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Abstract: Proton therapy is one of the most promising treatments for several types of
tumors, such as those of the eye, brain, and breast, as it benefits from a sharp Bragg peak as
well as a spread-out Bragg peak (SOBP) in the tumor region. The Bragg peak helps to
deliver the maximum dose to the tumor and the minimum dose to the sensitive organs near
the tumor. It has been shown that the addition of nanoparticles to the tumor can improve
the treatment gain in radiation therapy. In this study, the microscopic dose enhancement
ratio as well as the DNA damage frequency caused by 62.8 MeV protons with the presence
of 3000 ppm (i.e., 30 mg/g) Au, Pt, C, ''B, and Fe;O, nanoparticles were investigated using
the Geant4-DNA Monte Carlo toolkit. In addition, the cell survival curves were obtained
and compared for the condition with and without nanoparticles. All simulations were
performed at different locations along the proton range: at the beginning, in the middle, and
at the end of the SOBP. The highest dose enhancement in the fibroblast cell was observed
for Pt nanoparticles (up to 4%), followed by Au nanoparticles (up to 2.4%), while the
lowest dose enhancement was observed for C nanoparticles (up to 0.32%). At the end of
the proton range, higher levels of DNA damage were observed than at the beginning of the
path and at the center of the SOBP. Unlike some previous studies, this work simulated
more realistic clinical conditions, and the obtained results are in good agreement with some
experimental results reported in the literature. In conclusion, the combination of Au and Pt
nanoparticles with proton therapy has a superiority over C, ''B, and Fe;O, nanoparticles.
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1. Introduction

Proton therapy is used to treat some common
cancerous tumors (such as those of the eye,
brain, and lung) with promising clinical
outcomes, although it is not yet widespread
worldwide [1]. Proton is an interesting radiation
source for cancer treatment. At the beginning of
its path, a proton leaves relatively low energy in
a human phantom, while they deposit the highest
amount of energy at the end of its range. This
results in the Bragg peak, which is obtained at
the end of the proton range when the deposited
dose is plotted versus range [2]. The
consequence is the delivery of a maximum dose
to the tumor with good sparing of sensitive

organs and tissues near the tumor. This
advantage is not present in conventional X-ray
and gamma radiation therapy. It has been shown
that gold nanoparticles (Au NPs) can be used to
increase the tumor dose in radiation therapy [3-
5]. In an in vitro study, Smith et al. [6] showed
that the Au NP dose enhancement resulting from
a spread-out Bragg peak (SOBP) of 150 MeV
protons is less than 5%, which is within
experimental uncertainties. Sisin et al. [7]
measured an Au NP dose enhancement of about
9% (£3%) for 150 MeV proton irradiation using
EBT3 radiochromic films. Studies have also
been conducted in the field of radiobiology for
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proton therapy, one of whose goals is to
calculate the relative biological effectiveness
(RBE) for protons with different linear energy
transfer (LET). Another goal of such studies is
to calculate the number and spatial distribution
of DNA double-strand breaks (DSBs) caused by
protons and then to model cell repair
mechanisms and obtain cell survival curves. In
general, it has been demonstrated that, from a
radiobiological standpoint, proton therapy is
more effective in the presence of Au NPs in the
tumor [8-14]. Considering laboratory limitations
and the lack of easy access to proton therapy
facilities, Monte Carlo (MC) simulations have
greatly assisted researchers and physicists in
dosimetry calculations and treatment planning.
Numerous simulation studies have been
conducted on Au NP dose enhancement in
proton therapy. Some studies have been
performed at a macroscopic scale (i.e., the tumor
scale), while others have focused on a
microscopic scale (i.e., the cellular and DNA
scales) [15-21]. Heuskin ef al. [22] showed that
low-energy protons, on the order of 1.3 MeV,
can generate up to 32% more secondary
electrons around a single Au NP than in the
absence of the Au NP. However, they did not
report a significant dose enhancement for a
mammalian cell model containing a large
number of Au NPs. Furthermore, some studies
have investigated the effects of Au NP size and
distribution on the dose enhancement factor
(DEF) in proton therapy [18, 23]. An important
point is that, more recently, nanoparticles other
than Au, such as superparamagnetic iron oxide
(Fe;0,),''B, C, Pt, Ag, and Bi NPs, have been
investigated for proton therapy [24-28].
Although many interesting simulation studies
have been carried out so far, there is an evident
discrepancy among some results, which can be
attributed to differences in the definition and
distribution of Au NPs. In addition, the
definition of the proton beam is also important
and varies among the relevant studies. In many
articles, the proton beam is defined without an
accelerator as a monoenergetic radiation source,
which differs from the clinical situation, where
an SOBP is used to cover the entire tumor. For
MC simulations at the microscopic scale, the
radiation source has been defined either in the
conventional manner (i.e., primary protons) or as
a phase space (PS), representing the emission of
secondary particles at specific points along the
proton range, particularly at the Bragg peak
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location. One of the problems in some previous
simulation studies was that they limited the
transport of primary protons to a single NP, such
that the incident protons were emitted from the
inner surface of an NP and terminated at the
opposite surface. This type of source definition
appears to suffer from a lack of charged particle
equilibrium. A more appropriate approach is to
simulate a cell nucleus and consider
nanoparticles in large numbers, which has the
advantage of allowing the use of a specific mass
concentration for nanoparticles (in mg/g or

