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ABSTRACT

Objective(s): Integrating magnetic resonance imaging (MRI) with proton therapy holds significant promise for
enhancing treatment efficacy. Magnetic nanoparticles (MNPs), such as gadolinium and superparamagnetic iron oxide
nanoparticles (SPIONs), are well-known for improving tissue contrast in MRI. In this study, we investigate the
potential of core—shell nanoparticles (Au@MNPs) as agents that can enhance the delivery of therapeutic doses to
targeted tissues. Specifically, we examine how variations in core diameter and shell thickness, using either gadolinium
oxide (Gd,Os3) or SPION shells, influence dose enhancement.

Materials and Methods: A simulated proton beam with a weighted energy spectrum—representing both primary and
secondary protons within the Spread-Out Bragg Peak (SOBP) region—was used to irradiate the nanoparticles. The
energy deposited within the nanoparticles, as well as the phase space of surrounding secondary particles, was evaluated.
Key parameters, including energy efficiency, total energy release, and the number of secondary electrons, were
analyzed to compare the performance of various nanoparticle designs.

Results: Our findings indicate that incorporating a gold core is advantageous for thin magnetic layers (<15 nm), as it
enhances the dose around the nanoparticle while maintaining a size compatible with MRI applications (<20 nm). In
contrast, for thicker magnetic layers (greater than 20 nm), a larger gold core diameter is required to achieve effective
dose enhancement.

Conclusion: These results suggest that embedding a gold core with a diameter of less than 15 nm within MRI-
compatible nanoparticles is a promising strategy for enhancing dose delivery in proton therapy. Further studies are
warranted to investigate the impact of core—shell nanoparticles on magnetic properties, which are critical for their
theranostic potential.

Keywords: Theranostic nanomedicine, Radiosensitizing agents, Proton therapy, Magnetic Resonance imaging, Metal
nanoparticles, Monte Carlo method.
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(Gd)-based nanoparticles—exhibit high
biocompatibility and tunable surface properties [4].
These characteristics, along with their intrinsic
magnetic properties, make them promising

INTRODUCTION
MRI-guided proton therapy represents a
significant advancement in cancer treatment by

synergistically combining the characteristic Bragg
peak profile of proton beams with the real-time
imaging capabilities of magnetic resonance imaging
(MRI) [1,2]. This integration enables highly
conformal dose delivery to tumor targets while
minimizing exposure to surrounding healthy
tissues, thereby supporting a more personalized
and potentially curative treatment approach [3].
Nanoparticles—particularly superparamagnetic
iron oxide nanoparticles (SPIONs) and gadolinium

candidates not only as T1 and T2 MRI contrast
agents but also for magnetic hyperthermia and
various other medical applications [5-8].

The fight against cancer has also highlighted a
critical role for metallic nanoparticles (NPs) in
radiation therapy [9,10]. By incorporating NPs into
radiotherapeutic protocols, researchers aim to
enhance treatment efficacy against cancer cells
while minimizing—or at least maintaining—the risk
of complications in healthy tissues [11]. A wide
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range of elements, from titanium (atomic number
22) to bismuth (atomic number 83), is currently
being investigated as potential dose-enhancing
agents in conventional photon-based radiotherapy
and ion therapy [12,13]. Although both SPIONs and
gadolinium-based magnetic nanoparticles (MNPs)
have been studied for their dose-enhancing
potential [14—17], gold nanoparticles (AuNPs) have
attracted significantly greater research interest due
to their advantageous combination of high atomic
number, high density, and excellent
biocompatibility [18-21]. Proton irradiation of NPs
can result in localized dose enhancement through
the generation of low-energy secondary electrons.
It is hypothesized that a substantial fraction of
these excess electrons, observed in the secondary
electron spectra emitted from the NPs, originates
from Auger electron emission processes [22,23].

SPIONs and gadolinium-based nanoparticles can
be simultaneously utilized for both imaging and
dose enhancement. Incorporating gold into these
nanoparticles further amplifies their dose-
enhancing capabilities. The integration of magnetic
nanoparticles with gold can take various structural
forms, one of which is the Au@MNP configuration,
where gold serves as the core and the magnetic
material forms the outer shell [24]. This theranostic
nanoparticle structure has been investigated for a
wide range of medical applications [25,26]. One
advantage of this hybrid design is that it largely
preserves the magnetic properties of the
nanoparticle, thereby maintaining its efficacy as an
MRI contrast agent [27]. Additionally, secondary
electrons generated in the gold core experience
less attenuation as they traverse the magnetic shell,
and electrons produced within the shell can also
directly contribute to dose enhancement.

