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DEA AULIA KARTINI : RADIOBIOLOGY EXPERIMENTAL VERIFICATION USING
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Keyword: 3D cell culture/ Radiobiological verification/ Treatment planning/ lon

beam radiotherapy

The investigation of 3D bio-phantom consisting of cells cultured in
Matrigel matrix inside micro-well plates as an alternative tool for biological
dose verification have been performed in this study. CHO-K1 cells cultured in
Matrigel inside 96-well plate yielded a high cell number with a realistic cell
shape, compared to cells cultured in monolayer, and present a very convenient
system for studying the cell survival at and below 1% of survival fraction.
Film dosimetric experiments were conducted to rule out the presence of any
field inhomogeneities caused by the well plate polystyrene structure. The radio-
sensitivity of CHO cells in Matrigel after irradiation with X-rays and monoenergetic
carbon ions was found to be lower than for standard monolayer culture. Next,
a treatment plan was optimized for a flat biological dose in a rectangular
volume in TRiP98 employing a dedicated CHO RBE table for Matrigel. The cell
survival distribution in three dimensions was analyzed and compared to the cell
survival obtained from the reference stack phantom. The result showed very
good agreement and follow the TRIP98 prediction closely. Adaptation to smaller
well plate has been conducted by culturing mammalian cells in Matrigel matrix
inside V-bottom 384-well plate. Dose response curves of cells in Matrigel to
iradiation with X-rays and monoenergetic carbon ions have been measured and
xrs-5 cells show a higher radio-sensitivity compared to CHO cells thus making
xrs-5 cells suitable for investigating cell survival at low-dose region. Finally, the
treatment plan verification in low-dose region has been performed using refined
3D bio-phantom. Cell survival distribution in lateral cuts was analyzed and the

measured cell survivals were in a good agreement with the expected survival.
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In conclusion, the 3D bio-phantom is a practical tool for verifying the biological
effect calculated by treatment planning systems and could be used as verification
tool for treatment planning involving a complex geometries or unconventional

optimization strategies.
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CHAPTER |
INTRODUCTION

Cancer is a deadly disease caused by abnormal cells which grow into
a lump of cancer cells (Pardee and Stein, 2011). It can spread out to nearby
healthy tissue or metastasize to distant locations. There are several modalities
to treat cancer and one of them is radiotherapy. Radiotherapy is a treatment
utilizing high energy radiation such as photons and electrons to kill the cancer
cells. In the late 1990s, ion beam radiotherapy becomes a new modality for
treating cancer cells, especially deep-seated cancer such as head and neck
cancers. lon beam radiotherapy treats the cancer patients by irradiating the
tumor or cancer cells with ion beams such as carbon ions and protons. The
advantage of the ion beam radiotherapy lies in the inverted depth-dose profile
where most of the energy is deposited at the end of the beam range formed
a peak which is called Bragg-peak. Because of this, the deep-seated cancer cells
will receive a maximum dose while sparing the surrounding healthy tissue. In
2021, the first proton radiotherapy facility in Thailand will be operated at King
Chulalongkorn Memorial Hospital at Bangkok. The proton beams are produced
by cyclotron machine allowing to generate energy beam with range of 70 -
250 MeV. The beams will be delivered using a moving gantry which can rotate
in 360° so the irradiation could be delivered from any angle.

Due to the high linear energy transfer (LET) or mass stopping power
of ion beam radiotherapy, the relative biological effectiveness (RBE) is increasing
towards to the Bragg-peak (Krémer, 2001). RBE is defined as the ratio between
two different radiation doses that yield the same biological effects (Hall and
Giaccia, 2012). This is the reason why radiobiological effectiveness is essential in
treatment planning of ion beam radiotherapy. However, there is a challenging in
performing biological verification because it is not easy to do direct measurement
on biological effects (Kramer et al, 2003). Measuring the cell survival is the
easiest method to observe the biological effects after irradiation. Different
verification tools or ”phantoms” have been used for conducting RBE-weighted

treatment plan verification at GSI Helmholtz Centre for Heavy lon Research (GSI)



(Kréamer et al,, 2003; Gemmel et al, 2008; Kramer and Durante, 2010; Kramer
et al, 2014; Sokol et al, 2017) for different purposes. Therefore, phantom that
could observe the cell inactivation in different areas of treatment plan with
high spatial resolution is needed for performing biological measurement.

Recently, multi-well plates have been used to culture cells in radio-
biology experiment by different research groups (Gemmel et al, 2010, Gemmel
et al.,, 2011; Klein et al, 2017; Patel et al, 2017; Mein et al, 2019). However,
the field homogeneity has never been investigated despite the well plate were
not completely filled (Buglewicz et al, 2019). An experiment on radiobiological
verification utilizing multi-well plates has been conducted at GSI by obtaining
the survival curve of CHO cells cultured in monolayers inside the 24-well plates.
Since verification method using the 24-well plates with monolayers cell culture
has limited spatial resolution in x- and y-plane, another attempt has been made
by culturing the CHO cells in Matrigel matrix inside the 24-well plates (Peroni,
2018) which works quite well. To ensure there are no reflection or other border
effects from the wall of well plates, Gafchromic films were irradiated in- and
outside of the 24-well plates in monoenergetic oxygen beam with energy of 30
MeV/u (Kartini, 2018).

A new radiobiological verification setup utilizing micro-well plate with
Matrigel matrix to achieve higher spatial resolution is investigated in this study.
The feasibility study of Matrigel cell culture has been performed by observing
the shape and cell proliferation in Matrigel matrix which is presented in Chapter
ll. The response of cells cultured in Matrigel to different type of irradiation
are also investigated in this study. In addition, the investigation on radiation
field homogeneity will be carried out by irradiating Gafchromic EBT3 films placed
following stacked micro-well plates to ensure there is no artefact caused by
the structure of micro-well plate. After that, the verification of RBE-weighted
treatment plan is performed using 3D bio-phantom which allows to observe the
experimental data in specific location which is a convenient system for observing
the spatial distribution of cell survival in three dimension. The dose response
curve, EBT3 film measurement, and treatment plan verification are reported in
Chapter V.

Next, the technique has been extended to radio-sensitive cell line

and higher spatial resolution by culturing xrs-5 cells in Matrigel inside V-bottom



384-well polypropylene (PP) plate. The cell growth as well as the response of
cells in Matrigel inside 384-well PP plate to irradiation have been investigated
and presented in Chapter V. Finally, the radiobiological verification in out-of-field
regcion has been performed using 3D bio-phantom that has been adapted to
xrs-5 cell and 384-well PP plate in order to observe the cell survival at low

dose region which could not be observed using CHO cells.



CHAPTER Il
RESEARCH BACKGROUND

2.1  Physics of ion beam radiotherapy

2.1.1  Energy loss of particle

lon beam radiotherapy utilizes accelerated charged particles to irradiate
the cancer cells. It has more advantages than conventional radiotherapy because
of its inverted depth-dose profile. When charged particles are absorbed in matter
or target such as human body, the charged particles ionize matter by transferring
some of their kinetic energy into matter. The amount of energy transferred or
the energy loss per unit path length dE/dx in matter (mass stopping power)
can be expressed by Bethe-Bloch equation (Bethe, 1930; Bloch, 1933a; Bloch,
1933h),

2 2 2

B <dE> 2.2, Bt e B T 5o 0 (57)}

(2.1)

where K = 47TNArimec2, N, is Avogadro’s constant, r. is classical electron radius,
P is the mass density of target, Z, is the atomic number of projectile, Z; is

the atomic number of target, A, is the atomic weight of target, m, is the mass
\Y

of electron, ¢ is speed of light, 6 = — where v is the velocity of projectile,
Y= (1 — 6)_1/2, | is the mean ionization potential h <V>, Thax 1S the
maximum energy transfer in a single collision, and 0 is the density correction.
The dE/dx has dimension MeV/gcm .

When fast charged particles travel inside the matter, the energy loss
increases along the way until particles lose all the energy and then stop
traveling. Therefore, the energy loss of particles falls to zero after it reaches
the maximum value near the end of the path and this maximum value of
energy loss is known as Bragg peak (Tavernier, 2010). Figure 2.1 presents Bragg

peaks at the same depth produced by carbon ions and protons with different
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Figure 2.1 Depth dose profile of carbon ions and protons. Carbon ions with
energy of 156.38 MeV/u and protons with energy of 80.69 MeV yield Bragg peaks
at depth of 50 mm.

energies.

The amount of energy deposited in matter caused by the particles
traveling through matter in radiotherapy is known as LET and the unit of LET
is keV/Um. Heavy ions such as carbon ions have a high LET value because
carbon ions have a higher atomic number (Z;) compared to protons which
are a lighter particle. LET will be proportional to the mass stopping power if
the projectile undergoes little scattering so it travels along a straight line and
becomes identical if the mass density of medium is equal to 1 (e.g. in water).
The total path length of heavy charged projectiles in matter is similar to the
mean range R because heavy ions are less scattered and travel nearly a straight
line. The mean range of heavy ions traveling in matter can be calculated by

integrating over the inverse of the linear energy transfer (Schardt et al., 2010),

o rdE\ 7!
[(E) ”
0 dx

with dE depends on initial energy where E, is the initial energy.



2.1.2 Radiation dose

The amount of energy deposited in tissue is very important in radio-
therapy and is quantified by absorbed dose. The absorbed dose D is the mean
energy deposited by ionizing radiation per unit mass in matter or tissue (ICRU,
1993). For parallel particle beam with fluence F penetrating a medium with

mass density 0, the absorbed dose can be calculated by

- (%) - Ax - N

dm prA: Ax
N S 1 dE
where ¢ = — is the fluence, S is the stopping power, and — = — « —
5 p P ox

is the mass stopping power. The absorbed dose is measured in the unit (S|
system) called as Gray or Gy where 1Gy is equal to 1J/ke.

For a given target dose, carbon ions and protons have a low radiation
dose in the entrance channel (because of Bragg peak) compared to electrons
and photons. Thanks to Bragge peak, cancer cells located deep inside the body
receive a maximum radiation dose while the healthy tissue receives a minimum
radiation dose (figure 2.1). In case of large volume tumour, a spread-out Bragg
peak (SOBP) is employed to irradiate the whole tumour. A simple spread-out
Bragg peak consists of the multiple Bragg peaks produced e.g. by modulator
wheel (Chu et al, 1993). Meanwhile at GSI, the active scan system has been
utilized to combine different energy beams that stop in different tissue depths

("slices”) in order to irradiate the whole target volume (Kramer et al.,, 2000).

2.1.3 Lateral scattering

In ion beam radiotherapy, the elastic Coulomb interactions with nuclei
of matter or multiple Coulomb scattering cause lateral scattering (Schardt et al,,
2010). The scattering angle is described by Moliere-Highland scattering theory
(Moliere, 1948; Highland, 1975)

(0) = (13.6!\/\e\/ >2d

d 2
—Z ) — (1 + 0.038 log —) (2.4)
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where p is particle momentum, d is thickness of target, and L, is radiation
length. Heavy ions such as carbon ions have smaller lateral deflection than
protons which is good for irradiating cancer cells close to organ at risk (OAR).
Figure 2.2 presents the comparison of lateral profile between carbon ions and
protons in extended target at depth of 71 mm. According to lateral profiles,
carbon beam has less lateral scattering than proton beam which is very good

to spare the healthy tissue surrounding the target.
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Figure 2.2 Lateral profile of carbon beam in comparison to proton beam in

extended target at depth of 71 mm.

2.1.4  Fragmentation tail

When charged particles penetrating in matter, nuclear fragmentation
produces lighter ions. Measurement of fragmentation produced by carbon ions
with energy of 400 MeV/u penetrating in water has been performed and lighter

10, . 10 10
Li, "B, and ~Be have been measured after

ions such as proton, helium,
Brage peak (Haettner et al, 2006; Schardt et al., 2010). Since ions produced
by nuclear reactions are lighter than primary ions, these lighter ions penetrate
deeper resulting in a dose tail after Bragg peak. Meanwhile for protons, there is
no nuclear fragmentation produced but there are target fragments produced, but

with less significant contribution. Thus, there is no fragmentation tail produced



after Bragg peak for proton beam. Figure 2.1 presents the depth dose profile
of carbon ions and protons. For carbon ions, fragmentation tail is observed
following Bragg peak and it leads to a radiation dose ”tail”. In contrast to
carbon ions, radiation dose for protons completely falls down after Bragg peak

which is very good for irradiating target close to OAR or important organ.

2.2 Relative biological effectiveness

Different radiation modalities will cause different biological effect in
human body. The dose ratio between sparsely ionizing radiation (X-rays, gamma
rays) and densely ionizing radiation (protons, carbon ions, helium) which gives
the same biological effect is described by relative biological effectiveness or RBE
(Hall and Giaccia, 2012).

D

X—rays

D

RBE = (2.5)

ions
RBE plays an important role in ion beam radiotherapy as the value of RBE is
increasing toward the Bragg peak resulting in more biological effect in target
and less biological effect in entrance channel or healthy tissue (Weber and
Kraft, 2009). RBE depends on types of ions, LET, energy, and radio-sensitivity of
cells (Weyrather et al, 1999). RBE can be measured by comparing two survival
curves of sparsely ionizing radiation, e.g. X-rays or electrons, and densely ionizing

radiation (figure 2.3).

2.2.1 Cell survival curve

Survival curves describe the survival probability of a single cell after
iradiated to the certain radiation dose (Hall and Giaccia, 2012). In order to
obtain survival curve, the irradiated cells then are re-seeded and incubated for
one or two weeks in order to let the cells forming colonies. After one or two
weeks, the formed colonies are counted and considered as the surviving cells.

In survival curve experiments, the plating efficiency of cells needs to
be considered when adjusting the number of cells re-seeded after the irradiation.
The plating efficiency (PE) describes the percentage of cells that attach and

grow into colonies. Every cell lines have different plating efficiency value and



the plating efficiency can be expressed as

Number of colonies counted
PE = (2.6)
Number of cells seeded

Measured surviving cells are then plotted in logarithmic scale as a
function of radiation dose. Different type of radiations gives a different shape of
survival curves as shown in figure 2.3. The shape of survival curves is described

by the linear-quadratic model and it is expressed by the formula
s = exp (—ap — [o’) (2.7)

where S is the fraction of surviving cells at dose D while (¥ and 6 are

parameters that describe the radio-sensitivity of cell line.
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Figure 2.3 Survival curves of CHO-K1 cells irradiated by X-ray and carbon ions
with energy of 76.9 MeV/u (Weyrather et al, 1999).

For producing a lethal event (DSB), there are two mechanisms. At low
dose, one single electron can break two chromosome at the same time and
its probability is proportional to the dose. At the high dose, two chromosome
breaks caused by two different electrons and its probability is propositional to
the dose square (Hall and Giaccia, 2012). The survival curve of sparsely ionizing

radiation or X-rays starts with linear curve at lower dose which shows the
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repairing ability of cells after the irradiation and this stage is corresponded by
(¥ parameter. After that, the curve starts to bend because it is influenced by
6 parameter. If the 5 parameter is more dominant than (X parameter, then
the curve will be more bent at the high dose. The survival curve of very
densely ionizing radiation such as high-LET ion beams is described only by the
(¢ parameter which makes it has a straight linear slope line. The survival curve
of ion beams also can be predicted using the local effect model (LEM) (Scholz
et al.,, 1997; Elsasser and Scholz, 2007; Elsasser et al., 2008).