ppm).

Multiscale MC simulations (i.e., simulations
at both macroscopic and microscopic scales)
have attracted considerable interest in numerous
studies [29-34]. Since there is a lack of data in
the literature comparing these different
simulation models, the present study aims to
calculate the microscopic DEF for a therapeutic
SOBP proton beam (62.8 MeV) using a
multiscale MC simulation. The 62.8 MeV proton
beam was chosen because it is a common
therapeutic energy for the treatment of ocular
tumors [35]. At the macroscopic stage, a phase
space (PS) was defined in the middle of the
SOBP, and information on the generated
secondary particles, along with the primary
protons, was stored. These particles were then
used as the primary radiation source at the
microscopic stage. At the microscopic stage,
after defining a mammalian fibroblast cell,
various nanoparticles (Au, Pt, C, '"'B, and Fe30,)
with a concentration of 30 mg/g were randomly
implanted in the cytoplasm of the cell [17]. In
addition to calculating the DEF induced by
nanoparticles in proton therapy, the resulting
DNA damage was calculated and compared for
the different nanoparticles. Since cancer cell
death is ultimately related to radiation-induced
DNA damage, cell survival curves were plotted
for SOBP irradiation with and without the
presence of Au, Pt, C, "B, and Fe30,
nanoparticles, using a mathematical model of
survival and repair implemented in the Geant4-
DNA code.

2. Material and Methods
2.1. Simulation Code, Physics, and Chemistry

In this study, the Geant4.11.1.3 MC
simulation toolkit [36] with the QGSP_BIC
reference physics list was used to obtain the PS
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file in a large water phantom. The QGSP_BIC
reference physics list has been introduced as an
appropriate physics list for proton and hadron
therapy simulations [37, 38]. It includes hadronic
physics for elastic and inelastic nuclear
interactions (i.e., the G4HadronElasticPhysics
and  G4HadronPhysicsQGSP_BIC  classes),
electromagnetic standard physics (i.e., the
G4EmStandardPhysics class), decay physics
(i.e., the G4DecayPhysics class), and other
physics related to ions, neutrons, etc. (i.e., the
G4EmExtraPhysics, G4StoppingPhysics,
G4lonElasticPhysics, G4lonPhysics, and
G4NeutronTrackingCut classes). For details on
reference physics lists, see [39].

The Geant4-DNA extension [40] was used
for the cell-scale simulation for microscopic
DEF calculations. It is based on a track-structure
algorithm and provides a high accuracy in
macroscopic scale simulations. The Geant4-
DNA extension includes physics data for the
interactions of electrons up to 1 MeV and
protons up to 300 MeV energy in liquid water

[41-43]. We used the
G4EmDNAPhysics _option4 class, which is a
recommended class for DNA  damage

calculations. A detailed overview of the physics
models implemented in the Geant4-DNA code
for different particles and energy ranges can be
found in Refs. [42, 44, 45]. The range cut for the
production of secondary particles was set to 1
um in the phantom (i.e., at the macroscopic
stage) and 0.001 um in the cell (i.e., at the
microscopic stage). One of the advantages of the
Geant4-DNA code is its capability to model the
production, diffusion, and interaction of
chemical species (i.e., free radicals) following
water radiolysis [46, 47]. In this study, the
updated “G4EmDNAChemistry_option3”
chemistry constructor, embedded in version 11.1
of the Geant4-DNA code, was used to simulate
the pre-chemical and chemical stages. This
constructor is based on the synchronous
Independent Reaction Times algorithm and
includes the most common free radicals, along
with their chemical interactions, reaction radii,
and reaction rates [48]. For more details on the
Independent Reaction Times algorithm, the
reader is referred to [48-50]. This capability was

used to calculate the indirect DNA damage
caused by hydroxyl radicals following water
radiolysis, resulting from proton interactions
both with and without the presence of various
nanoparticles in the cell. The simulation time for
the chemical stage was set to 2.5 ns, following
the study of Meylan et al. [51].

