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Abstract

Shama Nassir J Alghadhban

Program in Biomedical Radiation Sciences

Department of Transdisciplinary Studies

Graduate School of Convergence Science and Technology

Seoul National University

In dosimetry, a radiation dosimeter with high sensitivity, especially
at low doses, is favorable since radiotherapy treatments use low doses
per session. Additionally, tissue—equivalent characteristics are
important so that correction factors are not necessary. Another factor
to consider for radiation dosimeters is their ability to measure the
three—dimensional (3D) dose to validate the treatment plans for
advance treatment techniques that may involve high dose gradients to
deliver the required dose. Such validation and quality assurance are
absolutely crucial as without this there may be unwanted lethal
radiation doses risking critical organs. Investigation of dosimeter

formulas that could be used for different purposes has been an ongoing



area of research where developments are possible. Another approach
that could be applied to enhance the delivered radiation dose while
minimizing its application to surrounding organs at risk is to use high
atomic number nanoparticles. Experimental investigation of a tissue-
equivalent dosimeter loaded with such nanoparticles can provide
detailed information about the possible dependency of radiation energy,
dosimeter components and formulas, and the size effect and
concentration of nanoparticles.

Hence, this study has three primary objectives. The first objective
1s to develop an ideal dosimeter with higher sensitivity and tissue-like
equivalent characteristics. Formulas named F1 and F2 were created
for this particular purpose. The second objective is to determine how
two bromine—based radical initiators and the addition of two different
solvent types to the PRESAGE® formula affect the radiological
characteristics and dose sensitivity of the PRESAGE® dosimeter.
Formulas named as F3, F4, F5, F6, and F7 were developed for this
investigation. Tetrabromomethane (CBry) and 1,1,1,2-
tetrabromoethane (CyH3Br,) radical initiators up to 2 wt.% were used
in the fabrication of seven distinct PRESAGE® dosimeters. The

dosimeters received either 250 or 100-kVp X-ray radiation with a
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dose range of O to 40 Gy. A spectrophotometer was used to detect
changes in optical density before and after exposure. Furthermore,
while the quantity of dimethyl sulfoxide (DMSO) was 2 wt.%, the
radiological characteristics and sensitivity of PRESAGE® dosimeters
were examined for varied concentrations of radical initiators and
cyclohexanone. The relative depth doses in PRESAGE®/water and the
energy dependence for different X-ray beams and cobalt-60 were
studied using Monte Carlo methods.

The third objective is to assess the physical dose enhancement
impact of high Z GNPs on PRESAGE® formulas fabricated in-house,
irrespective of biological enhancement and to investigate their
enhanced characteristics. Monte Carlo simulations were also
conducted to compare the experimental results.

The results for the first objective showed that fabricated in—house
PRESAGE® dosimeter formulas F1 and F2 reacted differently to
radiation with formula F2 having improved sensitivity to radiation
compared to the previously published PRESAGE® dosimeter formula
named as MOD3 accompanied with tissue—equivalent characteristics.
Also, Monte Carlo simulations of depth—dose response confirmed that

formula F2 can be used in both kilo— and megavoltage beams without
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the requirement for correction factors.

The results for the second objective showed that PRESAGE®
dosimeter formulas can be constructed with different chemical
components to obtain higher sensitives. For example, formula F5,
which has dimethyl sulfoxide (DMSO) incorporated into its mixture,
indicated an increase in sensitivity of 46% with only 1% increase in its
effective atomic number compared to the non—-DMSO formula. Monte
Carlo simulations also showed that the formulas can be used in
megavoltage beams without the need for dosimetric correction factors,
while a correction is needed with kilovoltage beams. Moreover,
formulas with tetrabromomethane as a radical initiator exhibited
higher sensitivity than the 1,1,1,2-tetrabromoethane formulas.

The third objective was achieved by incorporating gold
nanoparticles into the tissue—equivalent PRESAGE® dosimeter, which
showed noticeable dose enhancement dependent on beam energies,
GNP size and concentration, and PRESAGE® dosimeter formula. This
investigation provided an understanding of the factors that could
influence dose enhancement results, including the dependence on
PRESAGE® formulas. Results indicated that the bromine-based

PRESAGE® dosimeter presented much higher dose enhancement
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factors (DEFs) than the chlorine ones.
Keywords: PRESAGE®, dosimetry, gold nanoparticles, radical initiator,

dose enhancement, sensitivity enhancement
Student Number: 2015-30894
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Chapter 1. Introduction



1.1. Introduction to radiotherapy

The leading cause of death of this century has been cancer; there
were nearly 10 million deaths in 2020 globally according to the
International Agency for Research on Cancer (IARC)[1]. Although
medicine and technology are developing every year, there are still
many challenges facing cancer treatments. This includes treatment
modalities, late diagnostic and disease screening, individual patients
responding to treatment differently, and side effects of cancer
treatments that could cause the second occurrence of cancer.

The major types of cancer treatments include radiation therapy,
surgery, and chemotherapy. Either one of these treatments is used or
a combination of two types or more. Radiotherapy (also called external
beam radiotherapy) can deliver high ionizing radiation in curative or
palliative doses. Curative doses are planned by the oncologist with the
intention of curing cancer while palliative doses are for pain control
and the temporary reduction of side effects.

Neutral or charged particles can be used to deliver deposited
energy in a radiotherapy modality. In radiation therapy, there are three
main photon interactions with matter; the photoelectric effect,
Compton scattering and pair production.

These interactions deposit energy in a medium and the quantity of



deposited energy depends on the radiological properties of the medium,
such as electron density, mass density, and atomic number (7).

When an incoming photon interacts with a matter's inner orbital
electron, photoelectric phenomena will occur; thus, the photon will
transfer its energy to the electron, giving it enough energy to escape
and be ejected, leaving a vacancy behind. Characteristic X-rays
emissions can occur when the vacancy is filled by an outer electron
and the production of monoenergetic Auger electrons can also occur
when the characteristics X-rays are absorbed internally [2]. The mass
photoelectric attenuation coefficient is proportional to Z°/E®, whereas
7 is the atomic number of the medium and E is the photon energy [2].
From this relationship, it is well known that photoelectric effects are
more pronounced at low photon energies and for high Z materials. The

photoelectric interaction scheme is shown in Figure 1 (a).
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Figure 1. Diagram of photon interactions with
matter: (a) photoelectric effects, (b) Compton

scattering, and (c) pair production. Reproduced
from [3].
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The Compton scattering interaction, shown in Figure 1 (b), occurs
when an incident photon interacts with loosely bonded electrons and,
therefore, the photon transfers part of its kinetic energy to the
electron. Thus, the electron will be ejected and the photon, with its
remaining energy will be scattered. Compton scattering is dominant at
high photon energies in the range that is usually used in radiation
therapy [2]. The Compton scattering interaction is independent of the
atomic number of the medium and rather depends on the number of
electrons per gram of material [2].

Pair production interaction shown in Figure 1 (c), occurs when the
incident photon has energy greater than 1.02 MeV (equivalent to the
rest mass of two electrons). The process involves the absorption of
the incident photon and the production of an electron and positron pair
[2].

Additionally, the transmitted intensity, I(x), of radiation that passes
through a material of thickness (x) is defined as:

1(x) = I,e ™", (1)
where [ is the intensity of the incident beam before attenuation and u
is the linear attenuation coefficient (cm ') (it depends on the photon
energy and the atomic number of the material) [3]. Also, the mass-

energy transfer coefficient u, and the mass energy absorption



coefficient p.,, can be used to express the energy that is attenuated
or absorbed by the material [3].

Moreover, after photons interact with a medium, the generated
electrons will further deposit their energy through Coulomb

interactions. Those electrons are the primary cause of cell damage.

The ultimate purpose of radiation therapy is to deliver the
prescribed dose to the tumor volume while minimizing its application
to the surrounding organs. In order to achieve this with the best
possible outcome for the patients, multiple factors can be modified,
such as the energy of the incident beams and beam shielding, including
multileaf collimation and customized blocks, beam angulation, beam
flatting filters, wedge filters, compensators, breast cones, and a bolus.
Therefore, advance radiotherapy treatment techniques have been
progressed, such as three-dimensional (3D) conformal and
stereotactic radiotherapy, volumetric modulated radiotherapy (VMAT),
and intensity—modulated radiotherapy (IMRT). However, these
techniques are considered susceptible to errors because they use very
steep dose gradients to deliver the required dose [4]. As a result, 3D
dosimeters (i.e., gels and PRESAGE®) have been invented to better
analyze the absorbed dose and monitor possible errors that may come

with such advance techniques and where conventional dosimeters
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have difficulties determining the absorbed dose [5]. Nonetheless,
adding gold nanoparticles to the medium can adjust the photon

interactions and then increasing the dose to the tumor is possible.

1.2. Introduction to the PRESAGE® dosimeter

Solid-based dosimeters differ from gel-based dosimeters in that
their mixture 1s comprised of synthetic plastic resins such as
polyurethane. Plastic resins are made from liquid precursors that go
hard over time as a result of polymerization reactions involving
functional groups, such as alcohols and isocyanates in polyurethanes
[6]. The PRESAGE® dosimeter is considered a solid-based dosimeter;
it is an optically clear, solid polyurethane matrix comprised of a
reporter component (i.e., leucomalachite green (LMG)) and a radical
source (i.e., halocarbons) [7], [8]. The radiolysis of the radical
initiator produces free radicals after irradiation, where the leuco dye
1s oxidized by the free radicals and result in a change in optical density
(i.e., the color becomes darker) (Figure 2) [9], [10].

Radical initiators have weak covalent bonds with relatively low bond
dissociation energies. Under specific conditions (such as radiation),
the bond can split and free radical species are produced [11]. The
proposed chemical scheme of the transformation from leucomalachite

green (LMG) dye (colorless) to chromatic malachite green (its oxidized



Figure 2. PRESAGE® formula F2 fabricated in—house in
a slab shape. The left side is not irradiated while the
right side is irradiated with 5 Gy and 250-kVp X-rays.
The color change due to radiation can be clearly seen.

product) is shown in Figure 3.

In summary, a transparent polyurethane plastic resin with a radical
initiator acting as a source of radical species upon radiation and a leuco
dye as acting as a reporter compound are the main chemical
components that can be used to make a basic PRESAGE® dosimeter
without characteristics improvement. Ultraviolet (UV) stabilizers can
be added to the formula as an extra material to reduce the damage
caused to the dosimeter by UV light [12]. Additionally, metal
compounds such as dibutiltin dilaurate (DBTDL), can be added to the

: [ A=t st
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PRESAGE?® formula as a catalyst that can speed up the polymerization
process between an isocyanate and a hydroxyl group of a polyol (to

form polyurethanes) [13].

o |
| N
N N\ N\ N
a9 —
X
radiation
leucomalachite Malachite green
green (colorless) (green)

Figure 3. Proposed chemical scheme of the transformation from
leucomalachite green (LMG) dye (colorless) to chromatic
malachite green. Reproduced from reference [12].

1.3. PRESAGE® dosimeter in radiotherapy

Ionization chambers, diodes, thermoluminescent detectors (TLDs),
and other conventional dosimeters with high precision are usually used
in radiation oncology. However, they cannot measure the dose in three
dimensions [14], which 1is particularly important for advance
techniques that use steep dose gradients such as intensity—modulated
radiation therapy (IMRT), volumetric arc therapy (VMAT), and
stereotactic radiosurgery (SRS). Consequently, an important area of
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study is the investigation of 3D dosimetry systems to assess absorbed
dosage distributions [15], [16]. So, 3D gel dosimeters have been
established and can be classified into two types: polymer gels and
Fricke gels [17]. However, several polymer gel investigations have
shown to contain severe problems, such as the requirement of
supporting containers since the gel is not in a solid form [18],
sensitivity to oxygen, and the dose distribution images having a
diffusion [14], [15], [19].