A limited number of studies have investigated
the radiosensitizing properties of core—shell
nanoparticles, particularly in the context of
radiation therapy. To the best of our knowledge,
only two studies have specifically examined core—
shell structures for this purpose. Slama et al.
explored the potential of 8 nm Fe;0,@Au core—
shell nanoparticles to enhance radiation-induced
effects on redox status, pro-inflammatory markers,
and cell death in A549 human lung cancer cells [28].
In their study, megavoltage (MV) X-rays were
applied at a dose rate of 600 cGy/min, and the
results demonstrated that FesO,@Au nanoparticles
significantly increased the radiosensitivity of cancer
cells. In another study, Xu et al. employed Monte
Carlo simulations to evaluate the physical dose
enhancement of Fes0s@Au core—shell
nanoparticles (comprising a 60 nm Fe;0,4 core and
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a 20 nm Au shell) under irradiation with a 50 keV
photon beam [29]. Both studies confirmed the
potential of Fes0.@Au nanoparticles as effective
radiosensitizers. However, these investigations
were limited to X-ray irradiation, and date, no
research has addressed the radiosensitization
effects of core—shell nanoparticles in the context of
proton therapy. This gap underscores the novelty of
our current study, which aims to explore the
potential of core—shell nanoparticles for dose
enhancement in proton therapy.

Several methods have been successfully
developed for the synthesis of Au@MNP core—shell
nanostructures. For example, Orlando et al.
synthesized gold—maghemite (Au@y-Fe,03) core—
shell nanoparticles by nucleating an iron oxide shell
onto pre-synthesized gold seeds, resulting in
particles approximately 16 nm in diameter with a
4.7 nm outer shell [30]. Similarly, Lin and Doong
fabricated Au@Fe3;0,4 yolk—shell nanocatalysts via
thermal decomposition of iron pentacarbonyl,
yielding nanoparticles with diameters ranging from
8 to 15 nm and shell thicknesses of 2.0-2.4 nm [31].
Another approach, reported by Shevchenko et al.,
involved the random nucleation of iron onto pre-
formed gold nanoparticles through thermal
decomposition, producing Au@SPIONs with core
diameters of 4. 5 nm and shell thicknesses of 2.5—
3.3 nm [32].

Furthermore, Liu et al. prepared bifunctional
Au@Fe;04 hybrid core—shell nanoparticles by first
synthesizing Au nanoparticles via thermal
reduction, followed by the thermal decomposition
of Fe(acac)s; on the gold surface [33]. The resulting
particles exhibited an average diameter of 11 nm,
comprising an 8 nm gold core. Umut et al.
synthesized Au@Fe;0, hybrid nanoparticles as
potential MRI contrast agents using wet chemical
methods, producing particles with gold cores
ranging from 5 to 8 nm and an average overall
diameter of 15.9 nm [34]. Additionally, Oliveira-
Filho et al. synthesized Au@Fes30, core—shell
nanoparticles via thermal decomposition, yielding
nanocomposites with a 10.5 nm gold core and a
1.85 nm thick shell [35]. Felix et al. also investigated
Au@Fes0, core—shell nanoparticles fabricated
through thermal decomposition, resulting in
particles with a 6.9 nm gold core and a 3.5 nm Fe304
shell [36].

Collectively, these studies highlight the
versatility of core—shell nanoparticle synthesis
methods and demonstrate the potential for precise
control over core and shell dimensions to meet the
specific requirements of various biomedical
applications.
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The impact of core size and magnetic shell
thickness on the dose enhancement efficacy of
Au@MNP nanoparticles during proton
radiotherapy was investigated using Monte Carlo
simulations. This study examines the interplay
between the increased probability of proton
interactions and the self-absorption of secondary
electrons within the nanoparticle structure. While
enlarging the core and shell can improve the
likelihood of proton collisions, it may also intensify
intra-nanoparticle absorption of therapeutic
secondary electrons. Moreover, given the limited
tissue uptake of nanoparticles, their mass
concentration must be carefully optimized to
achieve the desired effect. Therefore, achieving a
balance among core size, shell thickness, and total
nanoparticle mass is essential for maximizing dose
deposition. In this work, we evaluate the dosimetric
performance of Au@MNP nanoparticles with
varying geometrical configurations under proton
irradiation using Monte Carlo methods. Due to the
inherent complexities involved, the magnetic
properties of these nanoparticles will be addressed
in future studies focused on synthesis and
characterization.

