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H I G H L I G H T S

• Monte Carlo simulations assessed nanoparticle-induced dose enhancement in proton therapy at the cellular level.
• Dose enhancement increased linearly with nanoparticle concentration and decreased nonlinearly with size.
• Gold nanoparticles produced the highest dose enhancement compared to hafnium and iron oxides.
• The cytoplasm exhibited higher dose enhancement compared to the nucleus.
• Dose enhancement in proton therapy depends on nanoparticle material, size, and concentration.

A B S T R A C T

Proton therapy is an effective cancer treatment due to its precise dose distribution
and the presence of the Bragg peak. The incorporation of high-Z nanoparticles has
emerged as a promising strategy to further enhance local dose deposition in tumor
cells. This study aims to evaluate the dose enhancement effect of metal and metal oxide
nanoparticles in cellular environments under proton irradiation. Monte Carlo simulations
were performed using the GEANT4 toolkit with the GEANT4-DNA extension to model
proton interactions at the microscopic scale. The influence of nanoparticle material (gold,
iron oxide, and hafnium oxide), concentration (10-90 mg.ml−1), and size (5-25 nm) on
the dose enhancement ratio in the nucleus and cytoplasm of a single cell was investigated.
Results show that the dose enhancement ratio (DER) increased linearly with nanoparticle
concentration, while increasing nanoparticle size caused a nonlinear decrease in the
DER. Among the studied nanoparticles, gold nanoparticles showed the highest dose
enhancement due to their higher atomic number and density. Nanoparticle type, size,
and concentration are critical factors for maximizing dose enhancement in proton ther-
apy, with gold nanoparticles offering the greatest potential to increase therapeutic efficacy.
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1 Introduction

Cancer is a leading cause of global mortality, with pro-
jections indicating a sharp rise in incidence to 35 million
annual cases by 2050, necessitating advanced therapeutic
strategies (He et al., 2025). Among the emerging precision
radiation modalities, proton beam therapy stands out for
its ability to address this growing burden through superior
tumor targeting and reduced toxicity.

Proton beam therapy represents a significant advance-
ment in this regard. Its physical superiority over conven-
tional photon therapy is due to the Bragg peak, which
enables maximal dose deposition within the tumor while
sparing surrounding healthy tissue (Mohan, 2022; Ra-

maekers et al., 2011; Alamgir et al., 2025). To further en-
hance tumor dose, high-atomic number (high-Z) nanopar-
ticles are employed as radiosensitizers (Cunningham et al.,
2021; Taheri et al., 2024; Rashid et al., 2025).

The combination of proton therapy with nanoparticle
radio sensitization holds particular promise for improv-
ing therapeutic outcomes by amplifying local dose depo-
sition through secondary electron production and reactive
species generation. The efficacy of this approach depends
critically on parameters such as nanoparticle material,
concentration, and beam energy. Given the practical chal-
lenges of experimental proton beam studies, Monte Carlo
simulation provides an essential virtual platform for their
systematic investigation (Behrouzkia et al., 2019; Sah and
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Antosh, 2019).

Several key simulation studies have shaped this field.
For instance, Sotiropoulos et al. (Sotiropoulos et al., 2017)
employed the GEANT4 toolkit with the GEANT4-DNA
extension to simulate a cellular model and calculate the di-
rect proton damage with and without gold nanoparticles.
Similarly, Rudek et al. (Rudek et al., 2019) used this ex-
tension to study gold nanoparticles in the cytoplasm under
proton and carbon irradiation, reporting a maximum dose
enhancement below 4%. In contrast, Peukert et al. (Peuk-
ert et al., 2020) observed a dramatically higher dose en-
hancement ratio (DER) exceeding 400% in their GEANT4
simulation, a result they attributed to their specific geom-
etry and source definition. This stark discrepancy high-
lights a critical issue: methodological choices drastically
influence outcomes. Studies vary widely in their fun-
damental approach- some model a single cell (Mohseni
et al., 2020; Tabbakh, 2024), while others focus on a sin-
gle nanoparticle (Kwon et al., 2016; Mansouri et al., 2024).
Even within the latter category, the simulation setup dif-
fers, with primary particles emitted either from within the
nanoparticle or from the surrounding medium. As noted
by Taheri et al. (Taheri et al., 2023), all these methodolog-
ical variations contribute significantly to the inconsistent
results reported across the literature.

