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Introduction 

Radiotherapy plays a crucial role in the effective 
application of cancer treatments [1]. Today, various 
methods are being explored to enhance the effi cacy 
of radiotherapy while reducing its side effects. These 
include efforts to reduce the radiation resistance of 
tumor tissues and increase their radiosensitization, 
enhance the radioprotection of healthy tissues, 
and better confi ne the delivered dose to the tumor 
volume [2, 3]. 

The effectiveness of radiation therapies is typi-
cally evaluated by measuring the extent of DNA 
damage. However, damage to mitochondria can 
also lead to cell death. In other words, the disrup-
tion of membrane potential may induce apoptosis 
[2, 4–7]. Studies have shown that approximately 
70% of DNA damage is caused by free radicals [3, 
8–10]. In addition to damage caused by free radi-
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cals, secondary electrons generated after radiation 
interacts with the medium can also contribute to 
DNA strand breaks [11]. 

The free radicals that contribute most signifi -
cantly to cell death in radiotherapy show an increase 
in the presence of nanoparticles (NPs), making NPs 
a source of radiosensitization [12, 13]. Radiation 
excites the electrons of NPs in the medium, causing 
scattering. These excited electrons initiate the Auger 
process, leading to the emission of Auger electrons. 
Auger electrons typically have energies below 5 keV, 
and they ionize water molecules in the medium, con-
tributing to the production of free radicals. Studies 
have also shown that Auger electrons are effective 
in directly damaging DNA [2, 14, 15]. Additionally, 
secondary electrons emitted by NPs interact with 
other NPs, contributing to the formation of more 
Auger electrons, which, when absorbed by the me-
dium, increase free radical production [4, 12, 16]. 
Porcel et al. suggested that NPs could destabilize 
water molecules in the medium, facilitating their 
dissociation [12]. The properties of NPs, such as 
shape, size, concentration, chemical composition 
and distribution, have been shown to infl uence their 
radiosensitization effect [17, 18]. 

The permeability and retention effects of NPs al-
low for accumulation in tumors, enhancing contrast, 
enabling tumor-specifi c chemo-radiotherapy (CT-RT), 
and increasing the local radiation dose [19]. Tumor 
cells have larger intercellular gaps compared to normal 
tissues and exhibit richer vascularity. Additionally, 
structural defi ciencies in the lymphatic drainage of 
tumor tissues result in the prolonged retention of 
macromolecules. This is why the terms “enhanced 
permeability and retention (EPR)” are used for tu-
mor tissues. As a result, the permeability and uptake 
of NPs are higher in tumor cells [20–23]. Another 
study indicated that the elevated glutathione levels in 
tumor cells facilitate the accumulation of high atomic 
number NPs. As a result, NPs can be localized within 
tumor tissues, providing enhanced protection to nor-
mal tissues during radiation therapy while achieving 
signifi cant dose enhancement within tumors [24]. 

The dose increase observed in the tumor region 
with the addition of NPs is attributed to the enhance-
ment of the photoelectric effect cross-section [1, 25, 
26]. The photoelectric cross-section is proportional 
to the atomic number of the interacting medium. 
In the presence of high atomic number NPs, pho-
toelectron production is signifi cantly higher [15]. 
As the atomic number increases, the probability of 
absorption due to the photoelectric effect also rises. 
However, as photon energy increases, the photoelec-
tric effect decreases. Consequently, the interaction of 
high atomic number NPs with low-energy photons 
results in a higher dose enhancement in the target 
medium. 

