For sample PO, the glass slide
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is not blue but it is also the horizontal line located in the middle. For sample P90, MO
and M90 the slide is located at the bottom near the scale bar. The bottom view of each
sample is shown in Figure 2.4. Each image shown in Figure 2.3 was obtained through
interpolation using the image processing package Fiji in ImageJ [66].

For samples C0, C30 and C90, 58 focal planes along the z-direction (i.e., the depth
of the sample) were measured in total using the confocal microscope. The focal planes
are equidistant planes such that the distance between each pair of consecutive planes is
equal to 5 um. The steps taken in the x- and y-direction were both equal to 0.3780 pum
resulting in voxels with a volume equal to 0.3780 x 0.3780 x 5 pm?®. Upon comparing the
cell sedimentation in samples C0O, C30 and C90, barely any difference between the three
images can be observed in the sense that all three samples show a poor cell sedimentation.
In order for the 2.0 mg/mL collagen gel to be useful for the irradiation experiments, the
cells need to be sedimented within a range of approximately 50 pym because otherwise
the alpha particles of the *! Am source will not be able to reach the cells inside the gel.
However, as can clearly be observed in samples C0, C30 and C90, barely any of the cells
properly sedimented. Moreover, the refrigeration time does not seem to affect the cell
sedimentation due to the fact that in all three samples the cells did not properly sediment
at all and are all scattered inside the collagen gel, even up to a distance of almost 300 pym
away from the bottom of the well. Consequently, the 2.0 mg/mL collagen gels cannot be
used for the cell-irradiation experiments.

For sample PO, on the other hand, 68 focal planes along the z-direction were measured
but the distance between two consecutive focal planes, and the steps in the z- and y-
direction, remained unchanged thus resulting again in voxels with a volume equal to
0.3780 x 0.3780 x 5 um?. However, in sample P0, only a handful of living cells in green
could be observed when examining the sample with the confocal microscope, while almost
none of the dead or dying cells in red could be seen. Even in the bottom view shown in
Figure 2.4, barely any living cells and none of the dead or dying cells can be observed.
A possible explanation for the low cell count is the increased diffusion time of the dyes
through the higher density PEG gel, meaning that after one hour incubation, few cells
could be imaged. This hypothesis seems to be confirmed upon comparing samples PO and
C0: Both dead and living cells in sample C0 can clearly be observed even though the time
between adding the staining and performing the microscopy measurement was exactly the
same compared to sample PO. Moreover, comparing the incubation time of samples PO
and P90 seems to confirm this hypothesis as well: The confocal microscopy measurement
of sample PO lasted approximately for one hour and thirty minutes. The second sample
(i.e., sample P90) was stained at the same time and remained in the incubator while the
first sample was measured. Consequently, the second sample remained in the incubator for
approximately two hours and thirty minutes while the staining was already added. It can
clearly be seen that the cells in sample P90 are much better visible here compared to the
cells in sample P0O. Hence, this strengthens the hypothesis that in the first measurement
the one hour of incubation after adding 100 L of the staining solution turned out to be
insufficient for both the Calcein AM and the Ethidium homodimer to reach the cells due
to the higher density of the PEG.

Consequently, to make sure the sedimentation in sample P90 was thoroughly probed,
such that both the cells near the bottom of the plate and the top of the well could all
be imaged properly, only 42 different focal planes were measured along the z-direction.
However, the choice was made to increase the step size in the z-, y- and z-direction to
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investigate a larger volume of the gel. As a result, the volume of a single voxel in the
image corresponding to sample P90 was equal to 0.7576 x 0.7576 x 50 ym3. Nonetheless,
a poor cell sedimentation can also clearly be observed in sample P90. Even though some
of the cells sedimented well towards the bottom of the well, most of the cells visible are
a distance of 1000 pum or more separated from the bottom. In theory, the sample that
was placed inside the fridge for one hour and thirty minutes should result in a better cell
sedimentation compared to the sample that was immediately placed inside the incubator.
This is due to the fact that the low temperature of the fridge should have sufficiently
delayed the bonds formed between the DTT and PEG. Hence, allowing more cells to
sediment towards the bottom of the well due to the fact that they are hindered to a lesser
extent by the bonds formed in the solution. As a result, even though only a limited amount
of cells were visible in sample PO, an even poorer cell sedimentation is thus expected here
due to the poor sedimentation in sample P90. Consequently, the 5 wt% PEG hydrogels
cannot be used for the cell-irradiation experiments either.

Lastly, sample M0 and M90 incubated thirty minutes longer compared to samples
C0, C30, C90, PO and P90 to make sure all cells were stained well and clearly visible.
In total, 40 and 55 focal planes were measured for respectively sample M0 and M90.
Moreover, the choice was also made to increase the voxel size such that a larger volume
of the gel could be investigated. Hence, the step size in both the z- and y-direction was
equal to 2.2679 pum and 1.1328 pum for respectively sample MO and sample M90. The
step size in the z-direction was for both images equal to 25 pm resulting in voxels with a
volume equal to 2.2679 x 2.2679 x 25 pum? and 1.1328 x 1.1328 x 25 um? for respectively
sample MO and sample M90. Upon comparing samples M0 and M90, a clear difference
in cell sedimentation can be observed in both samples: The cells inside sample M0 are
all scattered up to a distance of 900 pum away from the bottom of the well. Barely
any sedimentation can be observed here. On the other hand, upon comparing the cell
sedimentation in sample M90, an excellent sedimentation can be observed here. Barely
any of the cells are scattered inside the gel.

2.6 Impact of the Sample Preparation Time

On top of the cell sedimentation as discussed in the previous section, it was noticed that
the time required for the sample preparation of the collagen hydrogels seems to impact
the cell sedimentation as well. More specifically, while preparing the gels following the
protocol given in subsection 1.10.1, the last ingredient that was added to the solution
was the collagen. The reason for this is that once the collagen is out of the fridge, the
temperature of the collagen starts to rise and the crosslinking starts to accelerate. The
more bonds that are formed, the more the cell sedimentation will be hindered. Hence,
once the collagen is taken out of the fridge, the longer it takes to add it to the samples
and then placing the samples in the fridge, the poorer the cell sedimentation will be. The
impact of the time in between the moment the collagen is taken out of the fridge and the
moment the samples are ready, can clearly be seen in the results shown in Figure 2.5
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Figure 2.5: Comparison of the cell sedimentation in a 1.5 mg/mL collagen gel prepared in
this project (shown in (a)) to the cell sedimentation in a 1.5 mg/mL collagen gel prepared
in Viktor Van den Bergh’s master’s thesis [2] (shown in (b)). The image shown in (b)
was made by Lens Dedroog. The horizontal green line was added manually afterwards to
indicate the bottom of the well.

Both images in Figure 2.5 show the cell sedimentation in a 1.5 mg/mL collagen gel.
The sample of which the results are shown in Figure 2.5a were prepared in this project
by following the steps given in subsection 1.10.1 (for the gel) and in subsection 2.4.2 (for
the sample). However, there was one slight difference in the preparation of this sample
compared to the procedure described in subsection 1.10.1: The collagen stock solution was
diluted four times, instead of three times, to obtain a collagen concentration of 1.5 mg/mL
and the required amounts of 0.1 M NaOH solution, nutrient medium and cell solution
were then adjusted appropriately. The horizontal blue line in Figure 2.5a indicates the
bottom of the well plate. The result shown in Figure 2.5b were obtained in Viktor Van
den Bergh’s master’s thesis [2]. Here, in this image, the horizontal green line was added
manually afterwards to indicate the bottom of the well. The region in blue corresponds
to the second-harmonic generation® (SHG) signal of the collagen matrix. Both images
shown in Figure 2.5a and Figure 2.5b were made using the ImageJ package Fiji [66].

Both samples of which the results are shown in Figure 2.5 were prepared following the
exact same protocol with the same collagen batch®. This means that the only difference
between both measurements was the sample preparation time and thus the time in be-
tween the moment the collagen was taken out of the fridge and the moment the samples
were ready. However, the cell sedimentation in both images is entirely different: In the
image shown in Figure 2.5a, some sedimentation can be observed but most of the cells

3More information on second-harmonic generation, and harmonic generation in general, will be pro-
vided in subsection 3.2.1.

4The characteristics of the collagen, and thus the characteristics of the collagen gels as well, are highly
dependent on the batch that is used. The reason for this is that the collagen that is used in this project
is extracted from a cow, but due to the fact that there are no two identical cows, the extracted collagen
of two different cows will as a consequence also never be exactly the same. For further reference on the
variations between different collagen batches, see for example [67] and [68].
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still seem to be scattered up to approximately 320 ym away from the bottom of the well.
On the other hand, in image Figure 2.5b the cell sedimentation seems to be excellent.
Based on the results shown in Figure 2.5, one out of the following two conclusions can be
drawn:

1. The success or failure of the cell sedimentation in the collagen gels is highly depen-
dent on the time in between the moment the collagen is taken out of the fridge and
the moment the gel solution is pipetted in the Teflon holders and the samples are
placed inside the fridge. This first conclusion is based on the fact that the sedimen-
tation is poor in image Figure 2.5a and excellent in image Figure 2.5b. This makes
the cell sedimentation in the collagen gels unreliable.

2. The cell sedimentation is poor in both samples, but this cannot be known for sure
due to the fact that in the image shown in Figure 2.5b the sedimentation of only a
handful of cells was measured up to approximately 100 ym away from the bottom
of the well. Hence, it could be that most of the cells are still scattered inside the
gel at a distance larger than 100 ym away from the bottom of the well, but were
simply not measured.

Nonetheless, both the results discussed in section 2.5 and in this subsection indicate either
a poor cell sedimentation in the collagen gels or an unreliable sedimentation due to the
fact that it highly depends on the time in between the moment the collagen is taken out
of the fridge and the moment the samples are placed in the fridge.

In conclusion, the results given and discussed in this chapter indicate an excellent
cell sedimentation in the gels containing 50% Matrigel. Consequently, the hydrogels
containing Matrigel will serve as an alternative for the 1.5 mg/mL collagen gels Viktor
Van den Bergh used in his master’s thesis to perform the cell-irradiation experiments
with. This conclusion was based on the fact that the cell sedimentation is excellent in
these gels, as the results in Figure 2.3 showed, but also due to the fact that they are
approximately equally stiff compared to the 2.0 mg/mL collagen gels (i.e. a linear storage
modulus equal to 21.6 Pa for the gels containing 50% Matrigel compared to 20.4 Pa for
the 2.0 mg/mL collagen gels). The gels containing Matrigel thus result in a stronger and
more stiffer gel compared to the 1.5 mg/mL collagen gels. That way, less damage to the
cells inside the gels is expected in the cell-irradiation protocol, besides the damage caused
by irradiation.



“I’'m not superstitious but I am a little stitious.”
Michael Scott — The Office

Modifying the Cell-Irradiation
Protocol

In this chapter, the second and third hypothesis stated near the end of section 1.10 will be
addressed. In the first part of this chapter, a new approach will be discussed to perform the
Resazurin assays without the need to remove the hydrogels from the Teflon holders after
an irradiation experiment is performed. That way, additional gel manipulations during the
irradiation experiments are reduced to a minimum such that additional damage caused
to the cells inside the gel is reduced to a minimum as well. More details on this new
approach will be provided in section 3.1.

In the remainder of this chapter, the gel adhesion to the glass slides will be discussed.
More specific, after having described the fundamentals of multiphoton microscopy in
subsection 3.2.1, the results of a multiphoton microscopy measurement will be shown first
in subsection 3.2.2 to probe to what extent the cells in the gel adhere to the glass slide
upon removing it. Subsequently, in section 3.3, the results of eight potential solutions are
given to prevent the gel and cells from adhering to the glass slide. Lastly, in section 3.4,
the result of a new multiphoton microscopy measurement is shown that was performed
to probe the effectiveness of the most promising solution from the previous section.

