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Abstract

Purpose: This study aimed to investigate the biological effects of ph
treatment through targeted radiation therapy by studying direct and in
50 keV photon radiation using Geant4-DNA Monte Carlo simulati

radiation and its potential for cancer
damage induced by 15, 30, and

ere modeled in liquid water. An
ulation toolkit, containing 125,000

cell surface and the cell cytoplasm resulted in the
SBs, DSBs, and HDSBs compared to the whole cell and the
reasing the photon energy to 30 and 50 keV showed 81-96%
m target distance decreased DSBs up to 53%.

reduced DNA damage. Additi
Conclusion: Based on the r eV photons are more effective for the inhibition or control of cancer cells.
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Effect of Cell Displacement on the DNA Damage

1. Introduction

Today, common cancer treatments include surgery,
chemotherapy, and radiation therapy to kill cancer cells by
damaging DNA and inducing cell death. Radiation
therapy is used as an effective cancer treatment for over
50% of patients with many types of cancer [1]. Radiation
therapy uses direct and indirect ionizing radiation such as
gamma, X-rays, electrons, protons, helium beams, and
heavier ions to affect target cells to kill cancer cells
specifically. Radiation therapy has two principal aims.
The first is to deliver a radiation dose to cancer cells in the
body to either kill cancer cells or cause genetic changes
resulting in cancer cell death. The second is to minimize
the damage to the surrounding healthy tissues.

Considering the challenges in achieving the latter
approach, opting for targeted internal radiation therapy
emerges as an appropriate option [2, 3]. Targeted
Radionuclide Therapy (TRT), also known as molecular
radiotherapy, is an innovative approach to the radiation
therapy techniques. It uses B-radiating radionuclides to
specifically affect target cells by disrupting cell cycle am
specific signaling pathways, resulting in tumor regregsion
while minimizing damage to the surrounding tissues {4].
Auger Electron-Emitting (AEE) radiois :
invaluable tools for delivering the optima

Optimizing the effectiveness of the” TRT techniques
requires an understanding of the interactions of radiation
with cells and the biophysical effects of radiation on
biological targets. DNA molecules are considered the
most vital among the cell constituents due to their role as
carriers of genetic information. Thus, it is considered the
main component for causing radiation-induced cell death.
It is proven that the greater the unrepaired DNA base
damage, the higher incidence of lethality. The energy
deposition of the ionizing rays causes DNA damage both
directly and indirectly via the production of Reactive
Oxygen Species (ROS) and other secondary electrons.
The types of DNA damage can be usually grouped into
Single-Strand Breaks (SSBs) and Double-Strand Breaks
(DSBs), which influence the biological effect of exposure
to ionizing radiation. While most of these damages can be
repaired by DNA repair mechanisms, DSBs are
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particularly challenging to repair and often result in cell
death. Therefore, the DNA within the cell nucleus is
considered the primary target for radiation effects, known
as "targeted effects" [7]. The study of radiation damage at
the molecular scale has garnered much attention in recent
years, with micro- and nano-dosimetry tissues serving as
valuable tools. Understanding the mechanisms of DNA
damage is essential in fully comprehending the biological
nature of radiation sensitivity, making it a suitable
criterion for investigating the effects of radiation and ion
therapy. Interactions created at the molecular scale are
highly complex and cannot be evaluated directly via
analytical methods.

Today, advanced radiotherapy techniques necessitate
the use of theoretigal analysis and experimental methods

s [8-10]. In this way, many Monte
reports have been performed as the

ysical and chemical interactions and radiation-induced
DNA damage, making more precise predictions of how
radiation would affect living cells biologically [8-10].

Various codes have been developed based on the MC
method for accurate and reliable prediction of DNA
damage such as Geant4d-DNA [11-15], MCNP [16],
PENELOPE [17,18], and PARTRAC [19]. Recently, the
Geant4-DNA code, besides its wide applications in
particle transport, has been widely used in radiobiological
applications and Nano dosimetry calculations. The
Geant4-DNA, an extension of Geant4, is one of the most
advanced and validated codes. It provides a detailed
simulation of charged particle transport in liquid water and
DNA constituents down to the nanometer scale and can
model direct and indirect DNA damages. This code can
perform structure-pathway simulations at low energies
(about eV) to high energy (MeV) with high accuracy [20].