The subsequent sections outline the
methodology used to simulate a proton beam with
a weighted energy spectrum that reflects
interactions with nanoparticles at various depths
within the tumor. This approach accounts for
spatial variations in nanoparticle distribution within
the tumor microenvironment. Nanoparticles with

varying core sizes and shell thicknesses are
irradiated using this beam model, enabling the
extraction of key physical and dosimetric
parameters. The investigation further examines
how nanoparticle mass and energy efficiency
impact the formation of secondary particles and the
resulting yield of distinct chemical species. We
anticipate that these findings will offer valuable
guidance in optimizing the design of Au@MNP
hybrid theranostic nanoparticles, ultimately
supporting effective dose enhancement strategies
in proton therapy.

MATERIALS AND METHODS

In pencil beam scanning (PBS) proton therapy,
where nanoparticles are uniformly distributed
within the tumor volume, individual nanoparticles
are exposed to proton beams with varying energy
spectra. This variation arises from the stepwise
modulation of proton beam energy used to
sequentially target different depth layers within the
treatment volume. Such spectral heterogeneity
necessitates evaluating nanoparticle responses
across the full range of incident energies to ensure
optimal therapeutic efficacy. An ideal nanoparticle
design  would either exhibit  consistent
radiosensitizing performance at the average energy
and intensity of the proton beam or be optimized
to respond effectively to the weighted energy
spectrum characteristic of PBS irradiation
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Fig. 1. Simulation geometry and nanoparticle irradiation process. (a): Depth dose profile of proton beams in a water phantom. Thirty-
one phase-spaces within the SOBP were recorded at 1.0 mm intervals. (b): Energy spectrum of the proton particles recorded in the 31
phase-spaces in SOBP. (c) A disc-shaped proton source irradiates the nanoparticle. The descriptions of the different part of the
nanoparticle are shown at the bottom of the Fig. 1(c).
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Monte Carlo simulations were conducted using
the TOPAS and TOPAS-nBio toolkits [37—-39]. A total
of 31 phase spaces, each separated by 1 mm, were
extracted from a water phantom irradiated with
proton beams (Figure 1a). The proton beam energy
and the resulting spread-out Bragg peak (SOBP) are
illustrated in Figure 1a. All primary and secondary
protons within these phase spaces were
incorporated to construct a new proton beam with
a weighted energy spectrum, as shown in Figure 1b.
Subsequently, a disk-shaped proton source with a
diameter equivalent to the nanoparticle size was
defined and assigned the weighted energy
spectrum (Figure 1b) to simulate nanoparticle
irradiation. Protons from this source were emitted
in parallel and directed toward the nanoparticle
(Figure 1c). For each simulation, approximately 50
million incident protons were used as primary
histories.

The nanoparticles investigated in this study
consist of a gold core coated with a magnetic
component—either superparamagnetic iron oxide
(SPION) or gadolinium oxide (Gd,05)
nanoparticles—as illustrated in Figure 1c. A
comprehensive set of simulations was performed
using gold cores with eleven distinct diameters: 3,
5, 7,9, 12, 15, 20, 30, 40, 50, and 70 nm. The
thickness of the magnetic shell was varied across
tenvalues: 0, 5, 7, 10, 15, 20, 25, 30, 40, and 50 nm.
Simulations were conducted using the Livermore
low-energy physics model, configured with a 10-eV
threshold for secondary particle production and a
maximum step size of 1 nm. To accurately capture
the complete de-excitation cascade, Auger electron
emission, fluorescence, and proton-induced X-ray
emission (PIXE) were all included. Additionally, the
energy cutoff was bypassed during cascading
processes to ensure precise modeling of secondary
electron emissions.