3.1 Reducing the Gel Manipulation to a Minimum

3.1.1 A New Approach to Perform the Resazurin Assays

The main source of damage caused to the cells, in addition to the irradiation, is thought
to be due to the manipulation of the gels with the tweezers after irradiation to perform
the Resazurin assay. Hence, to reduce the additional damage caused to the cells to a
minimum, this step in the protocol was modified by devising a new approach to perform
the Resazurin assays. This new approach is shown in Figure 3.1.

o1
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Figure 3.1: [llustration of the new approach to perform the Resazurin assays. The
picture in (a) shows a top view of the larger part of the Teflon holder where a small O-
ring with a diameter equal to 1.6 cm s placed around the circular well at the center where
the gel is located. That way, a small volume is created when (1) the smaller piece of the
Teflon holder is tightened on top of the lager part using the three screws with the O-ring in
between and (2) the four holes on the bottom of the holder are sealed. In the small volume
that is created because of this, the Resazurin, indicated in purple in the illustration in (b),
can be added on top of the gel.

Instead of taking the gel out of the holder, it remains in the well at the center. Around
the gel, an O-ring with a diameter equal to 1.6 cm is added (see Figure 3.1a) such that a
small volume is created when the smaller part of the Teflon holder is re-attached to the
larger part by re-using the three small screws. That way, the Resazurin solution can be
added immediately on top of the gel as shown in Figure 3.1b. The four holes in the bottom
of the well (see Figure 3.1a) are sealed as well to avoid leakage of Resazurin through the
holes into the plastic Petri dish underneath the Teflon holder. This Petri dish is indicated
in bold in Figure 3.1b. Moreover, on top of these modifications, the Matrigel concentration
in the hydrogels was also increased from 50% up to 60% to obtain a stiffer gel to make
sure the gel remained in the center of the Teflon holder when removing the glass slide.
In comparison, both the hydrogels containing 50% Matrigel (see section 2.2) and the 2.0
mg/mL collagen gels that were prepared at the start of this project (see subsection 1.10.1)
did not always remain in the well in the middle of the holder upon removing the glass slide
and needed to be pushed back a bit towards the center. Hence, resulting in additional
gel manipulations. Consequently, by increasing the Matrigel concentration from 50% up
to 60%, the stiffness of the gel almost doubles, as the linear storage modulus increases
from 21.6 Pa up to 48.3 Pa, such that the hydrogel perfectly remains in the middle of the
holder upon removing the glass slide. That way, less additional manipulation of the gel
is required and thus less additional damage to cells will be caused.

To test this new approach to perform the Resazurin assays, four samples were prepared
by following the cell-irradiation protocol discussed in chapter 1. The gel inside all four
Teflon holders was a gel containing Matrigel that was prepared by following the steps
given in subsection 2.4.1 with the exception that it contained 60% Matrigel instead of
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50%. The four holes on the bottom of the holder were sealed using plastic tape. However,
in three of the samples, there was leakage of the Resazurin due to failure of the tape, the
O-ring seal or both. Nonetheless, in the fourth sample, neither the tape nor the O-ring
failed to do its job. In this sample the Resazurin had not leaked out of the small volume
which indicates this new approach does seem to work, if properly executed.

3.1.2 Modifications Made to the Teflon Holders

The fourth sample indicated that the adjustments to the protocol show potential as an
alternative approach to avoid additional gel manipulations if the holes on the bottom
are properly covered and the smaller part of the holder is tightly enough attached to the
larger part. Hence, more modifications were made, but this time to the Teflon holders,
to make sure both of these requirements are met. However, before all four Teflon holders
were modified, adjustments were only made to one holder such that the changes could be
tested first.

First, the holes that were used for the small screws were made deeper and wider such
that three long screws could be inserted instead, all the way through the holder. That
way, a 3 mm thick stainless-steel plate could firmly be attached to the bottom of the
holder using three bolts. Next, in between the bottom of the holder and the plate, a piece
of parafilm is placed to make sure the four holes are tightly sealed. An illustration and
some images of the adjustments are shown in Figure 3.2.

(a) (b)
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Figure 3.2: A schematic illustration and some images of the adjustments made to the
first Teflon holder. In (a), a schematic illustration is shown where the hydrogel is indicated
in red, the screws and stainless-steel plate in blue, the parafilm in green and the bolts in
orange. The images in (b) and (c) respectively show a side and bottom view of the adjusted

holder.

Subsequently, the adjustments made to the holder were tested. This was done by
adding 1 mL of nutrient medium in the small volume, above the four holes, were the
hydrogel is supposed to be. The holder was then placed in the incubator for an entire
night. The day after, none of the nutrient medium had leaked out of the holder indicating
the adjustments that were made worked.

However, when testing these changes, it was noticed that further modifications were
still required. For example, the first change that was required, is an alternative for the
bolts to tighten the smaller part of the holder to the larger part. The bolts are simply too
small to properly handle them with gloves on in the fume hood. Hence, for the remaining
three samples, instead of regular holes in the stainless-steel plate, different holes were
drilled such that the long screws can directly be screwed and tightened into the plate
without the need for additional bolts. Secondly, instead of drilling deeper and wider holes
for the screws, only deeper holes were drilled in the other three holders. The reason for
this, is that the longer screws are not practical to work with for the cell sedimentation
when a glass slide is placed between both parts of the holder. Hence, with this additional
change, the small screws can still be used for the cell sedimentation and the long screws
for the Resazurin assay.

In conclusion, by increasing the amount of Matrigel from 50% to 60% and by changing
the cell-irradiation protocol such that the Resazurin assay can be performed inside the
holders as indicated in Figure 3.1, additional gel manipulations (and thus additional
damage) was reduced to a minimum.

3.2 Gel adhesion to Glass Slides

In the remainder of this chapter, the third and final hypothesis stated at the end of
chapter 1 will be discussed regarding the gel adhesion to the glass slides. In this section,
the results of a multiphoton microscopy measurement will be discussed that was performed
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to probe the severeness of the problem. Adhesion of gel fragments to the glass slide
could be observed without a microscope, but the goal of the multiphoton microscopy
measurement was to investigate to what extent the cells adhere to the glass slide as well
upon removing it.

To investigate this problem, a sample was prepared by following the steps of the cell-
irradiation protocol described in section 1.2 up to section 1.4, but the glass slide was not
removed yet. The gel inside this sample was a gel containing Matrigel that was prepared
by following the steps given in subsection 2.4.1 with the exception that it contained 60%
Matrigel instead of 50%. Next, three different measurements were performed:

1. First, the cell sedimentation, before removing the glass slide, was investigated.
2. Next, the glass slide was removed and the gel fragments on the slide were imaged.
3. Finally, the remaining gel inside the holder was imaged as well.

However, before the results of these three measurements will be discussed, a brief overview
on the basic principles of multiphoton microscopy will be given first.

3.2.1 Multiphoton Microscopy

Multiphoton microscopy makes use of harmonic generation to form images. The basic
principle behind harmonic generation is shown in Figure 3.3.

Excited state n
w
Virtual state -----%----4----- n—1
S n-w
Virtual state ----<---1----- 2
w
Virtual state ----f---1----- 1
w
Ground state ~= 0

Figure 3.3: An illustration showing the basic principle behind harmonic generation.
Second-harmonic generation (SHG) is when n = 2, while third-harmonic generation
(THG) is when n = 3.

Whenever a sample is irradiated at a high rate with low energy photons, there is
a chance that multiple photons are absorbed at once. This principle is illustrated in
Figure 3.3 where n low-energy photons with angular frequency w are absorbed to excite
an electron to an excited state by making use of virtual states at a lower energy. The
photon that is emitted afterwards, after de-excitation, has an angular frequency that is
in theory equal to n-w. However, in practice, the energy of the emitted photon is slightly
lower compared to the energy of the n absorbed photons combined. The reason for this,
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is that the electron in the excited state often de-excites first towards a lower energy level
as a consequence of non-radiative relaxation (see Appendix B). Hence, the photon that
is emitted as a result of de-excitation towards the ground state often has a slightly lower
energy and thus a slightly lower angular frequency compared to the value n - w [69].

As stated earlier, multiphoton microscopy makes use of low-energy photons, meaning
the photons have a rather long wavelength. Typically photons in the infrared region with
a wavelength in between 700 nm and £1000 nm are used. The main advantage of low-
energy photons is that (1) there is less adsorption by water and (2) these photons scatter
to a much lesser extent resulting in a much deeper penetration in the sample compared to,
for example, the single photon confocal microscopy measurements that were performed
to obtain the results shown in chapter 2 [69].

The results that will be shown in the next section were obtained by using an Olympus
BX61 WI-1200-M system. In each measurement, the sample was irradiated using linear
polarised light where the photons had a wavelength equal to 1140 nm. The photons that
were measured, were mainly second-harmonic-generation (SHG) photons (i.e., n = 2) and
to a lesser extent third-harmonic-generation (THG) photons (i.e., n = 3).

3.2.2 Results

The result of the first measurement, i.e. the measurement were the cell sedimentation of
the gel inside the holder was probed before removing the glass slide, is shown in Figure 3.4.

60 pm
—

(b)

Figure 3.4: Results of the first measurement where the cell sedimentation inside the
Teflon holder, before removing the glass slide, was investigated using multiphoton mi-
croscopy. The image in (a) shows a top view where clearly cells in the top layer of the gel,
near the glass slide, can be observed. The image in (b) shows a cross section of the gel.
The green line was manually added afterwards to highlight the position of the glass slide.

Both images in Figure 3.4 show the cell sedimentation inside the holder before the
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glass slide is removed. The illustration shown in Figure 3.4b is an image of the cells near
the glass slide along the z-axis, i.e. the axis along the depth of the gel. Figure 3.4b was
created by combining 60 equidistant focal planes into a single image through interpolation
by using the image-processing package Fiji in ImageJ [66]. The distance between two
consecutive pairs of focal planes was equal to 0.5 yum. The steps taken in the x- and
y-direction were both equal to 0.31 pm, thus resulting in voxels with a volume equal to
0.31 x 0.31 x 0.5 pm®. The green line in the image in Figure 3.4b was added manually
afterwards to highlight the position of the glass slide. By utilizing brightfield microscopy,
it was observed that there were no cells in the gel beyond what is displayed in Figure 3.4b
meaning all the cells sedimented well as a result of the Matrigel that was utilized and are
now in the top layer of the gel.

In a next step, the glass slide was removed and both the slide and the remaining gel
were imaged. The result of both of these measurements is shown in Figure 3.5.

80 pum

80 pm
 E—
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'In brightfield microscopy, a sample is irradiated with bright, white light that travels through the
sample onto a detector. The attenuation of the emitted light depends on the density of the material:
More light is attenuated in denser regions compared to less denser regions which results in an image.
Contrast in the observed image can, for example, be increased by using linear or circular polarized light
[70].
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(c)

Figure 3.5: Results of the second and third measurement where respectively the remaining
gel in the holder and the glass slide after removal were imaged. In (a), clear tears in the
gel and very few cells can be observed after removing the glass slide. In (b), a cross section
of the remaining gel in the holder is shown where clearly an uneven surface can be observed
as a consequence of the glass removal. In (c), an image of the glass slide is shown where
many cells can be observed.

Both images in Figure 3.5a and Figure 3.5b were also created through interpolation
using the image-processing package Fiji in ImageJ [66]. In total, 83 equidistant focal planes
were measured. The distance along the z-direction between each pair of consecutive focal
planes was equal to 2 pym. The steps in the z- and y-direction were both equal to 0.621
pm thus resulting in voxels with a volume equal to 0.621 x 0.621 x 2 ym3. The image
of the glass slide shown in Figure 3.5¢ was not created through interpolation, but was
directly taken by the multiphoton microscope.

The image in Figure 3.5a shows a top view of the gel after the glass slide is removed.
Clear tears can be observed as a consequence of the glass removal, but barely any cells.
The image in Figure 3.5b shows a cross section of the remaining gel. A clear uneven
surface can be observed in this image here as a consequence of the glass removal. On
the glass slide shown in Figure 3.5¢, many cells can be seen which seems to confirm the
hypothesis that the cells are indeed torn off from the gel when the slide is removed in the
cell-irradiation protocol, right before irradiation.