Since it is important to consider the correct geometry of
the object in MC simulation codes, configurations of the
DNA model include three categories: linear cylinder
model, volumetric model, and atomic model. In the linear
model, cylindrical shapes are used to model the DNA
structure [20]. In the volumetric model, simple shapes are
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used to model the bases, sugar-phosphate groups, and
other parts of the DNA molecule [21]. In the atomic
model, which is also used in this research, the basic atoms
that compose DNA are simulated by spheres with van der
Waals radius [22, 23]. It is considered a more accurate
model than others. The importance of assuming the real
model as much as possible for the DNA shape is
undeniable in evaluating DNA damages [24].

In this study, the direct and indirect DNA damage
caused by photons was calculated using an atomic model,
the configuration of which will be described in the
Material and Methods section.

2. Materials and Methods

The Geant4-DNA version 11.1.1 has been used to
simulate the interaction of particles at the molecular
scale. Geant4 is a general-purpose toolkit for
simulating the transport of particles through matter in
various fields including high energy physics, nuclear
physics, space science, and medical physics using MC
techniques [15]. Geant4-DNA is specialized
comprehensive physics and chemistry model
simulate the interactions of radiation with geome

In the present study, two
unit-density liquid water
modeling. Based on the dimensions for
lymphocytes and the V79 Chineseiaamster cells [25],
the radius of the cell and its nucleus Were chosen to be
5 and 4 pm, respectively. Taking the cell nucleus as
the target, the monoenergetic photon radiation with
energies of 15, 30, and 50 keV were assumed to be
uniformly distributed as random emission points-
within the whole Cell (C), the Cell Surface (CS), the
Cytoplasm (Cy), and the cell Nucleus (N),
respectively, to consider all of the source distribution
states in the cell [26]. For the evaluation of the cross-
dose situation, where the absorbed dose received from
emission by decays in the neighboring cell and its
effects on the DNA damage, a second similar cell was
located in the positive x-axis direction assuming the
center of the first one located at the origin of the
cartesian coordinate. The distances between two cells
were considered 0, 2.5, and 5 pm. In this
configuration, the nucleus of the simulated cells is
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filled with 125,000 chromatin fibers which were
randomly distributed in the spherical regions (as
shown in Figure 1). Constructing chromatin fiber was
performed based on the study by Ahmadi Ganjeh et al.
[27]. In this way, the nucleotide pair was defined as a
base pair (bp), which consists of 63 atoms. The
properties of atoms such as chemical element,
position, and base of nitrogen are considered based on
the information provided by Bernal and co-workers
[24]. Following a double helix of 154 bp construction
by rotating each bp by +36°, the nucleosome was
made by folding two double-helical loops around a
sphere (histone). The histone protein has a positive
charge that reacts with the phosphate groups of DNA
with a negative charge. The histones prevent DNA
ct against DNA damage. After the

nucleosom
6 nucleoso

rations were considered for the
DNA damages: N2«—C, N2<CS,

gleus of ceII C2) was selected as the target
uallzatlon of the simulated model is provided in

For assessing DNA damges, direct and indirect
SSB, DSB, and HDSB were evaluated in this research.
An energy threshold of 8.22 eV was utilized for the
Physical and Chemical stages as recommended in the
literature [27]. Indirect damage (chemical stage)
produced radicals and molecules including H20;, Ha,
H, H+, OH-, OH, and eag- in water. OH (hydroxyl)
has the greatest capacity to interact with DNA [28].
The hydroxyl radical interacts with sugar and base
groups in DNA more than others. The probability of
strand break production in the DNA by hydroxyl
radicals is 13% [8]. If the energy deposited in the DNA
exceeds the threshold value of 8.22 eV, SSBs will
occur. DSB is counted when two SSBs happen on the
two strands with a distance of less than 10 base pairs.
Moreover, HDSB is counted when two SSBs happen
(one SSB directly and one SSB indirectly) on the two
strands with a distance of less than 10 base pairs (bp).
The G4EmDNAPhysics_option6 [29] and
G4EmDNAChemistry_option3 [30] physics lists were
applied to simulate the physical and chemical stages,
respectively. The G4EmDNAPhysics_option6 is a
physics model for simulation of electron transport in
liquid water over an energetic range of 11 eV to 256
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keV [31]. Photon interactions are based on the
Livermore/EADL97 physics models in
G4EmDNAPhysics_option6 [32]. In this study,
although the primary radiation source is photons, the
focus is on accurate secondary electrons produced
through the initial photon interactions. For electron
transport, electrons below a cut-off kinetic energy of
11 eV are stopped and their remaining Kinetic energy
is deposited at the same point. The default chemical
reactions and the corresponding reaction rates are
presented in Table 1. The number of primary particles
simulated was 5 x108 photons and the statistical error
in the results was less than 1%.