2.3  TRIiP98 treatment planning system

Before patient undergoes the radiotherapy treatment, treatment plan
needs to be done in order to delineate cancer localization and optimize the
absorbed dose distribution in target, healthy tissue and OAR. Treatment planning
system is utilized to compute the treatment plan. TRiP98 (treatment planning
for particles, 1998 edition) is a research treatment planning system developed
at GSI (Kramer et al, 2000; Kréamer and Scholz, 2000; Kréamer, 2001). TRiP98
was utilized to make biological-optimized treatment plan for patients during GSI
patient trial project which is started in 1997 and around 400 patients have
been successfully treated using this approach at GSI over several years. TRiP98
has been designed to deliver the irradiation using 3D active scanning beam
and control the beam position, size, energy and intensity for optimal irradiation.
Furthermore, RBE can be used to optimize the treatment plan resulting the
RBE-weighted dose (biologically effective dose) in target. Over decades, TRiP98
has been upgraded and improved to compute the treatment plan for mixed
fields irradiation, multiple ions irradiation, hypoxic irradiation or complex treatment
plan geometries (Krdmer et al, 2000; Kramer and Scholz, 2000; Kréamer and

Durante, 2010; Kramer et al., 2014; Sokol et al., 2017; Sokol et al.,, 2019).

2.4 Gafchromic EBT3 film

Gafchromic film is a radiochromic film that has self-developing (darkening)
ability due to polymerization. It is usually used as dosimetry and verification tools
in intensity-modulated radiotherapy (IMRT). Gafchromic film consists of a 30 f4m

active layer sandwiched between two matte-polyester layer with a thickness of
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125 m, respectively (Ashland Advanced Materials, 2016). It has high spatial
resolution and is water resistant because of its polyester surface. Gafchromic
EBT3 film is used in this study because it has more advantages compared to
the EBT2 film such as symmetry structure and no Newton’s rings interference
pattern occurred (Lewis et al,, 2012). Gafchromic film physically reacts chemically
to the radiation and changes its colors. This transformation can be described
by the net optical density or net OD. The net optical density is the darkening
degree of the Gafchromic film caused by the irradiation after eliminating the

optical density of background (unexposed film). The net OD value is given by

netoD = OD,,, — 0Dy, = 10g, <|i> — log,, (|i> (2.8)
exp lpg
with /o is the maximum intensity which can be measured by a scanner, f, is
the transmitted intensity of background while /o, is the transmitted intensity of
the exposed film.

The longtime development of the EBT films irradiated by carbon ions
of energy 250 MeV/u was analyzed for more than five months (Martisikova and
Jakel, 2010). The darkening degree of EBT film irradiated by carbon ions in
the peak and in the plateau was compared to the ones irradiated by photons
(*Co) at the dose of 1 Gy. The netOD value has increased around 3—4% within
20 days for both in the peak and in the plateau region due to the slow
development of EBT film and the different between those two curves is 1%.
A preliminary study on field homogeneity of 24-well plates by employing the
Gafchromic film has been performed (Kartini, 2018). The 24-well plates were
irradiated by oxygen beams with energies of 30 MeV/u and 50 MeV/u. The netOD
of irradiated Gafchromic film inside well plate and outside well plate showed
a good agreement indicating there is no any artifacts or reflection effects from

the wall of 24-well plate were found.



CHAPTER IlI
CHO CELL CULTURE AND BASIC CELL TESTS

A comprehensive protocol for culturing cells as well as recovering cells
from Matrigel inside 96-well plate are described in this chapter. The investigation
of cell behavior inside Matrigel matrix including the measurement of cell numbers
and the observation of cell shape inside Matrigel matrix has been performed.
The shape of cells cultured in Matrigel has been compared to cells cultured in
monolayer culture for evaluation. Besides that, the Matrigel recovery protocol
has been investicated and number of cells obtained from different recovery
methods are presented in this chapter. The oxygenation inside Matrigel matrix
has also been investigated by measuring the oxygen level inside Matrigel using

optical sensor.

3.1 Cell culture setups

Chinese hamster ovary (CHO-K1) cell line has been chosen because it
is easy in handling and CHO cells have been used in many radiation response
studies. Cells have been maintained in standard monolayer culture inside T-25
tissue culture flask (TCF) filled with complete growth medium consisting of
Ham’s F-12 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (all from Biochrom). Cells were incubated at 37°C with 5% CO, and
passaged to new culture flask every 3-4 days (or until cells reached 80-90% of
cell confluency) without changing the medium. In this work, cells were cultured
in three different culture setups for irradiation which are Matrigel, monolayer,

and stack setup. All protocols are presented below.

3.1.1 Matrigel setup

For Matrigel setup, cells were cultured in Matrigel matrix (Corning)
as embedded culture inside 96-well plate. Matrigel is an extracellular matrix
(ECM) extracted from the Engelbreth-Holm-Swarm mouse sarcoma which contains

plentiful ECM proteins that provides structure for cells growing in 3D environment.
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The protocol for cell culture in this setup was done according to the protocol
suggested by Matrigel (Corning, 2017b) with some modifications conducted at
GSI.

Cell seeding

First, the protein concentration of Matrigel matrix used in this work was
adjusted to 5 me/ml by diluting Matrigel matrix with iced-cold culture medium
according to the protocol in appendix A.l. Subsequently, the bottom of 96-well
plate was pre-coated with 33.4 [Ul of Matrigel matrix to restrains the cells from
attaching to the bottom of 96-well plate and then the first layer of Matrigel
was incubated for an hour or until the Matricel become solid. Next, the cell
suspension was prepared by trypsinizing and centrifugation at 300g for 5 minutes
and cell concentration was adjusted to 4 X 10° cells/ml. After that, 5l of cell
suspension was mixed with 45 (4l of Matrigel matrix, so the final cell number
becomes 2 X 10° cell/well. This mixture was then added on top of the first
layer and incubated for an hour.

To prevent the Matrigel matrix got teared due to the cell proliferation
process, the third layer of Matrigel matrix (16.6 ft1) was added on top of the
second layer giving more space for cells to proliferate. The well plate was then
incubated for an hour to solidify the third layer of Matrigel matrix. Last, 83.3 4l
of medium was added to keep the moisture of Matrigel matrix and supply
nutrients, then the well plate was incubated for 48 hours. Figure 3.1 displays
the structure of Matrigel layers inside 96-well plate. Since Matrigel matrix will
solidified at temperature above 10°C, it is recommended to use cold pipette

tips and 96-well plates.

Cell recovery

For recovering the cells from Matrigel matrix, dispase (Corning) was used
to dissolve the Matrigel matrix as recommended by Corning (Corning, 2017a).
Medium was taken out from 96-well plate immediately after the irradiation.
Afterwards, dispase was added and well plate was incubated for an hour or
until the Matrigel matrix was completely dissolved. The mixture of dissolved
Matrigel and cell suspension from each well was then collected into a micro-

tube. In this step, it is recommended to wash the wells a few times with 200 Ll
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Figure 3.1 The final structure of Matrigel layers inside 96-well plate. Cells were

cultured as embedded culture.

of medium to completely take out the leftover cells in the well. In order
to separate the Matrigel matrix from the cells, the micro-tube was centrifuged
at 2500 rpm for 5 minutes and the supernatant was discarded. Since cells in
Matrigel tend to grow in groups, 300 Ul of trypsin (0.05% trypsin/0.02% EDTA
in PBS, from PAN Biotech) was added into the cells pellet and cells were
incubated for 3 minutes in order to prevent the cell clumping and to obtain
single cells. Afterwards, 900 Ll of medium were added to avoid cell damage
by the trypsin. 200 Ul of cell suspension was taken and added to 10ml of
isotone solution for counting the cell number using Beckman Coulter counter
machine (profile C with dilution 1:50).

An alternative cell recovering method based on the combination of
cooling and centrifuge process was also performed in order to recover the cells
in Matrigel (Corning, 2017a). Since dispase method requires an hour incubation
step which allows the cells to start repairing the damage after irradiation, so
the combination method was identified as an alternative method. First, the
96-well plate was placed in the 4°C fridge for 1-2 hours to liquify the Matrigel
matrix. Next, the mixture of cell suspension and Matrigel matrix was collected
to micro-tube then the micro-tube was centrifuged at 2500 rpm for 5 minutes to
separate the cell suspension from the Matrigel matrix. After that, the supernatant
was discarded and the remaining cell pellet was trypsinized to prevent the cell
clumping and incubated for 3 minutes. Subsequently, 900 il of medium was
added to the cell suspension and then 200 Ul of cell suspension was taken

and added to 10ml of isotone solution for counting the cell number using
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Coulter counter machine (profile Q).

3.1.2 Monolayer setup

For monolayer setup, cells were seeded in standard monolayers inside
96-well plate according to following protocol. First, cell suspension was counted
and 1.1 X 10 cells was seeded into each well of 96-well plate filled with
250 (- of medium. After that, the well plate was incubated for 24 hours. To
recover the cells, the medium was removed and 50 Ul of trypsin was added to
detach the cells from the bottom of well plate. The well plate was incubated
for 5 minutes then, 150 (4l of medium was added to stop the trypsin and
the cell suspension was collected to a micro-tube. Last, 1 ml of medium was
added to the micro-tube and 200 fl of cell suspension was taken and added
to 10 ml of isotone solution for counting the cell number using Coulter counter

machine (profile C).

3.1.3  Stack setup

Stack setup consists of cell culture covered polystyrene slides imitating
the bottom part of the 25 cm® TCF and a 9.5 X 16 X 9.5cm box made by
polymethyl methacrylate (PMMA). The polystyrene slides was produced as special
order from Greiner and the slides can be arranged at certain depth inside the
PMMA box (figure 3.2). Stack phantom is usually used as standard method for
performing treatment plan verification at GSI Stack phantom is usually used as
standard method for performing treatment plan verification at GSI (Kramer et al,,
2003; Gemmel et al., 2008; Kramer and Durante, 2010; Kramer et al., 2014; Sokol
et al, 2017). Currently, the stack phantom is employed for cross-calibration
experiment conducted by different participating institutions within the EU INSPIRE
project.

The cell culture in stack setup was performed according to this following
protocol. First, the cell culture treated polystyrene slides were placed in square
bio-assay dishes. Next, 5 4l of cell suspension containing 5 X 10" cells was
seeded at the center of slide in central plating manner and the dishes were
incubated for 3-4 hours to let the cells attaching to the slides. Subsequently,
culture medium was added into the dishes until all slides were covered and

the dishes were incubated for 24 hours. Prior to the irradiation, the slides were
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Figure 3.2 Stack phantom consists of PMMA box and polystyrene slides: a)

outside part and b) inside part where slides are arranged.

inserted to the PMMA box (phantom) and medium was added until all slides
were covered.

To recover the cells in stack phantom, all slides were taken out
from the phantom box and rinsed with 1 ml of phosphate buffered saline (PBS
Dulbecco). Next, 1 ml of trypsin was added and slides were incubated for 4-5
minutes or until the cells were detaching from the slides. After that, cell
suspensions were collected into a tube filled with 4 ml of medium. 1ml of
cell suspension was taken and added to 9ml of isotone solution for counting

the cell number using Coulter counter machine (profile B with dilution 1:10).

3.2 Clonogenic assay

The fraction of surviving cell was determined by clonogenic assay or
colony formation assay. A single cell able to grow into a colony will be
considered as a survived cell. At least 50 cells are required to become a
colony. The clonogenic assay is performed according to following protocol.
Cells were recovered following the irradiation using protocol described in section
3.1. Next, the cell suspensions were counted using Beckman Coulter Counting
machine to obtain the cell number in each sample. Subsequently, cells were

re-seeded into triplicates for each sample in T-25 flask filled with 5 ml of culture
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medium. In order to have enough statistic with minimal overlaps between each
colonies, the cells were re-seeded to achieve 100 colonies by adjusting cell
number to the expected plating efficiency in the flask and the expected survival.
After that, cells were incubated for one week to allow the cells to grow into
colonies. Finally, the colonies were stained with methylene blue staining solution
and colonies consisting of at least 50 cells were considered as viable and were

considered as one survived (original) cell.

3.3 Cell growth test

For cell growth test, 70.000 cells have been seeded into 20 flasks
T-25 (Falcon) and incubated at 37°C. After 4 hours, two flask were trypsinized
by discarding the medium and adding 1 ml of trypsin to the flasks. Next, cells
were incubated for 5 minutes and 3 ml of medium was added post-incubation.
Cell number was then counted using Coulter counting machine (Profile B). After
that, flasks were trypsinized and cell numbers were counted every morning and
afternoon until all flasks were finished. The obtained cell numbers were plotted

over the time to obtain the cell growth curve.

3.3.1 Cell growth curve

The cell proliferation of CHO cells has been observed for nine days
and the obtained cell growth curve is shown in figure 3.3. In the first 4
hours, cells started attaching to the flask and they were adapting to the culture
environment so they didn’t proliferate yet, this phase known as ”lag phase”.

Next, cells started to actively proliferate and an exponential increase
in cell density arises, this phase known as ’logarithmic phase’ or log phase.
Each cell line will show different cell proliferation kinetics during the log phase
and it is therefore the optimal phase for determining the population doubling
time. In order to obtain the doubling time of CHO cells, the number of cells
in log phase were plotted against incubation time and fitted using exponential

function as below

N(t) = Ny exp(er - t) (3.1)

where N(t) is the number of cells at t hours, Ny is the initial number of
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Figure 3.3 Cell growth curve of CHO cells. Number of cells are obtained from
4ml of cell suspension and the error bars represent the standard deviation of

two independent repetitions.

cells seeded, gr is the growth rate of cells, and t is incubation time (hour).
The slope in figure 3.4 is the specific growth rate of the organism, which is
a measure of the number of divisions per cell per unit time. From equation
3.1, the doubling time of cells could be calculated using equation 3.2 and the

doubling time of CHO cells was obtained after 11.89 hours of incubation.

In2
doubling time = —— (3.2)

ar
After 72 hours of incubation, cellular proliferation has slowed down
due to the cell population becoming confluent. The number of cells in the
active cell cycle has decreased to 0-10% and the cells are most susceptible
to injury, this phase known as plateau or ’stationary phase’ (Hall and Giaccia,
2012). Following 80 hours of incubation, a sharp decrease was observed. Cells
started to detached and cells apoptosis have occurred, this phase called as

death phase.
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Figure 3.4 The doubling time of CHO cells. Number of cells were plotted in

logarithmic scale and all data points were fitted using exponential function.