2.2. Cell Modelling and NPs

The cell geometry was defined using the
molecularDNA example [52] of the Geant4
Monte Carlo toolkit. This model is based on the
Hilbert curve, which is a continuous fractal
space-filling curve [53]. The fractal geometry is
constructed such that a small segment of DNA is
continuously repeated in three dimensions in a
specific arrangement without overlap. The full
DNA chain consists of three types of base
voxels: straight, turned, and turned with a 90°
twist, and includes histone proteins. The smallest
unit of DNA is a base pair (bp), also referred to
as a nucleotide pair. Six spheres were modeled
as DNA molecules and assembled to construct a
nucleotide pair: two bases, two phosphates, and
two sugars. Each nucleotide consists of three
volumes: 2-deoxyribose, phosphoric acid, and a
base, namely adenine (CsHsNs), thymine
(CsHeN202), cytosine (CsHsNsO), or guanine
(CsHsNsO). The histone protein was modeled as
a cylinder with a radius of 3.75 nm and a height
of 5.75 nm. A histone surrounded by a 216 bp-
long DNA helical segment forms a nucleosome.
The continuous DNA chain has a total length of
6.4GbP. An ellipsoidal mask was created to
confine the DNA chain within an ellipsoidal
volume with dimensions of 14.2 x 5.0 x 14.2

um®. The effective nucleus density is
approximately 0.015 bp per nm?. Detailed
descriptions of the geometrical levels are

provided in the relevant publications [54-55].
The nucleus cell geometry is illustrated in Fig. 1.
The DNA molecules are not shown in Fig. 1, and
the scale of the histones is larger than the actual
scale. For visualization purposes, a small number
of histones are displayed in Fig. 1. Moreover,
eight base boxes with a side length of 75 nm,
including straight, turned, and turned-twisted
sections, as well as a zoomed-in view of a single
histone, are illustrated in Fig. 1.
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FIG. 1. The nucleus cell geometry taken from the “molecular DNA” example of the Geant4 toolkit.

To define NPs in the cell, an ellipsoid shell of
water with a thickness of 1 um was defined as
the cytoplasm around the cell nucleus. So, the
whole cell dimensions were 15.2 x 6.0 x 15.2
um’ (See Fig. 3). Au, Pt, C, "'B, and Fe;04 NPs,
with a radius of 25 nm and a concentration of 30
mg/g (i.e., 3% weight percentage), were
randomly distributed in the cytoplasm. Due to
the different densities of NP’s materials, the
number of NPs required for the concentration of
30 mg/g was 17239, 15547, 151227, 144652,
and 64352 for Au, Pt, C, ''B, and Fe;04 NPs,
respectively.

2.3. Radiation Source

To generate the SOBP and obtain a PS in that
region, we used the advanced example “Hadron
therapy” [37, 56] of the Geant4 toolkit. This
example provides the simulation of several
proton and carbon accelerators according to
some famous accelerator systems in the world
[56-58]. We used the 62.8 MeV proton passive
transport beam line in line installed at Laboratori
Nazionali del Sud (INFN) in Catania, Italy,
which is used for the treatment of eye tumors
[56].

In this study, a cube of liquid water with a
density of 1 g/em’ with dimensions of 25 x 25 x
25 cm’ was defined as a phantom in front of the

proton accelerator. Protons with an energy of
62.8 MeV were then emitted towards the
phantom as a beam (with a radius of 2 mm)
through the accelerator system. By implementing
the default weight factors according to the
thickness of the proton range shifter, a~10 mm
SOBP was produced using a range modulator
wheel and 12 Bragg peaks as 12 initial steps.
These default weight factors and the
corresponding range shifter thicknesses in the
“Hadron therapy” example are listed in Table 1.
Details on the design of an SOBP using a range
modulator wheel can be found in [35]. Figure 2
shows the SOBP obtained using “Hadron
therapy” example with a 62.8 MeV proton beam
in a passive transport beam line. The PS was
obtained at three locations along the SOBP by
defining three virtual detectors with dimensions
of 25 x 25 x 0.1 cm® at the beginning (0.5 mm),
middle (26.5 mm), and end (31.5 mm depth) of
the SOBP. Information on the primary and
secondary particles reaching each detector was
recorded and stored in a text file as a PS. The
data in each PS file were subsequently used as
the primary radiation source for irradiating the
fibroblast cell model (see Figure 3). At the
cellular scale, the radiation source was defined
as a circular planar source with a radius of 7.6
um to fully cover the cell nucleus and cytoplasm.