Following this simulation step, data were
collected from three distinct phase spaces: (1) the
core—shell interface, capturing secondary particles
generated in the core and exiting into the magnetic
shell; (2) the outer nanoparticle surface, recording
secondary particles originating from both the core
and the shell, separated into two distinct datasets.
In addition, the total energy deposited by both
primary and secondary particles within the entire
nanoparticle (core + magnetic shell) was quantified.
For subsequent analysis, only electrons were
considered, as they are the most abundant and
influential contributors to local dose distribution
around the nanoparticle.

The collected data were used to generate
several visualizations, including the energy
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spectrum of secondary electrons, their total
number, and average energy, analyzed separately
for the core and the entire nanoparticle. To
evaluate the effect of core size and magnetic shell
thickness on dose enhancement efficacy around
the nanoparticle, we calculated the ratio of energy
emitted from the nanoparticle surface to the total
energy transferred to the nanoparticle volume
(including both deposited and emitted energy). This
ratio, referred to as energy efficiency, serves as a
key metric for assessing the nanoparticle’s
effectiveness in enhancing local dose deposition.
For comparison, the energy efficiency of individual
SPIONs, Gd,0s, gold, and hypothetical water
nanoparticles—each with identical mass—was also
analyzed. Furthermore, in light of the limited mass
concentrations achievable in tumors, the specific
energy released per unit nanoparticle mass (mass-
normalized energy release) was evaluated.

The complete chemical stage of the simulation
was performed for each nanoparticle. The source of
secondary particles at the nanoparticle surface was
defined using a phase space containing all
secondary electrons emitted from the entire
nanoparticle volume. Five types of nanoparticles
with comparable mass were investigated: gold,
SPION, Gd,0s3, Au@MNP (gold core with magnetic
nanoparticle shell), and a hypothetical water
nanoparticle surrounded by a 1 mm diameter water
sphere. The simulations utilized the
TsEmDNAPhysics and TsEmDNAChemistry
modules, which account for both physical and
chemical interactions. For thermalized solvated
electrons, the well-established Ritchie model was
used. The diffusion and interaction of chemical
species were simulated using the independent
reaction times (IRT) method, chosen for its high
computational efficiency, which is particularly
beneficial for modeling low linear energy transfer
(LET) particles, such as electrons. The yields of
various chemical species were tracked over time
steps ranging from 1 picosecond to 1 microsecond.
However, for clarity and brevity, only the results
corresponding to two representative species are
presented.

RESULTS

Figure 1a illustrates the dose profile and the
spread-out Bragg peak (SOBP) generated by proton
beams of specific energies within a tumor phantom
measuring 3 cm in diameter.

Figure 1b presents the corresponding weighted
energy spectrum, derived from 31 phase spaces
sampled along the SOBP region. This spectrum has
an average energy of 35.73 MeV and displays
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negative skewness. The observed skew toward
higher energies is attributed to the greater
abundance of high-energy protons in phase spaces
corresponding to shallower tumor layers—an effect

inherent to active pencil beam scanning
techniques.

Figure 2 presents the energy spectra of
secondary electrons emitted from various

nanoparticles with different core diameters and
shell thicknesses. All spectra are normalized to the
number of primary protons in the beam. Figures 2a
and 2b specifically focus on electrons originating
from the gold core and reaching the nanoparticle
surface. Both spectra exhibit a distinct peak at
approximately 1 keV. As shown in Figure 2b, the
number of core-originated electrons decreases
with increasing shell thickness (either SPION or
Gd,0s). In contrast, Figure 2a shows that increasing
the gold core diameter—while keeping shell
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Figures 2c and 2d depict the energy spectra of
secondary electrons emitted from the entire
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contributions. At energies below 1 keV,
characteristic peaks corresponding to Auger

