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HIGHLIGHTS

e Effect of the presence different nanoparticles in the vicinity of a DNA is evaluated.

e Gold nanoparticles can cause more DNA damage than gadolinium and silver nanoparticles.

e Increasing the number of nanoparticles results in more DNA damage.

ABSTRACT

Radiation therapy aims to maximize doses to cancer cells while minimizing damage to
normal tissues. Today, nanoparticles containing high-atomic-number elements, such as
gold, gadolinium, and silver, have proven effective as radiosensitizers in radiotherapy to
enhance dose delivery for cancer treatment. In this study, we used the Geant4-DNA
toolkit to investigate the effects of multiple nanoparticles (NPs) with varying sizes
(radius= 3.15 to 5 nm) on DNA damage when exposed to monoenergetic photons with
energies of 15, 40, 50, and 68 keV. Direct and indirect single-strand breaks (SSBs),
double-strand breaks (DSBs), and hybrid double-strand breaks (Hybrid DSBs) were
calculated in the presence and absence of 1 to 4 nanoparticles (NPs) of the same total
volume of gold, gadolinium, and silver nanoparticles for the 1ZBB model (selected from
the Protein Data Bank (PDB) library). The results show that increasing the number
of gold, gadolinium, and silver NPs and decreasing the photon beam energy increases
the total number of strand breaks. Furthermore, gold nanoparticles (GNPs) are more
effective options than gadolinium nanoparticles (GANPs), and silver nanoparticles (SNPs)
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1 Introduction

Cancer remains a primary global health concern, respon-
sible for approximately one out of every six deaths world-
wide (Debela et al., 2021). Cancer is a complex group
of diseases defined by uncontrolled cell growth that pro-
gresses through multiple stages. Over time, cells lose
the ability to properly regulate their growth and repli-
cation (Ganesh and Massague, 2021; Merriel et al., 2021).
These days, radiation therapy is used as an effective can-
cer treatment for over 50% of patients with many types
of cancer because it maximizes the radiation dose deliv-
ered to cancer cells while minimizing damage to surround-
ing healthy tissues (Taherparvar and Azizi Ganjgah, 2023;
Baskar et al., 2012, 2014). Radiation can be delivered
externally using linear accelerators or internally through
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brachytherapy (Washington and Leaver, 2015). Techno-
logical advances have allowed more conformal radiation
delivery through techniques like intensity-modulated ra-
diation therapy (IMRT) and image-guided radiation ther-
apy (IGRT) (Mell et al., 2005; Jaffray, 2012). X-rays,
gamma rays, electrons, protons, helium, and heavier ions,
as well as direct and indirect ionizing rays, are used in
radiation therapy to kill tumor cells by specifically tar-
geting them. These rays deposit energy in cells, which
excites molecules, especially DNA, leading to irreparable
DNA damage and cell death (Yeong et al., 2014; Huynh
and Chow, 2021). The energy of these photons’ DNA
damages both directly and indirectly. They make reactive
oxygen species (ROS) and other secondary electrons. The
types of DNA damage can usually be grouped into single-
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strand breaks (SSBs), and double-strand breaks (DSBs),
which are factors that influence the biological effect of ex-
posure to ionizing radiation. While most of these damages
can be repaired by DNA repair systems, DSBs are partic-
ularly challenging to repair and often result in cell death.
Therefore, the DNA within the cell nucleus is considered
the primary target for radiation’s effects, known as ”tar-
geted effects.” (Date et al., 2007; Michalik, 1993; Nikjoo
et al., 1991; Goodhead, 1994; Ward, 1994; Bedford and
Dewey, 2002; Ou et al., 2018). Understanding the mecha-
nisms 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 (Thompson, 2012; Ahmadi et al.,
2020b). In this way, many reports of Monte Carlo (MC)
simulations have been performed as the gold standard for
validating radiation dosimetry applications. Today, with
the development of the MC codes, radiation transport and
distribution of the radiation interactions inside a nucleus,
and even more precisely, at the DNA scale can be calcu-
lated using MC simulations. It enables to mimic intricate
physical and chemical interactions and radiation-induced
DNA damage, making more precise predictions of how ra-
diation would affect living cells biologically.