However, a critical review reveals considerable discrep-
ancies in the reported DER values across studies, rang-
ing from modest enhancements (<4%) to several hun-
dred percent increases. These discrepancies are largely
attributable to non-standardized and often incompara-
ble simulation geometries, source definitions, and dose
calculation methods (Peukert et al., 2020; Taheri et al.,
2023). This lack of a consistent benchmark makes it diffi-
cult to draw definitive conclusions about nanoparticle ef-
ficacy. Moreover, although gold nanoparticles have dom-
inated the literature, comparative studies on metal ox-
ide nanoparticles (e.g., HfO2 and Fe2O3) -which offer po-
tential advantages in biocompatibility, cost-effectiveness,
stability, and clinical translatability- remain scarce in the
context of proton therapy, with very few dedicated inves-
tigations (Alamgir et al., 2024). Consequently, there is a
clear need for a controlled, systematic investigation that
directly compares these promising metal oxides with the
gold (Au) under identical simulation conditions.

To address these methodological inconsistencies and
the lack of comparative data for metal oxides, a con-
trolled and systematic investigation was conducted. The
GEANT4 toolkit was employed to directly compare the
dose enhancement performance of conventional gold (Au)
nanoparticles against two metal oxide nanoparticles -
hafnium oxide (HfO2) and iron oxide (Fe2O3)- under the
same conditions. A more realistic cellular model was
adopted, featuring nanoparticles uniformly distributed in
the cytoplasm to better reflect biological uptake patterns
observed in experimental studies. The DER for both the
cell nucleus and the cytoplasm was evaluated separately
across a range of proton beam energies (1, 5, 8, 10, and
15 MeV) and different therapeutic nanoparticle concentra-
tions (10, 20, 30, 50, and 70 mg.ml−1) with nanoparticle
sizes (5, 10, 15, 20, and 25 nm). The primary novelty

of this work lies in its head-to-head comparison, which
aims to establish a clear benchmark and provide action-
able insights for selecting the most effective nanoparticle
type based on specific proton energy and concentration,
thereby guiding future experimental designs and potential
clinical translation.

2 Materials and Methods

2.1 Monte Carlo Simulation Tool

In this study, the Monte Carlo tool GEANT4 version 11
was used. The GEANT4 toolkit is a powerful and free tool
for simulating particle tracking in materials, offering nu-
merous capabilities, including the simulation of complex
geometries, electric and magnetic fields, and nanoscale
modeling (Allison et al., 2016). This code has been val-
idated in numerous studies, particularly in radiobiology,
medical physics, and dosimetry, and has become a reliable
tool for simulations related to radiotherapy. To implement
physical models at very low energies, the GEANT4-DNA
extension was employed. GEANT4-DNA is a comprehen-
sive extension of the GEANT4 toolkit, developed for ra-
diobiological applications. Many studies have utilized this
extension to calculate DNA damage and model DNA re-
pair processes, as reported in published articles (Kyriakou
et al., 2021; Carbone et al., 2025).

2.2 Cell and Nanoparticle Definition

The cell geometry was defined in a simplified manner, ex-
cluding DNA components, and consisted of two parts: the
nucleus and the cytoplasm. According to (Rudek et al.,
2019), a spherical cell with a diameter of 0.54 µm, made
of water (1 g.cm−3), was considered as the human cell nu-
cleus, and a spherical shell with a thickness of 0.9 µm, also
made of water, was defined as the cytoplasm surrounding
the nucleus. Since the aim of this study is to calculate
the DER resulting from the presence of various nanopar-
ticles for proton sources, more complex geometries were
not considered.