electrons from specific atomic shells of SPION and
Gd,0z; are evident. Notably, the SPION-coated
nanoparticles exhibit a higher intensity of emitted
electrons in this low-energy range (below 1 keV).
However, this trend reverses at energies above 1
keV, where Gd,03-coated nanoparticles
demonstrate greater electron emission.
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Fig. 2. Energy spectra of secondary electrons reaching the nanoparticle surface following proton irradiation. Variations in core diameter
and shell thickness are investigated. The number of energy bins differs between panels (a) and (b) compared to (c) and (d) due to
differing analysis requirements. (a) Electrons originating from the nanoparticle core: core diameter is fixed, while MNP shell thickness
varies. (b) Electrons originating from the core: core diameter varies, while MNP layer thickness is constant. (c) Electrons originating
from the entire NP (core + layer): core diameter is fixed, while MNP layer thickness varies. (d) Electrons originating from the entire
nanoparticle: core diameter varies, while MNP layer thickness is constant.
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Fig. 3. Total energy released from the outer surface of Au@SPION (circular marker) and Au@Gd:Os (triangular marker) nanoparticles of
three different sizes (indicated by legend) following proton irradiation. Continuous lines represent the sum of all secondary particles
and photons, while dashed lines depict the contribution solely from secondary electrons.

Figure 3 illustrates the normalized total energy
emitted from the nanoparticle surface per incident
proton (keV/proton). Two data series are
presented: one representing the combined energy
emitted by all particles and photons, and the other
showing energy emission by secondary electrons
only. The figure demonstrates that secondary
electrons are the primary contributors to the
outward energy flux from the nanoparticle. For a
fixed core size, increasing the shell thickness results
in a growing divergence between the total emitted
energy and the energy attributable solely to
secondary electrons. Nevertheless, both curves
follow a broadly similar trend. As a result, the
remainder of this study will focus exclusively on
analyzing secondary electron emission.

Figure 4a illustrates the dependence of emitted
electron yield on magnetic shell thickness for
various core diameters. For cores smaller than 12
nm, the number of emitted electrons increases with
increasing shell thickness. This trend is attributed to
two primary factors: (1) the enhanced probability of
interactions between the primary proton beam and
the nanoparticle due to increased overall
interaction volume, and (2) reduced self-absorption
of electrons within smaller cores. For cores larger
than 12 nm, a different behavior is observed: the
number of emitted electrons initially decreases
with increasing shell thickness before rising again.
The increased likelihood of electron self-absorption
within larger cores explains this. In such cases,
many of the electrons generated within the core
lose energy before reaching the core—shell
interface. As a result, even a thin shell may absorb
a substantial portion of these low-energy electrons,
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reducing the overall emitted yield. However, as
shell thickness increases further, more electrons
generated in the core are fully absorbed within the
nanoparticle. Consequently, the emitted electron
yield becomes increasingly dominated by electrons
produced within the shell. This, combined with
rising self-absorption within the thicker shell, leads
to a convergence of the emission curves across
different core sizes, as observed in Figure 4a.

Figure 4b quantifies the contribution of core-
generated electrons to the total emitted yield as a
function of shell thickness for various core
diameters. The data reveal a rapid decline in this
contribution with increasing shell thickness.
Notably, the rate of decrease is steeper for smaller
cores. For example, a 12 nm gold core shows a
sharp drop in its contribution to the total yield,
decreasing to approximately 10% when the shell
thickness reaches 10 nm. This effect is even more
pronounced for a 3 nm core, where the
contribution falls to less than 1% at the same shell
thickness.

Given the limited tissue uptake of nanoparticles,
their mass must be taken into account when
evaluating surface-emitted energy. Figure 4c shows
the total energy emitted per unit mass of each
nanoparticle, normalized by both the number of
incident primary protons and the individual
nanoparticle mass. The results indicate that, for a
fixed core diameter, thinner magnetic shells yield
more favorable energy output per unit mass.
Furthermore, for a given shell thickness,
nanoparticles with smaller cores exhibit higher
energy release per unit mass.
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Fig. 4. (a) Number of electrons released from the outer surface of Au@SPION and Au@Gd:0s. (b) Percentage contribution of released
energy by core electrons to the total energy of all electrons released from the outer surface of the nanoparticle. (c) Normalized
released energy by the total secondary electrons to the NP’s mass. (d) Mean energy distribution of secondary electrons is depicted.
Error bars represent the standard deviation (SD) normalized to the (5 X mean energy) (indicated by circles). Only the positive side of
the bars is shown for clarity. For the first three subFig.s, the parameters are divided to the number of primary protons in the run.