Gold nanoparticles (NP-G) possess properties 
that make them advantageous for targeting cancer 
cells [3, 16, 27–31]. NP-Gs are typically clustered 
particles ranging in size from 1 nm to 150 nm. Their 
tunable size, shape, surface properties, and chemi-
cal structure are among their most critical features 
[19, 32, 33]. NPs amplify radiation effects through 

physical, chemical, and biological interactions in the 
medium. In the physical phase, secondary electrons, 
Auger electrons, and free radicals are effective in 
inducing cell death. The surface of NP-Gs catalyzes 
free radical formation, and low-energy electrons 
sensitize DNA to radiation, which is part of the 
chemical aspect. In the biological phase, NP-Gs en-
hance radiation effects by inducing oxidative stress, 
disrupting the cell cycle, and impairing DNA repair 
mechanisms [19]. Monte Carlo (MC) simulations 
are widely utilized in nanoparticle-assisted radia-
tion applications. MC simulations have become a 
vital tool in these studies, employing mathematical 
algorithms to simulate radiation transport in the me-
dium. They can accurately predict dose distributions 
in NP-assisted biological systems by modeling at a 
subatomic level [26, 34, 35]. Moreover, MC simula-
tions are instrumental in understanding the physical 
mechanisms responsible for dose enhancement in 
NP-assisted radiation applications. 

Track structure (TS) and condensed history (CH) 
are two distinct algorithms used in MC simulations 
to model the interaction of radiation with matter. 
Both algorithms are widely utilized for simulating 
radiation interactions, differing primarily in terms 
of precision and computational time. The TS algo-
rithm tracks all interactions in detail, modeling each 
interaction individually. Particles interacting with 
matter can be tracked at nanometer or even atomic 
scales. The TS algorithm provides high accuracy for 
studies conducted at nanometer scales, making it 
particularly important for calculations at the cellular 
level. However, because each interaction is modeled, 
it requires signifi cant computational power and time, 
rendering it impractical for macroscopic simulations. 
In contrast, the CH algorithm summarizes multiple 
small-scale interactions into a single step. Its accu-
racy is limited for simulations at nanometer scales 
and is unsuitable for modeling particle behavior in 
microscopic environments or interactions with spe-
cifi c targets like DNA. In Monte Carlo applications, 
when simulations at the nanoscale are required, TS 
simulations should be preferred [36–38]. 

Various TS codes, such as Geant4, RITRACKS, 
and KURBUC, are commonly used in nanoparticle 
studies [17, 37, 39]. Among them, Geant4-DNA, 
an extension of the Geant4 simulation toolkit, is 
a validated tool designed for modeling at the cel-
lular level. It is tailored for accurate modeling at 
nanoscales, down to energies as low as eV, using 
the TS algorithm. TOPAS (Tool for Particle Simu-
lation) is a software interface utilizing the Geant4 
MC toolkit and is specifi cally designed for applica-
tions in radiation therapy, medical imaging, and 
radiobiology. It allows MC simulations of all types of 
ionizing radiation, including in complex geometries 
and at nanoscales [17, 40]. There is limited litera-
ture on the dose variations in surrounding tissues 
caused by nanoparticles added to tumor tissues. 
In our study, the dose effects of different sizes of 
spherical nanoparticles were analyzed in the tumor 
environment and surrounding tissues under photon 
radiation at various energies with the TS code using 
the TOPAS interface. The fi ndings from the interac-
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tions of radiation with nanoparticles at nanoscales 
are critical for understanding the physical mecha-
nisms and their effects on surrounding tissues. Ad-
ditionally, this knowledge can guide researchers in 
designing more effective nanoparticles. This could 
contribute to advancing the use of nanoparticles in 
radiotherapy, highlighting their signifi cant potential 
in improving cancer treatment methodologies. 

Material and methods 

Gold material was selected as the nanoparticle. The 
nano-lattice method was used to create an environ-
ment similar to the diffusion-based distribution 
of NPs in the medium. To realistically model the 
distribution of NPs within cells, a specifi c number 
of NPs were placed in nanoscale cubes [20]. In 
the nano-lattice method, a certain number of NPs 
selected for the study are placed homogeneously 
in an environment with a density similar to water, 
with equal distances between them. The use of the 
TS algorithm at nanoscales allows the modeling of 
low-energy electrons produced by NPs with high 
accuracy. Therefore, the Geant4-DNA code was 
utilized for simulations conducted in this study. 
This code can track and model electrons down to 
the excitation energy of water molecules [15]. 