3.3 Preventing Gel Adhesion to the Glass Slides

In order to prevent gel adhesion to the glass slides, eight potential solutions were probed in
this project: The first potential solution was to make use of glass slides that are thoroughly
cleaned in a piranha solution. A piranha solution is an extremely corrosive solution and
consists of a mixture between sulfuric acid and hydrogen peroxide. By cleaning the glass
slides in a piranha solution, all oily substances are removed from the glass and might
prevent gel adhesion. The second and third potential solution that were tested, consisted
of providing the glass slides with a coating after having them cleaned first in a piranha
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solution. Two different coatings were tried: A Jeffamine® M-600% coating and a PEG-
silane® coating. Subsequently, two additional PEG coatings were prepared for the next
four potential solutions: The first coating was a PEG diacrylate (PEGDA) coating that
was crosslinked using 405 nm ultraviolet (UV) light. The second coating was a PEG and
DTT mixture that was prepared in a similar way as described in subsection 2.4.1, but
prepared on three different surfaces: On a Teflon plate, on a piece of Teflon tape and on a
piece of parafilm. Lastly, in addition to the coatings and the piranha-cleaned glass slides,
one slide was also wrapped in Teflon tape to test as well. More details on the preparation
of the coatings will be provided in the next section.

3.3.1 Preparation of the Glass Slides

For the first three potential solutions, all of the glass slides where first thoroughly cleaned
in a piranha solution. The ratio sulfuric acid : hydrogen peroxide was equal to 2 : 1. After
the glass slides remained for 20 minutes in the piranha solution, the slides were rinsed
multiple times with water that had undergone reverse osmosis and were dried. Once the
slides are thoroughly cleaned, the Jeffamine® M-600 and PEG-silane coating were added.

To prepare the Jeffamine® M-600 coating on the glass slides, the inside of a plastic
bowl was rinsed first with 10 mL of toluene. The toluene was then removed from the
plastic bowl and 10 g of water that has undergone reverse osmosis was added. For an
optimal coating, a 1 mg/mL concentration Jeffamine® M-600 is required. Hence, 102 uL
was added due to the fact that the density of Jeffamine® M-600 is equal to 0.98 g/mL at
25 °C [71]. Once the 102 uL was added to the 0.1 g water in the plastic bowl, the solution
was pipetted multiple times in and out to make sure the rather viscous Jeffamine® M-600
was thoroughly mixed with the water. In a next step, the glass slides were added to the
solution and remained there for 18 hours. After these 18 hours, the slides were taken out
and dried.

To prepare the PEG-silane coating, 10 mL of toluene was added to a bowl made out of
glass. For an optimal coating, 5.5 ul. PEG-silane per 1 mL toluene is required. Hence, 55
uL was added to the 10 mL toluene inside the bowl. Next, the glass slides were added to
the solution and the lid of the bowl was sealed off with parafilm. The glass slides remained
in the solution for 18 hours as well. After 18 hours, the slides were rinsed multiple times,
each time with a different solution to avoid residues on the slides once they are dry. First,
all glass slides were rinsed with toluene and placed in a second bowl. Next, each slide
from the second bowl was rinsed first with acetone, then with methanol and then with
water. After the slides were rinsed with water that had undergone reverse osmosis, they
were dried as well. Finally, in the last step of the preparation, the slides were heated at
110 °C to make sure an optimal crosslinking is obtained.

The PEGDA coatings were prepared by adding 4 uL of a 50 wt% PEGDA solution,
together with 12 ul. of water that has undergone reverse osmosis as buffer and 4 ul. of
a 2.5 wt% lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) solution. The LAP
solution is a photoinitiator, meaning that upon exposure to 405 nm UV light, free radicals
will be created. Consequently, the PEGDA will be able to start crosslinking and a hydrogel

2A synonym for Jeffamine® M-600 is polypropylene glycol 500 mono-2-aminoethyl mono-2-
methoxyethyl ether.

3The PEG-silane coating that was used in this project is 2-
[Methoxy (polyethyleneoxy)propyl|trimethoxysilane; 90 wt%, consisting of 6-9 PEG-units.
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layer will be formed on top of the glass slides [72]. The glass slides on which the PEGDA
coatings were prepared, were already provided with a methacrylate-silane layer to make
sure the PEGDA coating is firmly attached [73].

Subsequently, a coating containing 8-arm PEG with vinylsulfone groups at the end of
each arm mixed with DTT as described in subsection 2.4.1 was prepared. However, there
was one key difference: Instead of a 5 wt% PEG concentration, the choice was made to
prepare a 7.5 wt% PEG gel to obtain a stronger hydrogel*. This means the quantities
mentioned in subsection 2.4.1 need to be slightly altered: To obtain a volume equal to 20
uL for the coating, 15 uLi of the PEG and HEPES mixture, and 2.25 L of the DTT and
HEPES mixture were added together. Next, to prepare the glass slides, a 10 pL droplet
of the PEG and DTT mixture was pipetted on a surface and a glass slide was placed
on top of it. Afterwards, the surface with the glass slide on top of it was placed in the
incubator at 37 °C for thirty minutes to accelerate the crosslinking. Multiple coatings
were prepared, but each time a different surface was used to probe the impact of a smooth
surface compared to a more uneven surface. In total, three different surfaces were used:
Parafilm, Teflon plate and a piece of Teflon tape. Each of the glass slides that was coated
with a PEG layer was already provided with a 3-Aminopropyltriethoxysilane (APTES)
coating. The purpose of the APTES coating is similar compared to the methacrylate-
silane coatings which is to make sure the PEG layer is firmly attached to the glass slides.

Lastly, all eight potential solutions were tested by preparing eight samples containing
a gel with 60% Matrigel and 40% of the nutrient medium discussed in Appendix A. The
results are given and discussed in the next section.

3.3.2 Results

The results are shown in Figure 3.6.

4The higher the PEG concentration, the more crosslinks will be formed in the gel and thus the stiffer
the gel will be. This means a linear storage modulus larger than 3788.3 Pa is expected.
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Figure 3.6: The results of all eight potential solutions to prevent gel adhesion to the glass.
Image (a) shows the glass slide cleaned in a piranha solution. Images (b) and (c) show a
glass slide cleaned in a piranha solution and provided respectively with a Jeffamine® M-
600 and PEG-silane coating. Both images (d) and (e) show a methacrylate-silane covered
glass slide provided with an additional PEGDA coating. Images (f) up until (h) show an
APTES coated glass slide provided with an additional PEG and DTT coating respectively
prepared on a Teflon plate, a piece of Teflon tape and a piece of parafilm. Finally, image
(i) shows the result of the glass slide wrapped in Teflon tape.

Out of these eigth potential solutions, both the methacrylate-silane covered glass
slides provided with an additional PEGDA coating (Figure 3.6d and Figure 3.6e) and
the APTES coated glass slide provided with an additional PEG and DTT coating pre-
pared on a piece of Teflon tape (Figure 3.6g) seemed to prevent gel adhesion to some
extent. However, only the APTES coated glass slide provided with an additional PEG
and DTT coating prepared on a piece of parafilm (Figure 3.6h) completely prevented gel
adhesion. The reason for this might be a result of the unevenness of the surface on which
the coating was prepared: Both slides in Figure 3.6g and Figure 3.6h are provided with
the same coating, but the uneven parafilm surface seems to prevent gel adhesion to a
greater extent compared to the more smooth surface of the Teflon tape.

3.4 Verification With Multiphoton Microscopy

No adhesion of gel fragments could be observed upon removing the APTES coated glass
slide provided with an additional PEG and DTT layer prepared on a piece of parafilm.
Nonetheless, an identical multiphoton microscopy measurement was performed, as de-
scribed at the start of section 3.2, to probe to what extent the cells adhere to the glass.
The results of the first measurement, where the cell sedimentation is investigated in the
Teflon holder before removing the glass slide, are shown in Figure 3.7.
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Figure 3.7: The results of the first measurement in which the cell sedimentation in the
Teflon holder was investigated before removing the glass slide. The image in (a) shows a
cross section of the gel, while the image in (b) a bottom view. The horizontal green line
in (a) was added manually afterwards to indicate the position of the glass slide.

Even though a clear cell sedimentation can be observed, the sedimentation is poorer
compared to the results in earlier measurements such as for example in Figure 2.3 and
Figure 3.4. The reason for this could be due to the temperature in the lab: Both mea-
surements of which the results are shown in Figure 2.3 and Figure 3.4 were performed
during winter. However, the measurement of which the results are shown in Figure 3.7
was performed during the spring, after a warm weekend (i.e., 24 °C) thus resulting in
a higher temperature in the lab. An increase in temperature heavily impacts the gel for-
mation in a hydrogel containing Matrigel, as was discussed in section 2.2, even though all
experiments were performed while working on ice. Hence, this could explain the difference
in cell sedimentation.

Subsequently, the glass slide was removed and both the slide and the remaining gel
were imaged. The result is shown in Figure 3.8. Only a few cells could be observed in
the region of the gel of which the cross section is shown in Figure 3.8a. Nonetheless,
APTES coated glass slides provided with an additional PEG and DTT coating does seem
to prevent both gel and cell adhesion: Only a few cells (in Figure 3.8b and Figure 3.8¢)
and tiny gel fragments (in Figure 3.8c and Figure 3.8d) could be observed. Overall, a
large improvement can be seen here compared to the image in Figure 3.5.

In conclusion, based on the results shown and discussed in this section and the previous
section, the glass slides will be coated first with an APTES layer and provided afterwards
with an additional PEG and DTT coating prepared on a piece of parafilm to prevent gel
adhesion to the glass slides when a new cell-irradiation experiment is performed.
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Figure 3.8: The result of the second and third measurement. The image in (a) shows a
cross section of the gel after removing the glass slide. Images (b), (c) and (d) show the
glass slide on three different locations after it was removed. The dashed green line in (a)
indicates where the glass slide was located before removing it.
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Post-Modification Cell-Irradiation
Experiments

In chapter 2, the issue regarding the cell sedimentation was discussed and a solution was
obtained by utilizing hydrogels containing Matrigel. In chapter 3, the gel manipulation
was reduced to a minimum by modifying the Teflon holders and increasing the Matrigel
concentration from 50% up to 60%. That way, the Resazurin assays in the cell-irradiation
protocol can be performed while the gels remain in the holders. Moreover, the regular glass
slides were interchanged with APTES coated glass slides provided with an additional PEG
and DTT layer, prepared on a piece of parafilm, to prevent the gel and cells from adhering
when removing the glass slide. All three hypotheses stated at the end of section 1.10
were thus investigated and a solution for these issues was provided. Hence, with these
modifications, two new irradiation experiments were performed.

First, in section 4.1, a brief overview of the sample preparation will be provided to-
gether with an additional adjustment made to the DIRAC setup. Subsequently, in the
remainder of this chapter, the results of the two new irradiation experiments will be shown
and discussed.

4.1 Sample Preparation and Adjustments to the Setup

In a similar way as explained in section 1.2 up to section 1.4, four samples were prepared:
One sample that was irradiated for thirty minutes, one sample that was irradiated for one
hour and one additional control sample for each of the two measurements. The solution
that was pipetted into the Teflon holders, through one of the four holes on the bottom
(see Figure 1.5), contained 60% Matrigel. The remaining 40%, consisted of a nutrient
medium and cell solution mixture such that a concentration of 10° cells/mL is obtained,
in a similar way as discussed in subsection 2.4.1. Subsequently, APTES coated glass slides
provided with an additional PEG and DTT layer, prepared on a piece of parafilm, were
used for each of the samples. The samples were then placed one hour and thirty minutes
in the fridge, at 4 °C - 5 °C, to make sure the cells are able to sediment well. Afterwards,
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the samples were placed for 105 minutes' in the incubator, at 37 °C, to accelerate the
crosslinking. Finally, after irradiation, the Resazurin assays were performed using the
new approach discussed in the previous chapter.