TABLE 1. Default weight factors and corresponding range shifter thicknesses used to produce a SOBP
from a 62.8 MeV proton beam in the “Hadron therapy” example of the Geant4 Monte Carlo toolkit.

Step Numbers Step Thickness (mm) Relative Wight factor
1 0.0 0.28215
2 0.84 0.06864
3 1.68 0.09704
4 2.52 0.05974
5 3.36 0.07385
6 4.20 0.05965
7 5.04 0.06518
8 5.88 0.05708
9 6.72 0.06055
10 7.56 0.05762
11 8.40 0.05942
12 9.24 0.05908
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FIG. 2. The SOBP obtained using the Geant4 “Hadron therapy” example with a 62.8 MeV proton beam in a

passive transport beam line. The locations of obtaining the phase-space (PS) are indicated by three dashed lines

at depths of 0.5 mm (at the beginning), 26.5

mm (at the middle), and 31.5 mm (at the end).

15.2 um

FIG. 3. The cell model irradiated by a circular plane
phase-

2.4. DEF and DNA Damage Calculation

If Dnp and Dy are the doses deposited in the
cell with and without NPs in its cytoplasm,
respectively, the DEF is calculated using Eq. (1):
DEF = Dyp /Dy (D)

According to the study of Nikjoo et al. [59],
DNA damage has two general categories: single-
and double-strand breaks (SSBs and DSBs).

Indirect SSB

*

Direct DSB

N

(©)

Indirect DSB

)

(d)

Direct SSB

*

<3.4nm
<3.4nm

(a) (b)

source with a radius of 7.6 um, emitting particles from a
space file.

DNA damage can also be classified as direct
(caused by the radiation), indirect (caused by
free radicals), or hybrid. Figure 4 displays the
classification of DNA damage that is the result
of physical and chemical stages [60]. Two types
of complex DSBs, i.e., DSB+ and DSB++, are
also shown in Fig. 4. These complex lesions are
essential for a mathematical model of cell repair
and survival.

Mix DSB DSB+ DSB++
=
=
-
E E b B virect
-
> * P B indirect
v v
I Any
P 3
=
-
(e}
7| e

(e) (8) (h)

FIG. 4. Categorization of DNA damage: (a) direct and (b) indirect single-strand break (SSB); (c) direct and (b)
indirect, and (c) mixed double-strand break (DSB). Two types of complex DSBs are also shown as DSB+ and
DSB++.
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SSB may be recorded when an energy
deposition of 5 eV or greater occurs in the
backbone of the DNA (i.e., sugar-phosphate
volumes). It is the minimum energy threshold for
the SSB occurrence, and the probability of SSB
occurrence increases linearly with the deposited
energy. The maximum energy threshold for the
SSB occurrence is 37.5 eV, which means the
probability of an SSB will be 100% when an
energy deposition of 37.5 eV or greater occurs in
the backbone of the DNA [61]. Two SSBs
located on opposite DNA strands with a distance
of less than ~3.4 nm (or 10 bps) lead to a DSB.
To consider the quasi-direct effect, a radial
distance of 0.6 nm beyond each sugar-phosphate
molecule was determined as the hydration shell.
This effect refers to the damage caused by
charge transfers following ionization of the
hydration shell around the DNA molecules [62].
In the case of indirect DNA damage, the
presence of the chemical species in the sugar-
phosphate molecules may lead to SSB. Only the
hydroxyl radical (OH") was taken into account
for calculating indirect DNA damage, since it is
the most reactive radical. Furthermore, only a
proportion of OH" radicals lead to indirect SSB.
A probability of 40% was set for each OH
radical reaching to the sugar-phosphate molecule
to result in an indirect SSB [52, 54, 63]. Note
that all chemical species that diffuse more than 4
nm from the DNA molecules were killed, as
their effective diffusion range is roughly 4 nm
for DNA damage calculation [59]. An 80 CPU-
core computing system with 180 GB of RAM
was used for this study. A statistical error of less
than 1% was obtained for dose calculation with
2, 1, and 0.5 million initial particles for PS1,
PS2, and PS3 files, respectively.