Furthermore, the PRESAGE® dosimeter, which is a polyurethane-
based radiochromic dosimeter with halogenated carbons acting as a
free radical initiator and LMG acting as a radiation-sensitive reporter
compound, was created to address these issues [7]. When irradiation
hits the PRESAGE® dosimeter, the halogen—carbon bond produces free
radicals, which oxidize the leuco dye and cause a color shift (optical
density) [18]. PRESAGE® also has the benefit of being able to be
designed and sculpted to meet the needs of diverse dosimetry
applications.

The concentration and kind of radical initiator utilized in PRESAGE®
manufacturing has no influence on post-irradiation temporal stability
for over 168 h, according to reported studies [18]. However,
increasing the quantity of radical initiator to more than 10% by weight

would result in instability in the post-irradiation temporal response
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because excess radical initiator would continue to oxidize the leuco
dye, even after irradiation [18]. It has also been claimed that the
change in optical density for absorbed dose is linear and that the
increase in sensitivity is linked to the free radical initiator's low
halogen—carbon bond dissociation energy [18].

With energies of 145 kVp X-ray energy and a 6 MV photon beam
for dose rate, and 6 MV, 10 MV, 18 MV photon beams, and 1.25 MeV
photons from a ®°Co source for energy dependence, researchers
evaluated the influence of energy and dose rate on the radiochromic
response of the PRESAGE®. They discovered that PRESAGE® is
energy and dose rate independent across the whole studied range [7].

Two-dimensional (2D) PRESAGE® sheets with different thicknesses
(up to 3 mm) were fabricated and used for patient quality assurance
as a dosimeter for the patient surface. The unique characteristics of
PRESAGE® make it possible for it to be fabricated with flexibility and
softness so that it can conform to patient skin [20]. Reading of the
sheets can be done using a commercial high-resolution scanner, such
as an Epson 11000XL, in a way similar to films with some consideration
for factors such as light exposure [21]. Wang et al. [20] found that
PRESAGE® in sheet form can deliver accurate relative-dose
measurements, similar to films, and they showed temporal stability

over the investigated period of time. The dosimeter also display a
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linear response to radiation when measured 2 h post-irradiation and
minor dose rate, angular, and energy dependencies [22]. Youkahana
et al. [23] fabricated PRESAGE® sheets and read them using a
CLARIOstar microplate reader that could be operated in the UV/VIS
spectrophotometer mode and is capable of measuring light absorbance
to investigate scanning feasibility. Their results indicated that depth—
dose curves and beam profiles can be obtained with high resolution in
2D using a microplate reader for the sheets, which were irradiated
with megavoltage X-ray beams. Their results were also within
experimental uncertainties compared to ionization chamber
measurements. Moreover, Collins et al. [24] investigated reusable
PRESAGE® sheets as an economical replacement of films or as a
radiochromic patient bolus. They found that the sheets can be reused
up to six times with a decay time of up to 24 h post-irradiation. They
also concluded that the sheets are a promising alternative to films and
have multipurpose use as a bolus [24]. Furthermore, Annabell et al.
[25] used a PRESAGE® dosimeter to measure the peak—-to—valley dose
ratio (PVDR) for a microbeam collimated synchrotron source. In their
investigation they used confocal microscopy to evaluate the dose
response of the PRESAGE® dosimeter, which provides higher
resolution than optical computed tomography. Their results indicated

the possibility of using PRESAGE® as a dosimeter with confocal
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microscopy and the PVDR was estimated to be 52:1 at a depth of 2.5
mm, which was in a good agreement with EBT2 GAFchromic films and
Monte Carlo simulations [25]. For clinical application, Rankine et al.
[26] used cylindrical PRESAGE® 3D dosimeters to investigate the
accuracy of image—guided radiation therapy (IGRT) for the treatment
of small volumes delivered by a micro irradiator. Their results showed
that PRESAGE® with an optical computed tomography (CT) readout
system is a valid approach to verify small volumes when using IGRT.
Moreover, Costa et al. [27] measured the response near the edges of
3D PRESAGE® dosimeters to investigate the electron return effect
(ERE), which may happen at the tissue—air interface when using MR-
linac for radiotherapy treatment instead of linac alone. Their
investigation particularly involved the non-uniform response of
dosimeter samples and a possible correction function for images. Their
results indicated that higher sensitivity was observed near the edges
(within 6 mm) and that only a partial correction function could be
obtained; therefore, their recommendation was to remove the edges
of the samples, resulting in uniform dose response [27]. Also, a
PRESAGE® dosimeter was used as a dosimeter with a proton beam and

their results indicated its possible use [28].
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In summary, various publications regarding the PRESAGE®
dosimeter indicate that it shows reliable behavior and can be used for
different dosimetric purposes and applications.

Prior research has claimed that sensitivity may be adjusted based
on the weight proportion of the radical initiator and the leuco dye used,
though few investigations have demonstrated sensitivity variation
dependent on the type of radical initiator and leuco dye material
utilized [16]-[18], [29]. A small number of studies have been
published comparing radical initiators with the same halogen atom and
the impact of adding LMG solvents to the PRESAGE® formulation.
Because some of the PRESAGE® components may be in powder or
crystalline form, this inquiry 1s very useful in shortening the
manufacturing process time [30].

Dimethyl sulfoxide (DMSO) is a polar aprotic solvent that is odorless,
colorless, and hygroscopic [31], [32], and is also known to be miscible
with water and other organic solvents. Cyclohexanone is a cyclic
ketone composed of cyclohexane with a single oxo group and it
functions as a human xenobiotic metabolite [33]. Cyclohexanone
(known in organic synthesis) is considered a non-polar aprotic and
colorless solvent that is also miscible with the majority of organic
solvents [34]. It has been demonstrated that adding DMSO to a

chemical formulation could increases dose sensitivity [35]. Also,
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because dimethyl sulfoxide (DMSO) may operate as a “functional
solvent,” providing both nanoparticle solvation and stabilization, it has
been shown that this polar, aprotic molecule is a useful component for
nanoparticle synthetization [36].

Previously, both DMSO and cyclohexanone solvents were utilized
in the construction of PRESAGE® and gel dosimeters, either to improve
dose sensitivity or to dissolve chemical reactants [35], [37], [38].

A water—equivalent dosimeter is preferable for clinical applications.
To determine a dosimeter's water equivalency, its radiological
properties must be calculated and compared to those of water [39].
This includes the calculations of mass density, effective atomic
number, photon interaction probabilities (i.e., interactions cross
sections), radiation dosimetry parameters (i.e., stopping power), the
electron density of the materials (i.e., CT numbers), and relative
dosimetry measurements (i.e., depth dose and output factors) [40].
Non-water—equivalent dosimeters, on the other hand, can be
employed if dosimetric correction factors are applied to convert the
recorded dose to an absorbed dose in water [19], [40]. Three
innovative PRESAGE® dosimeters containing low amounts of metal
compounds were developed and their sensitivity and water
equivalency were tested by Algathami et al. [15] . Results showed that

all three formulas had better radiological water—equivalent qualities
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than another previously published PRESAGE® formula [40]. This

suggests that PRESAGE® formula qualities can be improved.

1.4. Gold nanoparticles in radiotherapy

In radiotherapy, maximizing the dose to the tumor tissue while
minimizing it to the healthy tissue, where radiation passes through, has
always been a huge challenge. Some techniques have been developed
to compromise between the dose to the tumor and the accompanied
side effects to the healthy tissue, such as enhancement of
radiosensitization, increasing normal—cells tolerability to radiation,
and reversing the radio-resistance behavior of tumor cells [41].

High Z materials have been proved to enhance the radiation dose
when irradiated with kilovoltage X-rays (where the photoelectric
effect is dominant and varies with Z%) due to the increase in deposited
energy from photoelectrons, characteristics X-rays, and short-range
Auger electrons [42]. This increase is mainly concentrated to a tumor
loaded with those high Z materials due to the production of low—energy
Auger electrons, which typically deposit their energies in a distance
range less than a micrometer [43].

Therefore, the importance of dose enhancement lies in the possible
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reduction of prescribed radiation dosage and treatment sessions for
radiation therapy. Gold nanoparticles (GNPs) (Z = 79) have higher
mass—energy absorption coefficients than tissues and are one
candidate to enhance radiation to tumors and act as a contrast agent
for diagnostic imaging [44].

Some of the advantages of GNPs are their low systemic clearance,
enhanced permeability and retention effects, biocompatibility, large
surface—-to-volume ratio such that drugs and agents can be attached
to their surface, lower biological toxicity compared to traditionally
used agents, such as the iodine agent for DNA-targeting, and can be
synthesized in different diameters and as coating material [41].

GNPs can be manufactured to biologically target a particular type
of tumor cell and can be delivered to them with the help of nanovectors,
which simplify their tumor-cell uptake and, therefore, greater
concentrations of GNPs can be seen in tumor cells rather than in
healthy cells [45].

Several studies have reported the dose enhancement factors (DEFs)
due to GNPs in vivo and in vitro for different GNP sizes, coatings,
concentrations, and radiation sources [46]-[49].

The correlation between radiation exposure and the percentage of
cells that survive is depicted by a cell survival curve. The clonogenic

assay 1s a traditional technique for counting the number of cells that
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retain their capacity to proliferate, even after being exposed to
radiation. Single-cell suspensions of cells are used to prepare the
assays before they are irradiated, frequently in conjunction with an
agent; then the cells are seeded in culture dishes and left to grow for
a number of weeks until observable colonies form [50]. The survival

-aD-pD* \where D is the delivered

fraction can be calculated using S = e
dose and a and B are fitting constants [51].

In vitro, Chithrani et al. [52] used a Hela cell line with a 1 nM
concentration of 50 nm GNPs and irradiated it to 105 kVp and 6 MV.
They reported radiosensitization enhancement factors (REFs) of 1.66
and 1.17 by examining the proteins y~HZAX and 53BP1, which are
linked to double-strand breaks (DSBs) locations. The measurement of
DSBs utilizing foci at 4 and 24 h provided an estimate of remaining
DSBs with and without treatment. Because y~H2AX (not 53BP1) can
be linked with apoptosis and chromatin compaction in early mitosis,
thus the use of both indicators (y-H2AX and 53BP1) allowed for direct
comparison and colocalization [52]. This suggests that, for in-vitro
studies and both lower and higher energies, clonogenic radiation cell
survival is consistent with the rise of DSBs in cells with ingested GNPs
[52]. Joh et al. [53] used the U251 cell line with 1 mM concentration

of 12 nm GNPs and 150 kVp irradiation; a DEF of 1.3 was reported.

Also, different tumor models (EMT-6, Tu-2449, B16F10, etc.) were
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studied in vivo with various radiation sources and the resulted effects
included delay in tumor growth, 50% long-term survival and tumor
growth inhibition [54]-[56].

Variations in reported results of DEFs have come from different
GNP sizes and shapes, the cell line used, different coating materials,
and different concentrations [43].

Furthermore, the exact mechanism of GNP radiosensitization has
not been fully clarified. However, it was reported that total dose
enhancement effects could include chemical and biological
enhancements [57], not only the physical dose enhancement. This
would explain the high DEFs calculated by the biological model of the
cell line or tumors and what has been observed in MV irradiation
(where Compton scattering is the dominant interaction and is
independent of Z) [41], [58]-[60].

Those DEFs were higher and reported in kV irradiation, but lower
factors in MV using Monte Carlo simulations have been reported where
DEFSs are based only on physical dose enhancement [41], [61]-[65].

It has also been reported that the generation of Reactive oxygen
species (ROS) increases with smaller GNP size due to the higher
surface-to-volume ratio and, therefore, the radiosensitization
increases [42]. However, in vitro study using Hela cells, in comparison

to GNPs 14 to 74 nm in size, showed those 50 nm in diameter had the
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highest REF of 1.43 at 220 kVp compared to 1.20 and 1.26,
respectively [52]. In another study with MAGICA polymer gel
irradiated with 6 MV, they reported a maximum DEF for 50 nm GNPs
when compared to 30 and 100 nm of 1.1, 1.17, and 1.12 [66].