In addition, the plastic foil around the setup (see Figure 1.8a) was replaced by a plastic
box with multiple holes made on the top. The goal of the plastic box is also to make
sure cell dehydration is limited to a minimum, but now the box is not touching the Teflon
holders which was the case when the plastic foil was used. Moreover, with the plastic
box, a more constant and steady airflow could be provided to avoid condensation on the
source. An image of the adjusted setup is shown in Figure 4.1.

Figure 4.1: An image of the DIRAC setup when the plastic foil is replaced by the plastic
boz.

4.2 Results

The results of the first irradiation experiment with the modified cell-irradiation protocol,
after having applied the fluorescence calibration (see section 1.9), are shown in Figure 4.2.

IThe samples thus remained fifteen minutes longer in the incubator compared to previous gel prepa-
rations. This was to make sure a firm gel was obtained for the irradiation experiments.
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Figure 4.2: The results of the first irradiation experiment with the modified protocol.
The graph in (a) shows the sample that was irradiated for thirty minutes together with
the corresponding control sample. The graph in (b) shows the sample that was irradiated
for one hour together with the corresponding control sample. The graph in (c) shows the
result of all four samples combined.

The results are not entirely in accordance with what is expected: In graph Figure 4.2a,
only a small difference between the irradiated and control sample can be observed over
the subsequent eight days following the measurement. Moreover, on days 2, 6 and 7 the
irradiated sample even indicates a higher number of cells alive compared to the control
sample. The graph in Figure 4.2b, on the other hand, indicates that after two days more
cells are alive in the sample that was irradiated for one hour compared to the control
sample. Subsequently, the graph in Figure 4.2¢ also shows that there are more cells alive
in the sample that was irradiated for one hour compared to the sample that was irradiated
for thirty minutes (except on day 0, 6 and 7).

Nonetheless, a clear impact of the alpha particles can be observed on day 0 as can be
seen in Figure 4.3.
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Figure 4.3: The results of the first irradiation experiment with the modified protocol, but
only the first three data points are shown here. The graph in (a) shows the sample that was
wrradiated for thirty minutes together with the corresponding control sample. The graph
in (b) shows the sample that was irradiated for one hour together with the corresponding
control sample. The graph in (c) shows the result of all four samples combined.

A difference of 64(17)% in number of cells alive between the one-hour control and
one-hour irradiated sample, and a difference of 57(7)% between the thirty-minute control
and thirty-minute irradiated sample can be observed on day 0. This is a much higher
difference compared to the number of cells alive in the measurement of which the results
are shown in Figure 1.18: In this first irradiation experiment, only a difference of 24(7)%
was observed on day 0 between the sample that was irradiated for thirty minutes and
the corresponding control sample. Moreover, in Figure 4.3c, even the sequence between
the four data points is in accordance with expectations on day 0: Both control samples
indicate the highest number of cells alive and more or less a similar value can be seen here.
The lowest number of cells alive can be seen in the sample that was irradiated for one
hour. The modifications made to the protocol and the Teflon holders as discussed in the
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previous two chapters thus seem to have improved the direct impact of the alpha particles
on the cells. However, the data points in the subsequent days following the irradiation
experiment are not in accordance with expectations.

On day 1, part of the Resazurin had leaked out of the control sample due to the O-
ring that was not perfectly centered around the well. This issue could be solved in future
measurements by making a small groove around the well in the larger part of the Teflon
holder to make sure the O-ring remains in its place. With a groove, the risk of the O-ring
sliding over the gel would also be reduced to a minimum. Nonetheless, even though this
could have impacted the results in Figure 4.2a, it does not explain the results shown in
Figure 4.2b: In the first four days, barely any increase in the number of cells alive can be
observed in the control sample. This could be due to stress induced to the cells, because
after these four days an increase in number of cells alive can be seen. Nonetheless, the
cause for the stress induced to the cells was not known.

However, a more plausible hypothesis in order to provide an explanation for the results
shown in Figure 4.3 is that small gel fragments could be observed floating in the Resazurin
when performing the Resazurin assays. The repeated addition and removal of Resazurin
and nutrient medium on top of the gel in the days following irradiation is thought to cause
gel fragments, in which cells are embedded, to break off. Consequently, with each new
Resazurin assay, the gel fragments floating in the liquid are removed, together with the
remaining Resazurin, meaning the cells inside these gel fragments are removed as well. Gel
fragments could be observed floating in both the irradiated and control samples meaning
this could provide an explanation for the poor behaviour of the data obtained from all
samples. Moreover, this hypothesis is also strengthened by the second cell-irradiation
experiment of which the results are shown in Figure 4.4.
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Figure 4.4: The results of the second irradiation experiment with the modified protocol.
Only the first day after irradiation was probed in this measurement. The graph in (a)
shows the sample that was irradiated for one hour together with the corresponding control
sample. The graph in (b) shows the sample that was irradiated for three hours together with
the corresponding control sample. The graph in (c) shows the result of all four samples
combined.
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Four identical samples were prepared as described in section 4.1. However, instead
of irradiating them for one hour and thirty minutes, one sample was irradiated for three
hours and the second one for one hour. Moreover, only the first day after irradiation was
thoroughly probed by performing multiple Resazurin assays in a single day.

In a similar way compared to the results shown in Figure 4.3, a clear impact of the
alpha particles can again be observed right after irradiation, indicating the modifications
made to the cell-irradiation protocol does seem to have resulted in an improvement on
day 0: A difference of 49(4)% in number of cells alive between the three-hour irradiated
and three-hour control sample, and a 48(7)% difference in the one-hour irradiated sample
compared to the one-hour control sample can be observed. The impact of the alpha
particles is thus again almost double compared to the direct impact on the cells on day 0
in the first irradiation experiment of which the results are shown in Figure 1.18. However,
the results of subsequent Resazurin assays are not in accordance with expectations: The
data points obtained after the third Resazurin assay indicate a higher number of cells
alive in the one-hour irradiated sample compared to the corresponding control sample.
Moreover, the alternating decreasing and increasing behaviour of the data after the first
Resazurin assay is also not in accordance with expectations.

Because the first day after irradiation was thoroughly probed with multiple Resazurin
assays, the assays were performed back to back. Hence, once a Resazurin assay was
finished, the Resazurin was removed from each holder and each gel was subsequently
gently washed by pipetting PBS on top of it and removing it afterwards. This was done
three times to make sure all Resazurin of the previous assay was removed before new
Resazurin for the next assay was added. This means that for each of the subsequent data
points obtained after the first Resazurin assay, the liquid on top of the gel was removed
three times as often compared to the previous irradiation measurement. As a result, larger
gel fragments could be observed floating in the Resazurin while performing the assays.
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Hence, in combination with the poorer results in the subsequent days following irradiation
compared to the results in Figure 4.2, this strengthens the suspicion that the poor results
obtained after the first Resazurin assay in both measurements discussed in this section are
a result of gel fragments breaking off from the the gel due to the repeated addition and
removal of Resazurin and nutrient medium on top of the gel. The addition of a layer of
agarose gel, on top of the gel in which the cells are embedded, could prevent gel fragments
from coming loose while performing the Resazurin assays. This will be discussed in more
detail in the next section.

4.3 An Additional Layer of Agarose Gel

Agarose is a polysaccharide which consists of repeating 3-linked-D-galactopyranose and
1,4-linked 3,6-anhydro-a-L-galactopyranose units. The main advantage of this hydrogel
is that agarose is a stiff gel, which should prevent gel fragments from breaking off while
performing the Resazurin assays. Yet it is very porous meaning that all nutrients in the
nutrient medium and the Resazurin are still able to reach the cells underneath the agarose
layer. More specific, in this project, a 1 wt% agarose solution was prepared together with
PBS which results in a gel with a linear storage modulus near 50 kPa’? and a pore size
near 390 nm [74, 75].

Two agarose layers were prepared in this project: For the first layer, 100 pl was
added on top of a gel while for the second layer 200 ul. was added on top of a different
gel in a second sample. Consequently, this resulted in an agarose layer with a thickness
approximately equal to respectively 0.3 mm and 0.6 mm. Both agarose layers are shown
in Figure 4.5.

() (b)

Figure 4.5: The results of the two agarose layers that were prepared in this project. In
(a), the second agarose layer (i.e., when 200 pL was added) in a Teflon holder is shown.
In (b), both agarose layers are shown after they were removed from the holders.

2This value was not measured by Lens Dedroog, but obtained from literature [74].
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Based upon the results shown in Figure 4.5, the addition of 100 uL on top of the gel
in which the cells are embedded seems sufficient, due to the fact that 100 uL of agarose
is sufficient to cover the entire gel surface. However, within the limited time scope of this
thesis, it was not possible to experimentally verify with a new irradiation experiment the
effectiveness of the additional agarose layer.

In conclusion, the modifications made to the protocol and the Teflon holders, as dis-
cussed in the previous two chapters, does seem to have improved the direct impact of
the alpha particles on the cells: A clear difference between the control samples and the
irradiated samples can be observed on day 0 in Figure 4.3 and Figure 4.4. However, mea-
suring the impact of the alpha particles in the subsequent days following irradiation still
proves to be challenging due to gel fragments breaking off when performing the Resazurin
assays. Nonetheless, the addition of 100 ul. agarose on top of the gel after irradiation
could provide a solution for this issue. However, the effectiveness of the additional agarose
layer should be probed in future irradiation measurements.
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The Recoil-Implantation (Generator

The main focus of this thesis thus far has been on the development of a cell-irradiation
protocol. This chapter, on the other hand, is devoted to a generator that can be used
for the production of isotopes for cell-irradiation experiments by implanting daughter
nuclei emitted in alpha decay. The long-term goal of this generator is to produce the
bismuth isotope 2'*Bi and the radium isotope ??*Ra due to their promising results for
cancer treatment in preclinical and clinical trials.

First, in section 5.1, a brief summary will be given on some basic concepts in nuclear
physics that will be utilized in the remainder of this chapter. Then, in section 5.2, the
working mechanism of the recoil-implantation generator will be explained in more detail.
Subsequently, after providing more details on the experimental setup in section 5.3 to
implant the emitted daughter nuclei, the results obtained with this setup will be shown
and discussed in section 5.4. That way, in section 5.5, an efficiency for the recoiling process
can be deduced from the obtained data. Lastly, in section 5.6, an optimal implantation
time will be provided for the production of a ?'*Bi source utilizing this approach.

5.1 Some Basic Concepts in Nuclear Physics

The activity A of a radioactive sample is a measure of the number of decays per unit time
and is typically expressed in Becquerel (Bq) where 1 Bq = 1 decay/s. Mathematically,
the activity can be expressed as

dN
A=|— 0.1
il (51)
where N = N(¢) is the number of nuclei present at time ¢. It can be shown' that
N(t) = Ny-e™, (5.2)

where Ny = N(t = 0) is the initial amount of nuclei and A the decay constant (i.e., the
probability per unit time that a nucleus will decay). Hence, the activity can be written

1See for example [76].
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as
A(t) = ANy - e

5.3
= AO . ef)‘t. ( )

Here the initial activity Ay is defined such that Ag = A(t = 0) = AN,.
Lastly, the half-life (¢;/2) is defined as the time at which half of the initial nuclei have
decayed, meaning that

N
N(t=t1)5) = 70 (5.4)
By combining this expression with Equation 5.2, the relation
In(2
A= & (5.5)
12

can be obtained.

5.2 Basic Principle of the Generator

The basic principle behind the recoil-implantation generator is shown in Figure 5.1.

&

‘217AtP

Figure 5.1: [llustration of the basic principle behind the recoil-implantation generator.
An 22 Ac implanted source foil (left) is placed in front of an initially empty aluminium
disk (right). The implanted **> Ac and daughter nuclei on the source foil will decay and if
the recoiling daughters have enough energy, they may leave the source foil and fly towards
the aluminium disk.