Figure 1. 3D view of a chromatin fiber 0
sets of fragments

lons and reaction
istry" constructor

Table 1. Implemented chemica
rates in the default "G4EmDNACh
used in Geant4-DNA [33]

. . Reaction rate
Chemical reaction

(102 M1 1)
€aq + €7ag + 2H20 — H, + 20H- 05
€=ag + H® + H20 — Ha + OH- 2.65
€= + °OH — OH- 2.95
e7ag + HsO" > H° + H,0 211
€ aq t H,O;, - OH- + 1.41
°OH

°OH + °OH - H;0, 0.44
°0OH + H° = H,0 1.44
He + H° > H, 12
HzO* + OH- - 2H,0 1433
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Nucleus Cell

(N)

distance

C,

Figure 2. OpenGL Visualization of the spherical
geometry of a simulated cell using the Geant4-DNA
toolkit. The cell has a radius of 5 pm shown in red, with a
nucleus of 4 pm radius depicted in yellow

ation modeling, the direct SSBs
DSBs of the atomic DNA model irradiated with
00 keV g
nanoparticle were compared with the
es reported by Santiago et al [34]. The total strand
s reported by Santiago et al. were 2228, 1288,
D62, and 922 in the energy values of 50, 100, 150, anf
and 200 keV, respectively. Our simulation results for
the total strand breaks were 2423, 1383, 1010, and 850
in the energy range of 50-200 keV (in 50 keV steps)
of electron beams, respectively. Comparison between
the results show a good agreement between our results
and the corresponding literature with average
differences about 7%.

The number of SSBs and DSBs induced by 15, 30,
and 50 keV photons at distances from 0 to 5 pm are
shown in Table 2, for N2«—CS, No«—Cy, Np«—C, and
N2«—N Target«—Source combinations.

Results for 2.5 um distance between two cells show
that the SSB (DSB) decreased by 39% (19%), 38%
(15%), and 47% (48%) for the No«—CS for 15, 30, and
50 keV of photon energies, respectively, compared to
the closest distance of two cells (0 um).
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Table 2. Number of SSBs and DSBs (Direct and Indirect) induced by 15, 30, and 50 keV photons for the following
Target«—Source combinations: No«—CS, No«—Cy, No«—C, and No«—N

Target « Source Energy (keV) 0 um 2.5um Sum
SSB (N2 « CS) 15 5734 3466 2274
SSB (N2 « Cy) 15 5624 3452 2270
SSB (N2 < C) 15 5603 3422 2246
SSB (N2 < N) 15 5514 3209 2160
SSB (N2 « CS) 30 778 478 299
SSB (N2 « Cy) 30 747 466 278
SSB (N2 « C) 30 736 455 272
SSB (N2 < N) 30 604 281 208
SSB (N2 < CS) 50 472 250 218
SSB (N2 < Cy) 50 400 205
SSB (N2 < C) 50 347 01 172
SSB (N2 « N) 50 337 6 78
DSB (N2 « CS) 15 506 250
DSB (N; « Cy) 15 487 28 196
DSB (N; « C) 15 472 93 184
DSB (N2 « N) 15 283 182
DSB (N2 < CS) 30 62 41
DSB (N; « Cy) 30 44 23
DSB (N; « C) 30 43 14
DSB (Nz < N) 2 26 11
DSB (N2 « CS) 58 30 19
DSB (N « Cy) 47 27 16
DSB (N; « C) 28 16 12
DSB (N2 « N) 25 15 11

These values were 38% (32%), 37% (31%), and
40% (42%) for the N2«—Cy, 39% (38%), 38% (33%),
and 42% (43%) for the N2«—C, and 42% (37%), 53%
(38%), and 50% (40%) for the N2«—N configuration.

Results for 5 um distance show that the SSB (DSB)
decreased by 60% (50%), 61% (44%), and 54% (67%)
for the N2«—CS, 59% (60%), 63% (64%), and 49%
(66%) for the N2—Cy, 60% (61%), 63% (78%), and
50% (51%) for the No«—C, and 61% (60%), 65%
(74%), and 77% (56%) for the N.«—N, for 15, 30, and
50 keV photon energies, respectively.