On the other hand, increase the sensitivity of tumor
cells to the radiation therapy is very interesting. In this
way, radiosensitizers are agents used to improve treatment
efficacy (Gong et al., 2021; Siddique and Chow, 2022).
They target processes that confer radiation resistance in-
cluding DNA repair, hypoxia (Fowler et al., 1976), and
cell cycle regulation. Major classes of radiosensitizers in-
clude oxygen mimetics like the nitroimidazole nimorazole
to overcome hypoxia-mediated resistance (Gong et al.,
2021); DNA-binding drugs such as cisplatin; molecular
inhibitors of oncogenic pathways; and high atomic num-
ber nanoparticles that enhance photoelectric interactions.
Gold nanoparticles containing high-atomic number ele-
ments have a larger absorption cross-section (100 times
greater than water), enabling the reduction of radiation
doses to normal tissues while increasing dose deposition in
cancer cells through heightened photoelectric absorption.
This improved tumor-specific energy deposition enhances
tumor control (Penninckx et al., 2020; Moore and Chow,
2021).

Numerous research studies have focused on high
atomic number nanomaterials like gadolinium (Gd),
hafnium (Hf), tantalum (Ta), tungsten (W), and bismuth
(Bi) to investigate their potential as radiosensitizers (Ra-
jaee et al., 2019; Félt et al., 2015). Due to their high
mass attenuation, these materials exhibit dose enhance-
ment around them when irradiated. However, most of
these elements cause damage to healthy tissues when they
are in direct contact (Liu et al., 2018; Mardare et al.,
2018). Gold nanoparticles (GNPs) are an excellent ma-
terial for radiosensitization as they provide high-dose en-
hancement while being biocompatible and avoiding ex-
cessive damage to surrounding tissues. GNPs, due to
their high atomic number (Z = 79) and total absorption
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cross-section compared to water, about 100 times greater,
exhibit a proportionally higher photoelectric absorption
cross-section (Shrestha et al., 2016; Chow, 2016b). This
interaction between the photons and GNPs increases sec-
ondary electron production and enhances dose deposi-
tion around the GNPs. Additionally, they have several
advantageous properties that make them well-suited for
biomedical applications. Their flexibility allows them to
be shaped easily and sized precisely, in diameters between
1 to 150 nm (Li et al., 2016). The nanoparticle surface
allows the attachment of therapeutic drugs, proteins, or
other molecules for targeted delivery (Shrestha et al., 2016;
Chen et al., 2020). Gold nanoparticles exhibit low toxicity
when administered to patients. Their size distribution is
tunable and they also possess unique chemical and opti-
cal characteristics beneficial for bioimaging and therapy
(Siddique and Chow, 2020; Huang et al., 2012). GNPs are
used in radiation therapy to enhance the efficacy of radi-
ation treatments. In addition to utilizing gold nanopar-
ticles, assessing the performance of silver and gadolinium
nanoparticles has also received much attention and evalu-
ation (Taha et al., 2019; Hosseini-AliAbadi et al., 2021).

In this study, we extend the investigation of DNA dam-
age in nanoparticle-enhanced radiotherapy presented by
Santiago and Chow (Santiago and Chow, 2023), which
investigate the effects of 1 to 4 GNPs on DNA dam-
age when irradiated by electron beams different energies.
In this way, we used the Geant4-DNA toolkit to investi-
gate the effects of gold nanoparticles (GNPs), gadolinium
nanoparticles (GANPs), and silver nanoparticles (SNPs)
with varying sizes (radius= 3.15 to 5 nm) on the SSBs,
DSBs, and Hybrid DSBs when exposed to monoenergetic
photons with energies of 15, 40, 50, and 68 keV.