Figure 4d presents the average energy of
electrons emitted from the nanoparticle surface.
The error bars indicate the relative standard
deviation (i.e., the ratio of standard deviation to
mean energy) for each data point. For clarity, only
one-fifth of the positive error value is displayed.
The average electron energy shows a clear
dependence on core size. For a fixed shell thickness,
the diameter increases with the core diameter. This
trend can be attributed to the preferential self-
absorption of low-energy electrons within the
nanoparticle, which results in a higher mean energy
among the electrons that escape. Conversely, for a
fixed core size, the average electron energy initially
decreases and then increases with increasing shell
thickness. This non-monotonic trend is more
pronounced for smaller core sizes. The initial
decrease is likely due to the increased contribution
of Auger electrons generated within the shell,
particularly those with energies below 1 keV.

These lower-energy electrons can readily reach
the nanoparticle surface, resulting in a decrease in
the average energy of the emitted electrons. As the
shell thickness increases further, only Auger
electrons generated near the outer surface can
escape. Simultaneously, higher-energy electrons
originating from deeper regions of the shell

350

contribute more significantly, leading to an overall
increase in the average energy. This behavior is also
reflected in the spectra shown in Figure 1. The
observed decrease—increase trend in average
energy is more pronounced in nanoparticles
containing SPIONs compared to those with Gd,0;
shells. This difference can be attributed to the
higher abundance of low-energy Auger electrons
(below 1 keV) produced in SPIONs. Additionally, for
a given core size and shell thickness, Gd,0s-coated
nanoparticles consistently exhibit higher average
emitted electron energies than their SPION-coated
counterparts.

Another important metric for evaluating
nanoparticle performance is the energy transfer
efficiency, defined as the ratio of the energy
emitted by the nanoparticle to the total energy
absorbed by it. In this study, total absorbed energy
includes both the energy deposited within the
nanoparticle volume and the energy emitted from
its surface. In other words, it represents the total
energy lost by incident protons during their
interactions with the nanoparticle. Figure 5a
presents the energy transfer efficiency as a function
of core diameter for various magnetic shell
thicknesses.
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Fig. 5. (a) Energy efficiency, defined as the ratio of deposited energy within the nanoparticle to the total energy released or deposited,
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Across all studied nanoparticles, the energy
transfer efficiency remains below 40%. However,
nanoparticles with Gd,0s shells consistently exhibit
higher efficiency compared to those coated with
SPIONs. In Gd,0s-based nanoparticles, -efficiency
decreases with increasing gold core diameter, as well
as with increasing shell thickness for a fixed core size.
A similar trend is observed in SPION-based
nanoparticles. However, for SPION shells with a
thickness of 5 nm, an initial increase in efficiency is
followed by a subsequent decrease as the core
diameter increases. This non-monotonic behavior is
also expected for SPION shell thicknesses below 5 nm.

Figure 5b compares the energy transfer efficiency
of individual nanoparticles—gold (Au), SPION, Gd,0s,
and hypothetical water—with the trends observed in
Figure 5a. In this comparison, an Au@SPION
nanoparticle with a 10 nm shell thickness serves as the
baseline. By varying the core size of this reference
nanoparticle, other single-material nanoparticles with
equivalent mass were defined and subjected to
proton irradiation. The diagram illustrates energy
transfer efficiency as a function of nanoparticle mass.

As shown in the figure, nanoparticles composed of
elements with higher atomic numbers and physical
densities exhibit improved energy transfer efficiency
at a fixed mass. Accordingly, the Au@SPION
nanoparticle demonstrates higher efficiency than a
pure SPION nanoparticle, but remains less efficient
than a pure gold nanoparticle. A similar trend is
anticipated for Au@Gd,0; structures. Notably, all
nanoparticles in Figure 5b show higher efficiency than
the hypothetical water nanoparticle, reinforcing the
concept of localized dose enhancement through high-
Z nanoparticles embedded within tissue.