The nanoparticles were defined as spherical with di-
ameters of 5, 10, 15, 20, and 25 nm and were randomly
distributed within the cytoplasm volume. Several con-
centrations commonly used in clinical settings, including
10, 20, 50, 70, and 90 mg.ml−1 for the nanoparticles,
were considered, as frequently reported in many studies
(Akhdar et al., 2022; Chen et al., 2020; Lin et al., 2015; Liu
et al., 2015), since lower concentrations exhibit reduced
biological effects. These five concentrations correspond
to 0.1%, 0.2%, 0.5%, 0.7% and 0.9% by weight, respec-
tively. Additionally, three different nanoparticle materials
were considered: gold (19.3 g.cm−3), hafnium oxide (9.68
g.cm−3), and iron oxide (5.23 g.cm−3). Gold nanoparti-
cles are preferred due to their unique characteristics. De-
spite their relatively high cost, their high electron density,
tunable size, ease of synthesis, low cytotoxicity, effective
tumor-targeting capability, and chemical stability render
them among the most promising metallic nanoparticles for
biomedical applications (Cao et al., 2024; Shrestha et al.,
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Figure 1: (a) View of the cell geometry in GEANT4. (b) View of the cell with nanoparticles incorporated into the cytoplasm.

2016). Hafnium oxide nanoparticles have also attracted
increasing attention due to their stability, biocompatibil-
ity, and selective tumor uptake. For instance, Gerken et
al. reported in vitro that these nanoparticles notably im-
prove dose deposition and catalytic effects under photon
and proton irradiation (Gerken et al., 2022). Finally, iron
oxide was investigated in this study owing to its favorable
biocompatibility, low cost, and widespread use in radio-
therapy. Notably, Ma et al. demonstrated the enhanced
radiobiological effects of magnetic nanoparticles on pan-
creatic cancer cells (BxPC3) within a combined proton
therapy and hyperthermia framework (Ma et al., 2024).
Their results showed that magnetic nanoparticles signifi-
cantly increased radio sensitivity, leading to reduced can-
cer cell survival, elevated DNA damage, and increased
production of cytotoxic reactive oxygen species (ROS),
thereby markedly enhancing cancer cell mortality.

All nanoparticles were randomly distributed through-
out the cytoplasm. To represent the case without nanopar-
ticles, the nanoparticle material was considered as water
to match the composition of the cytoplasm. Due to the
different densities of the nanoparticles, the number of par-
ticles introduced into the cytoplasm varied for each desired
concentration. Tables 1 to 3 present the number of each
nanoparticle type, categorized by material, density, and
concentration.

Figure 1 illustrates the cell geometry in GEANT4,
where the red sphere represents the cell nucleus and the
green shell represents the cytoplasm (a). In part (b) of
the figure, the same cell is shown with the presence of
nanoparticles (1000 particles), which were randomly dis-
tributed throughout the cytoplasm volume.

2.3 Radiation Source Definition

Monoenergetic proton beams with energies of 1, 5, 8, 10,
and 15 MeV were defined as the radiation source. The
beam was modelled as a circular surface source with a di-
ameter equal to that of the cell (0.9 µm), emitted from
the left toward the cellular model. Although a spread-out
Bragg peak (SOBP) is used clinically for tumor treatment,
monoenergetic protons were employed in this study since

the target volume is a single small cell. The energy range
was selected to cover the energies present within the SOBP
region. In fact, within the SOBP, the proton energy spec-
trum ranges from a few keV up to several tens of MeV. In
this study, the most probable energies within the SOBP,
as reported by Martinez and colleagues (Mart́ınez-Rovira
and Prezado, 2015), were chosen. Therefore, these data
can be reasonably used to support preclinical studies. The
approach of selecting multiple monoenergetic protons in-
stead of an SOBP has been validated in published studies
(Rajabpour et al., 2022; Tabbakh, 2024). A total of 10
million protons were simulated, which reduced the statis-
tical error to less than 0.1%.