2.5. Cell Survival Calculation

The DNA damage yields induced by ionizing
radiation increase during irradiation. A
proportion of DNA damages are repaired over
time. The freely available Python codes provided
in the “molecularDNA” example of the Geant4
toolkit were used to obtain the cell survival
fraction. Two mathematical models have been
integrated with the Geant4-DNA code to
estimate the cell survival fraction [64, 65]: the
Two-Lesion Kinetic (TLK) model [66] and the
Local Effect model (LEM) [67]. In this study, the
TLK model was employed to estimate the cell
survival fraction. The TLK model establishes a
link between double-strand breaks (DSBs) and
cell death, based on the complexity of DNA
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damage. It assumes that DSB repair depends on
the complexity of the damage, with DSB+ and
DSB++ considered as complex and lethal DNA
lesions. The TLK model incorporates both slow
and fast DNA repair mechanisms, which account
for first-order (single-lesion) and second-order
(multiple-lesion) repair processes. The first- and
second-order repairs are represented by the
parameters L(t) and L*(t), respectively, at time t
after the irradiation. These repair mechanisms
consider both the correct rejoining of the free
ends of damaged DNA base pairs at their
original locations and the incorrect rejoining at
different positions. The second-order repair can
therefore lead to fatal chromosomal aberrations.
The TLK model calculates the cell survival
fraction using the following equations [66]:

L1 = DOYE; = 4Ly (B) =Ly [Ly () +
L, (D] )

L2 = HOYE, — AaLa(6) = 1Ly [Ly(0) +

L,(0)] ()
SO = BiaLy(0) + BaAa Ly (0) +
Pl + L)) 4

Here, L,(t) and L, (t) are the frequencies of
simple DSBs (fast repair) and complex DSBs
(slow repair), respectively, per irradiated cell at
time t. Lg(t) represents the number of lethal
DNA damages that may lead to cell death. Y is
the genome length in Gbps, and D (t) is the dose
rate. ; and X, are the frequencies of simple and
complex DSBs, respectively. Simple (¥;) DSBs
are equal to the number of isolated DSBs, i.c.,
DSBs other than DSB+ and DSB++. Complex
(%,) DSBs are considered to be Npsg+ + 2Npsp++
[52, 64]. Simple and complex DNA damages are
repaired by fast and slow repair processes,
respectively. 7 and A are repair probability
factors that describe the rate of damage rejoining
(h™"). B and y are the lethality probability factors
that describe the likelihood that residual damage
may lead to cell death. The subscripts 1 and 2 for
A and B parameters correspond to simple and
complex lesions, respectively. All parameters
were set for a fibroblast cell nucleus according to
Chatzipapas et al. [52]. The cell survival fraction
was then calculated by Eq. (5):

Survival Fraction = e~Ls (5)

Figure 5 shows the time variations of (a)

Li®), (®)Lx(t), () Lg(®), and (d)
the survival fraction, calculated using Egs. (2)-
(5) with the fourth-order Runge-Kutta method.



Hadron Therapy with Nanoparticles for Dose Enhancement and Estimation of DNA Damage Using GEANT4

1.0

0.9

0.8

0.74

0.6

0.9991

0.998+

0.997+

Ll(t) i Ll(t) 0.996
0.4
0.995
0.3
0.2 0.994+
0] 0.993
0 1 2 3 o ; 3
t(h) t(h)
(a) (b)
0.0105 N
0.0100]
0.0095
L(1) SF(1)
0.0090]
el
0.0085
0.0080]
5
0.00751
1 15 2 25 0 1 2 3
t(h) t(h)
(c) (d)

FIG. 5. Time variations of (a) L (t), (b) L,(t), (¢) L¢(t), and (d) survival fraction.

The fraction of activity released (FAR),
measured using gel-electrophoresis methods, is
used to quantify the number and size of DNA
fragments resulting from DNA fiber breakage,
such as that induced by DSBs. By calculating the
ratio between FAR and the initial FAR, it is
possible to estimate the fraction of un-rejoined
DSBs. According to the random-breakage model,
the relationship between FAR and the number of

un-rejoined DSBs ((Lq(t) + L,(t))/Y)) can be
calculated using the following equation:

FRA(t) = Fpax{1—[1+ KL, (t) +
La(0)/Y (1 = )]exp(=K (L (6) +
L2 ())/Y)} (6)

In Fig. 6, we plotted the time variations of
FRA(t) using Eq. (6).