The idea behind the recoil-implantation generator is to start from an empty aluminium
disk and place it in front of an aluminium source foil on which ??°Ac is implanted. The
225 Ac will decay and emit an alpha particle in the process. However, due to the law of
conservation of momentum, the daughter nucleus will recoil. If the recoiling daughter has
enough energy, it may leave the sample and fly towards the aluminium disk in front of the
foil. The idea behind the recoil-implantation generator is then to implant this recoiling
daughter nucleus on the disk. The collected 2! Fr daughter nuclei on the disk will decay to
2T At and 2'7At will decay towards 2'?Bi that can be used for cell-irradiation experiments.
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However, not every ?2>Ac decay results in a daughter nucleus recoiling from the source
foil. Consequently, 22'Fr and 2'"At daughter nuclei will also be present on the source foil
resulting in the implantation of 2!At and 2!3Bi directly on the disk as well.

In a similar way, an aluminium source foil implanted with 22" Ac can be used as recoil-
implantation generator as well: The recoiling daughter nuclei of 22”Ac can be caught on
an empty aluminium disk and will on their turn decay such that eventually the radium
isotope ?**Ra is obtained that can be used for cell-irradiation experiments. For further
reference on the ?**Ac and #*"Ac decay chains, see Appendix C.

The goal of the two experiments that were performed in this project, regarding the
recoil-implantation generator, is twofold: (1) To see whether it is possible to build a recoil-
implantation generator and implant the recoiling 22 Ac daughters on an empty aluminium
disk and (2) to see whether an efficiency for the recoiling process can be deduced from the
obtained data, should it be possible to implant the recoiling daughter nuclei. A formal
definition for a recoil efficiency will be provided in section 5.5. First, the experimental
setup will be discussed.

5.3 The Experimental Setup

Each of the two performed experiments consisted of two parts. The first part is the
implantation part where an empty aluminium disk is placed in front of the 2 Ac-implanted
foil as illustrated in Figure 5.1. In the second part, the aluminium disk with the recoiled
daughters is placed in front of a passivated implanted planar silicon (PIPS) detector?. The
daughters decay and emit an alpha particle in the process. By measuring the spectrum
of the emitted alpha particles, the collected daughters on the aluminium disk can be
identified. This second part is illustrated in Figure 5.2.

@

Fr

217At

‘217AtP

Figure 5.2: Illustration of the second part of each experiment where the aluminium disk,
on which the recoiled daughters are collected, is placed in front of a PIPS detector to
measure the spectrum of the emitted alpha particles.

> /) @ Detector

The required experimental setup, to perform both parts of the measurement, was

2Further reference on the detector will be provided in subsection 5.3.2.
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built from scratch in collaboration with Max Keppens®. A picture of the setup is shown
in Figure 5.3.

Figure 5.3: Picture showing the setup of the recoil-implantation generator that was
built from scratch in this project. The part indicated with A is the tube connected to the
vacuum pump below, B indicates the pressure gauge and the part in C is the vacuum
chamber containing the sample and PIPS detector.

To make sure the recoiling daughters in the first part of the experiment, and the emit-
ted alpha particles in the second part of the experiment, are not hindered by the molecules
in the air, both parts were performed in vacuum. Hence, the setup was provided with a
vacuum pump (A) and a pressure gauge (B) to make sure the vacuum was maintained
during the measurements. For each experiment, a pressure of the order 1073 mbar and
10~% mbar was obtained for respectively the first and second part of the experiment. The
part indicated with the letter C' in the picture indicates a small chamber, that can be
sealed off, in which the second part of both experiments was performed.

5.3.1 The **Ac-implanted Foil

For both experiments that were performed in this project, the same ??° Ac-implanted foil
was used. This foil was implanted at CERN-MEDICIS* using the isotope separation on-
line (ISOL) method [77]. This technique provides a way to produce, extract and select
isotopes allowing the implantation of #2°Ac on a foil. However, despite the presence of
a mass separator to distinguish between isotopes, some by-products still find their way
to the foil as well. For example, besides ??°Ac, additional 2" Ac will be implanted as
well. The presence of 27 Ac will become more clear in section 5.4 when the results will be
discussed. Further reference on the ISOL method is provided in Appendix D.

3Max Keppens is a fellow master student at the IKS whose master’s thesis is mainly focused on the
production of 22> Ac for medical applications.

4MEDICIS stands for medical isotopes collected from ISOLDE. Both MEDICIS and ISOLDE are
facilities located at CERN.
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5.3.2 The Detector

The detector that was used for each of the measurements, was a passivated implanted
planar silicon (PIPS) detector which is a silicon semiconductor detector. In a semicon-
ductor, and in solids in general, atoms are embedded in a crystal lattice. Consequently,
the electrons of these atoms result in a more collective behaviour compared to electrons in
free atoms. Hence, due to the collective behaviour of the electrons, it is more appropriate
to describe changes in energy using energy bands’® instead of discrete energy levels as is
the case in free atoms. Two energy bands in particular are of importance in explaining
the working principle behind semiconductor detectors: The valence band and the conduc-
tion band. The valence band is defined as the highest occupied energy band, while the
conduction band is defined as the lowest unoccupied energy band. The conduction band
is thus always higher in energy compared to the valence band by definition. In between
both energy bands is an energy band gap that determines the electrical conductance of
a solid. For example, in an insulator, the band gap is large (~ 6 eV), meaning the elec-
trons are tightly bound in the valence band and thus the probability that an electron will
excite towards the conduction band is rather low. Semiconductors, on the other hand,
have a small band gap (~ 1 eV). The electrons are mainly bound to the valence band,
but when sufficient energy is provided, the electrons can be excited from the valence
band towards the conduction band. Finally, in metals, the valence and conduction band
overlap. As a result, electrons can move freely through the crystal, which explains the
excellent conductivity of metals [6, 78]. An overview of the different band gaps is given
in Figure 5.4.

E P
Conduction
band
Conduction
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Insulator Semiconductor Metal

Figure 5.4: Illustration of the conduction and valence band, together with the associated
band gap, for an insulator, a semiconductor and a metal. Illustration is based upon the
information retrieved from [6].

5.3.3 Signal Acquisition

Semiconducting materials are thus excellent for detectors, due to the fact that additional
energy is required for an electron to excite towards the conduction band. Hence, when-

SEnergy bands are composed by degenerate discrete energy levels that are close in energy [6].
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ever an alpha particle reaches the detector, it loses its energy inside the semiconducting
material providing electrons in the valence band with sufficient energy to excite towards
the conduction band. As a consequence of the excitation, a hole is created in the valence
band resulting in an electron-hole pair. The higher the energy of the alpha particles,
the more energy will be deposited to the medium and thus the more electron-hole pairs
will be formed. The energy of the alpha particles is thus proportional to the number of
electron-hole pairs formed. However, in order to detect the electron-hole pairs that are
formed, a semiconductor detector makes use of a p-n junction on which a reverse bias
voltage is applied [6, 78]. An illustration is shown in Figure 5.5.

Depletion
region

n-type p-type

-+
1
'l

AV =60V

Figure 5.5: An illustration showing a p-n junction on which a reverse bias voltage of
60 V is applied. The n-type region is a region with an excess of electrons, while the p-
type region is a region with an excess of holes. In the depletion region, there are no free
charges. Image is based upon the information retrieved from [6].

A p-n junction consists of three parts: (1) An n-type region, (2) a p-type region and
(3) a depletion region. The n-type region is a region with an excess of electrons, while
the p-type region is a region with an excess of holes. In the depletion region, there are no
free charges, but it is in this region that the alpha particles will deposit their energy such
that electron-hole pairs can be formed. Hence, as a consequence of the excess negative
charges in the n-type region and the excess holes in the p-type region, combined with
the applied reverse bias voltage®, an electric field will be present causing the electrons to
drift towards the p-type region and the holes towards the n-type region. As a result, a
current will flow in the circuit that is proportional to the amount of electrons collected
in the p-type region and thus proportional to the number of electron-hole pairs formed
in the depletion region as well [6, 78]. Moreover, the presence of a reverse bias voltage
also results in a larger depletion region compared to a p-n junction without a reverse bias
voltage.

6In this project, a reverse bias voltage equal to 60 V was applied.
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5.3.4 Signal Processing

Once a current flows through the electrical circuit, the first obtained signal is a voltage
pulse measured over the resistor R (see Figure 5.5). The height of the voltage pulse, on
top of the bias voltage, is of the orders of millivolts and is proportional to the magnitude
of the current in the circuit. In the next step, the signal arrives at the preamplifier,
which consists of a resistor in parallel with a capacitor. The preamplifier (1) separates
the signal from the bias voltage, (2) amplifies the signal and (3) reshapes it towards a
decaying exponential shape. The height of the decaying exponential voltage pulse is still
proportional to the height of the initial obtained voltage pulse [6, 79].

In a subsequent step, the exponential-shaped signal arrives at the digitizer. The
algorithm used in the digitizer is a Digital Pulse Processing for Pulse Height Analysis
(DPP-PHA) algorithm that is based upon the Jordanov trapezoidal filter [79]. The DPP-
PHA algorithm amplifies the exponentially-shaped voltage pulse and reshapes it in a
trapezoid. The height of the trapezoid is of the order of 1 V and is proportional to the
height of the voltage pulse leaving the preamplifier. The digitizer also serves as a digital
multi-channel analyzer, meaning that to each signal a channel number is assigned based
on the height of the voltage pulse. The assigned channel number is proportional to the
height of the voltage pulse, meaning the higher the voltage pulse, the higher the channel
number will be. That way, a histogram can be constructed where on the vertical axis the
number of counts is expressed and on the horizontal axis the channel number [79]. An
overview of the different steps in the signal processing is shown in Figure 5.6.

Pre-
amplifier

Detector 2 2 Digitizer o Pc

Figure 5.6: A schematic overview of the signal processing. Information obtained from

[79].

In conclusion, when all the proportionality relations that were discussed in this sub-
section and the previous subsection are summarized, it is found that

Energy a particle o< # Electron-hole pairs
o Current flowing through resistor
x Voltage measured over resistor (5.6)
o Height voltage pulse after preamplifier
o Height trapezoid

o Channel number

and thus a linear energy calibration is expected. The energy calibration was performed
by Max Keppens and he obtained that

Energy = a - Channel number + b, (5.7)

where a = 1.53718(33) keV/channel and b = 15.710(93) keV. This calibration was also
used for the results that will be shown in the next section.
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5.4 Results

Two measurements were performed in total during this project on which an overview is
given in Table 5.1.

Table 5.1: An overview of the two measurements that were performed. The expected
activity of the *2° Ac sample is based upon a 967(37) x 10? Bq activity on 27/05/2023 at
20:38 and was determined using Fquation 5.3 in section 5.1. The expected activities given
here are from the moment implantation started.

Measurement 1 Measurement 2

Expected activity **Ac sample 6.05(23) Bq 0.0899(35) Bq
. . 2 days, 23 hours

Implantation time 2 hours and 38 minutes
Measurement time 5 hours and 42 minutes 3 days, 21 hours

and 5 minutes

The results of measurement 1 are shown in Figure 5.7.
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Figure 5.7: Results of the first measurement. The spectrum in (a) shows an overview
of all the peaks that were measured. The spectra in (b), (c) and (d) show a closer view of
respectively the energy regions 6300 keV - 6800 keV, 5700 keV - 6000 keV and 5200 keV

- 6200 keV. The errorbars were left out to improve readability.

Even though the activity of the ??Ac sample was low (i.e., 6.05(23) Bq), clear peaks
could be distinguished in the obtained spectrum. Each of the peaks was fitted with a
Crystal Ball function in order to determine the corresponding energy value. The Crystal
Ball function is defined by the function f such that

Noexp (H55), e p

N.A.<B_%>*m’ e < g (5.8)

fz) =

where
o A= ()" exp (),
e B %_|ﬁ|>

e NV is a constant.