3.4 Cell proliferation test

To compare total cell number achievable in one well of 96-well plate
(gb: 6.6 mm), cells were cultured in Matrigel and monolayer setups as per
protocols in section 3.1.1 and 3.1.2. After 24 hours of incubation, the shape of
cells in monolayer setup were observed and after that cells were recovered and
cell numbers were counted. Meanwhile for Matrigel setup, cells in Matrigel has
been incubated longer as cells need more time to fully interact with ECM and
grow in 3D environment. After 48 hours of incubation, the shape of cells were
observed and cells were recovered using dispase and combination method, cell
numbers were counted afterwards. The obtained cell numbers from monolayer

and Matrigel setups were then compared for evaluation.

3.4.1 The shape of cells cultured in Matrigel

In order to observe the interaction between cells and Matrigel matrix, at
first cells have been cultured in Matrigel setup and incubated for 24 hours. The
shape of cells inside Matrigel matrix were observed under inverted compound

microscope. As for comparison, cells cultured in monolayer setup has been
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prepared and incubated for the same time.

Figure 3.5 The shape of CHO cells cultured in different setup and incubation
time: (@) monolayer setup after 24 hours of incubation, (b) Matrigel setup after

24 hours of incubation, and (c) Matrigel setup after 48 hours of incubation.

After 24 hours of incubation, cells in monolayer setup showed a flat
and elongated shape (figure 3.5a) while cells in Matrigel showed a spherical
shape similar to the shape of cells in suspension as shown in figure 3.5b.
Since no interaction of cells with ECM was evident yet, cells were re-cultured
in Matrigel and incubated for 48 hours. In case of monolayer culture, it could
be seen from the normal passage that cells could not develop different shape
even though cells were incubated for more than 5 days. After 48 hours in
Matrigel culture, cells were more elongated and stretched out to any directions
due to the cell interaction with ECM where cells attached to ECM similar to
a 3D scaffold (figure 3.5¢c). However, huge cell clumpings are spotted as cells

tend to grow close to each other.

3.4.2 Proliferation of cells cultured in Matrigel

To observe the proliferation of cells cultured in Matrigel setup and to
find out the most efficient method to recover cells from Matrigel matrix, cells
cultured in Matrigel have been recovered after 48 hours of incubation using
four different methods: cooling, centrifugation, combination and dispase. The
first attempt has been done by cooling the Matrigel matrix inside 4°C fridge
for one hour as Matrigel matrix will dissolve in low temperature. The second

attempt has been done by centrifugate the Matrigel matrix. The number of cells
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obtained from both methods gave poor and inconsistent cell numbers. Because
of this, the recovery method has been improved by combining the cooling and
centrifugation methods which is also recommended by Corning (Corning, 2017a).

The combination of cooling and centrifugation method has been per-
formed according to this following protocol. Twenty four samples in Matrigel
setup inside 96-well plate have been prepared. Well plate was cooled down
in 4°C fridge for one hour and afterwards the Matrigel matrix was collected to
micro-tube and centrifuge for 5 minutes at 2500 rpm. Next, 300 Ul of trypsin
was added to break the cell clumps and incubate for 3 minutes. Afterwards,
900 Ul of medium was added to stop the trypsin and cell numbers were
counted. The last attempt has been done using dispase solution from Corning
to dissolve the Matrigel matrix, 24 samples in Matrigel setup inside 96-well plate
have been recovered using Dispase solution. The detailed protocol for dispase
method is explained in section 3.1.1. For evaluation, cells were also cultured
in monolayer setup inside 96-well plate and 22 samples were recovered using

trypsin.

Table 3.1 Number of CHO cells in Matrigel setup in comparison to monolayer

setup. The standard deviations are presented in percentage uncertainty.

Culture setups Recovery methods 24 hours 48 hours
Monolayer Trypsin 32596 1+ 17% -
Matrigel Dispase - 158 517 == 8.7%
Matrigel Cooling + centrifugation - 62 256 £ 50%

Table 3.1 shows the comparison of cell numbers obtained from Matrigel
and monolayer setups using different recovery methods. Matrigel setup with
dispase recovery method vyields the highest number of cells with percentage
uncertainty less than 10%. In contrast to dispase method, the combination
method of cooling and centrifugation vyields a lower number of cells with
inconsistent cell numbers resulting in a large uncertainty of 50%. Cell clumping
is one of factor that affect the counting process resulting the cell number is not
counted properly. From the evidence above, it has been verified that dispase
could dissolve the Matrigel matrix very well and break the cell clumping to

obtain single cells with reliable counting number (lowest uncertainty) compared
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to other method.

3.5 Oxygen level measurement inside Matrigel matrix

In order to investicate the oxygen saturation inside Matrigel matrix, the
oxygen measurement has been performed using optical sensor device. A 7self-
adhesive” sensor spot (SP-PSt3-NAU-D5-OIW-SA from PreSens) with the diameter
of 5mm was inserted on the bottom of 96-well plate as shown in figure 3.6.
The purpose of placing the spot sensor on the bottom of well plate is to enable
the probe to measure the oxygen rate without breaking and contaminating the

Matrigel layers which is not possible done using needle sensor.

Figure 3.6 Oxygen spot sensor placed inside the bottom part of 96-well plate.

Next, Matrigel matrix was added above the sensor according to protocol
in section 3.1.1. Figure 3.7 presents the final structure of Matrigel culture with
spot sensor inside 96-well plate. Two wells filled with CHO cells and sensors
were prepared and incubated for 48 hours. During incubation, the oxygen level
inside Matrigel was measured using an oxygen meter (OXY-1 SMA-trace-RS232-A0
from PreSens) by optically exciting the chemical compound (fluorophore) inside
the sensor spot with a laser. The molecular oxygen present in the sample
will quench this excitation so that the fluorescence emitted by the sensor
spot when relaxing to its ground state depends on the local oxygenation. This
fluorescence is measured by the sensor device. Therefore, the oxygen level in

either dissolved, liquid or gaseous environment can be measured online with
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the range of measurement from 0-100%.

M A
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Figure 3.7 Final structure of sensor placed inside Matrigel layers.

During incubation, the oxygen rate inside Matrigel was measured using
an optical sensor device at five different times: 0, 20, 27, 43, and 45 hours.
A decrease in oxygen level was observed, but it is not significant (figure 3.8).
Even after 45 hours of incubation, the oxygen rate has dropped to 16% and
this amount of oxygen is still considered as normoxic condition where there is

enough oxygen inside Matrigel to be consumed by cells (McKeown, 2014).
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Figure 3.8 Cell oxygenation inside Matrigel matrix within 48 hours of incubation.
The level of oxygen percentage in tissue is also presented in different colors
(McKeown, 2014)
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In order to ensure the oxygen consumption by cells in Matrigel, the
cells were recovered from Matrigel after the oxygen measurement has been
carried out. Cells were recovered using Dispase and counted using Beckman
Coulter counter. The averaged cell number was 34 250 cells/ml with uncertainty
of 8.3%. This number of cells is very low compared to the amount of cell
number obtained in cell proliferation test (table 3.1). There is a possibility
that the presence of a sensor spot inside the Matrigel culture interrupts cell
proliferation.  Since the number of cells inside Matrigel is inadequate and
therefore resulting in less oxygen consumption. However, there is still a big
margin in oxygen level despite we have more cell numbers in Matrigel, the

oxygenation measured will be far above critical level (radiobiological hypoxia).

3.6 Summary

Basic cell test consisting of cell growth curve and cell proliferation as
well as the shape of cells in different culture setup have been investigated.
The evolution of CHO cells has been observed and the cell cycle of CHO
cells is 11 hours. In contrast to cells in monolayer culture which exhibit flat
shape, cells in Matrigel exhibit an elongated shape which stretched to different
direction after 48 hours of incubation due to cells attaching to ECM 3D scaffold.
Based on the cell proliferation test, cell recovery utilizing dispase is confirmed
to produce higher and more reliable cell numbers with convenient procedures.
The oxygen saturation in Matrigel matrix has been measured as well to examine
the possibility of cells being in hypoxic condition. According to the result, the
oxygen rate measured is still' considered as normoxic condition, however, the
cell proliferation observed is deficient in cell number resulting in fewer cells

consuming the oxygen.



CHAPTER IV
RADIOBIOLOGICAL VERIFICATION OF SIMPLE TREATMENT
PLAN USING 3D BIO-PHANTOM

In this chapter, the response of cells cultured in Matrigel to irradiations
has been investigated by obtaining the reference (X-rays) and carbon ion survival
curves. The shape of survival curves obtained from Matrigel setup were observed
and the ¥ and 6 parameters according to the linear-quadratic model (Hall and
Giaccia, 2012) from Matrigel curve have been calculated as well in order to
obtain a customized RBE table for cells in Matrigel. Afterwards, the radiobiological
verification for a simple treatment plan employing 3D bio-phantom consisting
of cells cultured in Matrigel matrix inside 96-well plate has been performed.
Four well plates filled with cells were placed vertically at different positions
and irradiated by active scanning carbon ion beam as shown by figure 4.1. The
investigation on field homogeneity of 96-well plate inside Matrigel matrix are

also described in this chapter.
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Figure 4.1 Well plate arrangement for radiobiological verification irradiation. Four
96-well plates were placed in vertical position at entrance channel, extended

target and fragmentation tail.
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4.1  Survival irradiation setup

4.1.1 X-rays survival experiment

In survival experiment, cells have been cultured in Matrigel setup only.
Eight 96-well plates have been prepared for irradiation including the control well
plate. Cells with cell number of 20000 cell/well were seeded in three wells
and incubated for 48 hours (figure 4.2). After that, cells were irradiated by
X-rays beams from Isovolt DS1 X-rays machine with a peak voltage of 250 kV
and dose rate of 2.2 Gy/min at GSI. Cells were irradiated from the top of well
plate (figure 4.3) with radiation doses ranging from 0-11Gy. The dosimetry for
X-rays irradiation was done using Farmer-type ionization chamber which placed
directly below the 96-well plate. The dosimetry was performed before the cells
irradiation and dose rate was measured at this point. After that, the expected
dose was set into the control system. The control system will turn off the

iradiation automatically once the desired dose has been delivered.
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Figure 4.2 Cells were cultured in Matrigel in three wells (red color) and irradiated
with same dose. The surrounding wells and the space between wells have
been filled with culture medium (orange color) in order to have a homogeneous
field with lateral build-up.

Post-irradiation, cells were recovered immediately using dispase protocol
in section 3.1.1 and cells were then re-seeded and incubated in order to obtain
survived colonies according to the clonogenic assay protocol in section 3.2. To
obtain the survival curve, the survived colonies were then plotted in semi-

logarithmic scale and fitted to linear-quadratic equation S(D) = exp(—CED —
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BDZ) where S is the survival fraction and D is the radiation dose. For
evaluation, the Matrigel survival curve was compared to the reference survival
curve obtained from standard monolayer in T-25 culture flask (Sokol et al,
2017).

X-ray beams

Figure 4.3 Experimental setup for X-rays irradiation. 96-well plate filled with

cells and Matrigel was placed horizontally and irradiated from above.

4.1.2 Carbon ion survival experiment

To investigate the cells response to ion beam irradiation, cells have
been cultured in Matrigel and monolayer setups and irradiated by monoenergetic
carbon ion. For both setups, cells were seeded in six wells where each well
receives different dose as shown in figure 4.4. All wells with cells were filled
with culture medium completely and the well plates were also sealed by
micro-plate sealing film. For carbon ion irradiation, it is not necessary to fill
up the surrounding wells and the space between wells as the pencil beam
of carbon ions is very precise and without lateral scattering. Two independent
96-well plates were placed vertically on treatment couch and irradiated at the
same time in vertical position (figure 4.5). After that, cells were irradiated by
monoenergetic carbon ion with energy of 180 MeV/u and dose ranging from
0-8 Gy at Marburg lon-Beam Therapy Centre (MIT), Marburg.

The dose plan for survival experiment with carbon ion was computed
using TRiP98. The dosimetry was done using Farmer-type ionization chamber
placed in the entrance channel and only one dose was measured in one

fleld. Next, this absorbed dose was obtained and used as correction factor
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Figure 4.4 Cells in Matrigel and monolayer setup were irradiated by monoenergetic

carbon ion beams with different dose according to respective colors.
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Figure 4.5 Experimental setup for monoenergetic carbon ion irradiation. Cells in
Matrigel and monolayer setup were placed vertically and irradiated from behind

(bottom of well plate).

for the remaining dose. Post-irradiation, cells in Matrigel were recovered using
dispase protocol in section 3.1.1, while cells in monolayer were recovered using
protocol in section 3.1.2. After that, cells were re-seeded and incubated in
order to obtain survived colonies according to the clonogenic assay protocol
in section 3.2. To obtain the survival curve, the survived colonies were

then plotted in semi-logarithmic scale and fitted to linear-quadratic equation
s(D) = exp(—ap — (7).
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4.2 EBT3 film irradiation setup

In order to investigate the influence of 96-well plate to the radiation
field homogeneity, Gafchromic EBT3 film has been cut into size of 96-well
plate and placed before, in between and after 96-well plates as shown in
ficure 4.6. All well plates were completely filled with water and sealed with
micro-well plate sealing film in order to have homogeneous field. Next, films
were irradiated to monoenergetic carbon ion beam at MIT, Marburg with energy
of 145 and 195MeV/u and dose range of 1.4Gy and 5Gy depending on the
beam energy and film depth. In addition to assess the possibility of artefacts
caused by the well of 96-well plate, EBT3 film was cut into size of well with
diameter of 6 mm using a punch. Those circular films were inserted into the
well and filled with water, then irradiated in the similar irradiation setups as

the large films above.
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Figure 4.6 EBT3 film irradiation setup where films were placed before, in between

and after 96-well plate.

After that, the irradiated films were scanned after 24 hours post-
irradiation using flat-bed film scanner (Perfection V800 Photo from Epson) in
portrait orientation. In order to have an optimum scanning process, the color
mode was arranged to 48-bit rgb, image resolution was adjusted to 200 dpi
and all image enhancement features was deactivated. The pixel values of
iradiated films from red color channel were analyzed using Imagel, image
processing program developed by National Institutes of Health (NIH) and the

standard deviations of respective films were investicated as well. The film
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profiles corresponding to each film position were then plotted to observe any
artefacts caused by the structure of 96-well plate. Furthermore, the standard

deviations of film profile were observed as well.

4.3 Treatment planning system

TRIP98, a GSI in-house treatment planning system, has been used to
compute the dose distribution and simulate the cell survival rate for all treatment
plans. The target volume has been adjusted according to the phantom setup.
For treatment plan with 3D bio-phantom (Matrigel setup), the target volume had
lateral dimension of 60 X 40 mm” while target volume in treatment plan with
stack phantom had lateral dimension of 40 X 80 mm’ and the target depth for
both treatment plans was ranging from 55mm to 85 mm in order to have an
optimal coverage of samples.

All treatment plans were optimized for a uniform RBE-weighted dose of
6.5 Gy in target region which is resulting in a flat survival rate of ~~10% in the
target region. In order to compute the expected cell survival distribution, the
standard CHO RBE table has been used for treatment plan with stack phantom
(Sokol et al, 2017) and new CHO Matrigel RBE table has been used for
treatment plan with Matrigel setup. The CHO Matrigel RBE table was calculated
using LEMIV (Elsasser et al.,, 2010; Friedrich et al., 2012; Scholz et al,, 2020) by
employing the new (X and 5 parameters obtained from X-rays survival curve

(Matrigel setup) in section 4.6.1.