On the other hand, it has also been shown that 50 nm GNPs have
the maximum cellular uptake [67]. The struggle between the
thermodynamic driving force for cell uptake and receptor diffusion
kinetics leads to this size for the endocytosis process [52]. Unlike
smaller GNPs, it was observed that 50 nm semiconductor
nanoparticles can pass into the cells more effectively [68].

Our experimental and simulation investigations have demonstrated
radiological and dose responses over a range of X-ray energies for
seven in—house-made PRESAGE® dosimeters. Among these formulas,
formulas F1 and F2 showed water—equivalent characteristics with
improved sensitivity in F2 greater than that observed in a previously
reported PRESAGE® formula named MOD3 [15]. It was also shown
that F1 and F2 can both be used at kilo— and megavoltages without
applying correction factors [30].

A limited number of previous studies have investigated the
radiosensitization of GNPs incorporated into a PRESAGE® dosimeter
[43], [69]. However, their reported DEFs results vary significantly.

The aim of this study is to investigate the radiosensitization of GNPs
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incorporated into PRESAGE® dosimeters with the same halogen atom
as the radical initiator and the effect of different PRESAGE® formulas
on the calculated DEFs.

Thus, in this study, the dependence of radiosensitization on GNP
concentration and size, and X-ray energy were comprehensively
investigated using two tissue—equivalent PRESAGE® dosimeters
(formulas F1 and F2) and Monte Carlo simulations.

In general, the first purpose of this research is to create a
PRESAGE® dosimeter with enhanced sensitivity compared to
previously published dosimeters with tissue-like equivalent
characteristics. Two PRESAGE® dosimeters were fabricated in-house
for this investigation. The second purpose of this research is to
investigate the effect of using two types of solvents with two bromine-
based radical initiators with five different fabricated in—house
PRESAGE® formulas on radiological prosperities, post-irradiation
temporal stability, and dose sensitivity of the dosimeters. As a result,
PRESAGE® dosimeters with different weight percentages of radical
initiators and solvents were manufactured in—-house. To assess the
sensitivity as a function of radiation doses, the absorption spectra of
the PRESAGE® dosimeters were recorded. Each water equivalency of
the PRESAGE® dosimeter was determined by calculating density,

number of electrons per unit mass, electron density, mass—energy
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absorption coefficients, effective atomic number, and relative depth
doses.

The third purpose of this research is to investigate the dose
enhancement factors (DEFs) for two PRESAGE® dosimeters fabricated
in—house with GNPs. This investigation includes the dependency of
the PRESAGE® formula, irradiation energies, GNP size effect, and GNP

concentration.
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Chapter 2. Materials and methods
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2.1. PRESAGE?® fabrication

2.1.a. Materials used for fabrication of formulas F1 and
F2

The chemical substances employed in this investigation to create
the PRESAGE® dosimeters are comprised of transparent polyurethane
resin precursor (Crystal Clear 200, Smooth-On, Easton, PA USA),
which comes in two parts: part A and part B. The radical initiators are
tetrabromomethane (CBry) and 1,1,2,2-tetrabromoethane (CoH:Br,),
and the reporter compound is leucomalachite green (LMG).
Cyclohexanone is used as a solvent and the catalyst dibutyltin
dilaurate (DBTDL) was obtained from Sigma Aldrich (St. Louis, MO,
USA) [70].

Firstly, the radical initiator was mixed with LMG dye. At this point,
the solvent could be added to the mixture weather to optionally
dissolve the LMG dye and make it cluster free or to dissolve the
crystal-type radical initiator. It should be mentioned that LMG is in a
white powder form and needs to be mixed for a long time until there
are no observable clusters. If needed, a grinder could be used to smash
the powder into smaller pieces, as shown in Figure 4 (a). Figure 4 (b)
shows the LMG after dissolving it into the resin and adding solvent.
With constant stirring, polyurethane resin precursor part A is then

added slowly to the previous mixture.
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Then, polyurethane resin precursor part B was added to the
mixture and the mixture became denser; it takes around 20 min for the
mixture to become solid. Lastly and as quickly as possible, DBTDL
was added to the previous combination to increase sensitivity,
polymerization, and post-irradiation stability [18]. Next, the
PRESAGE® mixture was poured into polystyrene spectrophotometer
cuvettes (inner dimensions of 1 cm X 1 c¢cm X 4.5 c¢cm and a wall
thickness of 1 mm). These cuvettes next sat inside a pressure pot (60

psi) for 22 to 24 h to remove air bubbles that might impact dose

Figure 4. (a) Grinder that could be used to smash
the LMG powder into smaller pieces, (b)
Appearance of LMG after dissolving it into the resin
(solvent can be added as well).

25 i ﬂ‘] 2- EH



readings. Figure 5 shows the sequence of the general fabrication

process and experimental setup of all PRESAGE® dosimeters.




(d

Y

Figure 5. General experimental setup used in this study. (a)
shows the first step of this experiment, which is dosimeter
fabrication; (b) shows the second step, which involves placing the
dosimeters into the pressure pot to eliminate any possible air
formation. (c¢) shows the X-rad 320 (Precision X-ray, North
Branford, CT, USA) used for KV samples irradiations. (d) shows
the Ultraviolet/Visible spectrophotometer, which is used to
measure the optical density of the sample pre— and post-—
irradiation.
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2.1.b. Materials used for fabrication of formulas F3, F4,
Fb5, F6, and F7

Similar fabrication processes and materials used in Section 2.1.a
were used to fabricate F3, F4, F5, F6, and F7, with the addition of the
two solvents cyclohexanone and DMSO (also acquired from Sigma
Aldrich). However, different chemical weight percentages of the

solvents were used.
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2.1.c. Chemical formula

Various combinations of LMG solvents and initiators were created
to examine the PRESAGE® dosimetry features (radiation sensitivity,
linearity, and radiological properties). The amount of DBTDL is

constant, i.e., 0.05 wt.%, within all formulas.

i. PRESAGE® formulas F1 and F2

Table 1 depicts the fabrication purpose of PRESAGE® dosimeters
F1 and F2, as well as the varying weight percentages of the initiators,
reporter compounds, and solvents employed in this investigation.
Formula F1 was created by employing C;HsBr, as the radical initiator
and adding solvent to provide tissue-like characteristics with
increased sensitivity. While formula F2 accomplishes the same goal as
F1, it employs CBr,; as the radical initiator and a higher weight
proportion of LMG with the added solvent.

Table 1. Two in—house made PRESAGE® dosimeter formulas with their
fabrication purposes.

PRESAGE ipleiorr  LIWIG Solvent wt.% Purpose
wt.% wt.%

trial for ideal formula

o CoHoBr4 9 Cyclohexanone with 1,1,2,2-
0.55 1% tetrabromoethane radical
initiator
Cyclohexanone tr%al for ideal formula
F2 CBrs 0.5 3 1% with tetrabromomethane

radical initiator
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ii. PRESAGEP® formulas F3, F4, F5, F6, and F7

To achieve greater sensitivity, formula F3 was created with a
comparatively high weight % of CBrs. Formula F4 was created to
compare the impact of adding two solvents, DMSO and cyclohexanone,
to CBry. Formula F6, which is identical to F4 but has C,H,Br, as the
radical initiator. Formula F5 was created to compare the effect of
adding DMSO to formula F3 with formula F7, which is similar to F5 but
has CsHsBr, as the radical initiator, instead of CBry. Table 2 displays
the construction purpose of the five PRESAGE® dosimeters employed
in this investigation, indicating varying weight percentages of initiators

reporter compounds, and solvents.
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Table 2. Five different in—house made PRESAGE® dosimeter formulas and
their fabrication purposes.

Initiator LMG

PRESAGE Solvent wt.% Purpose
wt.% wt.%
Cyclohexanone highest amount of
F3 CBry4 2 2 tetrabromomethane
4% : .
radical initiator
Cyclohexanone the effect. of adding
F4 CBrs15 2 3%. DMSO 2% solvent dimethyl
’ sulfoxide “DMSQO”
Cyclohexanone the effect. of adding
F5 CBry 2 2 4%, DMSO 2% solvent dimethyl
’ sulfoxide “DMSQO” to F3
the effect of adding
solvent dimethyl
6 CoH2Br4 9 Cyclohexanone  sulfoxide “DMSO” with
1.5 3%, DMSO 2% 1,1,2,2-
tetrabromoethane radical
initiator
the effect of adding
solvent dimethyl
7 CoH2Br4 9 Cyclohexanone  sulfoxide “DMSO” with
2 4%, DMSO 2% 1,1,2,2-
tetrabromoethane radical
initiator
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2.1.d. Calculation of radiological properties

For each dosimeter, the elemental composition, electron density,
effective atomic number, and the number of electrons per unit mass
were computed. The Smooth—-On crystal clear series was reported to
have an elemental composition of 63.3% C, 9.4% H, 5% N, and 21.3%
O [17]. The effective atomic number (Z.;,) was calculated from the

Mayneord equation [2]:

Zeff _ 2.94’ ?:1 aiZi2.94, (1)

where a; is the relative electron fraction of the i element and Z;is the
atomic number of each element. Electron density is defined as p, =
N, x p (measured), where N, is the number of electrons per unit mass

and given as follows [71]:

NnZe Ze
Ne = Ny Zinifi‘{i = Ny (f{)f’ @)

where N, is the Avogadro’s constant, 4; is the atomic mass of the /*
element and (A) is the average atomic mass of the compound [35].
Furthermore, by measuring the sample weight and volume at room
temperature (22 °C), the mass densities of the PRESAGE® formulas

was calculated [16].
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2.1.e. Mass—energy absorption coefficient

For different PRESAGE® formulas, the mass—energy absorption
coefficient (uen/p) can be used to determine water equivalency. Using
the NIST XCOM X-ray attenuation database, the mass—energy
absorption coefficient (pe,/p) for a mixture was derived from equation

(3) for each formula [72]:

(ﬂen/p)mixture = Ziwi (ﬂen/p)i, (3)

where w;is the relative chemical weight of the / atom and (.,/0);

is the mass—energy absorption coefficient for the / atom, which was

obtained from the NIST database for each elemental composition.
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2.1.f. Fabrication of PRESAGE® dosimeter with gold

nanoparticles

The PRESAGE® dosimeters were fabricated using polyurethane
resin precursor (Crystal Clear 200/204, Smooth-On, Easton, PA USA),
bromine-based radical initiators, tetrabromomethane (CBry), 1,1,2,2-
tetrabromoethane (CyH,Bry), leucomalachite green (LMG) as the
reporter compound, dibutyltin dilaurate (DBTDL) as the catalyst and
cyclohexanone as the solvent. They were all acquired from Sigma
Aldrich (St. Louis, MO, USA). CC 204 has a longer pot life than CC 200
(about 2 h compared to 20 min). Table 3 shows the weight percentage
of each component, the elemental composition, and the fractional
weight used to fabricate the control PRESAGE® dosimeters used in this
study.

The gold nanoparticles used in this study were 50 nm gold
nanospheres coated with polyvinylpyrrolidone (PVP) (nanoComposix,
San Diego, CA, USA) and 5 nm gold 1-mercapto—(triethylene glycol)
methyl ether functionalized nanoparticles (Nanoprobes, Inc. NY, USA).