The Crystal Ball function is a Gaussian function with a power-law tail in the lower energy
region [80, 81]. The reason why this function was used to fit the peaks, and not a regular
Gaussian, is that alpha particles have a low penetration depth and a high LET. This means
they lose large amounts of energy when travelling a short distance, as was discussed in the
introduction of this thesis. Consequently, when an alpha particle reaches the detector at
an angle, it loses significantly more energy compared to an alpha particle whose trajectory
is perpendicular to the detector due to the larger distance covered in the insensitive, top
layer of the detector (i.e., the dead layer of the detector) before it is detected. Hence, an
extra power-law tail is required to take this energy loss into account.

Thirteen peaks in total could be observed and linked to either the ?**Ac decay chain
or the ?*"Ac decay chain. For further reference on the ?2Ac and 2" Ac decay chain, see
Appendix C. An overview of each decay related to each peak is shown in Table 5.2.
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Table 5.2: An overview of the decays related to each peak in the spectrum shown in
Figure 5.7. The decays indicated in red are due to the **® Ac decay chain, while the decays
written in blue are due to the **" Ac decay chain.

Peak number | Most probably due to Other possibilities

1 23pg —s 209Ph 4 4He /
2 2W5pg — 21ph + 4He | 2'Po — 297Pbh + “He
3 29Rn — 2%Po + “He /
4 2UBj —s 20771 + “4He /
5 29Rn — 2%Po + “He /
6 2ipr — 2ITAt + 4He /
7 23Bi — 20971 4+ “He /
3 Z:Th — ETZRH + jHe /
"Ra — Rn + “He
9 23Bi — 20971 4+ “4He /
10 zz:Th — zszn + jHe /
"Ra — Rn + “He
11 25Ra — 2YRn + 4He | 2'Th — 22%Ra + *He
12 22Ra — 2YRn+ “He | 2BBi — 29T1+ “He
13 228Ra — 2YRn+ *He | 2BBi — 2971+ *He

The decays related to each peak were based on the energy of the peak that was
obtained after fitting, the energy of the emitted alpha particles retrieved from [82] and
the branching ratios of each decay. However, it is unclear whether the peaks labeled
with number 12 and 13 are due to the ?*’Ac decay chain or the ?2?Ac decay chain. The
branching ratio seems to suggest it is due to the ?*”Ac decay chain, but to be sure, a
second measurement was performed using the same 22> Ac implanted foil. As indicated in
Table 5.1, an activity equal to 0.0899(35) Bq due to the ?*Ac present is expected. This
means that in the second measurement, mainly the recoiling daughters from the 2>7Ac
decay chain will be implanted on the empty aluminium disk due to the longer half-life of
227Ac. The result of the second measurement is shown in Figure 5.8.
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Figure 5.8: The results of the second measurement. The graph in (a) shows the obtained
spectrum in the second measurement and the graph in (b) shows both spectra from the first
and second measurement combined. The graph in (c) shows the same spectrum as the one
in (b), but for the energy region between 5200 keV - 6200 keV.

As expected, barely any alpha particles emitted in the 22° Ac decay chain were detected.
For example, in Figure 5.8b, a clear peak due to the decay *'3Po — 2%9Pb + %He can
be distinguished in the spectrum obtained in the first measurement (i.e., peak 1), but
cannot be observed in the spectrum in the second measurement. The two peaks labeled
in Figure 5.7 with number 12 and 13 could not be assigned with certainty to the ??*Ac or
the 22"Ac decay chain. However, in Figure 5.8c, a clear blue peak can be observed now
in the second measurement, meaning that both peaks are indeed due to the 22" Ac decay
chain.

In conclusion, the first goal stated in the introduction of this chapter was to see whether
it was possible to build a recoil-implantation generator and implant the recoiling daughter
nuclei on an empty aluminium disk. The results given and discussed in this section show
that this is indeed possible and thus indicating the potential of the recoil-implantation
generator for the production of 2*Bi and ?**Ra for cell-irradiation experiments in the



CHAPTER 5. THE RECOIL-IMPLANTATION GENERATOR 87

future. In the next section, the efficiency of the recoiling process will be discussed in more
detail.

5.5 The Recoil Efficiency

In order to quantify the efficiency of the recoiling process, the recoil efficiency €grecon Will

be defined as
A(Bi-213)

€Recoil = %7 (59)
0,Foil

where Afﬁ;ﬂs) and A(()j}cgﬁ%) are the activities after implantation of respectively the 2!3Bi
on the aluminium disk and the ?2Ac on the foil. The remainder of this section will be
dedicated to the derivation of a formula that can be used to determine the value of €gecoil
based on the results shown in section 5.4. First, an expression for A(()]’S];'éllf) will be derived.
However, in this derivation, the assumption will be made that only the daughter nuclei
in the decay ?2°Ac — 22'Fr+ *He are implanted on the aluminium disk during the first

part of the experiment.
The activity is a measure of the amount of decays per unit time. Hence, if the mea-
surement started at ¢ = 0 and stopped at ¢t = t,,, the total amount of 2!*Bi isotopes,

Néii;illg), that decayed during the measurement can be determined as

tm
Bi-213 Bi-213
N / A2 )3y (5.10)

where AP () is the activity on the disk at time ¢ due to the 2'3Bi present. Using

Equation 5.3, this expression can be rewritten such that

tm ) tm '
/ A(DB;;{213) (t>dt - / Ag?];zi?)) . 6_>‘Bi—213tdt
0 0
(Bi-213) (5.11)
0,Disk e
= . 1 — e Bi-213 m)
>\Bi—213

is obtained due to the fact that Agﬁ;’iﬁg) is a constant value and thus can be taken out

of the integral. On the other hand, the total amount of 2*Bi isotopes that have decayed
during the measurement can be deduced from the data in section 5.4 as well: Whenever
a 213Bi isotope decays, an electron and electron antineutrino are emitted in the process
such that a 2'3Po daughter remains (see Appendix C). However, due to the short 2!3Po
half-life of 3.7 us, an alpha particle is emitted almost instantly that can be measured.
Hence, by counting the total number of alpha particles emitted in the decay of 2!3Po, the
total number of 213Bi isotopes that have decayed during the measurement can be deduced.
Let A](;(S)lfm) be the activity due to the 2'*Po present on the disk. Then

Po-213 Bi-213
AGEEI (1) = by - AR (1)

- (5.12)
CLP(t) = by~ - eceo Ay (1)
where bg- is the branching ratio in the decay chain towards ***Po (i.e., 97.9%, see Ap-

pendix C), €geo the geometric efficiency to take the solid angle into account and cFe21y)



CHAPTER 5. THE RECOIL-IMPLANTATION GENERATOR 88

is the detected number of alpha particles per unit time due to the decay of 2!3Po. Hence,
in combination with Equation 5.10, it is found that

NB213) /tm c et (t) di
0—tm 0 657 . EGGO (513)

tm
_ 1 . C(gPo—Zl?)) (t)dt,
bﬁ_ * €Geo 0

due to the fact that bs- and ege, are constant values and thus can be taken out of the
integral. The integral obtained in the final line is equal to Néiot'il?’), the total number
of alpha particles detected due to the decay of 2'3Po. This value can be obtained from
the data shown in Figure 5.7 by summing all measured counts in the peak labeled with
number 1.

Finally, by combining Equation 5.10, Equation 5.11 and Equation 5.13, the value of

Bi-213 i
Aé ik ) can be determined as

(Bi-213) (Po-213)
—AO’DiSk . (1 _ 6*/\Bi-213tm> — NOHC;/m
ABi-213 bﬁ— * €Geo
N (Po213) (5.14)
A(Bi—213) _ 0—t,,  7\Bi-213

0,Disk .
b57 C €Geo * (1 — €—>\Bi—213tm)

The value of Aéﬁ;ﬁ%), on the other hand, can be deduced from the initial activity when
the foil was implanted at MEDICIS. On 27/05/2023 at 20:38, the activity of the foil was
found to be equal to 967(37) x 10 Bq, as was stated earlier in Table 5.1. The measurement

discussed in section 5.4 started on 13/10/2023 at 11:41. Hence, using Equation 5.3, the

value of Aé}ﬁzs) was found to be equal to 6.01(23) Bq.

By combining the above-mentioned results, the recoil efficiency can be determined as

Po-213
R Né—nm ) Apiors (5.15)
Recoil b ‘ ) A(Ac—225) . (1 — _>\Bi-213tm> ’ .
B— * €Geo 0,Foil €

where

o NO(P;?ZB) = 478(22). The uncertainty associated with this value is the statistical
Poisson uncertainty.

© Aoy = oty Here is t7;°" the half-life of 2'Bi which is equal to 45.610(60)
1/2
minutes [83].
e bg- = 0.979, due to a branching ratio of 97.9% [82].
o A3 =6.01(23) Bq.

e t,, = 342(1) minutes, due to the fact that the measurement lasted for five hours and
forty-two minutes.



CHAPTER 5. THE RECOIL-IMPLANTATION GENERATOR 89

The value of the geometric efficiency ege, was determined using a Monte-Carlo based code
provided by Michael Heines from the IKS. A Gaussian source (i.e., the disk on which the
recoiled daughters are collected) and a circular target (i.e., the PIPS detector) with a
radius equal to 9.98(50) mm were assumed here. The distance between the disk and the
detector was equal to 9.18(50) mm. One of the input parameters the code required, was
the standard deviation of the Gaussian distribution of the source. However, this value
was not known. Hence, the choice was made to determine the value of the geometric
efficiency ege, for three different standard deviations:

e In the first calculation, one standard deviation of the Gaussian distribution corre-
sponded to the radius of the collimator in front of the implanted disk,

e In the second calculation, two standard deviations of the Gaussian distribution
corresponded to the radius of the collimator in front of the implanted disk,

e In the third calculation, three standard deviations of the Gaussian distribution
corresponded to the radius of the collimator in front of the implanted disk.

As a result, three value for ege, were obtained such that subsequently three values for
€Recoil cOuld be determined using Equation 5.15. An overview of the obtained values for
both €geo and €grecoit 1s provided in Table 5.3.

Table 5.3: An overview of the three values for the geometric efficiency (€ge,) obtained
by utilizing Michael Heines’ code together with the corresponding recoil efficiency (€grecoir)
obtained from Equation 5.15. In calculation one, two and three the radius of the collimator
i front of the implanted disk corresponded to respectively one, two and three standard
deviations of the Gaussian distribution.

Calculation €Geo €Recoil
1 0.114(21) | 0.182(40)
2 0.144(27) | 0.143(28)
3 0.1536(180) | 0.135(26)

Finally, with the three values for €gecoi shown in Table 5.3, a weighted mean was calcu-
lated together with the associated uncertainty” and it was found that egecon = 0.1467(171).
However, the real value of the recoil efficiency, is in practice lower compared to this value.
The reason for this is that in the calculation of €gecoi the assumption was made that only
the recoiling ?*'Fr daughters in the decay #2°Ac — 22'Fr 4+ “He are collected on the
disk. However, in the implantation part of the experiment, not only the ?'Fr daughters
of 22°Ac are collected on the disk but the 2'"At daughter of ??!Fr and 2'*Bi daughter of
2T At are collected on the disk as well. Consequently, these daughter nuclei contribute to
the value of Néi’tﬁl?’) as well. Nonetheless, the activity of sources produced at MEDICIS,
such as for example the implanted ?2Ac foil utilized in this project, is typically near
100 kBq. Hence, upon combining the definition of the recoil efficiency in Equation 5.9
together with the obtained value for egrecoi, the activity of the implanted disk due to the
213Bi present is expected to be near 0.1467(171) - 100 kBq = 14.67(171) kBq.

"Further reference on the weighted mean and the associated uncertainty is given in Appendix E.
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5.6 Estimating an Optimal Implantation Time

The activity of the 2! Am source utilized for the cell-irradiation experiments is estimated
to be near 8 kBq (see section 1.5). Hence, with a new ?*>Ac implanted foil produced at
MEDICIS with an activity near 100 kBq, a 2'*Bi source with almost double the activity
compared to the ?!Am source is expected. However, due to the short half-life of 2!3Bi
(i.e., 45.610(60) minutes) compared to the long ! Am half-life (i.e., 432.60(60) years), the
gels will not uniformly be irradiated anymore when performing one-hour or three-hour
irradiation experiments [83]. Moreover, each time an irradiation experiment is performed,
the 213Bi should be implanted anew. By utilizing the Bateman equations, an estimate for
the optimal implantation time can be determined.