4.4 Sample preparation

In this work, cells were cultured in two different setups: Matrigel setup
and stack setup. For Matrigel setup, cells have been cultured according to the
protocol in section 3.1.1. Cells were seeded in five wells with the arrangement
as follow: four wells in the target region and one well outside the target region
(represents as healthy tissue) as shown in figure 4.7. Four 96-well plates have
been prepared for irradiation. After that, cells were incubated for 48 hours
prior to irradiation. Meanwhile for stack setup, cells have been cultured in
stack phantom according to the protocol in section 3.1.3. Cells were seeded in

standard monolayer culture in four slides. After that, cells were incubated for
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24 hours prior to irradiation.
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Figure 4.7 Wells arrangement for radiobiological verification irradiation. Four wells
inside the red dashed-line box represent as target (cancer cells) while one well

outside represents as healthy tissue.

4.5 In-vitro irradiation setup

The irradiation setup for treatment plan verification using 3D bio-
phantom was arranged according as follows. After 48 hours of incubation, wells
filled with cells were completely filled with culture medium and sealed with
micro-plate sealing film. Next, all 96-well plates were stacked up in vertical

position and placed in different positions individually (figure 4.1).

Active scanning
Cions

Figure 4.8 Irradiation setup for radiobiological verification using Matrigel setup.

Well plate was placed in vertical position and irradiated from behind.
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Well plate 1 was placed in the entrance channel at a depth of
26.8 mm where well plate was positioned after a 23.8 mm WET of PMMA. Next,
well plate 2 was placed in proximal part of extended target at a depth of
62.5 mm after additional 59.5mm of PMMA. In distal part of extended target,
well plate 3 has been placed at a depth of 86.3 mm after additional of two
PMMA blocks (with total thickness (WET) of 83.3mm). At the last position
(fragmentation tail), well plate 4 was placed at a depth of 113.9mm after
additional of two PMMA blocks and two well plates filled with water. After
that, all well plates were irradiated from behind in standing position by active
scanning carbon ion beam with energy range of 156.34-211.54 MeV and dose
ranging from 0-6.5Gy at MIT, Marburg (figure 4.8). Two independent well plates
were irradiated at the same time for each corresponding position.

Meanwhile for treatment plan verification using stack phantom, four
slides filled with cells were arranged in different position inside stack phantom
as shown in figure 4.9. Slide 1 was placed at a depth of 26.5mm which
represents the entrance channel. Slide 2 and 3 were placed in the proximal and
distal part of extended target at depth of 61.5mm and 86.5mm, respectively.
Last, slide 4 was placed at a depth of 111.5 mm which represents fragmentation

tail. Two stack phantoms were prepared and irradiated independently.
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Figure 4.9 Experimental setup for radiobiological verification using stack phantom.
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Four slides were arranged at different position which correspond to entrance

channel, extended target (SOBP), and fragmentation tail.
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4.6 Results and discussion

4.6.1 Response of cells cultured in Matrigel-based phantom to irradiations

The response of cells in Matrigel to X-ray irradiation is presented by
figure 4.10. Matrigel curve shows more bend compared to monolayer curve. At
lower dose, Matrigel curve exhibits a shoulder curve and then more pronounced
decline happened at higher dose which implies cells in Matrigel are less sensitive

to low dose radiation and more sensitive to high dose radiation. Since Matrigel

a=-0.10120.044 & X-rays Matrigel

B=-00310.005 — X-rays Monolayer (2017) ]
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£=-0.019+0.004
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Figure 4.10 Survival curve of CHO cells cultured in Matrigel setup after irradiation
with X-ray beams. Blue data points represent the average survival fraction of
cells in Matrigel while the red line represents the reference survival curve of
cells in standard monolayer culture(Sokol et al., 2017). Error bars represent the
standard deviations of nine samples. Measured data points were fitted using

linear quadratic equation.

curve shows a bent curve, new (X and ﬁ parameters have been extracted as
shown in figure 4.10 and the obtained 04/5 ratio is 3.221 which implies cells
in Matrigel give a late response to radiation. New RBE table dedicated for cells
in Matrigel has been computed using the new (¥ and 5 parameters together
with LEMIV (Elsésser et al., 2008; Friedrich et al, 2012; Scholz et al, 2020)

to calculate the TRiP98 simulation for treatment planning verification with 3D
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bio-phantom.
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Figure 4.11 Survival curve of CHO cells cultured in Matrigel and monolayer
setups after irradiation with 180 MeV/u monoenergetic carbon ion beams. Blue
and green data points represent the average survival fraction of cells in Matrigel
and monolayer setup, respectively. Red and purple lines represent survival
curves of cells in standard monolayer culture and Matrigel setup after irradiation
with  X-rays, respectively. Symbols * represent the significant differences (p
S 0.05) between Matrigel and monolayer survival curves after irradiation with
monoenergetic carbon ion. Error bars represent the standard deviations of six

samples. All data points were fitted using linear quadratic equation.

For carbon ion irradiation, fisure 4.11 shows the response of cells in
Matrigel and monolayer setup after irradiation with monoenergetic carbon ion.
Matrigel curve (blue line) shows a slightly raised curve in contrast to monolayer
curve (green line) especially at lower dose region. Matrigel curve also shows
a shoulder curve at low dose region which indicates cells radio-resistant to
low dose irradiation. According to the statistic analysis done using t-test for
two-sample equal variance, the survival fractions at dose of 2.5, 4, and 6 Gy
show significant differences (p < 0.05). At high dose region, the curve shows
a downward inclination, especially at dose of 8Gy. The obtained colonies at
dose of 8 Gy for both Matrigel and monolayer setups exhibit numerous colonies

as shown in figure 4.12. The colonies were overlap with each other and it is
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difficult to identify a single colony which caused unreliable results and therefore,

it was considered as lower limit of survived colonies.

Figure 4.12 Excessive number of colonies was obtained after irradiated by

monoenergetic carbon ion with dose of 8 Gy in Matrigel setup.

Table 4.1 List of (¢ and 5 parameters of CHO cells cultured in Matrigel and
monolayer setups after irradiated to X-rays and monoenergetic carbon ion. The
Q¢ and 6 parameter of monolayer X-rays curve is obtained from standard

monolayer culture (Sokol et al., 2017). The ratio of (¢ to 5 is also presented.

Beam Culture setup Gy ) 5 Gy ) Oé/ﬁ(Gy)
Standard monolayer -0.216 £ 0.031 -0.019 £ 0.004  11.11
X-rays
Matrigel_ setup -0.101 £ 0.044 -0.031 2= 0.005  3.221
Monolayer- setup 0259 1 0.039  -0.026 = 0.005  9.791
carbon ion
Matrigel setup -0.125 £ 0.046 -0.043 1 0.006  2.894

From figure 4.11, it could be observed that the way of Matrigel curve
lifted at low dose region is similar to the X-ray Matrigel curve which means both
Matrigel curves are in good agreement. The (X and 5 parameters obtained from
both Matrigel and monolayer setup is presented by table 4.1. Both monolayer
culture irradiated to X-rays and monoenergetic carbon ion present Ck/ﬂ ratio
more than 9 Gy which indicates cells in monolayer culture give early response
to irradiation. In contrast to monolayer culture, the Matrigel culture irradiated

with X-rays and monoenergetic carbon ion present a smaller Oé/ﬂ ratio of
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2-3Gy. These small 04/5 ratio might indicate that cells cultured in Matrigel

culture exhibit late response to irradiation.

4.6.2 Radiation field homogeneity of stacked 96-well plate with Gafchromic
EBT3 film

To investigate the influence of the 96-well plate to radiation field
homogeneity, the lateral profiles of the irradiated EBT3 films at different position
have been analyzed. First, lateral profiles of film placed after one well plate at
the edge and center of well plate have been analyzed by plotting the mean
value from the red channel across the length of ROl (region of interest). To
reduce the noise, group of seven mean values were averaged and plotted as

shown by figure 4.13.
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Figure 4.13 Comparison of film profiles at the edge and center part of 96-well
plate. Yellow lines represent the film profiles at the edge of well plate while

blue lines represent the profiles at the center of well plate.

Yellow lines represent profiles at the edge of well plate where the
field is not uniform due to the presence of a flat polystyrene rim which
cannot be filled. Blue lines represent profiles at the center of well plate
where samples are located and at this region, the whole wells and the space

between wells are completely filled with medium. Profiles at the edge region
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present significant peaks corresponding to the outer part of well plate which is
lacking of medium and the percentage uncertainty of mean value was 2.24%.
These peaks demonstrate the spacing between wells and the appearance of
real artefacts if the irradiation field was done in the border of well plate. In
contrast, the profiles at the center region show a flat curve with uncertainty
of 0.94% indicating the field at center region where samples are located is

homogeneous and there is no artefact caused by the wall of well plate.

sl : ; : : ; : ‘ — T . . : ;
W\ 3.0 F
~ ’\‘/\/WM»\ \\/\/\W/\/ Ay - ”\/"‘\/7 |
2,4 —unitorm | Y B _
= I TV A A A
IS, WA TR g AN film 1 i 1
> o6t . M I 4
- — film 2 '
£ 145 MeV/u film 3 1T
o N 27+
2.4 [P W A L
L2 A ‘ o Jespb 196 MeV/u . ‘
0 10 20 30 40 0 10 20 30 40
- ; —— ; :
mixed field 2.8 1 films in well b
\:D L 4 L
% W 2.6+ M““\HM
S26F o L N 4
o RN A / MA\/ R, “wf/ '\./v-f\»\/\ L
_ ot 12.4 ]
[0}
2 A A Mg Y | A el P L A e =05 vz
247 \ AR AP LA N s o T 196 MeV/u ||
c i r A — ext. target
0 10 20 30 40 0 1 2 3 4 5 6
x [mml] x [mml]

Figure 4.14 Field homogeneity assessment using Gafchromic EBT3 film placed
before, in between, and after 96-well plates. Lateral profiles along the center
of 96-well plate irradiated in two monoenergetic carbon ion fields (a) 145 MeV/
u and (b) 195 MeV/u; and (c) one mixed field. (d) Profiles of small films placed
inside the well of 96-well plate and irradiated to monoenergetic and active
scanning carbon ion beams. The profile of films placed after "n” number of
well plate is represented by "film n” while profile of film irradiated to uniform
field without any well plate is represented by ”uniform”. Arrows in figure (a)

indicate the artefact pattern obtained from film placed after 3 well plates.

Next, film profiles placed before well plate as well as following one,

two and three stacked well plates are presented by figure 4.14. For evaluation,
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the obtained film profiles were compared to the profile of film irradiated in
uniform field without well plate (replaced by 2mm of PMMA instead for build-
up) with similar dose. There are no artefacts detected from film profiles placed
after two well plates. However, after three well plates in irradiation field with
145 MeV/u, artefacts were spotted every 9 mm interval as pointed by arrows in
fisure 4.14a. Those artefacts represent the space between each wells in 96-well

plate.

Table 4.2 Standard deviation of Gafchromic EBT3 film profile presented in

percentage uncertainties.

Irradiation setups

Films

145 MeV/u 196 MeV/u Mixed field
Uniform 0.93% 0.88% 1.16%
Film 0O 0.90% 1.05% 1.08%
Film 1 0.94% 1.00% 1.26%
Film 2 0.92% 1.12% 1.05%
Film 3 1.40% - 1.18%

Figure 4.14d presents the profiles of small placed inside the well of
96-well plate. The obtained profiles displayed flat profiles without significant
peaks but higher noise was observed due to the sensitivity of the active layer
of EBT3 film to the high resolution scanner. However, there is an issue to
reproduce the experiment with small film particularly in cutting the EBT3 film
into small circular film ‘using a punch. The edge of film was slightly peeled
during the cutting process resulting in a ring pattern in the center of film
which causing unreliable film profile. All the standard deviation of film profiles
iradiated to carbon ion in different irradiation setup and different number of

well plate is presented in table 4.2.

4.6.3 Treatment plan verification

In order to verify the feasibility of 3D bio-phantom for radiobiology
verification, cells have been cultured in Matrigel setup and irradiated to active
scanning carbon ion beam. Four 96-well plates filled with cells have been

iradiated at different position (see section 4.5) in order to observe the practica-
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bility of 3D bio-phantom for radiobiology verification of more complex treatment
plans. To ensure the accuracy of measurement, the obtained cell survival
was compared to the cell survival obtained from GSI’s standard radiobiology
verification tool which is stack phantom (stack setup).

Figure 4.15 shows the cell survival rate of cells in Matrigel and stack
setup after irradiated to active scanning carbon ion beam. TRIP98 calculation for
both treatment plans were also presented in figure 4.15. Well plate plan for
Matrigel setup (blue line) showed an elevated curve at the entrance channel
and extended target regions compared to stack plan (green line). In section 4.6.1,
it was shown that cells in Matrigel setup exhibited an increased radio-resistance
after irradiated to X-rays and new Matrigel RBE table was used for computing
the well plate treatment plan causing the differences between well plate plan

and stack plan.
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Figure 4.15 Cell survival rate after being irradiated to active scanning carbon
ion beam along z-direction (depth). Lines represent the TRiP98 treatment plan
for stack phantom (green) and 3D bio-phantom (blue). Diamond data points
represent the measured survival of cells in Matrigel setup while square data
points represent the measured survival of cells in stack phantom. All data were

plotted in semi-logarithmic scale.

In the extended target region, the average cell survival measured for

Matrigel setup is 0.0919 and for stack setup is 0.0716. Both setups show more
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consistent data points with uncertainties of 8-14%. In contrast, the measured
cell survival from Matrigel setup at the entrance channel and fragmentation
tail shows spread data points with average cell survivals of 0.364 and 0.922,
respectively, with uncertainties of 11-12%. For stack setup, the obtained average
cell survival at the same region shows more consistent results of 0.350 =+ 5.9%
and 0.942 == 1.8%, respectively. The spread data points in Matrigel setup might
be caused by cell clumping during the cell counting before the reseeding
process. In contrast to cells in target region, cells in low-dose region have a
higher possibility to survive and grow into colonies, therefore the cell clumping

might affect more to the cells survival level.

4.6.4 Adaptation to 384-well plate

To achieve the radiobiological verification with higher spatial resolution,
an attempt to culture CHO cells in Matrigel inside flat-bottom 384-well polystyrene
(PS) plate has been carried out. The Matrigel culture in 384-well plate has been
performed according to following protocol equivalent to the protocol with 96-well
plate. 11.49 LUl of Matrigel matrix was added to the bottom of 384-well plate
and incubated for an hour. Next, the cell suspension with cell concentration of
4 X 10° celUml was prepared and then 2.5 LUl of cell suspension was taken out
and mixed with 22.5 Ul of Matrigel matrix resulting the final cell concentration
of 2 X 10° celwell. This mixture was then added on top the first layer and
incubated for an hour. After that, 5.75 L4l of Matrigel matrix was added on top
of the second layer and incubated for an hour to solidify the third layer of
Matrigel matrix. Finally, 28.74 Ll of medium was added as final layer and well
plate was incubated for 48 hours.