2.4 Physics of the Problem

In this simulation, two physics lists were implemented si-
multaneously. One was the physics list known as DNA
Physics, covering interactions within the cellular envi-
ronment, and the other was the Livermore model, cov-
ering interactions within the nanoparticle environment.
For defining DNA physics, the G4EmDNAPhysics option2
class was used, which includes comprehensive micro-
scopic and nanoscopic interactions for protons and sec-
ondary electrons. This data library is based on the
track-structure algorithm and contains prebuilt phys-
ical models with appropriate cross sections for par-
ticle transport at low energies and at the nanome-
ter scale. To define electron interactions, the fol-
lowing models were employed: G4DNABornExcitation
for electronic excitation, G4DNAChampionElastic for
elastic scattering, G4DNAMeltonAttachment for ioniza-
tion, G4DNABornIonisation for molecular attachment,
and G4DNASancheExcitation for vibrational excitation
(Polopetrakis et al., 2025). The secondary particle pro-
duction cutoff in the DNA physics model was set to 1 nm,
indicating that all secondary particles with ranges shorter
than 1 nm are not transported. The minimum energy con-
sidered in the G4EmDNAPhysics option2 model was 7.4
eV, as energies below this threshold do not have sufficient
ionization potential in water. Since the dose calculation
in this study corresponds only to the physical stage, the



U
nc

or
re

ct
ed

P
ro

of

P. Bidokhti et al. Radiation Physics and Engineering 2026; ?(?):?–?

Table 1: Total number of Au nanoparticles simulated in the cellular model, categorized by material, diameter, and concentration.

Diameter (nm) Number of NPs
\Concentration (mg.ml−1) 10 20 50 70 90

5 3019 6038 15094 21131 27168
10 378 755 1887 2642 3396
15 112 224 559 783 1007
20 48 95 236 331 425
25 25 49 121 170 218

Table 2: Total number of Fe2O3 nanoparticles simulated in the cellular model, categorized by material, diameter, and concen-
tration.

Diameter (nm) Number of NPs
\Concentration (mg.ml−1) 10 20 50 70 90

5 11216 22431 56077 78508 100939
10 1402 2804 7010 9814 12618
15 416 831 2077 2908 3739
20 176 351 877 1227 1578
25 90 180 449 629 808

Table 3: Total number of HfO2 nanoparticles simulated in the cellular model, categorized by material, diameter, and concentra-
tion.

Diameter (nm) Number of NPs
\Concentration (mg.ml−1) 10 20 50 70 90

5 6025 12050 30124 42174 54224
10 754 1507 3766 5272 6778
15 224 447 1116 1562 2009
20 95 189 471 659 848
25 49 97 241 338 434

pre-chemical and chemical stages were not simulated.

For defining the physics of interactions within
the nanoparticles, the Livermore model based on the
condensed-history algorithm was employed. Since DNA
physics is not available for secondary photons, the same
Livermore model was applied throughout the cell. The
secondary particle production cutoff in the Livermore
model was also set to 1 nm. Although new cross-section
data, referred to as DNA physics, have been developed
for gold at the nanometer scale (Polopetrakis et al.,
2025), because one of the objectives of this study is
to compare nanoparticles of different materials, iden-
tical physical conditions needed to be applied for all
cases to ensure a reliable comparison. Therefore, the
new cross-section data were not used, and the Liver-
more model was applied consistently for all cases. An
innovation introduced in the physics modelling is the
inclusion of hadronic models within the nanoparticles.
Since heavy charged particles are involved, nuclear in-
teractions between protons and the atomic nuclei of
the nanoparticles are possible, which can lead to the
emission of additional secondary particles. Therefore,
in addition to standard electromagnetic physics, the
QGSP BIC base class was used as the reference physics.
This physics class includes models for elastic and in-
elastic nuclear interactions (G4HadronPhysicsQGSP BIC
and G4HadronElasticPhysics), neutron interac-
tions (G4NeutronTrackingCut), ion interactions
(G4IonPhysics), stopping interactions (G4StoppingPhysics
FritiofWithBinaryCascade), and decay processes

(G4DecayPhysics) (Incerti et al., 2010). Decay physics
is necessary to enable the emission of characteristic X-
rays or Auger electrons following the excitation of target
atoms.

2.5 Calculation of the DER

For all simulation cases, the DER was calculated using Eq.
(1) (Tsiamas et al., 2013). This ratio is defined as the ab-
sorbed dose in the cytoplasm and nucleus in the presence
of nanoparticles divided by the dose in the same volume
with water nanoparticles.