Figure 6 presents the time-dependent G-values for
hydroxyl radicals (¢OH) and hydrogen peroxide (H,0,)
species generated as secondary products from
nanoparticle (NP) interactions within a surrounding
water medium. The data show that nanoparticles with
identical mass produce relatively similar G-values over
time, regardless of composition. However, the G-
values measured in the vicinity of the hypothetical
water nanoparticle are significantly higher than those
associated with other nanoparticle types.
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DISCUSSION

This study investigates the design of core—shell
nanoparticles (Au@MNP) for dose enhancement in
proton therapy, with a dual focus on maximizing
energy deposition and preserving the magnetic
properties necessary for effective MRI contrast.
Monte Carlo simulations were conducted using a
weighted energy spectrum that represents the
proton beam, including both primary and
secondary particles. This spectrum captures
variations in beam characteristics experienced by
nanoparticles located at different depths within the
tumor. Specifically, nanoparticles situated deeper
within the tumor are exposed to a proton beam
with a distinct energy distribution and particle
fluence compared to those closer to the surface. To
account for this depth-dependent variation, the
weighted spectrum was constructed using phase
space data extracted from multiple positions along
the tumor depth. Although a 3 cm-diameter tumor
located at a 14 cm depth within a water phantom
was modeled in this study, it is acknowledged that
the energy distribution within the spread-out Bragg
peak (SOBP) remains relatively consistent across
different depths in water or tissue-equivalent
phantoms. For simplicity, this investigation focuses
primarily on interactions between the proton beam
and the nanoparticles. However, it is recognized
that other secondary particles—particularly
neutrons and photons generated during therapy—
may also contribute to dose enhancement through
interactions with nanoparticles in the tumor
microenvironment. In particular, neutron
interactions with gadolinium-based contrast agents
have been shown to further augment local dose
deposition [40-42].

An alternative modeling approach could involve
simulating nanoparticle interactions exclusively
with the specific proton beam encountered at their
respective locations within the tumor during each
spot scan. This method would effectively place the
nanoparticle within the Bragg peak region of
individual beamlets, where protons reach their
lowest kinetic energy. At these energies, high-Z
elements such as gold exhibit near-maximum
electronic stopping power, increasing the likelihood
of electron interactions and potentially enhancing
local dose deposition [43]. However, several
additional factors must be taken into consideration.
First, the energy of secondary electrons generated
during proton—nanoparticle interactions is critical.
These electrons must possess sufficient energy to
traverse not only the magnetic coating layer but
also any biocompatible surface layer surrounding
the nanoparticle, to reach the surrounding tissue.

352

Since higher-energy protons produce secondary
electrons with greater kinetic energy, they offer
improved penetration potential. Second, the
number of protons per beamlet decreases
progressively with increasing depth in tissue [44].
As a result, nanoparticles located proximal to the
beam entrance are exposed to a greater number of
protons than those situated near the distal edge or
Bragg peak. Finally, even at relatively high
nanoparticle concentrations, the probability of a
single proton directly interacting with a specific
nanoparticle during a single spot scan remains low,
due to the small size of individual nanoparticles and
the large number of protons delivered per spot
area. Therefore, to achieve optimal dose
enhancement, it is essential to consider not only
the proton energy at the Bragg peak but also the
total number of protons delivered across the entire
tumor volume, as well as the spatial distribution of
nanoparticles during the full course of spot
scanning.

The number of electrons generated within
hybrid nanoparticles is governed by the interplay
between electron production and attenuation
processes occurring in both the core and shell
regions. When employing gold as the core material
and either gadolinium oxide or SPION as the shell,
the high density of gold leads to an increased
probability of electron production compared to the
surrounding shell materials. However, this
advantage is offset by the higher likelihood of
electron attenuation within gold itself. As a result,
for nanoparticles with thin shells, a gold core can be
beneficial for enhancing electron vyield and,
consequently, dose deposition. In contrast, for
nanoparticles with thicker shells, the presence of a
gold core contributes little to dose enhancement.
Instead, it increases the overall nanoparticle mass,
a crucial consideration given the clinical limitations
on nanoparticle loading. The optimal shell
thickness, which is often determined by imaging
functionality (e.g., MRI contrast), thus becomes a
critical design parameter for balancing radiation
dose enhancement with imaging performance and
mass constraints.