0.9954
0.9904
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FAR(f) 05507
0.9754

0.9704

0.9651

0

T T
1 2 3

t(h)

FIG. 6. Time variations of FRA(t).
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3. Results

For validating the simulation, the Bragg peak
curve of 62.8 MeV protons in water obtained
using Geant4 in this study was compared with

chamber) provided by the example “Hadron
therapy” [37, 56]. As can be seen in Fig. 7, good
agreement is obtained between the simulation
and the reference data.

experimental data (obtained with an ion
100 Geant4 (This study)
¢ Experiment (Cirrone et al. 2005)
80
=
8 60
o)
°
o
2
K40
0]
o
0_‘,'_1_——————-—"’“’/
20
0 T T % T T L) T % T 4 1
0.0 0.5 1.0 15 2.0 25 3.0 3.5

Depth in water (cm)

FIG. 7. Comparison of Bragg peak curves obtained using the Geant4 toolkit and experimental data obtained with
an ion chamber [37, 56].

Figure 8 shows the DEF (%) for Au, Pt, C,
"B, and Fe;04 NPs at a concentration of 30 mg/g
distributed in the cytoplasm of the cell. Figure 9
shows the DNA damage enhancement (SSBs and
DSBs) caused by the presence of 30 mg/g Au,
Pt, C, ''B, and Fe;O,4 NPs in the cell cytoplasm.

4 -

Dose Enhancement Factor (%)
N
1

PS1 PS2

The ratio of direct to indirect total DNA
damages (Dgi/Ding) and the ratio of DSB/SSB for
30 mg/g Au, Pt, C, ''B, and Fe;O4 NPs in the cell
cytoplasm are listed in Table 2. The ratios are
presented for three PSs shown in Fig. 2.

PS3

Phase-space Location
FIG. 8. The dose enhancement factor due to the presence of 30 mg/g Au, Pt, C, ''B, and Fe;04 NPs in the
cytoplasm of the cell.
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FIG. 9. Enhancement in the single- and double-strand DNA breaks (SSBs and DSBs) due to the presence of 30
mg/g Au, Pt, C, ''B, and Fe;0, NPs in the cytoplasm of the cell.

TABLE 3. Ratios of single- to double-strand breaks (DSB/SSB) and direct- to indirect-DNA damage
(Dgir/Ding) for various NPs in the cell irradiated by particles in three phase-spaces.

) Dir/Ding DSB/SSB
NP material
PS1 PS2 PS3 PS1 PS2 PS3
Au 1.346 1.491 1.655 0.0667 0.0833 0.1132
Pt 1.349 1.484 1.652 0.0665 0.0842 0.1169
C 1.341 1.485 1.649 0.0660 0.0836 0.1116
g 1.340 1.488 1.656 0.0659 0.0834 0.1135
Fe;0,4 1.341 1.487 1.649 0.0661 0.0830 0.1127

The numbers of repairable and irreparable
DSBs per primary particle induced in the cell
nucleus, with and without the presence of 30
mg/g Au, Pt, C, ''B, and Fe;O, NPs are listed in
Table 3. Figure 10 shows a comparison of the
cell survival curves obtained from the TLK

model with and without 30 mg/g Pt nanoparticles
in the cell cytoplasm. The error bars are small
and fall within the marker size. According to
Table 3, Pt nanoparticles produced the highest
DNA damage among the tested NPs; therefore,
only the cell survival curves for Pt are shown.

TABLE 3. The frequency of repairable and irreparable DSBs per primary particle induced in the cell
nucleus with and without different NPs (30 mg/g).

. PS1 (0.5 mm) PS2 (26.5 mm) PS3 (31.5 mm)
NP material - : -

(30 mg/e) Repairable  Irreparable  Repairable Irreparable  Repairable Irreparable
DSBs/event DSBs/event DSBs/event DSBs/event DSBs/event DSBs/event

H,O NoNP)  0.09041 0.04085 0.13415 0.06905 0.16982 0.09893

Au 0.09316 0.04215 0.13594 0.07134 0.17598 0.10439

Pt 0.09294 0.04250 0.13824 0.07179 0.18324 0.11218

C 0.09049 0.04143 0.13459 0.07001 0.17015 0.10029

"B 0.09045 0.04153 0.13472 0.06921 0.17332 0.10273

Fe;0, 0.09109 0.04165 0.13419 0.06934 0.17339 0.10155
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FIG. 10. Cell survival curves obtained from the TLK model with and without 30 mg/g Au, Pt, C, B, and Fe;0,
NPs in the cell cytoplasm.

Figures 11 and 12 show the numerical values  selected NPs in terms of proton beam energy at
of the calculated dose and DEF, respectively, for  the phantom cell.
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FIG. 11. Calculated dose for five different nanoparticles as a function of proton beam energy at the cell phantom.
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FIG. 12. Calculated DEF values for five different nanoparticles as a function of proton beam energy in the
phantom.