DER =
DNP

DWNP
(1)

In this equation, DNP represents the absorbed dose in
each target volume (nucleus or cytoplasm) in the presence
of a nanoparticle made of any material other than water,
while DWNP denotes the dose in the same target volume
when the nanoparticle is assumed to be made of water.
For simulation validation, the data reported by Rudek et
al. (Rudek et al., 2019) were used. In this validation
setup, the cell was irradiated with 10 MeV protons, and
a high nanoparticle concentration of 500 mg.ml−1 (as re-
ported in the reference) was applied. The DER values
calculated in this study were subsequently compared with
the reference results. All simulations were performed on
a high-performance computing system equipped with 16
CPU threads and 32 GB of RAM.
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Table 4: Comparison of DER for the cytoplasm and the cell
nucleus induced by 10 MeV protons in this study and Rudek
et al (Rudek et al., 2019).

Region
DER

Difference (%)
Present study Rudek et al.

Nucleus 1.019 1.020 0.070%
Cytoplasm 1.035 1.034 0.100%

3 Results

3.1 Validation

Table 4 presents the DER values for both the cytoplasm
and the nucleus. In this configuration, the gold nanoparti-

cles were assumed to have a concentration of 500 mg.ml−1

and a diameter of 10 nm. The error bars represent a max-
imum statistical uncertainty of 1%. As shown in Table 4,
there is an excellent agreement (maximum differences are
about 0.1%) between the results obtained in this study
and those reported by Rudek et al. (Rudek et al., 2019).

3.2 DER as a Function of Nanoparticle Concen-
tration

Figures 2 and 3 present the DER values for proton beams
at different energies in the presence of gold nanoparticles
with a diameter of 5, 10, 15, 20, and 25 nm and concentra-
tions of 10, 20, 50, 70, and 90 mg.ml−1 in the cytoplasm
and the nucleus, respectively. In all these plots, the error

Figure 2: DER at different proton energies for 5, 10, 15, 20, and 25 nm gold nanoparticles at concentrations of 10, 20, 50, 70,
and 90 mg.ml−1 in (a, b, c, d, e) the cytoplasm.
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Figure 3: DER at different proton energies for 5, 10, 15, 20, and 25 nm gold nanoparticles at concentrations of 10, 20, 50, 70,
and 90 mg.ml−1 in (a, b, c, d, e) the nucleus.

bars represent a maximum uncertainty of 0.05%.

Figures 2 and 3 illustrate that the DER increased with
nanoparticle concentration in both the cytoplasm and the
nucleus for all energies. In addition, the results reveal
that the highest DER enhancement is observed in the cy-
toplasm at 15 MeV and in the nucleus at 5 MeV. This
trend holds for all nanoparticle sizes investigated.

3.3 DER as a Function of Nanoparticle Size

To investigate the DER as a function of nanoparticle size,
only a concentration of 90 mg.ml−1 was considered. Fig-
ure 3 shows the DER values for proton beams at differ-
ent energies in the presence of gold nanoparticles at 90
mg.ml−1 with varying diameters of 5, 10, 15, 20, and 25
nm.

As shown in Fig. 4, the DER values depend on the
nanoparticle size and decrease as the nanoparticle diame-
ter increases.

3.4 DER as a Function of Nanoparticle Material

Gold nanoparticles, hafnium oxide, and iron oxide were
compared. To investigate the effect of nanoparticle mate-
rial on DER, only a concentration of 90 mg.ml−1 and a
diameter of 5 nm were selected. This choice was made to
allow a comparison of the maximum DER values. Figure
5 presents the results of this comparison for the energies
investigated.

As the results show, gold has the maximum DER value
at all energies and throughout the entire cell.
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Figure 4: DER for gold nanoparticles at a concentration of 90 mg.ml−1 with different diameters at various proton energies in
(a) the cytoplasm and (b) the nucleus.

Figure 5: DERs for gold, hafnium oxide, and iron oxide nanoparticles at a concentration of 90 mg.ml−1 and a diameter of 5 nm
at different proton energies in (a) the cytoplasm and (b) the nucleus.

4 Discussion

Several key parametric trends were elucidated. Regarding
cellular compartments, the DER was consistently higher in
the cytoplasm than in the nucleus, which directly reflect-
ing the exclusive cytoplasmic localization of the nanoparti-
cles in this model. This underscores the principle that dose
enhancement is largely confined to the site of nanoparticle
presence.