Figure 1 shows the geometric arrangement of NPs. 
The NP-Gs were distributed homogeneously within 
a cube. NP-Gs with sizes of 20 nm, 28.4 nm, and 
50 nm were placed inside a 700 × 700 × 700 nm³ 
water cube. When we increase the NP size, since 
the Lattice Box volume and the number of NPs are 
constant, in fact the concentration is also increased. 
For NP sizes of 20 nm, 28.4 nm, and 50 nm, the 
NP-G concentrations in the medium were 6.33 mg/g, 
17.9 mg/g, and 90.9 mg/g, respectively. The con-
centration was calculated by determining the ratio 
of the total mass of the nanoparticles to the mass 
of the surrounding medium. For this purpose, the 
volume and known density of each spherical nanopar-
ticle were used to calculate the total particle mass. 
Subsequently, the mass of the cubic medium was 
obtained using its volume and density. These two 
values were then used to express the concentration in 
mg/g. The size of the radiation beam must be at least 
10 times larger than the NP size to effectively track 
the secondary electrons produced by the NPs [15]. 

Otherwise, the dose enhancement factor (DEF) may 
vary signifi cantly. The radiation fi eld size was set 
to 1500 × 1500 nm². The distance from the source to 
the lattice surface is 1100 nm. Additionally, dose 
variations in surrounding tissues due to the presence 
of NP-Gs were analyzed. The dose measurement 
points examined are shown as 1, 2, 3, 4, 5, and 6 in 
Fig. 1. Point 5 is positioned in front of the phantom 
along the beam direction, while point 6 is located 
behind the phantom along the beam’s exit direction. 
Points 1, 2, 3, and 4 are positioned laterally at equal 
distances around the phantom. 

In our study, simulations were modeled using 
the TOPAS interface for the geometric structure in 
Fig. 1 at photon energies of 80 keV, 250 keV, and 
3 MeV. The latest version of Geant4, Geant4-DNA, 
can model not only physical interactions but also 
chemical processes such as free radical production, 
diffusion, and DNA strand breaks [15]. Accurate 
defi nition of the physics package is crucial for MC 
simulations, especially at low energies and small 
scales. Since our simulations were conducted at 
the nanoscale to track the dose in cellular dimen-
sions and radiation interactions accurately, the 
g4em-dna_opt7 module of the Geant4 code was 
employed. To minimize uncertainties, the number of 
histories was set to 1 × 109. In the physics settings 
of the MC simulations, fl uorescent radiation, Auger 
effect, particle-induced X-ray emission (PIXE), and 
Auger cascade interactions were activated. Since 
the study requires a large number of simulations, 
computation times can be very high. Powerful 
workstations are needed to minimize computation 
times and uncertainty. The workstation used in this 
study was supported by Research Fund of the Van 
Yüzüncü Yıl University project no. 11418. The ma-
terials representing normal tissue in the simulation 
were composed of 76.2% oxygen, 2.6% nitrogen, 
11.1% carbon, and 10.1% hydrogen, as defi ned by 
the International Commission on Radiation Units 
and Measurements (ICRU) [41]. The DEF is used 
to evaluate the effectiveness of NPs in radiotherapy. 
DEF is defi ned as the ratio of the dose measured 
with NPs to the dose measured without NPs. This 
value can vary depending on the location, concentra-
tion, and properties of the NPs [2]. In simulations 
conducted with and without NPs, beam geometry 
and physics parameters were adjusted identically 
across all MC codes. 

Fig. 1. Three different nanoparticles sizes in the Lattice Box: A – 20 nm, B – 28.4 nm, C – 50 nm. 
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Results 