Two 384-well plates with five wells filled with cells were prepared for
iradiation. After 48 hours, all well plates were completely filled with medium
and sealed with micro-plate sealing film. Well plates were placed in vertical
(standing) position at depth of 86.3mm which is in distal part of extended
target (see in section 4.5) and irradiated with active scanning carbon ion beams.
Post-irradiation, cells were recovered using dispase method as mentioned in see
section 3.1.1 with some modification to match the surface area of 384-well
plate. 22 (4l of dispase was added to the 384-well plate instead of 64 Ul and

incubated for an hour to dissolve the Matrigel matrix. After that, the cells were
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Table 4.3 Number of CHO cells in Matrigel setup inside F-bottom 384-well plate
after 48 hours of incubation. Cell numbers are counted in 1ml of isoton

solution.

Sample Cell number/ml
1 65 000

58 400

62 800

56 600

43 600

73 500

64 300

68 100

67 500
10 56 300

Averaged 61610 =& 13.5%

O 00 N O U AW DN

centrifuged and trypsinized in the same methods of cell recover with 96-well
plate. Cell numbers recovered from 384-well plate were varying compared to
cells recovered from 96-well plate which have more uniform cell number (table
4.3).

Next, the recovered cells were adjusted to the plating efficiency (0.7)
and the expected survival (0.1) then re-seeded into T-25 flasks and incubated
for one week. After one week, the colonies were then stained using methylene
blue staining solution and colonies with more than 50 cells were counted as
survival cells. The measured survival of cells cultured in 384-well plate was
0.0573 with uncertainty of 14% which is in disagreement to the expected survival
(0.1 or 10%). Figure 4.16 shows the measured cell survivals in comparison to
the same Matrigel treatment plan in section and all data points were spread
and much lower than expected. This might happened due to the irregular

samples obtained during cell recovery from 384-well plate.
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Figure 4.16 Survival fractions of CHO cells cultured in Matrigel inside 384-well
plate after irradiated to active scanning carbon ion beam at distal part of
extended target region (diamond data points). Blue line corresponds to the

TRiP98 prediction using well plate treatment plan.

4.7 Summary

The investigation of the cells response to irradiation and the application
of 3D bio-phantom as new verification tool has been conducted in this study.
The response of CHO cells cultured in Matrigel and monolayer setups to X-
rays and carbon ion irradiation have been performed by obtaining the survival
curve of CHO cells. The shape of survival curve from both setups have also
been observed as well. In contrast to monolayer survival curve, the Matrigel
survival curve showed a shouldered curve at low dose and an inclined slope
at high dose which indicating cells cultured in Matrigel matrix are less sensitive
to irradiation but they become more sensitive after irradiated to higher dose.
The field homogeneity of stacked 96-well plates have been analyzed utilizing
Gafchromic EBT3 films which placed following 96-well plates. Based on the
obtained result, there are no significant artefacts found in film profiles placed
after two well plates, indicating it is possible to irradiate two stacked up well
plates at the same time in the entrance channel. Finally, the verification

of biological optimized treatment plan has been conducted utilizing the new
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verification tool, 3D-bio phantom consisting cells cultured in Matrigel matrix inside
96-well plate. Measured survival cells at entrance channel, extended target and
fragmentation tail shows a good agreement with the reference method which
concludes the 3D-bio phantom as a convenient verification tool for validating

different treatment planning techniques.



CHAPTER V
ADAPTATION TO XRS-5 CELLS AND OUT-OF-FIELD
RADIOBIOLOGICAL VERIFICATION

After refining the cell culture protocols and attaining the first successful
applications with CHO-K1 cell line, the experiments have been extended to xrs-5
cell line. In addition, in order to advance towards higher spatial resolution,
feasibility tests including cell growth in Matrigel matrix inside 384-well polystyrene
(PS) and polypropylene (PP) plate and cell response to irradiation have been
observed as well. Finally, the radiobiological verification at out-of-field region
experiments have been performed using xrs-5 cells cultured in Matrigel inside

384-well PP plate.

5.1 Matrigel cell culture with xrs-5 cell

xrs-5 cell line is a mutant version of CHO-K1 cell line and sensitive to
iradiation due to its incapacity of DSB repair which is causing cell death (Costa
and Bryant, 1988; Taccioli et al., 1994; Weyrather et al,, 1999; Hromcikova et al,,
2006). This cell line is suitable for investigating the cell survival in low-dose
region. Cells were maintained in standard monolayer culture inside T-25 flask
filled with complete growth medium GMEM (minimum essential medium, from
Gibco) supplemented with 10% of FBS (Gibco) and penicillin/streptomycin. Cells
were incubated in standard condition at 37°C with 5% CO, and passaged to the
new culture flask every 4 days without additional medium change in between.

In order to observe the growth of xrs-5 cells, some basic cell tests
including the cell growth, plating efficiency and cell proliferation in Matrigel have
been performed by applying the CHO protocol that has been modified to fit

the characteristic of xrs-5 cells.

5.1.1 Cell growth curve

Cells were seeded in monolayer culture inside T-25 culture flask filled

with  5ml of culture medium with cell concentration of 100000 cells/flask.
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Twenty flasks were prepared and incubated at 37°C. Two flasks were trypsinized
with 1 ml of trysin-EDTA at fixed time (every morning and late afternoon) and
cells were counted using Coulter counter machine (Profile B). To obtain the cell
growth curve, number of cells were plotted against time of incubation. Figure
5.1 presents the cell growth curve of xrs-5 cells. The doubling time of xrs-5
cells was obtained by plotting the cell numbers from log phase in logarithmic
scale. The data points were then fitted using exponential function (see equation
3.1) in order to obtain the cell growth rate which is represented by the slope
as shown in figure 5.2. After the growth rate is obtained, the doubling time
of xrs-5 cells was calculated using equation 3.2 and the doubling time was
obtained to be 14.38 hours.
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Figure 5.1 Cell growth curve of xrs-5 cells. Number of cells are obtained from
4 ml of cell suspension and the error bars represent the standard deviation of

two independent repetitions.

5.1.2 Plating efficiency

In order to measure the ability of xrs-5 cells to grow into a colony,
plating efficiency test has been performed. Approximately 100 cells were seeded
in monolayer culture inside T-25 culture flask filled with 5 ml culture medium,

eight flasks were prepared. Since the doubling time of xrs-5 cells is 14 hours,
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Figure 5.2 The doubling time of xrs-5 cells. Number of cells were plotted in

logarithmic scale and all data points were fitted using exponential function.

all cells were incubated for eight days to allow cells growing into colonies.
After eight days, colonies were stained with methylene blue staining solution
and colony consisting of at least 50 cells was scored as surviving cell. Table
5.1 presents the number of colonies after 8 days of incubation and the average
number of colonies counted was 50 colonies. The plating efficiency of xrs-5
cells obtained was 0.5 with uncertainty of 13.9% which means 50% of cells

will attach and proliferate into colonies after eight days of incubation.

5.1.3 Cell proliferation in Matrigel

The protocol for conducting cell proliferation of xrs-5 cells in Matrigel
has been performed equivalent to CHO Matrigel protocol in section 3.1.1. Cells
were cultured in Matrigel matrix inside 96-well plate and six wells filled with cells
were prepared. Cells were recovered after 48 hours of incubation using dispase
method (see section 3.1.1). The number of cells recovered was counted using
Beckman Coulter counter machine (profile C). Table 5.2 presents the number of
cells obtained after 48 hours of incubation. The cell numbers were consistent

with low uncertainty meaning xrs-5 cells are well grown in 3D cell culture.
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Table 5.1 Number of colonies obtained after 8 days of incubation.

Samples Number of colonies
49
50
a1
a1
61
52
49
8 57
Average 50 = 13.9%

~N O U A LW DN -

Table 5.2 Number of xrs-5 cells in Matrigel setup inside 96-well plate after 48

hours of incubation. Cell numbers are counted in 1 ml of isoton solution.

Samples  Cell number/ml
125 550
120 550
123 550
119 600
124 550
6 118 100
Average 121983 £ 2.45%

O B W N -

As previously mentioned in section 4.6.4, an attempt to achieve higher
spatial resolution has been performed, however, there are some practical issues
while working with 384-well plate due to the limitation of working area of 384-
well plate. This includes for example issues with applying the Matrigel matrix to
the wells and recovering the cells from the well plate. These practical issues
might contribute in resulting the irregular samples and results (see table 4.3). To
overcome those issues, another test has been made by using V-bottom 384-well
PP plate to culture the cells (Kartini, 2021). In contrast to the flat-bottom
plate, the PP well plate has a V-shape bottom area which is convenient for

recovering the cells (cells are not attached to the corner of well). However,
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the cells cultured inside well plate could not be observed under microscope
due to the material of PP well plate which is not optically clear. Therefore,
cell proliferation test in V-bottom 384-well PP plate has been performed using
CHO cells.

CHO cells were cultured in Matrigel inside 384-well PP plate following
to the protocol in appendix A.10. Table 5.3 shows the obtained cell numbers of
CHO cells cultured in V-bottom 384-well PP plate after 48 hours of incubation.
Cells were recovered using dispase method which has been modified to adapt
the size of 384-well plate, the detailed protocol is presented in appendix A.9.
Average cell number obtained from V-bottom 384-well plate was 69 850 cells/
ml with uncertainty of 5.97%. This indicating the 384-well PP plate could be

used to culture cells in Matrigel matrix.

Table 5.3 Number of CHO cells in Matrigel setup inside V-bottom 384-well PP
plate after 48 hours of incubation. Cell numbers are counted in 1 ml of isoton

solution.

Sample Cell number/ml

1 68 100
2 76 850
3 70 350
4 66 350
5 67 600

Average 69 850 == 5.97%

Next, xrs-5 cells have been cultured in Matrigel inside 384-well PP
plate and cell proliferation test has been performed as well. However in this
test, new type of trypsin has been introduced for optimizing the cell recovery
process (Kartini, 2021). As recommended by ATCC for recovery of xrs-5 cells,
trypsin-EDTA containing of 0.25% Trypsin and 0.02% EDTA in Hank’s Balanced Salt
Solution (Sigma) has been used in cell recovery method (ATCC, 2021). Ten
wells filled with different cell concentration have been prepared: five wells with
10 000 cells/well (C1) and another five wells with 15000 cells/well (C2).

After 48 hours of incubation, cells were immediately recovered using

dispase and trypsinized using the new trypsin. The results show samples with less
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initial cell concentration (C1) yields more cells number of 62540 cells/ml with
uncertainty of 11.5% compared to samples with more initial cell concentration
(see table 5.4). This concludes xrs-5 cells are able to grow in 384-well PP
plate very well and the new trypsin is suitable for recovering xrs-5 cells. For
Matrigel setup with 384-well PP plate, the ’standard’ cell concentration (10 000

cells/well) will be used for in-vitro irradiation.

Table 5.4 Number of xrs-5 cells recovered from Matrigel in 384-well PP plate
following the change of trypsin. Number of cells were counted per 1ml and

the standard deviation of the cell counting is given by percentage uncertainty.

Sample C1 c2
1 61 800 41 550
2 66 800 22 350
3 71000 55400
4 61 200 42 450
5 51900 33600

Average 62540 F 11.5% 39070 == 31.2%

5.2 Response of xrs-5 cells cultured in Matrigel to irradiation

5.2.1 X-rays survival curve

To investigate the cells response to X-rays irradiation, xrs-5 cells have
been cultured in three different setups.  Approximately 2 X 10° cells were
seeded in standard monolayer inside T-25 flask, 20000 cells were seeded in
Matrigel inside 96-well plate, and 10000 cells were seeded in Matrigel inside
384-well PP plate. For Matrigel setup, two samples each have been prepared
in both types of well plate and incubated 48 hours before irradiation. Seven
well plates including the control well plate have been prepared for irradiation.
Wells filled with cells, surrounding wells, and space in between wells (where
applicable) were completely filled with medium to achieve a homogeneous
build-up. Meanwhile for monolayer setup, 15 flasks including control samples

have been prepared and incubated 24 hours before irradiation.
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Next, cells were irradiated by X-ray beams generated from Isovolt DS1
X-rays machine with a peak voltage of 250 kV at GSI. Samples in monolayer
setup, 96-well plate, and 384-well plate were irradiated with a dose rate of 2.5
Gy/min, 2.6 Gy/min, and 3 Gy/min, respectively. The irradiation was performed
from above (see section 4.1.1) with radiation dose ranging from 0-2.7 Gy. Two
duplicate samples received the same doses for all setups. The dosimetry
for X-rays irradiation has been performed using Farmer-type ionization chamber
which is connected to the control system and turned off automatically once the
dose has been delivered. The ionization chamber was placed under the well
plate, exactly where cells were located. Post-irradiation, cells in Matrigel setup
were recovered immediately using dispase protocol in section 3.1.1 and cells in
monolayer setup were trypsinized using trypsin-EDTA (0.25% Trypsin - 0.02% EDTA).
Recovered cells were immediately re-seeded into triplicates inside T-25 flask and
incubated for 8 days. Colonies containing at least 50 cells were considered as
survived cells. Next, the survival colonies were then plotted in semi-logarithmic
scale and fitted to the exponential equation S(D) = exp(—O{D).

Figure 5.3 presents the survival curves of xrs-5 cells cultured in Matrigel
setup and standard monolayer after irradiation with X-rays. All curves have been
normalized to the measured cell plating efficiency. Black and gray line represent
the survival curve of xrs-5 cells cultured in Matrigel setup inside 96-well plate
and V-bottom 384-well plate, respectively. Meanwhile, purple line represent
measured survival curve of xrs-5 cells cultured in standard monolayer. All
curves demonstrate linear curves with consistent data points, especially 384-well
plate setup. Both Matrigel survival curves are in g¢ood agreement and exhibit
lower survival fractions compared to monolayer survival curve indicating cells in
Matrigel are more sensitive to X-rays. Since the shape of all measured curves
have straight linear slope line, only (¢ parameter could be extracted. List of
(¥ parameter extracted from all measured X-rays survival curves is presented in
table 5.5.

Figure 5.4 shows the comparison of measured survival curves of xrs-5
cells with survival curves from different research groups (Weyrather et al.,, 1999;
Genet et al, 2012; Cartwright et al, 2015). Measured survival curve of xrs-5
cells in standard monolayer is compatible with reference curve (red line) from

published literature (Weyrather et al,, 1999). This indicates the survival curve of
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Figure 5.3 Measured xrs-5 cell survival curves after irradiation with X-ray beams.
Black and gray data points represent the average survival fractions of cells
cultured in Matrigel inside 96-well PS plate and 384-well PP plate, respectively.
Meanwhile, purple data points represent the average survival fractions of cells
cultured in standard monolayer. Red line represents the reference survival curve
in standard monolayer (Weyrather et al,, 1999). All measured data points were
fitted using exponential equation S(D) = exp(—O&D). Error bars represent the

standard deviations of six or nine samples.

cells cultured in standard monolayer could be reproduced precisely. For xrs-5
cells cultured in Matrigel setup, the survival curve shows an increased of cell

sensitivity in contrast to all existing curves.