2 Materials and Methods

2.1 Monte Carlo Simulation: Geantj-DNA

Various codes have been developed based on the MC
method for accurate and reliable prediction of DNA dam-
age. There are two main types of MC codes for simu-
lating radiation transport and DNA damage - Condensed
History (CH) and Track Structure (TS) (Ahmadi et al.,
2020a; Lazarakis et al., 2018; Kyriakou et al., 2019). CH
codes like PENELOPE (Bernal and Liendo, 2009; Baré
et al., 1995) and MCNP (Briesmeister, 1986; Titt et al.,
2012) simulate the overall macroscopic dose deposition but
do not explicitly simulate all interactions at the nanome-
ter scale. They are faster computationally. TS codes like
Geant4-DNA (Ganjeh et al., 2021; Salim and Taherparvar,
2022b, 2020, 2022a), PARTRAC (Friedland et al., 2011),
and CPA100 (Terrissol and Beaudre, 1990) simulate step-
by-step interactions at the molecular/nanometer scale.
They are more detailed but computationally intensive. In
recent years, among all these codes, the Geant4-DNA code
has been widely used in radiobiological applications and
nanodosimetry calculations. Geant4d-DNA, an extension
of Geant4, is one of the most advanced and validated track
structure (TS) codes. It is an open-source code written in
C++ and works on the cmake platform. It simulates track
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structure in liquid water down to the nanometer scale and
can model direct and indirect DNA damage. This code
can perform structure-pathway simulations at low ener-
gies (about e€V) to high energy (MeV) with high accuracy
(Incerti et al., 2010). It simulates the detailed physical,
physicochemical, and chemical processes involved when
ionizing radiation tracks traverse liquid water, the main
component of biological matter (Lazarakis et al., 2012).
Geant4-DNA models interactions down to the nanometer
scale by implementing of comprehensive cross-sections for
electrons, protons, neutral hydrogen atoms, helium par-
ticles, and their respective charged states in liquid wa-
ter (Incerti et al., 2018). It can simulate track structure
and radiation damage at the molecular level, enabling the
prediction of diverse DNA damage endpoints like strand
breaks, base damage, and clustered damage (Lampe et al.,
2018). Applications include micro and nanodosimetry, ra-
diobiology, radiation protection, radiotherapy sensitiza-
tion with nanoparticles, and space radiation protection
(Douglass et al., 2013; Villagrasa et al., 2017). Bench-
marking studies have validated Geant4-DNA’s accuracy
for electrons and light ions (Francis et al., 2011; Nikjoo
et al., 1998).