A clear dependence on nanoparticle concentration and
size was observed, governed by distinct physical mecha-
nisms. As shown in Figs. 2 and 3, the DER increased
nearly linearly with nanoparticle concentration, in good
agreement with prior studies (Rudek et al., 2019). This
near-linear trend is a direct consequence of the propor-
tional increase in the total mass and number of high-Z
atoms within the irradiation volume at higher concentra-
tions. A greater number of nanoparticles provides a corre-
spondingly larger macroscopic cross-section for interaction
with incident protons, leading to enhanced production of
secondary electrons and increased local energy deposition.
Conversely, as shown in Fig. 4, the DER exhibited a
pronounced non-linear decrease with increasing nanopar-

ticle diameter, with 5 nm emerging as a potentially opti-
mal size. This inverse relationship stems from geometric
and statistical factors at a fixed concentration (mass per
unit volume). For a given concentration, the density of
nanoparticles decreases cubically with increasing diame-
ter. Fewer, more widely spaced nanoparticles result in a
lower probability of a proton track intercepting a nanopar-
ticle during its traversal through the cytoplasm. Conse-
quently, despite the increased individual interaction prob-
ability of a single larger nanoparticle, the overall macro-
scopic interaction probability across the irradiated volume
is reduced, leading to a lower dose enhancement. This ob-
servation aligns with findings by Peukert et al. (Peukert
et al., 2020), highlighting the critical trade-off between
nanoparticle size and density.

Based on the plots presented in Fig. 5, which com-
pare DER values for proton beams in the presence of
gold, hafnium oxide and iron oxide nanoparticles, it is
evident that gold nanoparticles provide the greatest en-
hancement of cellular dose. The superior performance of
gold compared to other metals can be attributed to its
exceptionally high density and atomic number. Higher
density and atomic number increase the probability of in-
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teractions with primary particles, resulting in a higher de-
posited dose. Upon entering the target volume, protons
undergo multiple scattering events, leading to the loss of
part of their kinetic energy, with the mediums density and
atomic number being key factor in proton slowing down.
Therefore, nanoparticles with a high atomic number, such
as gold, interact more strongly with incident protons and
generate a large number of secondary electrons through
atomic ionization. This leads to a significant reduction in
proton energy as they traverse the nanoparticles, thereby
increasing the dose delivered to the target region (Tab-
bakh, 2024). To further clarify the material-dependent
interaction behavior of protons, Figure 6 presents the
stopping power of protons in water, gold, hafnium oxide,
and iron oxide as a function of proton energy. In proton
therapy, unlike low-energy photon irradiation, where the
photoelectric cross section exhibits a strong Z4 − Z5 de-
pendence (Khan and Gibbons, 2014; Attix, 1986), proton
energy loss in the MeV range is predominantly governed
by Coulomb interactions with atomic electrons (electronic
stopping), while nuclear interactions contribute to a lesser
extent (Ziegler et al., 2010). The stopping power (dE/dx)
represents the cumulative effect of these microscopic in-
teraction cross sections and therefore provides a physi-
cally meaningful basis for comparing different materials
in terms of energy transfer efficiency (Attix, 1986; Knoll,
2010).

As shown in Fig. 6, gold exhibits the highest stopping
power across the investigated energy range, while hafnium
oxide and iron oxide show progressively slightly lower val-
ues. In the low-energy region (1-15 MeV), correspond-
ing to the proton energies simulated in this study, elec-
tronic stopping dominates, and material-dependent differ-
ences are most pronounced for gold. The higher stopping
power of gold results in enhanced local energy transfer
and increased production of secondary electrons near the
nanoparticles. The observed hierarchy (Au > HfO2 ≈
Fe2O3) aligns with the DER trends obtained in this work,
providing a robust physical explanation for the superior
dose enhancement associated with gold nanoparticles.

Figure 6: Proton stopping power in water, Au, HfO2, and
Fe2O3.