Furthermore, when comparing the SSB (DSB)
induced by 15 keV photons at the closest cell distance
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(0 pm) to those induced by 30 and 50 keV photons,
there  were significant decreases observed.
Specifically, the SSB (DSB) reductions for N>«<—CS
were 86% (85%) and 92% (88%), for N,—Cy were
87% (87%) and 93% (90%), for No«—C were 87%
(86%) and 94% (94%), and for N2<—N were 89%
(91%) and 94% (94%), respectively.

These values for 2.5 um distance between two cells
were 86% (85%), and 93% (92%) for N2«—CS, 86%
(86%), and 93% (92%) for N2—Cy, 87% (85%), and
94% (94%) for No«—C, and 91% (91%), and 95%
(94%) for No«—N, respectively.

The results at 5 um distance between two cells
showed decreases of 79% (75%), and 90% (92%) for
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the No—CS, 79% (77%), and 91% (92%) for the and decreased by 100% (100%) for the NN,
N2«—Cy, 79% (76%), and 92% (93%) for the No«—C, respectively.
and 87% (86%), and 96% (94%) for the No«—N,

. Moreover, results in Table 4 demonstrate that as the
respectively.

energy of the incident photon photons decreases, the

The number of HDSBs induced by 15, 30, and 50 total number of interactions increases, which are in
keV photons at distances from 0 to 5 um are shown in agreement with the results of Lara et al. [35]. This
Table 3 for Na«—CS, No«Cy, No«C, and No«N correlation is due to the energy dependence of the
Target<Source combinations. Compared to the photoelectric effect, which is the dominant interaction
closest distance between the two cells (0 um), the mechanism for low-energy photons. Lower energy
HDSB at 2.5 um decreased for the N>«—CS by 25%, photon beams are more likely to undergo photoelectric
21%, and 20% with 15, 30, and 50 keV photons, absorption events rather than penetrate deeper into the
respectively. For the No«<—Cy, the decrease was 37%, target volume. Therefore, photoelectric absorption
70%, and 50%, for the No«C, it was 34%, 67%, and rate at lower energies increases which leads to an
75%, and for the No«<—N, it was 52%, 33%, and 100%, increased production of secondary electrons,
respectively. At 5 um, the HDSB in the case of subsequently resulting in heightened levels of
N2«—CS decreased by 56%, 64%, and 40% for 15, 30, ionization, ation, and cascading (indirect)
and 50 keV photons, respectively. For N<—Cy damage ef
decreased by 61%, 80%, and 50%, for Ny<C
decreased by 67%, 100%, and 100%, and for No«—N 4.
decreased by 72%, 100%, and 100%.

Furthermore, compared to 15 keV photons the
HDSB for 30 (50) keV photons at 0 um decreased

this study clearly demonstrate that 15
irradiation causes substantially more
A\ damage compared to the other higher energy
(94%), for the No—C by 91% (94%), and fofithe phatons in all Target«—Source combinations. The
N2N by 95% (95%), respectively. At ifnificant inverse relationship observed between
photon energy and resulting SSBs, DSBs, and HDSBs
for N2—Cy, 95% (98%) for N>—C, 3 ’ can be attributed to the particle range and local energy
for N2<—N, respectively. At 5 ummgecréased by 85%  deposition patterns. Lower energy 15 keV photons

(91%) for the No«—CS, decie 8%) for  have very short penetrating ranges in liquid
the N2«—Cy, decreased by 100%) for the No«—C,

Table 3. Number of HDSBs induced®y 15, 30, and 50 keV photons for the following Target«—Source combinations:
N2<—CS, N2<—Cy, N2<—C, and No«—N

Target « Source Energy (keV) 0 um 2.5um 5pm
HDSB (N2 « CS) 15 75 56 33
HDSB (N2 < Cy) 15 72 45 28
HDSB (N2 < C) 15 67 44 22
HDSB (N2 < N) 15 65 31 18
HDSB (N2 « CS) 30 14 11 5
HDSB (N2 < Cy) 30 10 3 2
HDSB (N2 < C) 30 6 2 1
HDSB (N2 < N) 30 3 2 0
HDSB (N2 « CS) 50 5 4 3
HDSB (N2 < Cy) 50 4 2 2
HDSB (N2 « C) 50 4 1 0
HDSB (N2 < N) 50 3 0 0
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Table 4. The table presents the number of photoelectric interactions induced by primary photons, giving rise to secondary