Assume there are n isotopes such that isotope 1 decays to isotope 2, isotope 2 decays

to isotope 3, ..., isotope n — 1 decays to isotope n. The Bateman equations state that
dN-
= A
1
dN; (5.16)

= )\i—lNi—l — )\zNw for i = 2, .., n

dt

where N; = N;(t) and \; are respectively the amount of nuclei present at time ¢ and the
decay constant of isotope ¢ [84]. If Ni(t = 0) # 0 and N;(t = 0) =0, for i = 2,...,n, it
can be shown® that

Ni(t =0) <&
where
o = H - (5.18)
Jj=1
J#i

For this project, the amount of 2'*Bi nuclei present on the aluminium disk while
implanting can be estimated using the above equation for n = 4 due to the fact that only
the first part in the **>Ac decay chain is required: *°Ac — 22'Fr — 217At — 213Bi (see
Appendix C). Hence, as a result, the amount of ?*3Bi isotopes present on the disk while
implanting as a function of time is shown in Figure 5.9.

8See for example [85].
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Figure 5.9: The amount of '3 Bi nuclei present on the disk as a function of time while
implanting. The graph in (a) shows the region where the function reaches a mazimum
value. The graph in (b) shows the global behavior of the function. The wvertical and
horizontal dashed lines indicate the maximum of the function.

Both graphs show the same quantity but for a different time interval and were drawn by
using 100 kBq (i.e., the typical activity of a source foil implanted at MEDICIS) multiplied
by the geometric efficiency corresponding to the implantation part of the experiment as
initial value for N;(t = 0). This value for the geometric efficiency was determined in an
identical way as discussed in the end of the previous section using Michael Heines’ code,
except there was one difference here: Now a distance equal to 3.52(50) mm was utilized
corresponding to the distance between the implanted 2?°Ac source foil and the empty
aluminium disk. With this approach, the assumption is thus made that only daughter
nuclei due to the decay #2Ac — 22'Fr + “He are implanted on the disk, which is the
same assumption that was made when deriving an expression for the recoil efficiency.
Nonetheless, with these initial parameters, an optimal implantation time equal to six
hours, 26 minutes and 40 seconds of implantation was obtained resulting in approximately
4.70 x 107 implanted 2'*Bi isotopes. The optimal implantation time and the maximum
amount of implanted 2'*Bi isotopes are indicated in Figure 5.9 with respectively the
vertical and horizontal dashed blue line. It follows from Equation 5.17 that the optimal
implantation time is independent of the initial amount of nuclei, N;(¢ = 0). The reason
for this is when optimizing NV, (t), the time extracted from the expression

dN,
dt

0 (5.19)

is independent of N;(t = 0).

When utilizing a 2'*Bi source produced in this way to perform cell-irradiation experi-
ments, the 213Bi should be implanted anew for each experiment due to its short half-life
(i.e., 45.610(60) minutes) [83]. However, from a practical point of view, both the cell-
irradiation and the implantation do not necessarily need to take place on the same day: If
the 213Bi implantation is started in the evening, the day before an irradiation experiment,
the foil can be implanted all night long up until noon when the samples are ready and the
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gels can be irradiated. Consequently, this would result in a total implantation time near
18 hours. However, based on the information retrieved from Figure 5.9, the implanted
amount of 213Bi isotopes would only result in a 3% difference compared to the implanted
amount of 2'3Bi nuclei indicated with the dashed blue lines in Figure 5.9.

In conclusion, the results shown and discussed in this chapter indicate that it is indeed
possible to implant the recoiling 22> Ac daughter nuclei on an aluminium disk. Moreover,
an efficiency for the recoiling process could be estimated based on the obtained data by
deriving an expression for the recoil efficiency €grecon. This value was found to be equal
to 0.1467(171), which could yield a ?!3Bi source with an activity of 14.67(171) kBq for
100 kBq of #?°Ac. By utilizing the recoil-implantation generator, a 2!3Bi source can thus
be produced for future cell-irradiation experiments when a new ?2Ac implanted source
foil with a higher activity is available. However, the short 2'3Bi half-life requires that
the 21¥Bi should be implanted anew for each cell-irradiation experiment. Nonetheless,
the implantation can start in the evening, the day before an irradiation experiment is
planned, as it will only result in a difference of 3% compared to the optimal amount of
implanted 2'3Bi isotopes.



“Don’t feel bad about this... Part of the journey is the
end.”

Tony Stark — Avengers: Endgame

Conclusion

Part I — Development of a Cell-Irradiation Protocol

The goal of the first part of this thesis was the further development of a cell-irradiation
protocol to externally irradiate HeLa cells embedded in a hydrogel. This protocol is a first
step in a larger experimental endeavor to probe the radiobiological effects of the recoiling
225 Ac daughter nuclei.

The first part of this thesis started with a cell-irradiation experiment by following
the protocol developed in earlier work (see [2]). This protocol made use of 1.5 mg/mL
collagen gels in which the cells were embedded. However, it was noticed in earlier work
that these hydrogels were too fragile and too easily damaged by the gel manipulation in
the protocol, thus resulting in too much additional damage [2]. Hence, instead of using
a 1.5 mg/mL collagen gel, a 2.0 mg/mL collagen was utilized in this project to obtain
a stronger and more damage-resistant gel. However, the obtained results were not in
accordance with the expectations such that three hypotheses were formulated to provide
an explanation for these results.

For the first hypothesis, the cell sedimentation in three materials was investigated
using confocal microscopy: Both 1.5 mg/mL and 2.0 mg/mL collagen gels, a 5 wt% PEG
gel and a hydrogel containing 50% Matrigel. An excellent cell sedimentation was only
observed in the hydrogels containing Matrigel. Matrigel thus proved to be not only a
stronger alternative for the 1.5 mg/mL collagen gels, but an improved cell sedimentation
was observed as well.

For the second hypothesis, the Matrigel concentration was increased from 50% up to
60% and modifications to the Teflon holders were made such that the protocol could be
adjusted to reduce additional damage due to gel manipulations to a minimum: With these
changes, the Resazurin assays could be performed inside the Teflon holders such that the
gels did not need to be taken out of the holders anymore with a pair of tweezers.

Lastly, for the third hypothesis, the issues regarding gel adhesion to the glass slides
upon removing them was investigated using multiphoton microscopy. To prevent gel
adhesion to the glass slides, eight potential solutions were probed. Out of these eight
potential solutions, both the methacrylate-silane covered glass slides provided with an
additional PEGDA coating and the APTES coated glass slide provided with an additional
PEG and DTT coating prepared on a piece of Teflon tape seemed to prevent gel adhesion
to some extent. However, only the APTES coated glass slide provided with an additional
PEG and DTT coating prepared on a piece of parafilm completely prevented both the
gel and the cells from adhering. This was also verified with an additional multiphoton
microscopy measurement. Moreover, during the investigation of this third hypothesis, it
was also noticed that the temperature of the lab seems to impact the cell sedimentation
in the gels containing Matrigel.
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With the modifications made to both the protocol and the Teflon holders, two new cell-
irradiation experiments were performed. A clear impact of the alpha particles on the cells
could be observed on the day of irradiation, which indicates the modifications did seem to
have resulted in an improvement. However, measuring the impact of the alpha particles
in the subsequent days following the irradiation experiments still proved to be difficult
due to gel fragments breaking off from the gel while performing the Resazurin assays.
The addition of an additional agarose layer on top of the gel could provide a solution
for this issue. Nonetheless, future irradiation experiments are required to investigate the
effectiveness of the agarose layer.

Lastly, once the impact of the alpha particles on the cells can appropriately be mea-
sured in the subsequent days following irradiation, the time can be probed at which the
difference in number of cells alive in the irradiated sample and the control sample is the
largest. That way, in the next step of the experimental endeavor, the cell viability can be
probed at this time.

Part II — Production of Isotopes for Cell Irradiation

In the second part of this thesis, the development of a recoil-implantation generator was
discussed that can be used for the production of isotopes for cell-irradiation experiments.
More specific for the production of 2'3Bi and #23Ra due to their promising results in clinical
and preclinical trials. The goal of this part was twofold: (1) To see whether it is possible
to build a recoil-implantation generator and implant the recoiling 22 Ac daughters on an
empty aluminium disk and (2) to see whether an efficiency for the recoiling process can be
deduced from the obtained data, should it be possible to implant the recoiling daughter
nuclei.

Two experiments were performed of which the results were shown and discussed. Even
though the activity of the *Ac implanted foil was low, clear peaks in the obtained
spectra could be observed and identified based on the corresponding energy value and the
branching ratio in the decay chain. Hence, it is indeed possible to implant the recoiling
daughter nuclei on an empty aluminium disk. Moreover, based on the obtained spectra,
an efficiency for the recoiling process could be derived in the form of a recoil efficiency
€Recoil- ' Lhis value was found to be equal to 0.1467(171), meaning that a 2*Bi source
produced in this way is estimated to have an activity equal to 14.67(171) kBq due to the
fact that an ??*Ac source produced at MEDICIS typically has an activity near 100 kBq.

For future measurements, when more 22° Ac is available with a higher activity compared
to the foil that was used in this project, both parts of this thesis can be combined in a single
cell-irradiation experiment: A 23Bi source can be produced using the recoil-implantation
generator such that the impact of this source on the cells embedded in the gel can be
probed. However, the short 2'3Bi half-life requires that the 2'*Bi should be implanted
anew for each cell-irradiation experiment. Even though an optimal implantation time
equal to six hours, 26 minutes and 40 seconds was found, the implantation can start in
the evening, the day before an irradiation experiment is planned, as it will only result in
a difference of 3% compared to the optimal amount of implanted 2!3Bi isotopes.
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“Mini cupcakes? As in the mini version of regular cup-
cakes? Which is already a mini version of cake? Honestly,
where does it end with you people?”

Kevin Malone — The Office

Nutrient Medium For Supporting
Cell Growth

In this appendix, further reference is provided on the nutrient medium that was used
for supporting cell growth. The nutrient medium used in this project contains 10% of
Gibco s fetal bovine serum (FBS) [86], 1% of Gibco s Penicillin Streptomycin (Pen
Strep) containing 10000 units/mL of penicillin and 10000 pg/mL of streptomycin [87],
1% of Gibco s minimum essential medium non-essential amino acids (MEM NEAA) [38]
and 88% of Gibco"’s Dulbecco’s modified eagle medium (DMEM). DMEM contains high
quantities of glucose, sodium pyruvate, GlutaMAX™ and phenol red, but was prepared
without HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyljethanesulphonic acid) [89, 65]. More
specifically, each component in the modified DMEM can be categorised as either an amino
acid, a vitamin, an inorganic salt or as an other component (i.e., components that cannot
be placed in one of the first three categories). The molecular weight and concentration of
each component in the modified DMEM is summarized in Table A.1, Table A.2, Table A.3
and Table A 4.
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Table A.1: Summary of the molecular weight (in u) and concentration (in mg/L) of
each vitamin in the DMEM. Information obtained from [90)].

Component Molecular weight [u] | Concentration [mg/L]
Choline chloride 140.0 4.0
D-Calcium pantothenate 477.0 4.0
Folic Acid 441.0 4.0
Niacinamide 122.0 4.0
Pyridoxine hydrochloride 206.0 4.0
Riboflavin 376.0 0.4
Thiamine hydrochloride 337.0 4.0
i-Inositol 180.0 7.2

Table A.2: Summary of the molecular weight (in u) and concentration (in mg/L) of

each amino acid in the DMEM. Information obtained from [90].