A critical interpretation of these modest DER val-
ues must first acknowledge the inherent limitation of the
macroscopic dose enhancement ratio (DER) as the sole
metric for evaluating nanoparticle efficacy. The DER, as
calculated in this and similar Monte Carlo studies, quanti-
fies the average increase in absorbed dose within a macro-
scopic volume (e.g., the cell nucleus or cytoplasm). While
it accurately captures the contribution from proton slow-
ing and the generation of secondary electrons via ioniza-
tion, this macroscopic average inherently homogenizes and
thus underestimates the highly localized and potentially
biologically more effective energy deposition occurring at
the nanoscale, immediately surrounding each nanopar-
ticle. Phenomena such as localized increases in LET,
elevated concentration of radical species, and nanoscale
dose clustering -effects that have been implicated in the
therapeutic enhancement observed in experimental stud-
ies (?Behrouzkia et al., 2019) are not resolved by the DER
metric. Therefore, the modest macroscopic DER reported
here does not preclude significant radiobiological enhance-
ment at the cellular level.

A systematic comparison was performed in this
study to establish a controlled benchmark for evaluat-
ing nanoparticle-enhanced proton therapy. While absolute
DER values in our simplified single-cell model remained
modest -peaking at approximately 1.8% for 15 MeV pro-
tons at 90 mg.ml−1- this is consistent with several prior
Monte Carlo simulation studies (Rudek et al., 2019; Cun-
ningham et al., 2021). Therefore, the present work es-
tablishes a robust controlled benchmark under identical
simulation conditions, providing a clear parametric rank-
ing of nanoparticle efficacy (Au > HfO2 ≈ Fe2O3) and
identifying optimal parameters such as small diameter (5
nm) and high concentration (90 mg.ml−1). This system-
atic approach offers valuable guidance for the design of
future experimental and clinical translation studies.

It is important to acknowledge the limitations of this
computational study. A direct radiobiological assessment
-such as quantifying DNA damage or cell survival- was be-
yond its scope, as these endpoints depend on complex bio-
logical responses not captured by physical dose deposition
alone. This focus on physical dose is consistent with prior
simulation work, which has indicated that the increase in
direct DNA damage from the physical dose enhancement
of gold nanoparticles in proton therapy may be negligible
(Sotiropoulos et al., 2017). This finding further under-
scores the central argument of the present discussion: the
macroscopic DER is an incomplete predictor of biological
outcome. The potential for significant biological enhance-
ment likely resides in the non-linear and spatially con-
centrated effects at the nanoscale (e.g., clustered damage,
radical concentration) that are not resolved by the DER
metric, reinforcing the need for the integrated multi-scale
research trajectory outlined below.

5 Conclusions

In this GEANT4-based simulation study, the effects of
various nanoparticle parameters on cellular dose enhance-
ment (in both the cytoplasm and nucleus) under proton
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irradiation were systematically investigated. The findings
indicate that the incorporation of nanoparticles can in-
crease the dose received by cells; however, the extent of
this enhancement strongly depends on the nanoparticle
material, concentration, and size. Among the nanoparti-
cles examined, gold exhibited the most pronounced dose-
enhancing effect, which can be attributed to its higher
atomic number and density. Although the absolute dose
enhancement values were relatively small at clinically rel-
evant concentrations, the results provide valuable insights
for optimizing treatment parameters to maximize the ther-
apeutic efficacy of proton therapy.

Compared to our previous MCNP-based study
(Bidokhti et al., 2025), the use of GEANT4 together
with the GEANT4-DNA extension in the present work
allowed for a more detailed track-structure description of
proton interactions at nanometric scales. The ability of
GEANT4-DNA to model the physical, physio-chemical,
and chemical stages of energy deposition enabled a more
realistic representation of secondary electron production
around nanoparticles, thereby improving the accuracy of
nanoscale dose predictions.

Furthermore, these findings suggest that careful selec-
tion of nanoparticle properties could allow for targeted
dose escalation within tumor cells while minimizing ef-
fects on surrounding healthy tissue. To build upon this
work, future studies should incorporate radiobiological as-
sessments, such as DNA damage evaluation and cell sur-
vival assays, as well as experimental validation to confirm
the simulation predictions. Overall, this study highlights
the potential of nanoparticle-assisted proton therapy as a
promising strategy for improving treatment outcomes in
hadron therapy.
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