2.2  Simulation Method and Geometry

In this research, Geant4-DNA was utilized (Version 11.1.1)
to simulate interactions between DNA and photon radia-
tion with energies of 15, 40, 50, and 68 keV (Hsiao et al.,
2021; Jabeen and Chow, 2021). The 1ZBB model from
the PDBIib (open-source C++ library) was chosen to rep-
resent the DNA structure. This model contains 3.1 x 10°
base pairs (bp) and mirrors the genome of the African frog,
which is frequently used in research due to its similarities
with human DNA. The DNA geometry was defined in the
“DetectorConstruction” code file. Furthermore, this file
was modified by adding 0 (Fig. 1-a), 1 (Fig. 1-b), 2
(Fig. 1-c), and 4 (Fig. 1-d) gold, gadolinium, and sil-
ver nanoparticles at distances of 5 nm from the DNA,
based on the work of Santiago and Chow. Using Geant4-
DNA with a realistic DNA model, we could closely exam-
ine how nanoparticle radiation interactions influence the
resulting DNA damage patterns. The largest nanoparti-
cle had a radius of 5 nm (a volume of 523.6 nm?®). The
parameters used for 2 NPs were a radius of 3.97 nm (a vol-
ume of 262.1 nm?). With both nanoparticles, they would
equal about the same as 1 NP. The last parameters used
for 4 NPs had a radius of 3.15 nm (a volume of 130.92
nm?). The total volume of gold, gadolinium, and silver
nanoparticles was kept constant at 523.6 nm? across all
the simulations. The source was defined as mono-energy
photons with energies of 15, 40, 50, and 68 keV, located
1 nm from the NPs. The photons were emitted with an
isotropic angular distribution. Direct and direct Single-
strand break (SSB), Double-strand break (DSB), and Hy-
brid double-strand break (Hybrid DSB) were calculated
in this research. We write code in “EventAction” to cal-
culate SSB, DSB, and Hybrid DSB caused by the physi-
cal and chemical stages. An energy threshold of 8.22 eV
was utilized for the Physical and Chemical stages (Gan-
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jeh et al., 2021). Indirect damage (chemical stage) pro-
duced radicals and molecules, including HoOo, Hy, H, HT,
OH~, OH, and e,q— in water. OH (hydroxyl) has the most
significant capacity to interact with DNA (Siddique and
Chow, 2022). The hydroxyl radical interacts with sugar
and base groups in DNA more than others. The probabil-
ity of strand break production in DNA by hydroxyl radi-
cals is 13% (Pou= 13%) (Ahmadi et al., 2020b). If the en-
ergy 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. Hybrid DSB is counted when two SSBs hap-
pen (one SSB directly and one SSB indirectly) on the two
strands with a distance of less than 10 base pairs (bp). The
G4EmDNAPhysics-option6 (Chappuis et al., 2023) and
G4EmDNAChemistry-option3 physics lists were applied
to simulate the physical and chemical stages, respectively.
The Livermore low-energy physics models were used to
simulate the interactions between photons and the gold,
gadolinium, and silver nanoparticles. To bring the sta-
tistical simulation error below 1%, 5 x 10® photons were
chosen as the primary particles.

(©)

Figure 1: a) OpenGL Visualization of the 1ZBB model.
Bases are shown as red spheres, with the first and second
strands depicted in blue and gray, respectively. (b) OpenGL
Visualization of the 1ZBB and 1 NP with a radius of 5 nm. (c)
OpenGL Visualization of the 1ZBB and 2 NPs with a radius
of 3.97 nm. (d) OpenGL Visualization of the 1ZBB and 4 NPs
with a radius of 3.15 nm.

3 Results and discussion

Figures 2 and 3 show the total number of SSBs and
DSBs induced by 15 to 68 keV photons and the influence
of gold nanoparticles (GNPs), gadolinium nanoparticles
(GdNPs), and silver nanoparticles (SNPs) on the modeled
DNA. The number of SSB (DSB) (direct and indirect) in
the absence of GNP are 2821 (169), 1369 (74), 789 (44),
and 354 (12), for 1GNP are 61573 (3533), 3678 (194),
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Figure 2: The number of SSBs (direct and indirect) induced by 15, 40, 50, and 68 keV photons for 0, 1, 2, and 4 gold nanoparticles
(GNPs), gadolinium nanoparticles (GANPs), and silver nanoparticles (SNPs).