Component Molecular weight [u] | Concentration [mg/L]
Glycine 75.0 30.0
L-Alanyl-Glutamine 217.0 862.0
L-Arginine hydrochloride 211.0 84.0
L-Cystine 2HCI 313.0 63.0
L-Histidine hydrochloride-H,O 210.0 42.0
L-Isoleucine 131.0 105.0
L-Leucine 131.0 105.0
L-Lysine hydrochloride 183.0 146.0
L-Methionine 149.0 30.0
L-Phenylalanine 165.0 66.0
L-Serine 105.0 42.0
L-Threonine 119.0 95.0
L-Tryptophan 204.0 16.0
L-Tyrosine disodium salt dihydrate 261.0 104.0
L-Valine 117.0 94.0
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Table A.3: Summary of the molecular weight (in u) and concentration (in mg/L) of
each inorganic salt in the DMEM. Information obtained from [90].

Component Molecular weight [u] | Concentration [mg/L]

Calcium Chloride (CaCly) (anhyd.) 111.0 200.0
Ferric Nitrate (Fe(NOs)s - 9H20) 404.0 0.1

Magnesium Sulfate (MgSO,) (anhyd.) 120.0 97.67

Potassium Chloride (KCI) 75.0 400.0

Sodium Bicarbonate (NaHCO3) 84.0 3700.0

Sodium Chloride (NaCl) 58.0 6400.0

Sodium Phosphat monbas 1350 1250

Table A.4: Summary of the molecular weight (in u) and concentration (in mg/L) of each
component in the DMEM that was labeled as “other component”. Information obtained

from [90].
Component Molecular weight [u] | Concentration [mg/L)]
D-Glucose (Dextrose) 180.0 4500.0
Phenol Red 376.4 15.0
Sodium Pyruvate 110.0 110.0




“Do I need to be liked? Absolutely not. I like to be liked.
I enjoy being liked. I have to be liked. But its not like
this, compulsive, need, to be liked. Like my need to be
praised.”

Michael Scott — The Office

Basic Principles of Fluorescence

Jablonski diagrams are often used to visualize and interpret all radiative and non-radiative
transitions underlying the observed fluorescence spectra of molecules. In this appendix,
the basic principles of fluorescence will be discussed starting from a Jablonski diagram.

B.1 Jablonski Diagram

Consider the Jablonski diagram shown in Figure B.1.

Energy Levels

Absorption (105s)

Fluorescence (101°—107s)

SZ .- YN\ — Phosphorescence (10¢—10s)
—_— Y AL Internal Conversion (1011-109s)

Vibrational Relaxation (1012~ 101%5s)

A AN Intersystem Crossing (1010 — 108 s)
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=N\ IS L =

g Ty ==

\ 4 v
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Figure B.1: [llustration of a Jablonski diagram indicating all possible radiative and non-
radiative pathways. The timescale of each pathway is also indicated in the legend of the
figure. Figure obtained from [91].

Each horizontal line indicates a vibrational state. The lowest vibrational state of an
electronic state is indicated in bold and is often labeled with an S or a T'. The capital
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S stands for “Singlet state” (i.e. a total spin angular momentum equal to zero), such
that Sy is the singlet ground state of a molecule and S, the n'" excited singlet state. The
capital T stands for “Triplet state” (i.e. total spin angular momentum equal to one) such
that T;, is the n'® excited triplet state [91]. The n'" excited triplet state is always slightly
lower in energy compared to the n'' excited singlet state [92]. Most molecules have a
singlet state as a ground state, but this is not true for every molecule: A counterexample
is molecular oxygen which has a triplet state as ground state [91, 93].

When a substance is irradiated with light, the photons can be absorbed by the
molecules of the substance resulting in the excitation of one or more electrons to an
excited vibrational state. Once the molecule is in an excited state, three non-radiative
processes can OCCur:

1. Internal conversion, which is an isoenergetic transition from a vibrational level in
an electronic state towards a vibrational level in a different electronic state having
the same spin multiplicity (indicated in purple in Figure B.1). Timescale: 107! -
107 seconds [92].

2. Vibrational relaxation, which is transition from a higher vibrational state to a lower
vibrational state within the same electronic state (indicated in yellow in Figure B.1).
Timescale: 10712 - 1071° seconds [92].

3. Intersystem crossing, which is an isoenergetic transition from a vibrational level in
an electronic state towards a vibrational level in a different electronic state having a
different spin multiplicity (indicated in light blue in Figure B.1). Timescale: 1071°
- 1078 seconds [92].

Both internal conversion and vibrational relaxation are transitions between two vibra-
tional levels with the same spin multiplicity and thus are quantum mechanically allowed
transitions. Intersystem crossing, on the other hand, is a transition between two vi-
brational levels having a different spin multiplicity and thus is a quantum mechanically
forbidden transition. As a result, internal conversion and vibrational relaxation typically
occur before intersystem crossing [91, 92].

On the other hand, there are two radiative pathways that can occur as well:

1. Fluorescence, which is a transition between two electronic states with the same
spin multiplicity (indicated in green in Figure B.1). However, in practice, fluores-
cence typically only occurs in the transition of S; towards Sy as a consequence of
vibrational relaxation. Timescale: 107'% - 1077 seconds [92].

2. Phosphorescence, which a transition between two electronic states with different
spin multiplicity (indicated in red in Figure B.1). Timescale: 1075 - 10 seconds [92].

Fluorescence is a transition between two singlet states and is thus a quantum mechani-
cally allowed transition. Phosphorescence, on the other hand, is a quantum mechanically
forbidden transition which explains why fluorescence typically occurs before phospho-
rescence when comparing the timescales of both pathways [91]. Vibrational relaxation
almost always occurs before fluorescence. Hence, when a molecule of a substance absorbs
a photon, the wavelength of the emitted photon as a result of fluorescence will almost
always be larger than the wavelength of the absorbed photon [92].
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B.2 Bandwidth

The illustration in Figure B.2 shows a typical excitation and fluorescence emission spec-
trum of a molecule.

Emission

Excitation

Fluorescence intensity

450 500 550 600 650 700
Wavelength (nm)

Figure B.2: [llustration of a typical excitation and fluorescence emission spectrum. Fig-
ure slightly adapted from [9/].

When a sample is irradiated with light, the amount of absorption depends on the
wavelength of the photons, as can clearly be seen in Figure B.2. Hence, to maximize the
emission of photons due to fluorescence, it is important to irradiate the molecules of the
sample with light at the right wavelength. The bandwidth associated to the excitation or
emission wavelength indicates the range of photon wavelengths exciting or emitted from
the sample. More specifically, let A be the wavelength of the light irradiating the sample
and let AX be the associated bandwidth. Then the sample is irradiated with photons
having a wavelength ranging from A — % up to A + %. In a similar way, if X' is the
wavelength of the photons emitted from the sample as a result of fluorescence and AN
is the associated bandwidth, then the sample emits fluorescence photons ranging from
N — A2 up to X + & [95].



“She’s one of my 447 Facebook friends. Everyone wants a
slice.”

Phil Dunphy — Modern Family

The ?°Ac and %?’Ac Decay Chains

The 22Ac and 22" Ac decay chains are respectively shown in Figure C.1 and Figure C.2.

o « « [ a (2.1%)
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Figure C.1: The ?*> Ac decay chain. The isotopes indicated in red decay through a-decay,
the isotopes in blue decay through B~ -decay and the isotopes in green are stable. The half-

life of each isotope is written next to each decay. The image is based upon the information
retrieved from [82, 83].

113



APPENDIX C. THE **AC AND 2’ AC DECAY CHAINS

R7Ac
B~ (98.6%)
21.8 years
223y 227

a (6.0 x 1073%)
22.0 min

« (93.6%)
56.0 s

215Bi ZIQRH

o
4.0 s
215PO
o
1.8 ms
lepb
3
36.1 min
B~ (0.3%) a (99.7%)
2P, | e | 2B | ——— | 2077
2.1 min 1

21’)71)1)

Figure C.2: The 22" Ac decay chain. The isotopes indicated in red decay through a-decay,
the isotopes in blue decay through B~ -decay and the isotopes in green are stable. The half-

life of each isotope is written next to each decay. The image is based upon the information
retrieved from [82, 83].
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“Claire likes to say you can be part of the problem or part
of the solution. But I happen to believe you can be both.”

Phil Dunphy — Modern Family

The ISOL method

Further reference will be provided in this appendix on the ISOL method based on the
schematic illustration provided in Figure D.1.

Release s
lonization

Diffusion |
Mass separation

Figure published in Ramos ef al., (2020) /
NIM B 463, 201
Accelerated protons

o

Figure D.1: A schematic overview of the ISOL method. Figure obtained from [90].

The first step in the ISOL method, is to collide high-energy protons on a heated
target (~ 2000 °C). At CERN, the energy of the protons is of the orders of GeV. As
a result, nuclear reactions will occur within the target to produce the required isotopes
together with many by-products. For the production of 2°Ac at MEDICIS, a thorium
carbide (ThC) target is used. The high heat of the target enables the diffusion (i.e.,
the movement of the isotopes within the grains of the target) and effusion (i.e., the
movement of the isotopes between the grains of the target) process. Both the required
225Ac and the formed by-products are extracted from the target in this way as shown
in Figure D.1. However, to get rid of the many by-products and to obtain a pure ??*Ac
beam in the end, the extracted isotopes are first partially selected based on their chemical
element using a resonant ionisation laser ion source. Afterwards, they pass through a
magnetic field such that the ionised elements can be selected based on their mass in order
to distinguish between isotopes. The resonant ionisation laser ion source makes use of a
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series of frequencies corresponding to the electron transitions of the required atom. Hence,
if the frequencies are chosen in such a way they correspond to the electronic transitions
of actinium, only the required actinium atoms become ionized as a result of the stepwise
excitation. In the next step, the extracted elements arrive at the mass separator where the
ionised atoms are separated based on their mass using an analyzing magnet. Contrarily
to the target and ion source that are put on high voltage (i.e., ~ 40 - 60 kV), the mass
separator on the other hand is grounded. Hence, the only force acting on the charged
particles is the Lorentz force as a consequence of the magnetic field (~ 300 mT). As a
result, it can be shown using Newton’s second law of motion that the charged particles
will travel along a circular trajectory and that the radius r of this trajectory will be equal

to
mu

r=—,
lq| B

where m is the mass of the isotopes, v their velocity, |¢| the magnitude of their charge
and B the magnitude of the magnetic field. Hence, based on the curvature of the cir-
cular trajectory, different isotopes can be distinguished from each other based on their
mass. Finally, after passing through the magnetic field, the isotopes are implanted on
an aluminium-coated gold foil which is the foil that was used for the experiments in this
project [97, 98, 99].

(D.1)



“I know it’s hard to believe, but I was actually a bit of a
nerd back in the day and it was suggested that I was out
of my league when I landed Claire. By Jay mostly, and
my friends, and my parents and Claire.”

Phil Dunphy — Modern Family

The Uncertainty Associated to the
Weighted Mean

The weighted mean and the uncertainty associated to the weighted mean were utilized in
section 5.5 to obtain a value for the recoil efficiency. In this appendix, further reference
on the weighted mean and a derivation of the uncertainty on the weighted mean will be
provided.

When n values z1, x», ..., x,, are measured, with an uncertainty oy, oo, ..., 0, respec-
tively, the weighted mean (x) is then defined such that

iy Ti W
() = izt T (1)
D it Wi
The values wy, ws, ..., w, are weight factors defined such that w; = % for each @ €
{1,2,...,n}. Obeying the rules regarding uncertainty propagation, the uncertainty oy on
the weighted mean can be determined as

Oy = Z(%’j) o2, (E.2)

=1

Using Equation E.1, this expression can be rearranged such that

n 2 5 n 2
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due to the fact that each w; > 0 and thus no absolute values are required. The symbol
Or; represents a Kronecker delta, meaning that

P R (E.4)
0, k#i.

Hence,

k=1

Combining this result with the expression on the final line of Equation E.3, it is found
that

j=1Wj

0<x>zzn;'\zw?-0?

1 z E.6
- < Zwi ( )

due to the fact that

(E.7)
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