Figure 13 presents a three-dimensional plot to ~ concentration of distributed NPs in the phantom
show the dependency of DEF on the size and  irradiated with 62.5 MeV protons.
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FIG. 13. Three-dimensional variations of DEF in terms of the size and concentration of selected NPs distributed
in the phantom.

4. Discussion

Figure 6 shows that Pt NPs have the highest
DEF in the cell nucleus among the studied NPs.
At the beginning and middle of the proton range
(i.e., for PS1 and PS2, respectively), the DEF
difference between Pt and Au NPs is up to
13.5%, while at the end of the SOBP (i.e., for
PS3), this difference reaches about 23.3%. For
all PSs, Pt and Au NPs showed significant
differences in DEF compared to other studied
NPs. After Pt and Au, ''B NPs seem to show a
better effect. At the end of the range, ''B NPs
showed an increase of 101% and 427% in the
DEF relative to the beginning and center of the
SOBP, respectively. At that location, Fe;O4 NPs
showed an increase of 41.9% and 106% in the
DEF compared to the beginning and center of
the SOBP, respectively. Among the studied NPs,
C NPs had the lowest DEF in the cell. C and B
elements have close atomic numbers and almost
similar density (about 2.3 g/cm’ at standard
conditions) and can both produce alpha particles
via nuclear interactions with protons [26, 68]:

p+2C->3a+p (7)
p+ B - 3a 8)

Nevertheless, the observed differences in
DEF arise from the cross sections of these
nuclear interactions. The probability of such
reactions is very low; for example, in the proton
energy range of 50-60 MeV, the reaction cross
section with carbon is only 400 mb (i.e., 1077
cm?). This means that the majority of transported
particles are primary protons, secondary
electrons, and photons, whereas alpha particles

have a very small contribution in dose
calculations. For 5x10° incident protons, only 3
alpha particles were recorded in the PS at the
Bragg peak, i.e, only a single interaction
occurred. In the case of PS1 and PS2 locations,
there were zero alpha particles in the PS file for
2x10° and 10° incident protons, respectively.
However, if we consider only certain nuclear
interactions or only secondary particles, the DEF
results will be completely different, but this does
not correspond to the real conditions. The fact
that by approaching the end of the SOBP, the
effectiveness of ''B NPs becomes higher than
the previous positions is consistent with the
results of Cirrone et al. [68] and Beni et al. [69].
The reason is that the cross-section of the above-
mentioned interactions is greater at the Bragg
peak, i.e., in the energy range of 0.1-10 MeV.

Although previous studies reported a large
dose increase with C nanoparticles, the
discrepancy with our results arises from
differences in simulation methodology [20, 21,
25, 70]. In those studies, a single NP was
simulated, and all primary particles directly hit
that NP. In such cases, the probability of nuclear
interactions is much higher, and secondary
particles directly enter the target volume, which
is considered a uniform water volume without
DNA details. Furthermore, some studies
assumed mono-energetic incident protons, unlike
the realistic SOBP wused clinically. These
differences in simulation setup are the main
reasons for the discrepancies in DEF between
our results and previous studies. In this work, we
aimed to simulate a more realistic scenario by
incorporating the full energy spectrum of protons
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in the center of the SOBP a detailed nucleus cell
model, and a realistic distribution of
nanoparticles at a defined concentration in the
cytoplasm. The DEF of approximately 3% with
Au nanoparticles obtained in our simulation is in
good agreement with experimental data, which
report increases of up to 9 % [6,7].

McKinnon et al. [70] reported a 27% increase
in dose for Au nanoparticles using the Geant4
toolkit. In that study, as in many other simulation
studies, only a single NP was considered, and all
primary particles directly hit that NP, with the
dose calculated in ring detectors up to a radius of
2 um from the NP center. Other studies using the
same single-NP approach reported DEF values
of up to 1600% for Au and Pt nanoparticles [20,
21]. However, experimental studies indicate that
such dose increases are inconsistent with real
conditions, a finding confirmed by our
simulation study.

Our results are consistent with the simulation
study of Sotiropoulos et al. [17], which
considered a whole-cell model with Au
nanoparticles in the cytoplasm. However, they
did not observe a significant increase in direct
DNA damage for a concentration of 7 mg/g Au
NPs when irradiating cells with 10 and 50 MeV
protons. In contrast, as shown in Fig. 7, the
present study demonstrates a 24% increase in
DNA damage across different PS files. This
difference arises because Sotiropoulos ef al. [17]
considered only direct DNA damages, whereas
we accounted for both direct and indirect
damages, highlighting the importance of
including indirect damages resulting from water
radiolysis.