For NP-G sizes of 20 nm, 28.4 nm, and 50 nm 
within the lattice, the DEF values for 80 keV pho-
ton energy were found to be 1.0615, 1.2222, and 
2.2874, respectively. For 250 keV photon energy, 
these values were measured as 1.0843, 1.1493, and 
2.0350, respectively. For 3 MeV photon energy, the 
DEF values were determined to be 0.9923, 1.0856, 
and 1.4724, respectively. The results clearly show 
that as the NP-G size increases, the DEF values also 
increase. Although the interaction cross-section is 
lower at MeV photon energy levels, the results still 
indicate an increase in dose due to the presence 
of NPs in the medium. Studies have shown that 
the dose increase observed at these energy levels 
is due to the interaction of NPs with secondary 
radiation produced by the ionization of the water 
environment [2, 27]. At MeV energy levels, while 
the cross-sections for Compton scattering and pair 
production increase slightly, the DEF remains low 
due to the reduced photoelectric effect. Electrons 
generated at these levels do not signifi cantly contrib-
ute to the dose, so substantial dose enhancement is 
not expected in this range. Additionally, a study by 
Robar et al. demonstrated that the removal of the 
fl attening fi lter in a linear accelerator device could 
enhance the effect of the low-energy component in 
the spectrum on dose enhancement [42]. The DEF 
values of nanoparticles of different sizes in the lat-
tice after applying different radiation energies are 
shown in Fig. 2. As the size of gold nanoparticles 
increases, the spread in dose enhancements becomes 
more apparent, as observed in the Fig. 2. 

When we examine the DEF values at the dose 
measurement point 5 in front of the phantom in the 
direction of the incident beam: for 80 keV photon 
energy, the DEF values for 20 nm, 28.4 nm, and 
50 nm NPs were measured as 1.0453, 1.0421, and 
1.3354, respectively. For 250 keV photon energy, 
these values were found to be 0.9286, 0.9585, and 
1.0487, respectively. For 3 MeV photon energy, the 
DEF values at this point were 1.0174, 1.0810, and 
1.0112, respectively. While the dose values at MeV 
photon energy levels varied when NPs were pres-
ent, the results clearly show that for 80 keV photon 
energy with 50 nm NPs, the dose was signifi cantly 
higher. The DEF values obtained at measurement 
point 5 are shown in Fig. 3. 

DEF values of the dose measurement point 6 
behind the phantom at the exit point of the beam 
direction: for 80 keV photon energy, the DEF values 
for 20 nm, 28.4 nm, and 50 nm NPs were 0.8576, 
0.9068, and 0.9843, respectively. For 250 keV pho-
ton energy, these values were measured as 0.9835, 
1.0054, and 1.0749. For 3 MeV photon energy, the 
DEF values at point 6 were 1.0628, 1.0368, and 
1.5236, respectively. The simulation results indi-
cate that for all NP sizes, the dose at the rear of the 
phantom increased with energy. The lowest DEF 
was observed at 80 keV with 20 nm NPs, while the 
highest was at 3 MeV with 50 nm NPs. The higher 
DEF at MeV photon energy levels is attributed to the 
deeper penetration of photons, leading to increased 

ionizations and more interactions compared to keV 
photon levels. The DEF values obtained at measure-
ment point 6 are shown in Fig. 4. 

Fig. 2. DEF values of nanoparticles of different sizes in 
the lattice under different energies. 

Fig. 4. DEF values obtained at measurement point 6 as 
a result of adding nanoparticles of different sizes to the 
medium. 

Fig. 3. DEF values obtained at measurement point 5 as 
a result of adding nanoparticles of different sizes to the 
medium. 
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The average DEF values for lateral points were 
also calculated from the simulation results. At 
80 keV photon energy, the average DEF values for 
20 nm, 28.4 nm, and 50 nm NPs were 1.0569, 
0.9764, and 1.1622, respectively. At 250 keV photon 
energy, the average DEF values were 1.0453, 1.1205, 
and 1.1188, respectively. For 3 MeV photon energy, 
the average DEF values were 1.1969, 0.9199, and 
1.0615, respectively. For 50 nm NPs, a decrease in 
the average DEF at lateral points was observed as 
the energy increased. For 20 nm NPs, the highest 
DEF values were measured at MeV energy levels. 
The lowest average DEF values at lateral points 
were observed for 28.4 nm NPs at MeV photon 
energy. The average DEF values obtained at lateral 
measurement points are shown in Fig. 5. 