2020 (97), and 909 (60), for 2GNPs are 70154 (3773), 4090
(228), 2350 (122), and 1128 (78), and for 4GNPs are 73512
(4023), 4684 (235), 2565 (134), and 1291 (90) for the 15,
40, 50, and 68 keV photons, respectively. The addition of
1GNP to the simulated DNA model resulted in an increase
in SSB (DSB) (direct and indirect) by 95% (95%), 63%
(61%), 61% (54%), and 61% (80%), for 2GNPs 96% (95%),
66% (67%), 66% (64%), and 68% (84%), and 4GNPs 96%
(96%), 71% (68%), 69% (67%), and 72% (87%) for the
15, 40, 50, and 68 keV photons, respectively. Also, the
number of SSB (DSB) (direct and indirect) for 0GANP is
2821 (169), 1369 (74), 789 (44), and 354 (12), for 1GANP
are 15546 (890), 1601 (98), 1119 (86), and 701 (39), for
2GdNPs are 18411 (1098), 2035 (111), 1380 (97), and 743
(43), and for 4GdANPs are 19858 (1174), 2615 (183), 1546
(106), and 837 (52) for the 15, 40, 50, and 68 keV photons,
respectively. These results for 0SNP are 2821 (169), 1369
(74), 789 (44), and 354 (12), for 1SNP are 3436 (224),
1516 (76), 897 (59), and 469 (30), for 2SNPs are 4208
(257), 1815 (110), 1110 (83), and 475 (39), and for 4SNPs
are 5877 (360), 1898 (116), 1538 (88), and 562 (44) for the
15, 40, 50, and 68 keV photons, respectively. The results
show adding 1GdNP led to increases in SSB (DSB) (direct
and indirect) of 82% (81%), 14% (22%), 29% (49%), and
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49% (69%) for the 15, 40, 50, and 68 keV photons, respec-
tively. Also, the addition of 2GANPs resulted in increases
of 85% (85%), 33% (31%), 43% (55%), and 52% (72%),
and 4GdNPs led to rises of 86% (85%), 57% (48%), 58%
(49%), and 58% (77%) for the 15, 40, 50, and 68 keV pho-
tons, respectively. The addition of 1SNP led to increas-
ing 18% (24%), 10% (3%), 12% (25%), and 24% (60%),
for 2SNPs 33% (34%), 24% (33%), 29% (47%), and 25%
(69%), and 4SNPs 52% (53%), 28% (36%), 49% (50%),
and 37% (73%) for the 15, 40, 50, and 68 keV photons,
respectively.

The results comparing the nanoparticles show; the in-
crease in SSB (DSB) of GNPs compared to GANPs for
one nanoparticle (INP) was 756% (75%), 56% (49%), 44%
(11%), and 23% (35%), for 2NPs was 74% (71%), 50%
(51%), 41% (20%), and 34% (43%), and for 4NPs was
73% (711%), 44% (22%), 40% (21%), and 35% (42%) for
the 15, 40, 50, and 68 keV photons, respectively. The
results comparing GNPs to SNPs indicate an increase of
94% (94%), 59% (61%), 55% (39%), and 48% (50%) for
the 15, 40, 50, and 68 keV photons, respectively in the
presence of 1NP. This increase for 2NPs was 94% (93%),
55% (52%), 53% (32%), and 58% (48%), and for 4NPs
were 92% (91%), 59% (50%), 40% (34%), and 56% (51%)
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Figure 3: The number of DSBs (direct and indirect) induced by 15, 40, 50, and 68 keV photons for 0, 1, 2, and 4 gold nanoparticles
(GNPs), gadolinium nanoparticles (GANPs), and silver nanoparticles (SNPs).

for the mentioned energies, respectively. Additionally, the
results comparing GANPs to SNPs show an increase of
8% (75%), 5% (22%), 20% (31%), and 33% (23%) for
the 15, 40, 50, and 68 keV photons, respectively in the
presence of INP. This increase for 2NPs was 77% (76%),
11% (1%), 19% (14%), and 36% (9%), and for 4NPs was
70% (69%), 27% (36%), 1% (17%), and 33% (15%) for the
mentioned energies, respectively.

Furthermore, Fig. 4 shows the total number of Hybrid
DSBs induced by 15-68 keV photons and the influence of
GNPs, GdNPs, and SNPs on the DNA. the number of
Hybrid DSBs in the absence of gold nanoparticles (GNPs)
were 134, 49, 35, and 12 for 15, 40, 50, and 68 keV pho-
tons, respectively. With 1 GNP, the numbers were 2613,
142, 89, and 37. With 2 GNPs, the numbers were 2921,
172, 90, and 60. And with 4 GNPs, the numbers were
3130, 178, 110, and 74 for 15, 40, 50, and 68 keV pho-
tons, respectively. In addition, in the absence of gadolin-
ium nanoparticles (GANPs), the numbers were 134, 49, 35,
and 12. With 1 GANP, the numbers were 708, 78, 67, and
36. With 2 GANPs, the numbers were 830, 84, 71, and 40.
And with 4 GANPs, the numbers were 858, 120, 80, and 58
for 15, 40, 50, and 68 keV photons, respectively. Without
silver nanoparticles (SNPs), the numbers were 134, 49, 35,

37

and 12. With 1 SNP, the numbers were 149, 68, 38, and
24. With 2 SNPs, the numbers were 172, 78, 59, and 26.
And with 4 SNPs, the numbers were 312, 95, 76, and 37
for 15, 40, 50, and 68 keV photons, respectively.