The higher DEF of Pt nanoparticles compared
to Au nanoparticles at the center of the SOBP, as
well as at the other two PS locations (Fig. 6), is
in good agreement with experimental results
reported in the literature [71-73].

This superiority of Pt NPs over Au NPs, for
the same size and concentration, is attributed to
the physicochemical properties of Pt that
enhance the production of chemical species
following irradiation [73]. As the end of the
SOBP is approached, the amount of DNA
damage per incident particle increases compared
to the previous PS locations, which aligns with
other published studies [17,74]. This effect is
due to the higher linear energy transfer (LET) at
the end of the Bragg peak.
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According to Table 3, the observed increase
in the Dg/Dig ratio with increasing LET
(corresponding to greater depth in water) is
consistent with the findings of other studies [75-
77]. Furthermore, the enhancement of the
DSB/SSB ratio with increasing LET agrees with
the results reported by Chattaraj and Selvam [78]
and Rafiepour et al. [79].

Table 3 shows that as the atomic number of
the NPs increases, the normalized DSB damages
per event, which include repairable (simple
DSBs) and irreparable (complex DSBs)
damages, increase. Therefore, the calculated
DSBs are higher for Au and Pt NPs, which
explains the higher DEF in the cell compared to
other NPs. However, this increase is negligible
for protons compared to low-energy photons,
because low-energy photons have an extremely
high cross-section with materials of high atomic
number [4, 6, 17]. Needless to say, atomic
number is not the only main factor; other factors
also play a role in this dose increase. For
instance, higher density increases collisions with
target molecules, and specific physicochemical
properties of the NPs, demonstrated
experimentally, can also influence dose
enhancement. DSBs are used as input for the
TLK mathematical model, the results of which
are shown in the cell survival curves in Fig. 8.
As illustrated, the cell survival curves with and
without Pt NPs show no significant difference at
the beginning and middle of the SOBP (two
PSs), but the difference is significant at the end
of the SOBP. Although the choice of
mathematical model and parameter values can
strongly affect the final shape of the survival
curves, the observed difference between the
curves with and without NPs is the key finding
in this study. The variation in cell survival
curves with different LETs, i.e., at different PS
locations, is consistent with other relevant
studies [8, 79-81]. Figure 9 presents the
calculated dose in the phantom volume resulting
from irradiation with monoenergetic protons
ranging from 20 to 320 MeV. The dose plot for
Pt NPs shows a superior curve compared to other
NPs, indicating the greater efficacy of Pt in
enhancing dose. The maximum dose for Pt NPs
is approximately 5.34 Gy at 60 MeV protons.
Figure 10 shows that the calculated DEF values
strongly depend on the proton beam energy. The
peak positions are similar for all five NPs, with
maximum DEF values occurring in the energy
range of 30-280 MeV. The results indicate that
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Pt NPs outperform other nanoparticles in
increasing dose rate, with DEF increasing 1.8
times over this energy range, resulting in a
significant dose enhancement.

Therefore, further studies were performed
using Pt NPs to investigate different parameters.
Although DEF wvaries linearly with NP
concentration, it is relatively insensitive to NP
size. For concentrations of 5% and 30%, the
DEFs for different NP sizes vary by
approximately 8% and 13%, respectively. Based
on these results, the size of Pt NPs distributed in
the phantom is not a critical factor in predicting
or controlling dose and DEF in the tumor
volume.

5. Conclusion

A multiscale simulation was performed to
study the dose enhancement factor (DEF)
resulting from the presence of Au, Pt, C,"'B, and
Fe;0, nanoparticles at a concentration of 30

mg/g in a fibroblast cell model under SOBP
irradiation with 62.8 MeV protons. The results
showed that high atomic number NPs, such as
Au and Pt, are promising agents for 62.8 MeV
proton therapy, as they can enhance the cell dose
by up to 4%. The radiobiological impact of Au
and Pt NPs, assessed through cell survival
curves, also confirmed this conclusion. Although
the results differ significantly from some
previous simulation studies, this study highlights
the importance of considering realistic clinical
conditions. In summary, the Geant4 toolkit was
used to perform a comparative study of NP
properties and  proton beam  energy.
Nanoparticles of different concentrations and
sizes were distributed throughout the selected
cell, and the DEF in the nucleus was calculated
for various energies and materials. This study
concludes that dose enhancement depends both
on the incident proton energy and on the type of
nanoparticle material.
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