SPION nanoparticles used for MRI contrast
typically range in size from a few nanometers up to
approximately 20 nm [45,46]. As shown in Figure
4b, the contribution of core-generated electrons to
the total energy emitted from the nanoparticle
surface declines sharply with increasing magnetic
shell thickness. To ensure nanoparticle sizes remain
below the 20 nm threshold for optimal
biocompatibility, various combinations of core
diameter and shell thickness can be considered. For
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example, with a 7 nm gold core and a shell thickness
of up to 10 nm, the core electron contribution
drops from 100% to approximately 5%.
Alternatively, increasing the core diameter to 12
nm while limiting the shell to 8 nm reduces the
contribution from 100% to around 20%. These
results suggest that incorporating a gold core is
beneficial primarily for very small or ultrasmall
magnetic nanoparticles. However, in such cases,
the potential effect of the gold core on the
magnetic properties of the surrounding shell must
be carefully evaluated to preserve MRI
functionality.

Uncertainties related to chemical reactions at
the nanoparticle—water interface, as well as within
non-water-based nanoparticles, likely contribute to
the observed discrepancies in radiolytic product
yields between simulations with water-only and
nanoparticle-containing systems. This highlights
the need for further investigation. In pure water
simulations, the homogeneous environment allows
for more straightforward calculation of species
production both within the hypothetical water
nanoparticle and at its interface. In contrast, for
simulations involving other nanoparticles dispersed
in aqueous media, the model does not track
chemical processes occurring inside the
nanoparticles or at their interfaces [47]. This
limitation introduces uncertainty into the
calculated G-values (radiolytic product vyields).
Although the simulation accounts for some energy
deposition from primary and secondary protons, as
well as secondary electrons, within the
nanoparticles, this deposited energy is only
considered for the hypothetical water nanoparticle
and not for others. As a result, the G-values for non-
water nanoparticles may be underestimated in
comparison. It is essential to acknowledge that the
actual G-values for both water and other
nanoparticles may differ from the simulated values
due to these modeling limitations.

A key limitation of this study is the exclusion of
a biocompatible layer over the magnetic shell.
While the primary objective was not to quantify
absolute dose enhancement, the investigation
focused on assessing the influence of core and shell
dimensions on secondary electron emission
characteristics. Biocompatible coatings—such as
polyethylene glycol (PEG)—are known to attenuate
both the energy and quantity of electrons reaching
surrounding tissues, potentially reducing the dose
enhancement effect of nanoparticles [48]. Given
the observed similarities in the extracted electron
spectra across various nanoparticles, a comparable
reduction in secondary electron energy and yield
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may be expected following the application of a
biocompatible layer. However, the specific impact
of such a layer is likely to vary depending on its
composition, thickness, and density [49]. Further
studies are necessary to quantitatively assess the
extent of reduction in electron yield and total
emitted energy caused by the presence of a
biocompatible coating.

Biocompatible coatings are crucial for
mitigating the toxicity of superparamagnetic iron
oxide and gadolinium oxide nanoparticles when
used as MRI contrast agents. Although this study
does not quantify the magnetic properties or assess
the impact of biocompatible coatings, it is
recognized that such layers can significantly alter
the energy and vyield of emitted secondary
electrons, thereby influencing the overall dose
enhancement effect. Therefore, while the primary
focus of this work is on the relationship between
core and shell dimensions and secondary electron
emission, the inclusion of biocompatible layers is
strongly recommended in future studies,
particularly those involving biological systems or in
vivo applications.

CONCLUSION

This study investigated the influence of core
diameter and magnetic shell thickness on
secondary electron emission from Au@MNP
nanoparticles containing either Gd,Os; or SPION
shells. The nanoparticles were irradiated by
primary and secondary protons within the Spread-
Out Bragg Peak (SOBP) region of a simulated proton
beam. Our results indicate that the contribution of
core electrons to dose enhancement is inversely
proportional to the thickness of the magnetic shell.
For small and ultrasmall nanoparticles—typically
used as MRI contrast agents—incorporating a gold
core can enhance dose delivery while maintaining
an overall size compatible with MRI applications
(i.e., below 20 nm). In contrast, for thicker magnetic
shells, gold cores exceeding 20 nm in diameter may
be more effective for dose enhancement; however,
such particles may exceed the size limits for MRI
and could instead be explored for alternative
applications such as magnetic hyperthermia.
Overall, our findings suggest that embedding a gold
core with a diameter less than 15 nm within MRI-
compatible nanoparticles represents a promising
approach for enhancing proton therapy dose
delivery. Further studies are warranted to assess
the impact of these core—shell nanoparticles on
magnetic properties, a critical consideration for
their theranostic potential.
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