Figure 6 shows the scanning electron microscope (SEM) images
(7800F) for the 50 nm GNPs used in this study. The gold nanoparticles
were incorporated into polyurethane resin precursor part B and

sonicated for a minimum of 1 hr using an ultrasonicator vibra cell
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(Sonics and materials Inc., Newtown, USA) or Branson 1800
ultrasonicator (Branson Ultrasonics Corporation, Danbury, CT, USA)
[73]. With a relatively higher concentration such as 0.5 mM, the
sonication time could be increased up to an extra 15 minutes. The
concentrations chosen in this study were 0.125, 0.25, and 0.5 mM,
which were lower than the reported [74] 50% lethal dose (LD50) that
is equal to 5 g Au per kg for 11 nm GNPs injected into mice [43]. Such

concentrations could be considered clinically relevant [75].
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Figure 6. Scanning microscope images for 50 nm gold
nanoparticles (GNPs) used in this study.
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The radical initiator was mixed with the LMG dye and the solvent.
Part A of the polyurethane resin precursor was increasingly added to
this mixture with a continuous stir. Next, a combination of part B and
the gold nanoparticles was added and mixed with the above mixture.

Finally, the catalyst DBTDL (0.05 wt.%) was added to the prior
mixture, which was previously demonstrated to increase dose
sensitivity, speed up the polymerization process, and reduce
photofading after irradiation [69].

Subsequently, the PRESAGE® mixture was dispensed into
polystyrene spectrophotometer cuvettes (inner dimensions of 1 cm X
1 cm X 4.5 cm with a wall thickness of 1 mm).

The resultant cuvettes were placed inside a pressure pot (60 psi)
for 24-48 h to eliminate any possible formation of air bubbles that may
affect dose measurements. Effective atomic number (Z.;) was
calculated using the Mayneord equation as an indicator of water
equivalency.

PRESAGE® dosimeters F1 and F2 have a Z.; close to that of water
(7.417): 7.425 and 7.380 (0.1% higher and 0.5% lower than water,
respectively). According to reports, the original previously launched

PRESAGE® dosimeter had a 17 % higher Z.; than water [19].
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Table 3. Elemental composition, fractional weight (wy), and weight percentage

of control PRESAGE® dosimeters compared to water.

Material We Wua Wn Wo Wa Ws Wsa Initiat LMG Solven
or wt. wt. t wt.%
% % Cyclo
hexan
one
Water 0.0 0.1 0.0 0.8 0.0 0.0 0.0
ate 000 119 000 881 000 000 000
- 0.6 0.0 0.0 0.2 0.0 0.0 0.0 EEHOZ 5 )
350 966 499 070 000 051 001 554 :
- 0.6 0.0 0.0 0.2 0.0 0.0 0.0 CBri A
403 935 488 035 000 048 001 0.5
Smooth-on¢ 0.6 0.0 0.0 0.2 0.0 0.0 0.0
rystal clear 330 940 500 130 000 000 000
series”
a116]
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2.1.g. Dosimeters irradiation

i. Megavoltage beam irradiation

A linear accelerator (Elekta Synergy, Crawley, UK) from the St.
Vincent's Hospital, Catholic University of Korea was used to for 6 MV
irradiation. A major dose enhancement with 6 MV radiation is not
expected since Compton scattering is the dominant interaction,
however, measurements were made to differentiate between
radiosensitization due to the GNPs and the possibility that the
existence of GNPs could cause a chemical sensitivity change [43].

Cuvettes were irradiated to 1, 2, 5, and 10 Gy at a dose rate of 100

MU/Gy with the source to surface distance (SSD) of 100 cm from the
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X-ray field

(c)
1.5¢m Bolus\
1.2 cm Acryl phantom N ' 8 samples
(customized) (central space)

10 cm Solid water

Isometric view

Figure 7. 6 MV irradiation setup using the Elekta linear accelerator as shown
in (b) and (c); a customized acryl phantom was used to hold the cuvettes for
uniform scatter conditions in (a).
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source and a field size of 10x10 cm? A GNP concentration of 0.25 mM
was incorporated into formulas F1 and F2 and chosen for the 6 MV
radiation. The cuvettes were placed inside a customized acryl phantom
and covered by a bolus to ensure uniform scattering conditions. Figure

7 shows the 6 MV irradiation setup.

ii. Kilovoltage beam irradiation

The PRESAGE® dosimeter cuvettes (which were fabricated in-
house) were placed at 50 cm from the source and irradiated using an
X-RAD 320 (Precision X-ray, North Branford, CT, USA). The cuvette
i1Islcmx1cmx 4.5 cm in size. For the first and second objectives,
the doses delivered to the cuvettes were 1, 2, 5, 10, 20, 30, and 40 Gy
(for F1) with 250 kVp filtered by a 2 mm Al filter, 15 mA, and a 10 X
10 em? field size (F1 at 100 kVp and 40 mA). For the third thesis
objective, cuvettes were irradiated to 1, 2, 5, 10, and 20 Gy at 150
kVp, 15 mA, with a 2 mm Al filter and at an SSD 50 cm from the source

with a 10 X 10 c¢m? field size.
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2.1.h. Basic principle of spectrophotometry

A Lambda 365 UV/VIS spectrophotometer (PerkinElmer Inc., MA,

USA) was used in this experiment. This system is capable of delivering

Gratin
& Reference
detector
Reference
cuvette

Light source splitter \ D '

Sample  Sample
cuvette  detector

Figure 8. Basic components of the double-beam UV/VIS
spectrophotometer. Reproduced from [94].

different spectral bandwidth, from 0.5 to 20 nm. Figure 8 shows the
basic components of a double-beam spectrophotometer. Its main
components include a light source, a slit, a grating, a beam splitter,
two cuvette holders for a reference and a sample, and two detectors
for the two cuvettes. The light source produces a light beam that
passes through a slit (controls the light width and is usually in the
range of ~1 nm) and then it hits a grating and a specific wavelength is
selected. This light will irradiate the samples and the light intensity is
detected [76]. Measurements using the double-beam

spectrophotometer are done with the existence of a reference sample.
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2.1.i. Optical absorption measurements

Absorbance spectra were obtained using a PerkinElmer Lambda 365
UV-VIS spectrophotometer (PerkinElmer Inc., MA, USA) with a
wavelength range of 500 to 700 nm. The maximum absorption (A) was
discovered to be about 630 nm. The absorption of each PRESAGE®
cuvette was measured before and after irradiation, and the difference
was computed as A absorbance. The optical density is defined as the
logio of the ratio between the intensity of light passing through a
sample (I) and the intensity of light passing though no sample (I,):
log10(I/1,) [431, [77]. It should be noted that the absorption spectra
were measured using a reference cuvette (control) without irradiation
from the same PRESAGE® batch. The reference absorbance was
subtracted from the measured values. To avoid any absorbance
changes due to UV or visible light exposure, all cuvettes were
maintained in a freezer. Before the spectrophotometer measurements,
samples were removed from the freezer and placed in a dark area for
2—3 h to enable them to rise to room temperature and pre-irradiation
measurements were obtained. Within 1 hour after irradiation,

measurements were acquired.
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2.1.J. Monte Carlo modeling
i. Depth—dose simulation

For 50, 100, and 300-kVp X-ray beams and 1.25-MeV X-rays from
cobalt—-60, Monte Carlo simulations were performed to examine depth
dosage differences between PRESAGE® formulas F2, F3, F5, MOD3
[15], and water. The calculations were made using Monte Carlo N-
Particle Version 6.1 (MCNP6.1)[78]. An airbox with dimensions of 12
cm X 12 cm X 12 cm and a dosimeter box inside it with dimensions 1
cm X 1 cm X 10 cm were filled with PRESAGE® or water material was
designed. The TMESH tally 1 was used to determine the relative dose
throughout the central axis of the dosimeter box in the depth direction,
in 0.1 cm X 0.1 cm voxels of 0.4 cm thickness [79]. Figure 9 explains
the simulation geometry. The source was considered to be a plane
source and was positioned on the surface of the dosimeter box facing
the depth direction. The photon energy cutoff was 1 keV. Each
simulation was conducted with 1 X 10° histories which represent the
number of source particles needed to execute the simulation. X-rays
were filtered with 2 mm Al and extracted from the SpekCalc code [80].

The X-ray spectra used in the simulations are shown in Figure 10.

43 A 21T



(a)

¢ (b

Figure 9. Geometry for Monte Carlo simulations; (a) shows the air
box with the PRESAGE/water inner box and (b) shows the mesh
tally and voxels structure used for this simulation.
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Figure 10. Incident X-ray source spectra for energies (a)
50 kVp, (b) 100 kVp, and (¢) 300 kVp used in MCNP 6.1
simulations.
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ii. Gold nanoparticles simulation

A Monte Carlo method was used to simulate PRESAGE® formulas

F1 and F2 with different GNP concentrations used in the experiment
for 150 kVp and 6 MV X-rays from LINAC. The calculations were
made using Monte Carlo N-Particle Version 6.2 (MCNP6.2) [81].
For kV simulation, an airbox with 10 cm X 10 cm X 10 cm dimensions
with a dosimeter cuvette inside having 1 cm X 1 cm X 4.5 cm
dimensions and filled with PRESAGE® material with and without GNPs
as a homogenous mixture was modeled.

Calculations of the relative dose across the central axis in a 1 cm
depth direction (internal thickness of cuvette) of the dosimeter with
and without the GNPs in 0.1 cm X 0.1 cm voxels of 0.1 cm thickness,
was acquired using TMESH tally 1. The scoring volume was chosen to
be in the middle of the cuvette (i.e., at a 0.5 cm depth). Figure 11
shows the geometry of the simulation.

The source was assumed to be as a plane source and was put on

the surface of the PRESAGE® dosimeter, pointing in the depth direction.

For the 6 MV simulation, the same geometry was used; however, an
air box of 110 cm X 110 cm X 110 cm dimensions was used instead
and the plane source was located at 100 SSD.

The photon and electron energy cutoff was 100 eV using the single-

event transport method. This method allows simulation of individual
5
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interactions down to the eV and can be chosen in the energy cutoff.
Each simulation used 1 X 10° histories (the number of source particles
to run the simulation).

The 150 kVp X-rays were filtered with a 2 mm Al filter and taken
from the SpekCalc code [80]. The Elekta 6 MV photon spectra were
obtained from [82]. Figure 12 shows the X-ray spectra used in the

Monte Carlo simulations.
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Figure 11. Monte Carlo simulation geometry used to acquire
the energy deposition; the scoring volume is identified as 0.1
cm® and located in the middle of the cuvette (i.e., at a 0.5 cm
depth) to mimic the spectrophotometer limited scoring
volume.
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Figure 12. Incident X-ray source spectra for energies (a) 150
kVp and (b) 6 MV obtained from [82] and used in MCNP 6.2

simulations.
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Chapter 3. Results and discussion
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3.1. PRESAGE® dosimeter optimization of
bromine-based radical initiators utilizing
leucomalachite green and solvents®

3.1l.a. Summary

The aims of this chapter were to first develop an ideal dosimeter
with improved sensitivity and tissue-like equivalent characteristics.
Secondly to determine how two bromine—based radical initiators, along
with the addition of two different solvents to the PRESAGE® formula,
affect the radiological characteristics and dose sensitivity of the
PRESAGE® dosimeter. Seven distinct PRESAGE® dosimeters were
created, each having up to 2% wt. of tetrabromomethane (CBry) or
1,1,1,2-tetrabromoethane (C,H:Br,) radical initiators. They were
exposed to either 250 or 100-kVp X-rays with doses ranging from O
to 40 Gy. A spectrophotometer was used to quantify the changes in
optical density before and after irradiation. Furthermore, the
radiological characteristics and sensitivity of PRESAGE® dosimeters
for various formulations were examined. The relative depth doses in

F2, F3, F5 and water for 50, 100, and 300-kVp X-ray beams and 1.25

@ «This article was published in Radiation Physics and Chemistry, vol. 194, S.
Alghadhban et al., Optimization of bromine—based radical initiators using
leucomalachite green and solvents in PRESAGE® dosimeter, 109985,
Copyright Elsevier, May 2022.” % .
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MeV from cobalt-60 were calculated using Monte Carlo techniques.
All PRESAGE® formulations showed a strong linear relationship
between dose response and applied radiation dose. Even though the
same weight percentage was used, CBr,; demonstrated much greater
sensitivity than CyHoBry. The F2 formula has higher radiation
sensitivity than the MOD3 PRESAGE® dosimeter formula, as well as
radiological qualities similar to water. If high sensitivity is necessary,
the PRESAGE® dosimeters with CBr, as radical initiator can be
employed. When a significant quantity of radical initiator (>0.50 wt.%)
is used in the PRESAGE® formula, the effective atomic number is not
water—equivalent. The inclusion of DMSO increased the sensitivity of
the PRESAGE® formula F5 by 46.1%, with just a ~1% increase in the
effective atomic number. In terms of simulated depth—dose response,
PRESAGE® formula F2 was more similar to water than formulae F3 and
F5, and hence may be employed in both kilovoltage and megavoltage
beams without correction factors. The PRESAGE® dosimeters

investigated showed good photostability over the examined time.