5.2.2 Carbon ion survival curve

For carbon ion irradiation, xrs-5 cells were cultured in standard mono-
layer and Matrigel matrix inside 384-well plates. Approximately 1.5 X 10° cells
were cultured in standard monolayer inside T-25 flask and incubated 24 hours
before irradiation. 14 flasks including control samples have been prepared. For
Matrigel setup, 10000 cells were cultured in Matrigel and incubated 48 hours
before irradiation. Cells were seeded at different location in 384-well plate

corresponding to each radiation doses as shown in figure 5.5. Two samples were
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Figure 5.4 Measured X-rays survival curves of xrs-5 cells in comparison with
existing X-rays survival curves. Red line corresponds to the reference survival
curve of xrs-5 cells in standard monolayer after irradiation with X-rays (Weyrather
et al, 1999). Purple and orange lines correspond to the curves of xrs-5 cells
in standard monolayer after irradiation with “-rays from Cs”’ (Genet et al,,
2012; Cartwright et al,, 2015). Blue and light blue lines correspond to measured
survival curves of xrs-5 cells in standard monolayer and Matrigel setup with

V-bottom 384-well plate after irradiation with X-rays.
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Figure 5.5 Samples arrangement for survival experiment with carbon ions at MIT.

Cells were cultured in Matrigel inside V-bottom 384-well plate.
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Table 5.5 List of xrs-5 (¥ parameter extracted from X-rays survival curves in

different culture setups.

Culture setup Q (Gy_l)

Standard monolayer (2021) -1.731 =+ 0.035
Matrigel 96-well PS plate -2.207 &£ 0.067
Matrigel 384-well PP plate -2.212 4= 0.050

prepared for each dose. Only wells filled with cells were completely filled with
medium and after that, the well plate was sealed with micro-well plate sealing
fitm.

Next, cells were irradiated by monoenergetic carbon ions with energy
of 110 MeV/u at MIT, Marburg. Well plate was placed in standing position and
cells were irradiated from the bottom of well plate with radiation dose ranging
from 0-1.2Gy. The bottom part of 384-well plates have been covered with
agarose to achieve a flat bottom. Two samples were irradiated at the same
time. Post-irradiation, cells in Matrigel were recovered using Dispase method
immediately (see appendix A.8). Recovered cells were reseeded in T-25 flask
filled with 5ml of medium, triplicate were prepared, and then cells were
incubated for eight days. After eight days, colonies were stained and colonies
fixation was done using methylene blue solution. Colonies consisting of at least

50 cells were counted as survivors.

V-m

|

Figure 5.6 The bottom part of 384-well plate was covered by agarose layer.
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Figure 5.7 presents measured survival curves of xrs-5 after irradiation
with  monoenergetic carbon ions in comparison to X-ray survival curves. All
measured data points were normalized to the corresponding control samples.
Matrigel (blue line) and monolayer (purple line) survival curves show linear
survival curve, and both survival curves are comparable. Besides that, cells in
Matrigel setup irradiated to X-rays exhibit the same sensitivity as cells irradiated
to carbon ions (in both Matrigel and monolayer setups). Table 5.6 presents the

(v parameters of xrs-5 cells extracted from measured carbon ion survival curves.

1 H T T T Ls T T T T T T T B
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05¢ - 2C MG 384-well plate
— X-rays Monolayer (2021)
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Figure 5.7 Measured xrs-5 cell survival curves after irradiation with monoenergetic
carbon ions in comparison to X-ray survival curves. Purple and blue data points
represent the average survival fractions of cells cultured in standard monolayer
and Matrigel, respectively, after irradiated using 110 MeV/u monoenergetic carbon
ions. Red and black lines represent the X-rays survival curves of cells cultured
in standard monolayer and Matrigel, respectively. All measured data points were
fitted using exponential equation S(D) = exp(—O&D). Error bars represent the

standard deviations of six sample.

Figure 5.8 shows the comparison between measured xrs-5 survival
curves after irradiation with 110 MeV/u monoenergetic carbon ion with previously
measured survival curves from different research groups (Weyrather et al,, 1999;

Genet et al, 2012; Cartwright et al, 2015). Both measured survival curves
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Table 5.6 List of xrs-5 (¥ parameter extracted from carbon ion survival curves

in different culture setups.

Culture setup Q (Gy_l)
Standard monolayer -2.282 1+ 0.068
Matrigel 384-well PP plate -2.113 == 0.067
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Figure 5.8 Measured carbon ion survival curves of xrs-5 cells in comparison
to existing carbon ion survival curves. Red line corresponds to the reference
survival curve of xrs-5 cells in standard monolayer after irradiation with 76.9 MeV/
u monoenergetic carbon ion (Weyrather et al,, 1999). Purple and orange lines
correspond to the curves of xrs-5 cells in standard monolayer after irradiation
with 290 MeV/u carbon ion beam at SOBP (Genet et al., 2012; Cartwright et al,,
2015). Blue and light blue lines correspond to measured survival curves of xrs-5
cells in standard monolayer and Matrigel setup with V-bottom 384-well plate

after irradiation with 110 MeV/u monoenergetic carbon ion.

are compatible with curve from published literature (Cartwright et al, 2015)
where xrs-5 cells were irradiated using 290 MeV/u carbon ion beams. According
to measured X-ray and carbon ion survival curves of xrs-5 cells, all survival
curves show a straight linear-shaped curve (figure 5.7). This is because xrs-5

cells are repair-deficient cells (Ku80-deficient) making cells incapable of repairing
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the DNA damage after irradiation and most of the cells could not survive from
irradiation (Weyrather et al,, 1999; Genet et al, 2012; Cartwright et al, 2015).
Figure 5.9 presents the comparison between CHO-K1 survival curves and xrs-5
survival curves. CHO cells have shouldered survival curve indicating cells are
more resistant to irradiation. In contrast, xrs-5 cells which only lack one repair
protein which is Ku80 compared to CHO cells, show sharp linear survival curves

which are represented by red and blue lines.

Survival Fraction

ol —CHO - X-rays MG 96-well
0% L —CHO - 2C MG 96-well ]
F — xrsh - X-rays MG 384-well
5t —xrsh - 2C M6 384-well
2 [ 1 1 1 1 1 1 1 1 1 1
0 1 2 38 4 5 6 7 8 9 10 1M 12

Dose [Gy]

Figure 5.9 Survival curves of CHO-K1 and xrs-5 cells cultured in Matrigel after
irradiation with - carbon ions and X-rays. CHO and xrs-5 cells were irradiated
using monoenergetic carbon ions with energy of 180 MeV/u and 110 MeV/u,

respectively.

Since all measured xrs-5 survival curves are linear, the RBE value for
xrs-5 cells could be obtained from the ratio of (¥ parameters extracted from
X-rays and carbon ion survival curves as follows,

Dxfrays acarbon ion
RBE = = (5.1)

Dcarbon ion Oéx—rays

According to the equation above, RBE of xrs-5 cells in monolayer is 1.32 and
RBE for xrs-5 cells in Matrigel is ~1. The low RBE of xrs-5 cells comes

from the repair deficiency of xrs-5 cells, which implies that even single events
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(secondary electrons) can cause lethal damage easily. This greatly enhances
the radiosensitivity to X-rays and means that there is almost no room for
improvement when using carbon ions. Because of this, xrs-5 cells will give the
same response or sensitivity to any radiation regardless the type of radiation

and there seems to be no LET dependence for xrs-5 cells.

5.3 Field homogeneity of V-bottom 384-well plate using
Gafchromic EBT3 film

5.3.1 Film dosimetry setup

In order to investigate the field homogeneity of V-bottom 384-well PP
plate, Gafchromic EBT3 films placed after 384-well plates have been irradiated
using active scanning carbon ions. Prior to irradiation, the bottom of 384-well
plates have been coated with agarose layer to obtain a flat bottom surface
(figure 5.6). Normal 384-well plates without agarose coating were also prepared
for irradiation as for comparison. After that, all well plates were completely
filled with water and sealed using micro-well plate sealing film. EBT3 film
which has been cut into size of well plate were placed following one and two
384-well plates as shown in figure 5.10. Well plates and films were placed
following a slab of PMMA with thickness of 4.5cm thus films were exactly
placed in the extended target and received a flat physical dose of 6.5 Gy.

- i agarose
a) J J— b) N/
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Figure 5.10 Film dosimetry setup using Gafchromic EBT3 film. EBT3 films were
placed following one and two 384-well plate: a) without agarose layer and b)

coated with agarose layer.
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Twenty-four hours after irradiation, irradiated films were scanned using a
flat-bed film scanner (Perfection V800 Photo, from Epson) in portrait orientation.
In order to optimize the image scanning process, all image enhancement features
were deactivated and the image resolution was adjusted to 200 dpi with color
mode fixed to 48-bit rgb. The pixel values extracted from red color channel
were analyzed using image processing program Image) (NIH). Film profiles were
plotted in order to observe the field homogeneity and the possible artefact
caused by different areal density of material in different part of the plate. The

standard deviation of each EBT3 films were investicated as well.

5.3.2 Response of Gafchromic EBT3 film

Profiles of EBT3 films following 384-well plates with and without agarose
layer are presented by figure 5.11. Film profiles following one well plate show
a flatter profile, especially well plate coated with agarose layer where the
profile is smoother and less fluctuated (figure 5.11a). In contrast, film profiles
following two well plates either with and without agarose layer show fluctuating
profile where some spikes are spotted along the profile as shown in (figure
5.11b). Standard deviation of ROl in irradiated EBT3 films were analyzed and
summarized in table 5.7. Setup consisting of one 384-well plate coated with
agarose layer (film 1) shows a standard deviation of 0.84% compared to other
setups (film 2-4) with standard deviation values of 0.91%-0.97%.

Table 5.7 Standard deviations of EBT3 films in different 384-well plate setups.

Films  Setups Standard deviation Stdev (%)
Film 1 1 well plate with agarose 186 0.84%
Film 2 1 well plate no agarose 209 0.93%
Film 3 2 well plate with agarose 199 0.91%
Film 4 2 well plate no agarose 215 0.97%
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Figure 5.11 Profiles of EBT3 films after irradiation with active scanning carbon
ion beams. EBT3 films were placed following: a) one 384-well plate and b)
two 384-well plates with and without agarose layer. Films’ pixel values were

plotted along x-axis.

5.4  Out-of-field radiobiological verification using 3D bio-phantom

5.4.1 Treatment planning system

AWl treatment plans have been computed using TRiP98 treatment
planning system to calculates the dose distribution and simulates the cell
surviving fraction. The target volume has been adjusted to the size of 384-well
PP plate with lateral dimension of 55 X 46 mm’ while  the target depth was
ranging from 50 mm to 90 mm in order to have an optimal coverage of samples.
Treatment plan was optimized for a uniform RBE-weighted dose of 6.5Gy in
target region which is resulting the flat survival rate of ~10% in the target
region (figure 5.12d).

In order to compute the expected cell survival distribution, CHO Matrigel
RBE table has been used to optimize the treatment plan and obtain the physical
dose distribution (Kartini et al., 2020) because there is no complete RBE table
for xrs-5 cells. However, according to supporting data and radiation qualities
studied, the RBE of xrs-5 seems equal to 1 thus vyields the same survival

curve (Weyrather et al, 1999). After that, the xrs-5 alpha parameter is used to
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compute the expected cell survival using the following equation,
s(0) = exp (— s _sDppys) (5.2)

where S(D) is the cell survival at dose (D), Oy._5 is the (¢ parameter extracted
from carbon ion Matrigel survival curve and D
from TRiP98.

ohys 1S the physical dose obtained

5.4.2 In-vitro irradiation setup

To observe the cell survival in the out-of-field region, xrs-5 cells have
been cultured in Matrigel inside 384-well PP plate 48 hours prior to irradiation.
Cells were seeded at different wells location corresponding to each irradiation
setup as shown in figure 5.12. For irradiation at extended target, cells were
seeded in four wells outside the target field (figure 5.12a). Approximately
40 mm after extended target, cells have been seeded in five wells inside target
field (figure 5.12b). In order to observe the lateral scattering at the end of
fragmentation tail, cells have been seeded in five wells: two well outside target
and three wells inside target field (figure 5.120).

Wells filled with cells were completely filled with medium, and all
well plates were sealed with micro-plate sealing film. In extended target, well
plates were placed at a depth of 68.8 mm following a water-equivalent PMMA
of 64.1 mm. For samples in fragmentation tail regions, well plates were placed
at depth of 109.5 mm and 138.7 mm following PMMA with WET thickness of
104.8 mm and 134 mm, respectively (fisure 5.12d). All well plates were irradiated
in vertical position using active scanning carbon ion beam with energy range
156.34-211.54 MeV/u. Two well plates were irradiated at the same position
shortly after each other. Post-irradiation, cells were immediately recovered using
Dispase method and re-seeded into T-25 TCF filled with 5ml of medium,
triplicate were prepared for each sample. Next, cells were incubated for eight
days in order to let cells grow into colonies. After that, colonies were stained
using methylene blue staining solution and a colony consisting of at least 50

cells was scored as surviving cell.
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Figure 5.12 Sample arrangement for out-of-field radiobiological irradiation at: a)
extended target, b) fragmentation tail, and c) distal part of fragmentation tail.

d) Depth dose profile computed using TRiP98 for out-of-field verification.

5.4.3 Out-of-field treatment plan verification

Radiobiological verification of treatment plan outside target field has
been performed utilizing xrs-5 cells cultured in refined 3D bio-phantom in order
to measure the cell survival at low-dose region. In the first experiment, measured
cell survivals were lower than the expected survival due to the bad control
samples and bad cell counting number (Kartini, 2021). Because of this, the
experiment was repeated using new trypsin with higher trypsin concentration to
recover the cells from Matrigel (see section 5.1.3) and the irradiation setup has
been modified to obtain a better precision.

Figure 5.13 presents measured cell survival distributions in lateral cuts at
three different depths obtained from the repeated experiment. All data points are
normalized to the average control samples with survival fraction of S = 0.4864.
Measured survival fractions show a good agreement with the expected survival,
especially samples at the extended target where samples received different

dose (figure 5.13a). For samples at 40 mm after SOBP (fragmentation tail) where
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Figure 5.13 Survival fraction of xrs-5 cells in lateral cuts at extended target
(@) and fragmentation tail regions (b-c). Black data points and error bars are
corresponding to the average survival fraction and the standard deviation of

three or six samples. Red line is corresponding to the expected survival.

samples received similar dose, most of the data points show similar survival rate
and the uncertainty bars of measured cell survival still cover the prediction.
This means the measured survival fractions are in good agreement with the
expected survival (figure 5.13b). In distal part of fragmentation tail, the survival
fractions are compatible with the expected survival and the data points suggest
the same profile shape than the prediction (figure 5.13c). In conclusion, there
is no significant difference observed between measured cell survival with the

expected survival indicating the cell survival prediction is accurate and work very

well.