electrons that cause ionization and excitation

. Energy Distance
Interactions N2 « CS N2 < Cy N2« C N2 «N
(keV) (um)
photoelectric 15 0 1.7x10° 1.6x10° 1.59x10° 1.5x10°
photoelectric 30 0 1.77x10* 1.75x10* 1.71x10* 1.62x10*
photoelectric 50 0 3.2x10° 3x10° 2.9x10° 2.7x10°
lonisation 15 0 6.85x107 6.24x107 6.24x107 6.23x107
lonisation 30 0 5x108 4.38x108 4.33x108 4.21x106
lonisation 50 0 4.5x10° 4.37x10° 4.32x108 4.13x10°
Excitation 15 0 9.79x10° 9.79x10° 8.98x10° 8.96x10°
Excitation 30 0 7.2x10° 6.3x10° 6.25x10° 6.17x10°
Excitation 50 0 6.32x10° 6.26x10° 6.01x10° 6 x10°
photoelectric 15 25 1.2x10° 1.06x10° 1.01x10° 9.51x10*
photoelectric 30 25 1.09x10* 1.09% 1.05x10* 9.7x10°
photoelectric 50 25 2.2x10° 246<10° 2x10° 1.9x10°
lonisation 15 25 4.19x107 3.99%Q0% 3.88x107 3.76x107
lonisation 30 25 3.01x10° 1 2.67x10° 2.64x10°
lonisation 50 25 2.61x10° s 2.29x10° 2.28x106
Excitation 15 25 5.96x10° 08 5.54x10° 5.37x10°
Excitation 30 25 4 10° 3.93x10° 3.82x10°
Excitation 50 25 3.71x10° 3.3x10° 3.3x10°
photoelectric 15 5 6.82x10* 6.7x10% 6.48x10*
photoelectric 30 7.04x103 6.9x103 6.8x10°
photoelectric 50 1.5x10° 1.01x103 1x10°
lonisation 15 2.73x107 2.72x107 2.48x107
lonisation 30 2.08x10°8 2.05x10°8 1.77x108 1.58x108
lonisation 5 5 1.95x10°8 1.63x10° 1.59x10° 1.47x108
Excitation 15 5 4.04x10° 3.95x10°% 3.89x10° 3.56x10°
Excitation 30 5 2.95x10° 2.95x10° 2.63x10° 2.52x10°
Excitation 50 5 2.75x10° 2.39x10° 2.34x10° 2.22x10°

water, interacting within a small radius of their
emission source to produce dense ionization events
that directly or indirectly damage proximal DNA
molecules. Since 30 and 50 keV photons have longer
ranges, dispersing absorbed dose over larger cellular
volumes and interacting with fewer DNA fragments
near their origin to cause less clustered damage. In
addition to particle energy, the localization of the
photon source also critically impacted DNA damage
yields. Emissions originating on the Cell Surface (CS)
or the cell cytoplasm (Cy) resulted in 25-94% more
DSBs than the whole cell (C) or the nucleus (N). This
again reflects very short-range energy deposition
patterns for the low-energy photons simulated. N and
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C compartment emissions would produce dense
ionization around closely packed DNA molecules,
while photons emitted from Cy or CS would interact
with DNA less frequently. The decline in DNA
damage observed over short 2.5-5 pm distances
between source and target further indicates the
importance of proximity and localized energy
deposition at the nanometer scale. Appreciable DSB
reductions of up to 53% over just a few um emphasize
that even minor changes in cellular geometry can
influence biological outcomes for low-energy photon
sources. This sensitivity likely arises from the very
limited particle ranges failing to bridge small gaps
between nearby cells. Similar interactions in tumor
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contexts could modulate therapeutic effects on
malignant versus normal cells based on their relative
locations.

Overall, the modeled DNA damage patterns
demonstrated that localized, low-energy photon
emissions produce the greatest direct biological
impacts, with damage falling sharply over small
distances. These results highlight the importance of
micro dosimetry considerations and nanoscale energy
deposition phenomena in evaluating potential photon
therapies.

5. Conclusion

In this research, Geant4-DNA was utilized to
calculate direct and indirect DNA damage caused by
monoenergetic photons with energies of 15, 30, and 50
keV. The study established the relationships between
photon energy, the target distance, and resulting DNA
damage, including SSBs, DSBs, and HDSBs at
distances of 0-5 um from the DNA target. The 15 keV
monoenergetic photons produced the highest and
keV monoenergetic photons lowest number of [

damage quantification an@ distance effects
presented provide insights photon therapy
effectiveness and guide optimizaion of delivery

strategies for targeted cancer treatment.
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