3.1.b. Radiological properties calculation

Table 4 presents the elemental composition for each dosimeter

formulation and formula MOD3 [15]. Table 5 shows the measured and
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computed effective atomic number, physical density, electron density,
and the number of electrons per unit mass. Due to the smaller number
of bromine-based radical initiators utilized in these formulations, the
density of F1, F2, and F6 is closer to water, with variances of 6.1%,
5.8%, and 5.3%, respectively. Other formulae F3, F4, F6, and F7 have
densities that are 12%, 11.6%, 13.5%, and 6.4% greater than water,
respectively. The density changes can be attributed to the increasing
amount of high atomic number elements employed in each formula,
which were applied to increase the PRESAGE®® sensitivity.

The computed electron densities of F1, F2, and F6 from the seven
constructed formulas are only 2.9%, 3.0%, and 3.2% higher than that
of water, respectively. Each PRESAGE® formula, from F1 to F7, has
fewer numbers of electrons per gram than water by 2.0 %, 2.6 %, 2.9 %,
3.5%, 3.6%, 1.9%, and 1.4%, respectively. Z.s in PRESAGE®
dosimeters F1 and F2 is closest to water; Z¢i in F1 is only 0.1% higher,
while Zeir in F2 is 0.5% lower. Zo of the original PRESAGE® was
observed to be 17 % higher than water [19].

When compared to the non—-DMSO formula, the inclusion of DMSO
solvent in F4 has little influence on the Z.; (1.3% increase) (calculated
for comparison). Similarly, F5 Z.s rose by 1.1% when compared to
non—-DMSO formula F3. In general, as the concentration of the radical

initiator employed in the formulas increases, Z.; increases as well.
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Table 4. Elemental composition and fractional weight (wy) of
osimeters and MOD3 compared to water.

PRESAGE® d

Material We Wi Wi Wo W War Wsn Ws
Water 0.00 0.11 0.000 0.88 0.00 0.00 0.00 0.00
00 19 0 81 00 00 00 00
F1 0.63 0.09 0.049 0.20 0.00 0.00 0.00 0.00
50 66 9 70 00 51 01 00
F2 0.64 0.09 0.048 0.20 0.00 0.00 0.00 0.00
03 35 8 35 00 48 01 00
F3 0.62 0.09 0.047 0.20 0.00 0.01 0.00 0.00
93 22 7 24 00 93 01 00
F4 0.62 0.09 0.047 0.20 0.00 0.01 0.00 0.00
48 23 4 38 00 45 01 82
F5 0.62 0.09 0.046 0.20 0.00 0.01 0.00 0.00
28 19 7 23 00 93 01 82
F6 0.62 0.10 0.047 0.20 0.00 0.01 0.00 0.00
52 13 4 38 00 39 01 82
F7 0.62 0.10 0.046 0.20 0.00 0.01 0.00 0.00
34 39 7 23 00 85 01 82
MOD3* 0.62 0.09 0.049 0.20 0.02 0.00 0.00 0.00
59 16 4 32 84 14 01 00
Smooth-on crystal 0.63 0.09 0.050 0.21 0.00 0.00 0.00 0.00
clear series” 30 40 0 30 00 00 00 00
a[15]
*[16]
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From Table 5, because of the increased mass density and atomic
number of bromine in the radical initiator and other elements, such as
tin, Z.sof F3, F4, F5, F6, and F7 is greater than water by 28.8%, 22.1%,
30.2%, 20.4%, and 21.3%, respectively [83].

Despite the fact that the components of formulas F4 and F6 are
equal in terms of weight percentage and differ in the kind of radical
initiator (CBr4 in F4 and CyHsBry in F6), the Zoy of F6 is 1.4% lower
than that of F4. Likewise, for F5 and F7, the latter has 6.8% lower Z.x
than the former, demonstrating that formulas including CsHsBr, as the
radical initiator have a lower Z.s than formulas containing CBry. This
1s due to the fact that CBr, has a larger bromine content than CsHsBry.
Using dosimetric correction factors, which may convert the measured
dose to the absorbed dose in water, the water equivalency of the

PRESAGE® dosimeter can be resolved [16], [19].
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Table 5. Relative physical density (p), electron density (p.), number of ele
ctrons per unit mass (ne), and effective atomic numbers of the different PR
ESAGE® formulas used in this study and in MOD3, compared to water.

Materi p (g/c pe 10% e 1. (10% e pe (relative to  ne (relative to Z
al m?) cm ®) g ) water) water)

Water”  1.000 3.343 3.343 1.000 1.000 7.41
F1 1.061 3.442 3.273 1.030 0.980 7.12
F2 1.058 3.445 3.256 1.031 0.974 7.5:)38
F3 1.120 3.576 3.247 1.070 0.972 9.%5
F4 1.116 3.600 3.225 1.077 0.965 9.%5
F5 1.135 3.658 3.222 1.095 0.964 9.%5
F6 1.053 3.453 3.278 1.033 0.981 8;3
F7 1.064 3.506 3.294 1.049 0.986 8.%99

MOaD3 1.044 3.421 3.277 1.023 0.980 721

“[15] :
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3.1.c.

Determination of mass—energy absorption

coefficient

Figure 13 illustrates the ratio of calculated mass—energy absorption

coefficient (jen/p) between the seven formulas and water for photon

energies ranging from 10 keV to 20 MeV. For all PRESAGE® formulas,

a wide peak may be seen between 20 and 80 keV, with a drop down

beyond 100 keV. The peaks appear at energies where photoelectric

absorption is the most common photon interaction, which is affected

by Z°.

Men/P ratio (presage/water)

Figure 13. Mass—energy absorption coefficient ratios for all
fabricated formulas and MOD3 relative to water as a function of

3 I I I
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F5e F2
- F6-— F3
---------- F7— MOD3
—  Water
—W
0 I I I
0.01 10

0.1 1
Photon Energy (MeV)

photon energy.
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The peak height is proportional to the fractional weight of bromine
in the PRESAGE® formula (Table 4). Peaks corresponding to the
formulas F1, F2, and MOD3 were roughly positioned at 50 KeV and
were 11.0%, 8%, and 9% bigger than that of water, respectively. This
was also observed in a previous study [84].

The peak for formulas F3, F4, F5, F6, and F7 was around 40 KeV,
which is more than 50% higher than the peak for water. The ratios of
all PRESAGE® formulas become approach one above 100 keV, when
Compton scattering dominates. Their ratios are smaller than one above
3 MeV, when pair production becomes dominant. The fact that pair
production is proportional to Z%/A and water has a greater fractional
weight of oxygen than synthetic PRESAGE® formulas, which have a
higher fractional weight of carbon, and explains the difference in the

ratio above 3 MeV [40].
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3.1.d. Absorption spectrum

Figure 14 shows how different radiation doses affect the optical
absorbance of PRESAGE® dosimeters. Figure 15 depicts the
absorption spectra of PRESAGE® dosimeters recorded for formula F2

between the wavelengths of 500 and 700 nm.

@ ¢

SR N e

Figure 14. Formula F4 irradiated to 0, 1, 2, 5, 10, 20, and 30 Gy (R is the
reference cuvette without irradiation) is shown in (a). Cuvettes for formula
F7 irradiated to 1, 2, 5, 10, 20, and 30 Gy (R is the reference cuvette
without irradiation) are shown in (b). Cuvettes irradiated to the same range
of dose are shown in (c) for formula F3 and in (d) for formula F6. The color
variances between the two PRESAGE® dosimeters are (a) and (¢) yellow
and in (b) and (d) blue is because of the different materials and weight
percentages used in fabrication, such as a radical initiator, LMG, and
cyclohexanone.
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At around 630 nm, the highest absorption occurred. Peak intensities
rose correspondingly with higher dosages, as can be shown. With the
exception of F6 and F7, which displayed modest spectra changes at
low doses (1 and 2 Gy) and as seen in Figure 16, all PRESAGE®

dosimeters utilized in this investigation showed the same pattern.

08 T T T I T T T I T T T I T T T

0.6 : 10 Gy —

0.4

AOD (a.u.)
(9]
<

500 550 600 650 700
wavelength (nm)

Figure 15. Absorption spectra of the PRESAGE® dosimeter
formula F2 between 500-700 nm, showing absorbing maxima at
around 630 nm after irradiation with multiple doses. The
absorption was measured pre— and post-irradiation and the
difference was calculated as A absorbance.
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Figure 16. Absorption spectra of the PRESAGE® dosimeter
formula (a) F1, (b) F3, (c) F4, (d) F5, (e) F6, and (f) F7
between 500-700 nm, showing absorbing maxima at around
630 nm after irradiation with multiple doses. The
absorption was measured pre— and post-irradiation and the
difference was calculated as A absorbance.
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3.1.e. Calibration curve

For all of the dosimeters, Figure 17 depicts the wvariations In

maximum absorbance observed versus absorbed doses. Over the

examined radiation dosage range, all PRESAGE® formulas had a high

linearity correlation (R? > 0.99). Figure 17 depicts the sensitivities and

R? values for each of PRESAGE® dosimeters utilized

in this

investigation. The slope of the dose and absorbance in the optical

density curve determine dose sensitivity [16].

0.8
(a) Slope intercept R? F1 AF2
Formula F1 0.0070 0.0131 0.9934
Formula F2 0.0244 0.0104 0.9994
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4
(b) slope intercept R2 F3 oF4 =F5 ~F6 oF7
Formula F3 0.0759 0.0264 0.9977
Formula F4 0.0399 0.0140 0.9999 »
Formula F5 0.1109 0.0024 0.9987
3 Formula F6 0.0123 0.010 0.9995
Formula F7 0.0033 0.0024 0.9961
[O]
(&)
c
®
2
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Qo
<
<
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Figure 17. Absorbance changes as a function of absorbed radiation dose
for (a) PRESAGE® formulas F1 and F2 and (b) formulas F3, F4, F5, F6,
and F7, which were fabricated in—house, showing the response at 250
kVp within 1 hour after irradiation. Top left inset: correlation coefficient

15
Dose (Gy)

parameters, error bars: * standard deviation (n = 3).

The results indicate that formula F2 has a higher sensitivity of

0.0244 Gy!

compared to MOD3 [15], which has a sensitivity of

0.00722 Gy . Z. is close to water in both F2 and MOD3 [15] with a

0.49% and 0.13% difference, respectively. Formula F5 has the highest

sensitivity (0.1109 Gy ) of any formula and is 46.1% greater than F3

(without DMSO).

The inclusion of DMSO to the mix may be responsible for this rise.

It was previously discovered that DMSO has a stabilizing effect on the

initial and colored forms of malachite green derivatives, which adds to

dose response. According to the PRESAGE® manufacturer (Heuris Inc.),
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adding DMSO might boost sensitivity by 20 to 30%. [35], [37]. This
observation might be noteworthy because adding DMSO to formula F5
enhanced its Zqi by 1.1% when compared to formula F3.