63

5,5 Summary

The adaptation of Matrigel-based phantom to xrs-5 cells has been
investicated in this chapter. Cell proliferation in Matrigel inside V-bottom 384-
well plate have been observed and cell number recovered using high trypsin
concentration is sufficient for irradiation and colony forming assay. Dose response
curves irradiated to X-rays and monoenergetic carbon ions in both standard
monolayer and Matrigel setup have been obtained as well. All survival curves
exhibit a straight linear curve and cells in Matrigel show the same sensitivity
after irradiation with both X-rays and carbon ions. The field homogeneity of
384-well plate coated with agarose layer has been investicated and there is
no significant artefact found in the film profile. Finally, out-of-field treatment
plan verification using refined 3D bio-phantom has been performed and cell
survivals measured at different depth show a good agreement with the expected
survival. This implies 3D bio-phantom with V-bottom 384-well plate could be
used as verification tool and the TRiP98 prediction is well-suited for predicting
the cell survival in the normal tissue few cm from the target. Furthermore,
for a specific cell line with straight LET-independent dose-response curves, an
accurate biological deviation caused by mixed field in the tail would be almost

impossible to detect.



CHAPTER VI
SUMMARY AND CONCLUSION

Radiotherapy utilizing charged particles has gained big interest due to
its physical characteristics enabling the tumour to receive a maximum dose while
sparing the normal tissue and OAR surrounding tumor. Before the radiotherapy
treatment will be delivered to patients, treatment plan needs to be computed
using treatment planning system in order to calculate the dose distribution and
predict the cell survival in target and its surrounding tissue. However, it is still
a challenge to conduct biological measurement to verify the treatment plan
especially measure the cell survival at different area of treatment plan with
high spatial resolution.

In this thesis, the investigation on a new verification setup consisting
of cells cultured in Matrigel inside micro-well plate (3D bio-phantom) has been
conducted. In Chapter 2, feasibility tests including cell proliferation and cell
shape in Matrigel matrix inside 96-well plate have been conducted. According
to cell number measured, Matrigel setup produced high cell number which
is suitable for irradiation. The survival experiments have been performed and
described in Chapter 3. Dose response curves of cells in Matrigel setup after
irradiation with X-rays and carbon ions have been compared to the reference
curves which cells were cultured in monolayer setup. Cells in Matrigel setup
were observed to be more resistant at lower doses to irradiation compared to
cells in monolayer setup. Next, Chapter 4 describes the radiobiological verification
of rectangular treatment plan utilizing 3D bio-phantom. Cell survival at entrance
channel, extended target regions and fragmentation tail have been analyzed and
the obtained results present the measured cell survivals are in good agreement
with the reference stack phantom. In addition, the field homogeneity of 96-well
plate has been performed by irradiating EBT3 film following 96-well plate filled
with water. There is no artefact and well plate pattern found in the film profile.

Adaptation to higher spatial resolution and radio-sensitive cell line have
been conducted in Chapter 5. In order to solve the practical problems with

flat-bottom 384-well plate, V-bottom 384-well PP plate has been chosen as
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culture lab-ware. xrs-5 cells have been cultured in Matrigel matrix inside V-
bottom 384-well plate and cell number recovered after 48 hours of incubation
was sufficient for performing colony formation assay. Dose response curves
of xrs-5 cells in Matrigel setup after irradiation with X-rays and carbon ions
have been conducted and the measured survival curves have been compared
to the standard monolayer curves. xrs-5 cells in Matrigel setup show the
same sensitivity regardless the irradiation modalities. Due to the irregular bottom
structure of 384-well plate, film dosimetry utilizing EBT3 film has been performed
and the obtained results show well plate setup consisting of one 384-well plate
coated with agarose layer yields a homogeneous field. Finally, the refined 3D
bio-phantom consisting xrs-5 cells in Matrigel inside V-bottom 384-well plate has
been used to verify the treatment plan outside the target volume. Measured
cell survival in lateral cut at extended target and fragmentation tail show a
good agreement with the expected survival.

To obtain more precise survival measurement, CHO 51D1 cells can be
alternative option to investigate the survival fraction at fragmentation tail. CHO
51D1 cell line is CHO cells that lack of homologous recombination (HR) DNA
repair (Hinz et al,, 2006; Wilson et al,, 2010). 51D1 cells have less sensitivity to
radiation compared to xrs-5 cells (Genet et al, 2012; Cartwright et al., 2015).
Thus, it has RBE effect but more sensitive than normal CHO cells which is
suitable to investigate the cell survival at fragmentation tail where the survival
fraction is close to 100%.

Furthermore, based on the agreement between Matrigel setup and
TRiP98 prediction, it can be concluded that refined 3D bio-phantom works very
well and is suitable to measure the survival fraction at area which is close
to or few cm to the target region. It could also be used to verify treatment
plans utilizing other ions beam such as protons. There is a possibility of using
this system for performing biological measurements at low cell survival, for
example at high doses where the linear-quadratic-linear model is better used
or in FLASH condition. For the case of low cell survival, high cell number is
required for colony forming assay which can be obtained by culturing the cells
in Matrigel. The cell number in Matrigel culture could be still increased by
increasing the cell-embedded layer thickness. Therefore, by embedding the cells

in ECM, the environment becomes radiation chemically much closer to tissue
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than a monolayer culture in growth medium. Beside that, this system has also
been used to measure the oxygen consumption under irradiation which provides

better insights about phenomenon occurring during irradiation inside tissue.
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APPENDIX A
CELL CULTURES PROTOCOL

A.1  Matrigel dilution

To obtained the estimated concentration of Matrigel, it can done
by diluting Matrigel matrix with ice-cold medium using this following ratio
calculation: If we have 600 Ul of undiluted Matrigel with concentration 11.7 mg/

ml and we need 5mg/ml diluted Matrigel.

Vo = Vigo X G

V, = 0.6ml X 11.7mg/ml = 7.02mg
The new concentration is 5mg/ml so,
7.02mg = Vyep X 5mg/ml

Viep = T = 1.404 ml

5mg/ml

The volume of diluted Matrigel is 1.404ml, so the required volume
of medium will be

Vig,o = Vieno T Vi

Vy = 1404 ml - 0.6 ml = 0.804 ml

A.2  Matrigel cell seeding protocol in 96-well plate
1. Thaw the Matrigel on ice in the 4°C fridge overnight.

2. Dilute the Matrigel with ice-cold medium to concentration of 5mg/ml while

keeping all the ingredients and tools on ice.

3. Pre-coating: put 33.4 4l of diluted Matrigel, spread evenly in the well of
96-well plate. Incubate for 30 - 45 minutes.
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Cell suspension preparation: trypsinite the cells, centrifuge them for 5
minutes at 300¢ and 21°C. Adjust the density to 4 X 10° cel/ml.

Cell seeding: mix 5l of cell solution with 45 (4l of diluted Matrigel so
the final concentration of cells seeded is 2 X 10" cel/well. Mix them very
well and then put them on top the first Matrigel layer. Incubate for 30 -

45 minutes.
Add 16.6 Ul of diluted Matrigel. Incubate for another 30 - 45 minutes.

Gently add 83.3 4l of medium. Incubate the cells for 48 hours.

Matrigel cell recovering protocol in 96-well plate - Dispase pro-

tocol

. Defrost the Dispase solution.

. Remove the medium from the well without damaging the Matrigel matrix.

Prepare the Dispase: per each cm” of the well surface 10 units are needed.
For 96-well plate, the surface area is 0.32 cmz, then

032cm’X 10U = 32U

Viottte — 100 ml == 5000 U

100ml : 5000U = V : 32U

V = 0.064ml = 64 [l

Add 64 Ul of Dispase to each well then incubate the plate for 1 - 2

hours until the gel is dissolved.

Pipette up and down to mix the Matrigel and collect everything in to
micro-tubes. Wash the remaining cell in the well with 200 tl of medium

and put into micro-tubes.(Wash the well multiple times if necessary).

Add medium until the cell suspension reach 1 ml and then centrifuge them

(5 minutes at 2500 rpm)

Remove the leftover medium and gel, add 300 Ul of trypsin and mix it
well. Incubate for 3 minutes to get rid of the cell clumps. Add 900 Ll

of medium to stop the trypsin and mix well.
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Take 200 L of cell solution to isotone cup filled with 10 ml of isotone

solution then count the cells using profile C.

Matrigel cell recovering protocol in 96-well plate - Cooling pro-

tocol

. Put the 96-well plate inside 4°C fridge for one hour.

Pipette up all the matrigel layer. Add some medium to take out all the

cell/matrigel inside the well.

Put the cell solution into micro-tubes and add more medium until all

solution reach 1 mlL. Mix well.

Take 200 ul of cell solution and put in 10 ml of isotone then count the
cells using profile C. Reseed them into T-25 TCF (4.2ml of medium and
800 Ul of cell solution).

Matrigel cell recovering protocol in 96-well plate - Centrifuge

protocol

. Take out the 96 well-plate from the incubator.

Pipette up all the matrigel layer. Add 200 4l of medium to wash and
take out all the cell and matrigel inside the well. Wash the well multiple

times if necessary.

Put the cell solution into micro-tubes and add more medium until all

solution reach 1 ml

Centrifuge the cell solution at 600¢ for 5 minutes.

. Take 200 pul of cell solution and put in 10ml of isotone then count the

cells using profile C. Reseed them into T-25 TCF (4.2ml of medium and
800 Ll of cell solution).
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Matrigel cell recovering protocol in 96-well plate - Cooling and

centrifuge protocol

. Put the 96-well plate in the 4°C fridge for 1 - 2 hours.

Mix the Matrigel very well by pipetting up and down. Collect everything

into micro-tubes and wash the left over with medium.

Add medium into micro-tubes until all solution reach 1 ml. Centrifuge for

5 minutes at 2500 rpm.

Remove the medium and add 300 Ul of trypsin. Incubate for 3 minutes
to get rid of the cell clumps. Add 900 Ul of medium to stop the trypsin

and mix well.

. Shortly vortex the micro-tubes so that the medium will better penetrate

into the cell pellet.

Take 200 Ul of cell solution to isotone cup filled with 10 ml of isotone

solution then count the cells using profile C.

Matrigel cell seeding protocol in 384-well plate

. Thaw the Matrigel on ice in the 4°C fridge overnight.

Dilute the Matrigel with ice-cold medium to 5me/ml while keeping all the

ingredients and tools on ice.

Pre-coating: put 11.49 Ll of diluted Matrigel, spread evenly in the well of
384-well plate. Incubate for 30 - 45 minutes.

Cell suspension preparation: trypsinite the cells, centrifuge them for 5
minutes at 300g and 21°C. Adjust the density to 4 X 10° cells/mL.

Cell seeding: mix 2.5 L4l of cell solution with 22.5 LIl of diluted Matrigel.
Mix them very well and then put them on top the first Matrigel layer.

Incubate for 30 - 45 minutes.

Add 5.75 Ul of diluted Matrigel. Incubate for another 30 - 45 minutes.
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Gently add 28.74 Ul of medium. Incubate the cells for 48 hours.

Matrigel cell recovering protocol in 384-well plate

. Defrost the Dispase solution.

. Remove the medium from the well without damaging the Matrigel matrix.

Add 22 Il of Dispase to each well then incubate the plate for 1 - 2

hours until the gel is dissolved.

Pipette up and down to mix the Matrigel and collect everything in to
micro-tubes. Wash the remaining cell in the well with 200 Ul of medium

and put into micro-tubes.(Wash the well multiple times if necessary)

Add medium until the cell suspension reach 1ml and then centrifugate

them (5 minutes at 2500 rpm)

Remove the leftover medium and gel, add 300 Ul of trypsin and mix it
well. Incubate for 3 minutes to get rid of the cell clumps. Add 900 Ll

of medium to stop the trypsin and mix well.

Take 200 L of cell solution to isotone cup filled with 10 ml of isotone

solution then count the cells using profile C.

Matrigel cell seeding protocol in V-bottom 384-well PP plate

. Thaw the Matrigel on ice in the 4°C fridge overnight.

Dilute the Matrigel with ice-cold culture medium to concentration of 5mg/

ml while keeping all the ingredients and tools on ice.

Pre-coating: put 30 (4l of diluted Matrigel, spread evenly in the well of

384-well plate. Incubate for one hour or until gel become dense.

Cell suspension preparation: trypsinite the cells, centrifuge them for 5
minutes at 300¢ and 21°C. Adjust the density to 4 X 10° cells/mL.
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5. Cell seeding: mix 2.5 Ul of cell solution with 225 Ul of diluted Matrigel.
Mix them very well and then put them on top the first Matrigel layer.

Incubate for one hour.
6. Add 10 Ul of diluted Matrigel. Incubate for another one hour.

7. Gently add 28.74 Ul of medium and finally incubate the cells for 48 hours

before irradiation.

A.10  Matrigel cell recovery protocol in V-bottom 384-well PP plate
1. Defrost the Dispase solution.

2. Prepare the Dispase: per each cm’ of the well surface 10 units are needed.
For 384-well plate, the surface area is O.11cm2, then
0.11cm’X 10U = 11U
Viottte = 100ml = 5000 U
100 ml : 5000U = V : 1.1U
Vo= 0.022ml = 22 lul

3. Remove the medium from the well without damaging the Matrigel matrix.

4. Add 22 Ul of Dispase to each well then incubate the plate for 1 - 2

hours until the gel is dissolved.

5. Pipette up and down to mix the Matrigel and collect everything in to
micro-tubes. Wash the remaining cell in the well with 200 Ul of medium

and put into micro-tubes.(Wash the well multiple times if necessary)

6. Add medium until the cell suspension reach 1 ml and then centrifuge the

cell suspension for 5 minutes with 2500 rpm at 4°C.

7. Remove the leftover medium and gel, only cell pellet remained. Add
300 UL of trypsin, mix it very well and then incubate for 3 minutes to get

rid of the cell clumps.

8. Add 900 Ll of medium to stop the trypsin and mix cell suspension very

well.
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9. Take 200 Ul of cell solution to isotone cup filled with 10 ml of isotone

solution then count the cells using profile C.

A.11  Monolayer cell culture protocol in 96-well plate - Cell seeding
1. Take out all medium from TCF and add 3 ml of PBS then remove.
2. Add 1 ml of trypsin then incubate the cells for 5 minutes.

3. Add 3ml of medium to stop the trypsin and take out all cell suspension
to the tube.

4. Take 1 ml of cell suspension and count the cells number (Profile B).
5. Seed 11000 cells into each well.
6. Add 250 Ul of medium and incubate the cells for 24 hours.
A.12 Monolayer cell culture protocol in 96-well plate - Cell recov-
ering
1. Take out all medium from well and add 50 il of PBS then remove.
2. Add 50 Ul of trypsin then incubate the cells for 5 minutes.

3. Add 150 Ul of medium to stop the trypsin and take out all cell solution
to the tube.

4. Add 1 ml of medium to the tube (in total we have 1.2 ml).

5. Take out 200 Ul of cell suspension to isotone cup filled with 10ml of

isotone solution for counting (Profile C).
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A.13  Monolayer cell culture protocol in stack phantom - Cell seed-

ing
1. Place the polystyrene slides in the square bio-assay dishes.