Discussion and conclusion 

In this study, the contribution of NP-G to dose en-
hancement was investigated using the Monte Carlo 
TS algorithm. Additionally, the potential dose varia-
tions in the surrounding tissue resulting from the 
introduction of NP-G were analyzed. The study also 
demonstrated the signifi cant role of nanoparticle 
size in dose enhancement values. The number of 
atoms present in the tissue medium is lower than the 
number of atoms in the added nanoparticles. This 
excess in atomic number enhances photoelectric ef-
fects and increases Compton interactions as energy 
rises, leading to secondary particle production and 
an accumulation of higher doses in the medium. Al-
though larger nanoparticles were shown to provide 
greater dose enhancement, concluding that they are 
the best choice without considering other factors 
may not be accurate. Issues such as the biological 
uptake of nanoparticles by cells, toxicity related to 
size, and other biophysical effects need further in-
vestigation. The amount of dose reaching the points 
outside the lattice may be higher in the absence of 
NPs. Nanoparticles located close to the lattice sur-

face absorb more dose, leading to a decrease in the 
number of electrons reaching the surface boundary. 
This effect is more pronounced at low photon ener-
gies. The reason why the DEF value is less than 1 
at low energies can be attributed to this reason. As 
the energy and size increase, the DEF value will be 
greater than 1 because the number of secondary 
particles will increase and the NP boundary will 
approach the lattice surface. Even though an increase 
in DEF values was observed at MeV energy levels, 
these values might vary with a better understanding 
of biological effects such as cell cycle disruption, 
oxidative stress, and impaired DNA repair. Once in 
the body, NPs can also elicit an immune response. 
Factors such as cell cycle disruption, oxidative 
stress, impaired DNA repair, infl ammatory response 
and interference with cell signaling pathways can 
disrupt gene expression and promote cell death. 
This highlights the potential for developing new 
radiation methodologies, enabling more effective 
treatments. Interdisciplinary studies are essential 
to evaluate these factors in clinical applications. 
The underlying mechanisms causing dose enhance-
ment following nanoparticle addition remain to be 
fully elucidated. Several considerations need to 
be addressed for selecting appropriate nanoparticles, 
including the material type, size, shape, surface 
coatings, clearance from the liver, potential toxicity, 
cellular uptake, and biological responses. Nano-
technology holds the potential to make signifi cant 
contributions to the fi eld of radiotherapy. MC simu-
lations evaluating the effects of NPs in radiotherapy, 
the physical interaction phase is the most decisive 
component. This stage includes phenomena such 
as the photoelectric effect, Compton scattering, and 
Auger electron production, which directly determine 
the increase in dose within the medium. Particularly 
when high atomic number NPs interact with low-
-energy X-rays, photoelectric events dominate and 
lead to signifi cant dose enhancement. In contrast, 
the chemical and biological phases (e.g., free radical 
formation and DNA damage) are modeled subse-
quently or indirectly, and are often excluded due to 
the high computational cost of simulating them in 
full detail. Although toolkits like Geant4-DNA can 
model these processes, most studies remain limited 
to the physical phase alone. This implies that MC 
simulations primarily estimate the physical dose 
enhancement, rather than the full biological impact. 
However, literature has reported a strong correla-
tion between increased physical dose and enhanced 
biological effect, suggesting that focusing on the 
physical phase can still offer meaningful predictions 
of treatment effectiveness [43]. Nonetheless, for a 
more comprehensive evaluation, it is recommended 
that the chemical and biological processes also be 
taken into account alongside physical interactions. 
This study offers valuable insights into nanoparticle-
-assisted radiation applications, including optimal 
nanoparticle size and applicable energy levels. By 
enhancing our understanding of the effects on tis-
sues beyond the tumor and within the surrounding 
environment, it aims to provide critical information 
for researchers in the fi eld and make a meaningful 

Fig. 5. The average DEF values obtained at lateral mea-
surement points as a result of adding nanoparticles of 
different sizes to the medium. 
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contribution to the literature. The fi ndings of this 
study could also serve to accelerate experimental 
research and facilitate future advancements. 
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