Table 6 lists PRESAGE® formulas with cyclohexanone and DMSO as
solvents, as well as their sensitivities and Z.¢ values. The polyurethane
resin used in the formulas listed in Table 6 was from the Smooth-On
crystal clear series.

Formulas SS1 and SS2 [10] were developed to increase sensitivity
and tissue equivalency. To boost their sensitivity, 7% cyclohexanone
was employed with 0.25% bromotricholoromethane added in SS1. The
higher solvent percentage compromises their tissue equivalency (Zes
is 8.08 and 7.86) resulting in sensitivities of 0.0225 Gy ! and 0.0213
Gy '. Formula MOD3 [15] was fabricated to have water-equivalent
characteristics; chloroform and tetrabromoethane were used as
radical initiators and Z.; was 7.416 with lower sensitivity (0.0072
Gy 1. In CC200 [85], a higher amount of tetrabromomethane (4%),
DMSO (2%), and acetone (4.3%) were used to improve the sensitivity
(0.0425 Gy ) but the Zei (11.1) was higher than all created formulas
in this work. Formula CC200T [85] has the same components of
CC200, however, 0.05% tartrazine (yellow dye No.5) was added to
improve the sensitivity (0.0719 Gy 1), Zeq, on the other hand, was not

altered (11.1). Formulas F3 and F5, instead, have higher sensitivity

-
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and lower Z.; 0.0759, 9.558 and 0.1109, 9.657, respectively (refer to

Table 4 and Figure 17) [30].
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Table 6. Studied PRESAGE® formulas with their names as they appeared i
n literature, sensitivity, and effective atomic numbers.

PRESA | Initiator w | LMG wt. | Other components Sensitivity Zefi
GE t.% % wt.% AOD/(cm.Gy)
CBr4 0.50
SS1 CBrCI3 0. | 2 Cyclohexanone 7% 0.0225 8.08
25
SS22 CBr4 0.5 2 Cyclohexanone 7% | 0.0213 7.86
b | CoHoBry _
MOD3 CHCl5 2 0.0072 7.416
. DMSO 2%
CC200 CBrs 4 2 Acetone 4.3% 0.0425 11.1
DMSO 2%
,(ECC 200 CBrs 4 2 Acetone 4.3% 0.0719 11.1
Tartrazine 0.05%
41101
®[15], refer to table 4 for elemental composition
“[85]
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Figure 17 depicts the directly proportional association between
increasing radical initiator, CBry concentration, and dose sensitivity.
When exposed to ionizing radiation, the quantity of free radical
increases, causing additional oxidation of LMG and a significant rise in
optical density change [15]. Also, formulas including CBr, as the
radical initiator have greater sensitivity than formulas containing
CoHsBry. CBry has a slightly higher bromine percentage composition
than CyHsBry, although it has a slightly lower molar mass (331.63 g
mol 1) than the latter (345.65 g mol !) (when dealing with the same
weight of both initiators). This, however, does not explain the great
sensitivity when CBr, 1s employed.

The use of cyclohexanone (LMG solvent) in PRESAGE® formulas
had a significant benefit: it simplified and sped up the fabrication
process, lowering the risk of fabrication mistakes and possible
chemical toxicity. The effective atomic number was not tissue-
equivalent in formulas F6 (1.5 wt.% C,H,Bry) and F7 (2 wt.% CyHyBry),
and the dosimeter's sensitivity was lowered by 73.1% in F7 compared
to F6. However, with a large amount of CBr,, the effective atomic
number increased as the proportion of radical initiator increased, as
did dosimeter sensitivity.

The sensitivity of the dosimeter is a significant aspect in dosimetry;

a dosimeter with higher sensitivity is recommended, especially at low
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radiation doses, where most treatments usually employ a dose of ~ 5

Gy [15].
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3.1.f. Monte Carlo modeling

The Monte Carlo computed relative depth doses for the three
PRESAGE® formulas and water using X-rays with energies of 50, 100,
and 300 kVp and 1.25-MeV gamma rays from cobalt-60 are shown in
Figure 18. In PRESAGE® formula F3 (Ze; = 9.55) and F5 (Zeir = 9.65),
photoelectric absorption dominates at 50, 100, and 300 kVp, and the
relative dose falls rapidly with depth. The attenuation behavior of
Formula F2 (Ze; = 7.38) and MOD3 (Zei = 7.416) is similar to that of
water. As the energy grows, the disparity between relative doses
decreases.

The relative depth—doses for the 50 kVp X-ray were 3.9%, 7.4%,
63.7%, and 66.5% lower than those for water, respectively. The
relative depth dosage of formulas F2, MOD3, F3, and F5 at 5 cm depth
for 1.25 MeV cobalt-60 gamma rays is only 0.61%, 0.33%, 1.5%, and
1.7% lower than water, respectively. This is owing to the lower atomic
number dependence of Compton scattering (which dominates at high

energy) [30].
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Figure 18. Monte Carlo simulation of the relative depth—dose
curves for (a) 50 kVp, (b) 100 kVp, (c) 300 kVp, and (d) 1.25
MeV for the three PRESAGE® formulas and compared to MOD3
and water.
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According to the depth—dose curves, PRESAGE® formula F2 is more
water—equivalent than formulas F3 and F5 in terms of dose response
for the four tested energies and may be utilized in both kilovoltage and
megavoltage beams without the need for correction factors [30]. In
the kilovoltage range, however, correction factors are necessary to
convert the recorded dose to an absorbed dose in water using formulas
F3 and F5.

Figure 19 indicates the map of energy deposited in the
PRESAGE®/water box using the F8° tally and voxel mesh; higher
energy deposition is seen near the surface of the box (at closer

distance), which decreases with increasing depth.
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Figure 19. Energy deposition map inside the PRESAGE® box; the higher energy
deposition is near the surface of the box and it decreases with depth, as indicated
by red to blue color.
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3.1.g. Post—irradiation photostability

The post-response stabilities of the seven formulas are shown in
Figure 20. Figure 20 (a) demonstrates formulas with
tertabromoethane as a radical initiator while (b) shows those with
tetrabromomethane. The results reveal that the inclusion of DMSO or
cyclohexanone in some of the formulas have no specific influence on
the post-irradiation response photostability. Generally, all formulas

showed stable behavior over the studied period.
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Figure 20. Photofading of PRESAGE® formulas over time:
formulas with (a) tetrabromoethane as the radical initiator;
and (b) tetrabromomethane as the radical initiator. Error
bars: * standard deviation.
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It was found that dosimeters displayed 9%, 3.3%, 7.4%, 15.9%, 4.6%
2.11%, and 8.7% photofading after the investigated post-irradiation
time for formulas F1, F2, F3, F4, F5, F6, and F7, respectively. It has
been said that adding a catalyst to PRESAGE® formulas would stabilize
the lueco dye (i.e., LMG) by operating as singlet oxygen quenchers;
where lueco dye bleach because of light is combined with the singlet

oxygen [15].

Table 7. Inter—batch variability for three batches of each formula after exposure to
100-kVp X-rays.

Formula Batch AOD SD
F1 (20 Gy) 1 0.133 0.00341
2 0.141 0.00005
3 0.149 0.00011
F2 (2 Gy) 1 0.051 0.00632
2 0.050 0.00652
3 0.052 0.00461
F3 (30 Gy) 1 2.328 0.00079
2 2.302 0.00080
3 2.266 0.00511
F4 (30 Gy) 1 1.206 0.00022
2 1.192 0.00018
3 1.183 0.00324
F5 (30 Gy) 1 3.389 0.00500
2 3.383 0.00037
3 3.208 0.00037
F6 (10 Gy) 1 0.136 0.00409
2 0.138 0.00012
3 0.144 0.00015
F7 (10 Gy) 1 0.039 0.00055
2 0.036 0.00063
3 0.036 0.00038
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The inter—batch variability shown in Table 7 was determined for all
formulas fabricated in—house. The difference tested to decide whether
or not different batches of the same formula could be used for the

same application.
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3.1.h. Energy dependency

PRESAGE® formulas F2 and F5 were chosen for energy
dependency investigation; F2 i1s water—equivalent with improved
sensitivity while F5 has the highest sensitivity among the seven
formulas and is not water—equivalent, their Z.s values are 7.38 and
9.65, respectively. This investigation includes experimental and Monte
Carlo simulations. PRESAGE® cuvettes were irradiated using an X-
RAD 320 (Precision X-ray, North Branford, CT, USA) at 50 cm from
the source. The doses delivered to the cuvettes were 5 and 10 Gy at
100 kVp and filtered by 2 mm Al, and 40 mA and 250 kVp filtered by
2 mm Al, 15 mA, with 10 X 10 cm? field size. A OD were then calculated
and measured pre— and post-irradiation.

For the Monte Carlo simulation, calculations were made using
Monte Carlo N-Particle Version 6.1 (MCNP6.1). An airbox with 10 cm
X 10 cm X 10 c¢cm dimensions and having a dosimeter cuvette inside it
with dimensions of 1 cm X 1 cm X 4.5 cm that is filled with PRESAGE®
or water material was modeled. F8" (energy deposition in a cell F&"

tally (MeV)) was scored. The source was assumed as a plane source

and placed on the surface of the dosimeter directed toward the cuvette.

The photon energy cut—-off was 1 keV. Each simulation was conducted

with 1 X 10°® histories and X-rays were filtered with 2 mm Al and
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extracted from the SpekCalc code for 100 and 250 kVp [80]. Table 8

summarizes both experimental and simulation results.

Table 8. Summary of experimental and simulation results for energy
dependency, error bars: * standard deviation (n = 3) for experiment and

relative errors in simulation.

Energy A OD, expeirment MCNP
F2, Zeir= energy deposition in a cell F8
7.380 5Gy 10 Gy tally (MeV)
100 kVp 0.1308 + 0.2781 + 7.95E-03 + 0.0002
0.00007 0.00022
250 kVp 0.1365 + 0.2614 + 8.40E-03 + 0.0002
0.0040 0.00049
% diff 4.1% 6.0% 5.8%
F5, Zeir= energy deposition in a cell F8
9.657 o Gy 10 Gy tally (MeV)
100 kVp 0.8823+ 1.7517 + 4.42E-03 + 0.0003
0.0015 0.0032
250 kVp 0.6593 + 1.3486 + 3.07E-03 + 0.0004
0.0083 0.0060
% diff 33.8% 29.9% 30.4%
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Results showed an overresponse at 100 kVp compared to 250 kVp
for formula F5 for both investigation methods. For the experiment and
A OD readings for formula F5, an overresponse of 33.8% for 5 Gy and
29.9% for 10 Gy was seen at 100 and 250 kVp, respectively. Also,
simulation results for formula F5 indicated an overresponse in energy
deposition by 30.4% at 100 kVp compared to 250 kVp. On the other
hand, formula F2 presented more energy-independent behavior at 100
and 250 kVp for 5 and 10 Gy; the difference was 4.1% and 6%,
respectively, whereas the simulation results indicated a 5.8%
difference between the two investigated energies (100 and 250 kVp).

Moreover, the results are in a good agreement with the ratio of
mass—energy absorption coefficients as a function of photon energy
shown in Figure 10, where formula F2 was closer to water at 100 keV
and below other formulas with high atomic numbers, such as formula
F5. Figure 21 shows the absorbance spectra acquired for formulas F2

(a) and F5 (b) using the low—energy 100 kVp at doses of 5 and 10 Gy.

78 "-:l:" I 'kl-.|- 1_-li [= 5



3.E-01
3.E-01
2.E-01
)
O 2.E-01
<
1.E-01
5.E-02

0.E+00
500 550

600 650
wavelength (nm)

—50Gy
—10 Gy

700 750

(b)

2.E+00
2.E+00
[a)
O1.E+00
<
5.E-01

0.E+00
500 550

600 650
wavelength (nm)

——10Gy
——5Gy

700 750

Figure 21.