2. Add 0.5ml of cell suspension containing 5 X 10" cells at the center of

each slide (central plating).

3. Incubate the dishes filled with slides for 2-4 hours in order to let the cells
attach to the slides.

4. Fill in the the dishes with medium until all slides were covered.
5. Put back the dishes into incubator for 24 hours.

6. After 24 hours or right before the irradiation, put all slides in phantom

box and fill up the phantom box with medium.
A.14  Monolayer cell culture protocol in stack phantom - Cell re-
covering
1. Take out all slides from the phantom box.
2. Rinse the surface of slides with 1 ml of PBS Dulbecco.
3. Add 1ml of trypsin and incubate for 4-5 minutes.

4. Collect the cell suspension immediately into a tube filled with 4 ml of

medium. Mix the cell suspension very well to avoid the cell clumping.

5. Take out 1 ml of cell suspension to isotone cup filled with 9 ml of isotone

solution for counting (Profile B).

A.15 Monolayer cell culture protocol in T-25 TCF - Cell seeding
1. Take out all medium from TCF and add 3ml of PBS then remove.

2. Add 1 ml of trypsin then incubate the cells for 5 minutes.
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3. Add 3ml of medium to stop the trypsin and take out all cell suspension

to the tube.
4. Take 1 ml of cell suspension and count the cells number (Profile B).
5. Prepare T-25 flasks and fill all flasks with 5ml of medium.

6. Seed 2 X 10° cells into each flask and incubate the cells for 24 hours.

A.16  Monolayer cell culture protocol in T-25 TCF - Cell recovering
1. Take out all medium from flasks and add 3ml of PBS then remove.
2. Add 1 ml of trypsin then incubate the cells for 5 minutes.

3. Add 3ml of medium to stop the trypsin and take out all cell suspension

to the tube.

4. Take out 1 ml of cell suspension to isotone cup filled with 9 ml of isotone

solution for counting (Profile B).



APPENDIX B
TRIP98 TREATMENT PLANS CODE

B.1 96-well plate plan

time / on

scancap / offh20(2.890) rifi(3) bolus(0.0) minparticles(15000) path(uw2) xmax(120)
ymax(120) scannerxdistance(6521.9) scannerydistance(7223.5)

hlut ”19990211.hlut” / read

sis * / delete
sis ”/u/osokol/MIT/SIS/SIS-Marburg 12C.sis” / read

ddd * / delete

ddd ”/d/bio/bio/TRiIP98BEAM/1308/DATA/12C/RF3MM/12C*.ddd” / read
spc * / delete

spc ”/d/bio/bio/TRIP98BEAM/1308/DATA/12C/RF3AMM/12C*.spc” / read
dedx * / delete

dedx ”/u/kraemer/TRIP98DATA/DATA/DEDX/201006xx.dedx” / read

makegeometry  96wp /  shape(box(60,40,40))  ctdim(64,43,75)  ctsteps(2,2,2)
ctegv(1) centre(64,43,70)

ct 796wp000” / read

voi "96wp000” / read

rbe ”/u/mfuss/MIT3DBIO/CHO2019Matrigel.rbe” / read
rbe target / alias(cho19mg)

rbe residual / alias(cho19mg)

field 1 / new proj(12Q) raster(3,3) zstep(3) fwhm(5) targ(64,43,70) dose-
ext(1.8) contourext(0.7) couch(-180.0)



86

plan / dose(6.5) targettissue(cho19mg) residualtissue(cho19mg)
opt / bio field(*) dosealg(msdb) optalg(gr) ctbased iter(500) bioalg(ld) eps(le-3)

*Qutput the generated particle numbers for the raster scanner:
field 1 / write file(C_bioplan-wellplate.rst) reverseorder
*field 1 / bev(*) file(C_bioplan-wellplate.bev.gd) alg(msdb)

dose / delete

dose "C_bioplan-wellplate.” / alg(msdb) bio bioalg(ld) calc write field(*)
dose ”C bioplan-wellplate-z.” / bio export(gd) wi(62.9,63.1,42.9,43.1,* %)
dose ”C_ bioplan-wellplate-xy.” / bio export(gd) wi(****,112.9,113.1)
dose "C_bioplan-wellplate-x.” / bio export(ed) wi(**,42.9,43.1,62.9,63.1)
dose ”C bioplan-wellplate-x.” / export(gd) wi(**,42.9,43.1,62.9,63.1)

dose /delete
dose ”C_bioplan-wellplate.” / alg(msdb) calc write field(*)
dose ”C_bioplan-wellplate-z.” / export(gd) wi(62.9,63.1,42.9,43.1,* %)

quit

B.2 Stack phantom plan

time / on

scancap / offh20(2.890) rifi(3) bolus(0.0) minparticles(15000) path(uw2) xmax(120)
ymax(120) scannerxdistance(6521.9) scannerydistance(7223.5)

hlut 719990211.hlut” / read

sis * / delete

sis ”/u/osokol/MIT/SIS/SIS-Marburg 12C.sis” / read

ddd * / delete
ddd ”/d/bio/bio/TRIP98BEAM/1308/DATA/12C/RF3MM/12C*.ddd” / read
spc * / delete
spc ”/d/bio/bio/TRIP98BEAM/1308/DATA/12C/RF3AMM/12C*.spc” / read
dedx * / delete
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dedx ”/u/kraemer/TRiIP98DATA/DATA/DEDX/201006xx.dedx” / read

makegeometry stackbox / shape(box(40,80,40)) ctdim(35,60,75) ctsteps(2,2,2)
ctegwv(1) centre(35,42,70)
ct ”stackbox000” / read
voi ”stackbox000” / read

rbe ”/u/osokol/RBE/cho2015.rbe” / read
rbe target / alias(cho2015full)
rbe residual / alias(cho2015full)

field 1 / new proj(12C) raster(3,3) zstep(2) fwhm(5) doseext(1.8) con-
tourext(0.7) couch(-180.0) targ(33,42,70)

plan / dose(6.5) targettissue(cho2015full) residualtissue(cho2015full)
opt / bio field(*) dosealg(msdb) optalg(er) ctbased iter(500) bioalg(ld) eps(le-3)

*Qutput the generated particle numbers for the raster scanner:
field 1 / write file(C_bioplan-stackbox.rst) reverseorder
*field 1 / bev(*) file(C_bioplan-stackbox.bev.gd) alg(msdb)

dose / delete

dose ”C_bioplan-stackbox.” / alg(msdb) bio bioalg(ld) calc write field(*)
dose ”C bioplan-stackbox-z.” / bio export(gd) wi(34.9,35.1,38.9,39.1,*%)
dose ”C_bioplan-stackbox-xy.” '/ bio export(gd) wi(*,**,*,62.9,63.1)

dose ”C_bioplan-stackbox-x.” / bio export(ed) wi(**38.9,39.1,62.9,63.1)
dose ”C_bioplan-stackbox-x.” / export(gd) wi(*,*,38.9,39.1,62.9,63.1)

dose / delete
dose ”C bioplan-stackbox.” / alg(msdb) calc write field(*)

dose ”C bioplan-stackbox-z.” / export(gd) wi(34.9,35.1,38.9,39.1,%*)

quit
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B.3 Out-of-field plan for V-bottom 384-well plate

time / on

scancap / offh20(2.890) rifi(3) bolus(0.0) minparticles(15000) path(uw2) xmax(120)
ymax(120) scannerxdistance(6521.9) scannerydistance(7223.5)

hlut 719990211.hlut” / read

sis * / delete

sis ”/u/osokol/MIT/SIS/SIS-Marburg 12C.sis” / read

ddd * / delete

ddd ”/d/bio/bio/TRIP98BEAM/1308/DATA/12C/RF3MM/12C*.ddd” /read
spc * / delete

spc ”/d/bio/bio/TRIP98BEAM/1308/DATA/12C/RF3AMM/12C*.spc”/read
dedx * / delete

dedx ”/u/kraemer/TRiP98DATA/DATA/DEDX/201006xx.dedx”/read

makegeometry  384wp / shape(box(55,36,40)) ctdim(64,43,75)  ctsteps(2,2,2)
ctequ(1) centre(64,43,70)
ct ”384wp000” / read
voi ”384wp000” / read

rbe ”/u/mfuss/MIT3DBIO/CHO2019Matrigel.rbe” / read
rbe target / alias(chol9mg)

rbe residual / alias(cho19mg)

field 1 / new proj(12C) raster(3,3) zstep(3) fwhm(5) targ(64,43,70) dose-
ext(1.8) alg(msdb) contourext(0.7) couch(-180.0)

plan / dose(6.5) targettissue(cho19mg) residualtissue(cho19mg)
opt / bio field(*) dosealg(msdb) optalg(gr) ctbased iter(500) bioalg(ld) eps(le-3)

field 1 / write file(xrs5_bioplan-carbon.rst) reverseorder

field 1 / bewv(*) file(xrs5 bioplan-carbon.bev.gd) alg(msdb)



dose
dose
dose
dose
dose
dose

dose
dose
dose

dose

quit

/ delete

”xrs5 bioplan-carbon.” / alglmsdb) bio bioalg(ld) calc write field(*)
”xrs5_bioplan-carbon-z.” / bio export(ed) wi(62.9,63.1,42.9,43.1,%%)
”xrs5_bioplan-carbon-xz.” / bio export(gd) wi(**,42.9,43.1,* %)
”xrs5_bioplan-carbon-xy.” / bio export(gd) wi(****70.9,71.1)
”xrs5_bioplan-carbon-x.” / bio export(gd) wi(**,42.9,43.1,70.9,71.1)
”xrs5_bioplan-carbon-x.” / export(gd) wi(*,*,42.9,43.1,70.9,71.1)
/delete

”xrs5_bioplan-carbon.” / alglmsdb) calc write field(*)
”xrs5_bioplan-carbon-z.” / export(ed) wi(62.9,63.1,42.9,43.1,*%)
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APPENDIX C
MICRO-WELL PLATE DESIGN

. ¢D6Z
i § I
X <
I 4 b ;
>' N P
b < E_V_
U o '
A
Od | 6,6

Figure C.1 Design of flat-bottom 96-well PS plate (TPP Techno Plastic Product,

2020). All measurements are in. mm.
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Figure C.2 Design of flat-bottom 384-well PS plate (Greiner Bio-One, 2021). Al

measurements are in mm.
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Figure C.3 Design of V-bottom 384-well PP plate (Greiner Bio-One, 2011). Al

measurements are in mm.



APPENDIX D
MIT TECHNICAL DETAILS

Marburg lon-Beam Therapy Centre (MIT) is a clinical ion beam facility
located in Marburg, Germany. At MIT, protons and carbon ions beams are
utilized for cancer treatment using raster scanning technique or active scanning
beam. MIT accelerator is consisting of linear accelerator and synchrotron (Siemens
Healthcare/Danfysik) to accelerate charged particles to desired energy (Scheeler

et al,, 2016; Marburger lonenstrahl-Therapiezentrum, 2021).

Semi-vertical (45°) beam line (8) —___ ‘ﬁg P Wiy !ﬁ
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Figure D.1 Outline of accelerator at MIT and the position of beam outlets from

(Scheeler et al., 2016).

The beam specifications of MIT accelerator are given as follows (Marburger

lonenstrahl-Therapiezentrum, 2021).
1. Beam energy:

e Protons = 48-221 MeV

» Carbon ions = 86-430 MeV/u
2. Intensity:

« Protons = up to 1.9 X 10 ions/second
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« Carbon ions = 1.3 X 10° to 6.5 X 10" ions/second
3. Beam size:

 Protons = 8.1-12.6 mm at lowest energy of 40.08 MeV and 32.5-32.7 mm
at highest energy of 221.07 MeV

« Carbon ions = 9.9-135mm at lowest energy of 86.22 MeV/u and
3.4-9.8 mm at highest energy of 430.12 MeV

4. Beam outlet: 3 horizontal beam lines and one semi-vertical (450) beam

line.

5. Irradiation time: depends on irradiation parameters such as volume of target,
energies used, etc. For bio-experiment with target volume of 18 X 18 X 1

a4

cm3, it takes == 2 minutes to deliver 1 Gy.

Physical dose measurement for irradiation utilizing active scanning carbon
ion in the extended target was conducted using a pinpoint chamber (PTW type
31 015) array placed inside a water phantom in order to measure the depth
dose distribution in center part. Figure D.2 shows the measured physical dose
for RBE-weighted dose treatment plan utilizing CHO Matrigel RBE table for
radiobiological verification of simple treatment planning with 3D bio-phantom
(Kartini et al., 2020).

Figure D.3 shows the measured absorbed dose in depth distribution
for treatment plan verification outside target field utilizing the refined 3D bio-
phantom. The measurement of absorbed dose in lateral distribution at different
depth was performed as well. Figure D.4 presents the measured absorbed dose

in lateral distribution at extended target and fragmentation tail.



94

L S S S E—. S T S S = S S— ———"
— TRIP depth dose
* Measured dose

X Target volume

Figure D.2 Measured absorbed dose in z distribution in water phantom for
treatment plan optimized for uniform RBE-weighted dose in extended target for
3D bio-phantom setup (Kartini et al,, 2020). Red data points correspond to the

average of four pinpoint chamber measurements at a specific depth.
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Figure D.3 Measured absorbed dose in z distribution inside water phantom for
out-of-field treatment plan optimized for uniform RBE-weighted dose in extended
target for refined 3D bio-phantom setup. Red data points correspond to the

average of four pinpoint chamber measurements at a specific depth.
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Figure D.4 Measured absorbed dose in lateral x-distribution inside water phantom
for out-of-field treatment plan optimized for uniform RBE-weighted dose in
extended target for refined 3D bio-phantom setup. Red data points correspond
to the measured dose in the extended target at a depth of 75mm and blue
data points correspond to the measured dose in the fragmentation tail at depth

of 111 mm.



CURRICULUM VITAE

Name : Ms. Dea Aulia Kartini

Date of Birth  : April 21, 1993

Place of Birth : Bogor, West Java, Indonesia
Education

2011 - 2015 Bachelor of Science, Department of Physics, Faculty of Engi-
neering and Science, Universitas Nasional, Indonesia

2016 -2021 Doctor of Philosophy, School of Physics, Institute of Science,
Suranaree University of Technology, Thailand

Publications

1. Kartini, D. A., Sokol, O., Wiedemann, J., Tinganelli, W., Witt, M., Camazzola,
G., Kramer, M., Talabnin, C., Kobdaj, C., and Fuss, M. C. (2020). Validationof
a pseudo-3D phantom for radiobiological treatment plan verifications. Physics

in Medicine and Biology, 65(22):225039

2. Kartini, D. A., Malad, Y., Talabnin, C., and Kobdaj, C. (2020). Investigation of
Cholangiocarcinoma cells cultured in Matrigel-based phantom. SUT Interna-
tional Conference on Science and Technology, Nakhon Ratchasima, Thailand,

28 August.



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Chapter6
	Reference
	Appendix
	Biography