Moreover, adding 1GNP led to increases in Hybrid
DSB of 95%, 65%, 61%, and 67% for the 15, 40, 50, and 68
keV photons, respectively. Also, the addition of 2GNPs
resulted in increases of 95%, 72%, 61%, and 80%, and
4GNPs led to rises of 96%, 72%, 68%, and 84% for the 15,
40, 50, and 68 keV photons, respectively. This increase in
Hybrid DSB for 1GdANP is 81%, 37%, 48%, and 67%, for
2GdNPs 84%, 42%, 51%, and 70%, and for 4GdNPs 84%,
59%, 56%, and 79% for the 15, 40, 50, and 68 keV pho-
tons, respectively. Furthermore, this increase in Hybrid
DSB for 1SNP is 10%, 28%, 8%, and 50%, for 2SNPs 22%,
37%, 41%, and 54%, and for 4SNPs 57%, 48%, 54%, and
67% for the 15, 40, 50, and 68 keV photons, respectively.
The increase in gold Hybrid DSB compared to gadolin-
ium for INP equals 73%, 45%, 25%, and 3%, 2NPs equals
1%, 52%, 21%, and 33% and 4NPs equal to 72%, 32%,
27%, and 21% have been obtained for the 15, 40, 50, and
68 keV photons, respectively. On the other hand, the in-
crease in gold Hybrid DSB compared to silver for 1NP
equals 94%, 52%, 57%, and 35%, 2NPs equals 94%, 55%,
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Figure 4: The number of Hybrid DSB induced by 15, 40, 50, and 68 keV photons for 0, 1, 2, and 4 gold nanoparticles (GNPs),
gadolinium nanoparticles (GANPs), and silver nanoparticles (SNPs).

34%, and 57% and 4NPs equal to 90%, 46%, 31%, and
50% have been obtained for the 15, 40, 50, and 68 keV
photons, respectively. Also, the increase in gadolinium
Hybrid DSB compared to silver for INP equals 79%, 13%,
43%, and 33%, 2NPs equals 79%, 7%, 17%, and 35% and
4NPs equal to 63%, 21%, 5%, and 36% have been obtained
for the 15, 40, 50, and 68 keV photons, respectively.

Table 1: Table demonstrating the photoelectric interactions
when photon beams with energies of 15, 40, 50, and 68 keV
irradiated with 1, 2, and 4 GNPs, SNPs, and GdNPs.

Au Gd Ag
Energy Np Photoelectric  Photoelectric  Photoelectric
1 1.89 x 107 4.29 x 103 2.28 x 103
15keV 2 4.78 x 10° 1.11 x 105 6.21 x 104
4 5.42 x 10° 1.25 x 10° 7.1 x 104
1 1.36 x 103 1.11 x 103 3.9 x 102
40 keV 2 3.49 x 10* 2.59 x 10* 1 x 10*
4 8.2 x 104 3.95 x 104 2.97 x 104
1 9.1 x 102 5.8 x 102 2.6 x 102
50 keV 2 1.89 x 104 1.44 x 104 7.2 x 103
4 4.31 x 104 2.2 x 10% 1.66 x 10%
1 2.8 x 102 1.6 x 102 1.1 x 102
68 keV 2 8.39 x 103 6.04 x 103 3.83 x 103
4 1.12 x 104 9.52 x 103 7.03 x 103