Absorbance

spectra

79

recorded between
wavelength of 500 to 700 nm for formulas (a) F1 and (b)
F5, showing an absorbance maxima at around 630 + 3 nm
after irradiating to 5 and 10 Gy and energy of 100 kVp.
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3.2. Measuring X-ray dose enhancement by

gold nanoparticles using two bromine-
based PRESAGE® formulas

3.2.a. Summary

The aim of this study is to investigate the physical dose
enhancement of two tissue—equivalent bromine—-based PRESAGE®
dosimeters fabricated in—-house with the inclusion of gold
nanoparticles. The dependency of dose enhancement factors on
PRESAGE® formula, GNPs concentration and size, and irradiation
energy are investigated.

Formulas F1 and F2 were fabricated for this purpose with
tetrabromomethane (CBry) and 1,1,1,2-tetrabromoethane (C,H;Bry)
radical initiators. The dosimeters were irradiated with superficial 150
kVp and 6 MV X-ray beams. Their optical density changes pre— and
post—irradiation with and without GNPs were measured using a
spectrophotometer. DEFs for 0.125, 0.25, and 0.5 mM of 50 nm GNPs
were calculated for both formulas. Also, DEFs were investigated for
0.25 mM 5 nm GNPs. Using Monte Carlo methods, DEFs were

calculated and compared to experimental results.

Formulas with CBry as the radical initiator showed higher DEFs than

formulas with CsHsBr, when using the same 50 nm GNPs
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concentrations of 0.25 and 0.5 mM. DEFs for formula F1 were 1.23,
1.26, and 1.27 and for formula F2 were 1.20, 1.33, and 1.45 for 0.125,
0.25, and 0.5 mM 50 nm GNPs, respectively.

6 MV irradiation indicated insignificant DEFs for both formulas with
0.25 mM of 50 nm GNPs, 4% and 2% for F1 and F2, respectively. The
dose enhancement of 150 kVp at 0.25 mM of 5 nm GNP was 1.6
measured by F1, which implies the dependency of dose enhancement
on GNP size. These results showed that dose enhancement is directly

proportional to the GNP concentration used.
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3.2.b. Absorption spectra

Figure 22 depicts the changes in optical absorption of PRESAGE®
dosimeters with 0.0 0.125, 0.25, and 0.5 mM of GNPs. Absorption
spectra irradiated to 10 Gy of PRESAGE® dosimeter formulas F1 and
F2 measured between the wavelength of 500 and 700 nm are plotted
in Figure 23. The maximum absorption was seen at approximately at
630 nm. The proportional relationship between increasing the GNP

concentration and the peak intensities can be observed.

Figure 22. PRESAGE® cuvettes for (a) F1 and (b) F2 with 0.0, 0.125, 0.25,
and 0.5 mM 50 nm GNPs, and (c¢) PRESAGE® cuvettes for F1 with 0.0 and
0.25 mM of 5 nm GNPs.
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Figure 23. Absorption spectra of PRESAGE® dosimeter
formulas (a) F1 and (b) F2 from 500-700 nm, showing
absorbing maxima at around 630 nm after being irradiated to
10 Gy. The absorption was measured pre- and post—irradiation
of obtained absorption measurements and A absorbance was
calculated as their difference.
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3.2.c. Calibration curve

The changes in measured maximum absorbance versus absorbed
doses for all of the dosimeters are shown in Figure 24 (a), (b) for 150
kVp and (c), (d) for 6 MV radiation. An excellent linearity correlation
(R*? > 0.99) was observed over the investigated radiation dose range
for all PRESAGE® formulas with and without GNPs. The sensitivities
and £ values for all PRESAGE® dosimeters used in this study are also
given in Figure 24. Where dose sensitivity is described as the slope of

the dose and A absorbance in the optical density curve [16].
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Figure 24. Absorbance changes as a function of absorbed
radiation dose for PRESAGE® formula (a) F1 with 0.125, 0.25 and
0.5 mM of GNPs concentration and (b) F2 with 0.125, 0.25 and
0.5 mM of GNPs concentration. Which were fabricated in—house,
showing the response at 150 kVp in (a), (b) and at 6 MV in (c)
and (d) within 1 hour after irradiation. Error bars: * standard
deviation (n = 3).
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Moreover, the linearity of the PRESAGE® formulas with the GNP
concentration implies that the particles are dispersed into the
dosimeter homogeneously. One component of the PRESAGE® is
cyclohexanone, which is a cyclic ketone made up of cyclohexane with
one oxo substituent [33]. In cyclohexane (nonpolar solvent), spherical
GNPs with a specified size and narrow size distribution can be
synthesized and may be employed directly in hybrid organic—inorganic
devices, such as memory components or polymeric thin—film
transistors [86]. This could suggest that using such solvents in
PRESAGE® formulas embedded with GNPs may not contribute to any
nanoparticle aggregation.

An abundance of surface atoms with delocalized electrons that
exhibit plasmon wave behavior are what give GNPs their unique
features. Donor—acceptor species, or ligands, can bond because the
coordination sites of the surface atoms are not fully developed. As
molecules join the nanoparticle surface in solution, a double layer of
charge is created that inhibits the nanoparticles from aggregating [87].
Additionally, chemicals (coating agents) that “switch” the surface
charge of GNPs from negatively charged to positively charged can be
used to functionalize particles [87]. Polyvinylpyrrolidone (PVP), used
in the current study, is a polymer with a lengthy polyvinyl backbone

that is fully non-toxic and works well as a capping agent, particularly
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for noble metal particles [88]. PVP is also known to be soluble in
physiological solutions and water [88]. and it was found that, following
24 h of exposure,, 5 nm GNPs stabilized with PVP were easily
absorbed by hepatocytes, kupffer cells, and blood vessel endothelial
cells in vitro and in vivo. Consequently, hepatocytes did not show any
evidence of toxicity [89].

The DEF was calculated as the ratio between the slope of the
PRESAGE® dosimeter doped with GNPs and that without it. The
calculated DEF shows different results among the two bromine-based
PRESAGE® dosimeters. For formula F1, calculated DEF values were
1.23, 1.26, and 1.27 for the GNP concentrations of 0.125, 0.25, and 0.5
mM, respectively.

It should also be mentioned that a higher DEF (~ 1.6) for 0.5 mM
was seen for only two batches. However, a DEF of 1.27 is shown for
reproducibility.

For formula F2, the calculated DEFs were 1.20, 1.33, and 1.45 for
GNP concentrations of 0.125, 0.25, and 0.5 mM, respectively. For the
same GNP concentration of 0.125 mM, formula F1 shows a higher DEF
than F2 by 2.5%. However, for the higher concentration of 0.25 and
0.5 mM, formula F2 indicated a higher DEF than F1 by 5.1% and 14%,
respectively.

For the 6 MV radiation, both formulas F1 and F2 showed an
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insignificant increase of the DEF by 4% and 2%, respectively. This
small increase could be a result of the low—energy components of the
Elekta 6 MV LINAC and its increase in electron density and cross
sections [43].

To compare the measured DEFs with other published results, it
should be emphasized that direct comparison could be irrelevant since
there is variation in PRESAGE® components such as radical initiators,
GNP type and size, and the energy spectra.

Algathami et al. [69] used 0.5 mM of 50 nm GNPs with PRESAGE®
and found the DEFs to be 1.77 and 1.11 for 100 kVP and 6 MV,
respectively. Their finding for 6 MV was much higher than
expectations.

On the other hand, Gagliardi et al. [43] reported DEFs using 50 nm
GNPs and 0.25, 0.5 and 1 mM with PRESAGE® dosimeter and 150 kVp
as 1.13, 1.14 and 1.16, respectively. The almost similar enhancement
seen in their investigation, even though GNPs concentration increased,
was also observed in our research with formula F1; DEF values were
1.23, 1.26, and 1.27 for the GNPs concentration of 0.125, 0.25, and 0.5
mM, respectively.

This could indicate that bromine-based PRESAGE® dosimeters
(used in this study and in [69]) are a better match to the GNPs than

chlorine-based PRESAGE® dosimeters (used in [43]). Radical

-
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initiators are substances that can generate radical species under
specific circumstances and encourage radical reactions. These
substances often have covalent bonds that are weak or unstable and
have low bond dissociation energies. Because these compounds have
low bond dissociation energies, they are quickly broken down by heat
or radiation, for example, resulting in the formation of free radical
species [12]. The C-X bond dissociation energy (where X = Cl, Br, or
D) and the quantity of free radicals generated are both directly related
[90]. Due to the presence of an alkylbromide in Formulas F1 and F2,
which is more radiation—sensitive than an alkylchloride, free radicals
are produced more easily when exposed to ionizing radiation. This
causes more LMG to be oxidized, which increases the optical density
change [15].

Therefore, bromine-based PRESAGE® dosimeters showed higher
radiation sensitivity than the chlorine-based dosimeters which is
related to the higher dissociation energy of C-Cl bond 83.7 kcal.mol ™}
compared to 72.1 kcal.mol™ for C-Br bond [91]. As a result, the
homolysis of bromine—based radical initiator requires less energy than
the homolysis of chlorine-based radical initiator in order to produce
free radicals [12]. The transmission of ionizing radiation's energy to
a substance as it travels along its route is how ionizing radiation starts.

Since secondary electrons are produced through photoelectric effect,
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Compton scattering, and pair production, gamma and X-rays deposit
the majority of their energy through these particles [12]. The
presence of GNPs in PRESAGE® dosimeters with the combination of
low energy radiation could enhance the radiation dose further as a
result of the excessive number of low energy free radicals created by
the increase of photoelectric interactions and the close proximity of
their interaction products (photoelectrons, characteristic X-rays, and

Auger electrons) [12], [41].
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Furthermore, to investigate the GNP size effect on DEF, formula F1
was fabricated and 5 nm GNPs with concentration of 0.25 mM were
incorporated into the F1 mixture.

Figure 25 shows the absorbance spectra versus absorbed dose for
formula F1 loaded with 0.25 mM of either 5 nm or 50 nm GNPs. The
DEF calculated for formula F1 with 0.25 mM of 5 nm GNPs was 1.6,
which indicate a 29% higher DEF than the one with a larger GNP

diameter of 50 nm.

9 2 -":r'-\.ﬂ-! 'CI:I' 1_-l

| e ]



0.25

Formula Slope intercept | R? -
0.2 | F1 0.0069 0.0039 0.9966
F1+0.25mM (50 nm) 0.0087 0.0017 0.9993
=
F1+0.25mM(5nm) 0.0112 0.0041 0.9992
0.15 A
o | e e -
o e e
< T e e
014 e e
e oF1
et et ".
0.05 - e e F1+0.25 mM (50 nm)
F1+0.25 mM (5 nm)
0 g T T T
0 10 15 20
Dose (Gy)

Figure 25. Absorbance changes as a function of absorbed radiation
dose for PRESAGE® formula F1 with 0.25 mM of GNPs concentration
and 5 nm and 50 nm diameter showing the response at 150 kVp in
within 1 hour after irradiation. Error bars: * standard deviation (n =

3.
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This finding is in a good agreement with a reported DEF of 1.51,
where they used 5 nm GNPs and an irradiation of 150 kVp as well [92].
Gagliardi et al. [43] studied 5 nm and 50 nm GNPs, 5-50 nm bismuth
nanoparticles, and 80 nm bismuth nanoparticles at concentrations
ranging from 0.25 mM to 2 mM and irradiated to various energies. The
95.3 keV mean energy synchrotron beam had the greatest dose
enhancement (16-32%), then 150 kVp superficial beam (12-21%), and
finally the 6 MV beam (2-5%). However, they reported no size
dependency was observed for 5 nm GNPs and irradiated to 150 kVp,
the DEFs were 1.13 for both sizes. This could be another indication of
the dependency of DEFs on the PRESAGE® formula; the bromine-
based PRESAGE® dosimeter showed higher DEFs compared to those
with chlorine. Table 9 shows the inter—batch variability for formula F1

and F2 loaded with three GNP concentrations.
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Table 9. Inter-batch variability for three batches and for each formula after

exposure to 10 Gy with 150-kVp X-rays.

Formula Batch AOD SD
F1 (0.125 mM) 1 0.079 0.00008
2 0.083 0.00005
3 0.085 0.00006
F1 (0.25 mM) 1 0.087 0.00089
2 0.098 0.00044
3 0.098 0.00046
F1 (0.5 mM) 1 0.096 0.00002
2 0.100 0.00004
3 0.084 0.00011
F2 (0.125 mM) 1 0.271 0.00060
2 0.283 0.00007
3 0.283 0.00009
F2 (0.25 mM) 1 0.320 0.00022
2 0.336 0.00080
3 0.325 0.00056
F2 (0.5 mM) 1 0.338 0.00052
2 0.340 0.00270
3 0.356 0.00086
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Also, a lower concentration of the GNPs (0.025 mM) was
investigated with the formula F2. The DEF showed only 4 %
enhancement, which suggest that lower concentration can only
produce a small enhancement. Figure 26 shows the absorbance change

obtained as a function of different radiation doses.
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Figure 26. Absorbance changes as a function of absorbed radiation
dose for PRESAGE® formula F2 with 0.025 mM of 50 nm GNPs
concentration. Which were fabricated in—house, showing the
response at 150 kVp in within 1 hour after irradiation. Error bars: &+
standard deviation (n = 3).
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3.2.d. Monte Carlo modeling

Table 10 summaries the DEFs results for 150 kVp and 6 MV
irradiation compared with Monte Carlo simulations. In general, the
results between DEFs calculated with Monte Carlo and the ones
measured experimentally agrees within 5%.

The simulation underestimates the DEFs for the lowest GNPs
concentration of 0.125 mM compared with experimental result for both
formulas F1 and F2 by 8% and 18%, respectively.

This could be the result of the simulation of a homogenous mixture
rather than the microscopic distribution of the GNPs, which could be
more comparable to the experiment.

It also should be mentioned that the properties of GNPs vary
significantly from the inert metallic form of the gold atom, which could
affect the simulation results when compared to the experiment.
However, the simulation of 0.5 mM for formula F1 agrees more with
the two batches, which had a DEF of 1.6 than the other batches of 1.27.
Also, the result of DEF for 5 nm GNPs simulation was 1.55 which
agrees within 3% with the experiment.

For the 6 MV, the simulation underestimates the DEFs of 0.25 mM for

formula F1 and F2 by only 5% and 2.2%, respectively.
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Table 10. Dose enhancement factor at each energy and concentration for
AuNPs with 50-nm diameter used in this study and compared with Monte
Carlo simulation results. Uncertainty represent + SD for three batches,
relative errors”, £ SD for two cuvettes™.

Energy | PRESAGE | Au molarity DEF DEF
Formula concentration simulation (+ | experiment
0.0006-
0.001)"
0.125 mM 1.13 1.23 £ 0.01
F1 0.25 mM 1.25 1.26 £ 0.02
150 0.5 mM 1.50 1.27 £ 0.01
kVp 0.125 mM 1.013 1.20 £ 0.02
F2 0.25 mM 1.26 1.33 £ 0.03
0.5 mM 1.51 1.45 + 0.01
F1 0.989 1.041 +
o 0.03
6 MV F2 0.25 mM 1.000 1.023 +
0.01




3.2.e. DEFs with GNPs concentration

It was observed that the dose enhancement was directly
proportional to GNPs concentration. However, this increment was not
linear with the GNPs concentration as shown in Figure 27. The
reduced ability of the interaction to deposit energy further could be

the cause of such non-linearity [43].
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Figure 27. Relationship between DEFs and GNP concentrations

of 0.125, 0.25 and 0.5 mM for formulas F1 and F2. Error bars:
+ standard deviation (n = 3).
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3.2.f. SEM and EDS of PRESAGE® dosimeter

Focused ion beam Scanning electron microscopy (SEM) (Helios 5
UC (FED), Advance Institute Of Convergence Technology) was done
for the solid PRESAGE?®. In order to image it, smaller pieces of 1 x 1 x
3 mm slabs were prepared and cut with a machinery cutter. Figure 28
shows the SEM stage before (a) and after (b) acquiring the images. As

shown in Figure 28 (b), the dosimeters look damaged after imaging.

Figure 28. Images of PRESAGE samples in a
slab shape mounted on the scanning electron
microscope (SEM) stage (a) pre-imaging and
(b) post-imaging.
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Figures 29 and 30 show the SEM and energy-dispersive X-ray
spectroscopy (EDS) images for PRESAGE® formulas F1 and F2 either
with 0.25 mM 5 nm GNPs or 0.5 mM 50 nm GNPs. It was observed that
even when using 10000 magnification, there was an internal melting of
the PRESAGE® material which is caused by the electron beam hitting
the samples. The melting created an internal disruption, leading to
difficulty characterizing the exact GNPs size and distribution. However,
EDS images and analysis were able to detect the GNPs and the other
main components of PRESAGE® formulas F1 and F2. It should be
mentioned that there are no publications with SEM images for
PRESAGE® dosimeters as a whole formula; however, there are only

SEM images of the GNPs that were used in their studies.
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Figure 29. Scanning electron microscope (SEM) images of (a) formula F1
control and (b) formula F1 +0.25 mM 5 nm GNPs. Energy-dispersive X-ray
spectroscopy EDS of (¢) formula F1 control and (d) F1 + 0.25 mM 5 nm GNPs;
the main components of the dosimeter are detected and indicated.
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Ch1 MAG: 10000x HV:20KV WD:40mm Px; 41 nm

Figure 30. Scanning electron microscope (SEM) images of (a) formula F2
control and (b) formula F2 + 0.5 mM 50 nm GNPs. Energy-dispersive X-ray
spectroscopy EDS of (¢) formula F2 control and (d) F2 +0.5 mM 50 nm
GNPs; the main components of the dosimeter are detected and indicated.
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3.3. Experimental uncertainties

In this experimental work, there are two types of errors that could
occur. Experimental errors and statistical errors. The former may
come from the experimental work, which include the fabrication steps
of PRESAGE® dosimeter, irradiation and reading the cuvettes [9]. It
has been noticed that there was a deviation in the weight percentage
(wt.%) when measuring the chemicals of £ 0.5% which was also
observed in a previous study [12].

The chemicals have to be stored according to their SDS, failure to
do this could change their appearance and thus their properties. LMG
was noticed to be a sensitive chemical and some bottles would have
different purity levels that can be detected by eyes (i.e., color is
different) which eventually could affect the uncertainty.

The accuracy of dose delivery by the X-rad was measured using an
ionization chamber, for example, 1.0047 Gy (+ 0.000019) was obtained
for 100 kV and 1.0097 Gy (£ 0.000104) for 150 kV.

For the spectrophotometer device, it was used with standard
procedure and it was believed to be accurate since it has high
resolution of 1 nm [12]. The data acquired for this experiment were
for three measurements with the mean and standard deviation (unless

it was stated otherwise).
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3.4. DISCUSSION

In this study, enhancement of PRESAGE® dosimeter formulas was
investigated and achieved for specific formulas. This includes
formula-related sensitivity and dose enhancement due to GNPs.
Several limitations were seen in this study, including; the absorption
limit from the spectrophotometer (4 AU) in which the data cannot be
recognized or measured above this certain value. This limits the range
of GNPs concentration that could be incorporated into PRESAGE®
dosimeter. Thus, there is a limit to detect the DEFs. Moreover, the
PRESAGE® dosimeter can be really obscure if a higher concentration
was used. The achieved absorbed dose enhancement may be
restricted by cellular toxicity and cellular uptake, especially when
investigating higher GNPs concentration than the ones studied here.

The possible toxicity when fabricating the PRESAGE® dosimeter
that could impose health threats when care is not taken. Some of the
dosimeters’ components have been classified as dangerous chemicals
(i.e., halocarbons) and protective measures such as protective eye
wear, N masks, limiting the time of fabrication and using a hood are
needed [93]. Cost-effectiveness should be taken into account before
starting this study, high cost of some of the materials may cause

limited trials.
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3.5. CONCLUSIONS

In this investigation, we fabricated seven PRESAGE® dosimeters in-
house for wvarious applications. The addition of two solvents,
cyclohexanone and DMSO, to two bromine-based radical initiators,
CBr4 and C,H,Br,4, was studied. When these two radical initiators were
exposed to radiation, CBry was more sensitive to it and released more
free radicals. If high sensitivity is necessary, radical initiator (CBry)
with PRESAGE® dosimeters can be employed.

When applying a greater quantity of radical initiator (0.50% wt.),
however, the effective atomic number is not water—equivalent. At low
doses (1 and 2 Gy), F6 and F7 displayed slight spectra changes, which
might indicate that C,H.Br4 is not stable as a radical initiator at such
low doses.

The results show that formula F2 has a higher sensitivity and an
effective atomic number close to water than other previously
announced PRESAGE® formulas (with 0.49% difference). Furthermore,
without taking into account correction factors, formula F2 may be
employed in both kilovoltage and megavoltage beams based on depth-
dose curves. The inclusion of DMSO to several of the formula has
significantly improved their sensitivity and increased their Z.

Depending on the use of PRESAGE® dosimeters, a compromise
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between required sensitivity and radiological characteristics should be
addressed accordingly.

Also in this study, we have fabricated two bromine—based
PRESAGE® dosimeters in-house with and without GNPs with different
concentrations to investigate the physical dose enhancement and the
effect of different PRESAGE®™ dosimeter formulas on the DEFs.
Irradiation to superficial and megavoltage X-ray beams were done.
Two bromine-based radical initiators CBry, and CyHyBry were
investigated with the addition of 50 nm GNPs, and 5 nm GNPs with
CoH2Bry.

Using similar concentrations (0.25 and 0.5 mM), the dose
enhancement caused by the presence of GNPs in CBrs—based
PRESAGE® dosimeter was higher than CyHyBry—-based PRESAGE®
dosimeter for 150 kVp.

The increase in dose in F1 was up to 27% for 50 nm GNPs at the
highest investigated concentration of 0.5 mM irradiated in 150 kVp and
45% in F2. While for 6 MV, the increase in dose was only 4% and 2%
for F1 and F2, respectively.

For 5 nm GNP and 0.25 mM, the increase in dose was 60% measured
by F1, which suggests the dependency of dose enhancement on GNP

size.
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The dose enhancement was directly proportional to GNP
concentration but in a non-linear relationship.

Monte Carlo simulation showed good agreement with the GNPs
concentration studied except for the underestimation of the lowest
concentration of 0.125 mM GNPs.

The subsequent studies could be a continuation of this work;

Figure 31 shows incomplete research for PRESAGE® dosimeter
fabricated in—house and shaped as human’s parotid gland; this
dosimeter could be used for field shaping with a lead frame cut-out
for electron treatment in radiotherapy and measure the possible dose

leakage to the surrounding healthy tissues.

Figure 31. PRESAGE® dosimeter fabricated in-house and shaped
as a human parotid gland.

Another suggestion is to investigate the feasibility of using the

Raman spectroscopy to read out the PRESAGE® sample and if possible
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to detect the GNPs peak; Figure 32 shows a slab of PRESAGE®

fabricated in—house with GNPs.

Figure 32. PRESAGE® dosimeter embedded with 50 nm GNPs and fabricated
in slab form.

A worthwhile field of investigation is the possible toxicity that could
emerge during the fabrication of the PRESAGE® dosimeter, which
includes in—depth quantitative data.

Determining the best approach to image the nanoparticles
distribution inside the PRESAGE® dosimeter is another challenging

investigation.
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