38

The results related to evaluating the SSBs, DSBs, and
Hybrid DSBs in the presence of nanoparticles show that
GNPs, compared to GANPs and SNPs in all cases, have
caused more DNA breaks. The increased DNA damage
caused by GNPs is attributable to gold’s high atomic num-
ber (Z = 79) relative to gadolinium (Z = 64) and silver
(Z = 47). Gold’s total absorption cross-section is also
about 100 times greater than that of water. On the other
hand, Figs. 2 to 4 indicates that the greatest number of
strand breaks occurred when 4NPs were added. Increas-
ing the number of NPs from 0 to 4 resulted in a rise in
the total number of strand breaks. By holding the vol-
ume of Np constant, adding more NPs led to a decrease in
the size. This change enhanced the interactions between
the NPs and the radiation, therefore increasing the sec-
ondary electron yield. These secondary electrons could
then be transported to the DNA to cause strand breaks.
Another important consideration is the self-absorption of
the NP. It was observed that the self-absorption effect be-
came more significant as the NP size increased, leading to
a decrease in the secondary electrons produced by the NP
and thereby reducing DNA damage. However, in the simu-
lation involving 4 NPs, each NP was smaller than the 1NP.
Therefore, the self-absorption effect was less significant,
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resulting in the generation of more secondary electrons
from the 4 NPs geometry, causing more strand breaks.
Furthermore, the presence of a 1INP acted as a “shield”,
reducing the impact of the secondary electron beams on
DNA, thus further decreasing the enhancement of DNA
damage.

Moreover, according to Table 1, it can be seen that
as the energy of the photon beam decreases, the num-
ber of interactions increases. This shows that when low-
energy photon beams (15 keV) enter the NP, they lose en-
ergy and generate more secondary electrons through pho-
toelectric interaction to enhance number of DNA strand
breaks. This can be described by the increase in the pho-
toelectric effect as the cross-section of the photoelectric
interaction decreased with higher photon energy. This
approach is also recommended by Chow and co-workers
(Chow, 2016b,a; Siddique and Chow, 2022; Hsiao et al.,
2021). Maximizing DNA damage requires generating the
maximum number of secondary electrons through inter-
actions between the incident photons and nanoparticles.
However, if the photon energy is too high, the incident
photons will likely just penetrate the nanoparticle or un-
dergo limited scattering. This reduces photoelectric inter-
actions and the resultant secondary electron production.
To optimize DNA damage, 15 to 68 keV are ideal pho-
ton energy range. In this range, photons have enough
energy to reach the nanoparticle and produce secondary
electrons, but not so much that they pass through the
nanoparticle without depositing energy. The results at all
stages demonstrated that GNPs have more significant im-
pact on DNA damage, including SSBs, DSBs, and hybrid
DSBs, compared to GANPs and SNPs. This indicates that
GNPs can be more effective. The higher atomic number
and absorption cross-section of gold allows increased pho-
toelectric interactions and secondary electron production,
leading to more extensive DNA damage.

4  Conclusions

In this research, Geant4-DNA was utilized to calculate di-
rect and indirect DNA damage caused by monoenergetic
photons with energies of 15-68 keV, both in the absence
and presence of gold, gadolinium, and silver nanoparticles.
The study established the relationships between photon
energy, nanoparticle number, and resulting DNA dam-
age including single-strand breaks (SSBs), double-strand
breaks (DSBs), and hybrid DSBs. The 15 keV monoener-
getic photons produced the highest and 68 keV monoen-
ergetic photons lowest number of DNA strand breaks, re-
spectively. Our research demonstrated that gold nanopar-
ticles can cause more DNA damage than gadolinium and
silver nanoparticles due to gold’s high atomic number.
The gold nanoparticles increased photoelectric interac-
tions and secondary electron production leading to more
significant energy deposition and DNA damage. Specifi-
cally, for a given nanoparticle volume, increasing the num-
ber of nanoparticles while decreasing their size reduces
self-absorption and enables more secondary electron pro-
duction. This results in enhanced energy deposition in
DNA and more DNA damage.
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