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Abstract. The work presents the results of Monte Carlo modeling (PHITS) of irradiation of
Fe,0,-S8i0,-Au nanoparticles — promising agents for enhancing the effectiveness of radiation
therapy with X-ray radiation. Within the model of a single nanoparticle in a water phantom, it
was shown that, assuming a uniform distribution of gold nanoparticles over the surface of the
adhesion layer, the particle density and their size do not have a significant impact on the effi-
ciency of therapeutic X-ray beam conversion. The main factors determining the configuration
of dose fields are the chemical composition of the nanoparticles and the energy of the primary
photon beam.
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AnHotanuda. B pabdote npeactaBieHbl pe3yabTaTel MoHTe-Kapio mogenupoBanus (PHITS)
06nyyeHus HaHo4YacTULbl cocTaBa Fe,0,-SiO,-Au — mepcrnexTMBHOrO areHTa [1Jisl OBbILIEHUS
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3(hHEKTUBHOCTH JTYYEBOI Tepamuy — PEHTTEHOBCKUM U3IydeHHueM. B pamkax omHOYaCTUYHOM
MOJeI HaHOYACTUIBI B BOAHOM (paHTOME MOKa3aHO, YTO IIPU YCJIOBUU PaBHOMEPHOIO
pacrnpeeseHUsT HaHOYACTUIL 30J0Ta MO TMOBEPXHOCTM aAre€3MOHHOrO CJIosl TUIOTHOCTh
HaHECEeHUs YaCTUIl U MX pa3Mep He OKa3bIBalOT 3HAUYMMOIO BO3AeHCTBUS Ha 3(P(HEeKTUBHOCTH
KOHBEPCUM PEHTICHOBCKOTO U3NydeHUs. OCHOBHBIMM (paKTOpaMH, OIPEACISIONINMU
KOH(UTYpaIIiio TO30BBIX TOJICH, SBISIOTCS XMMWYCCKHWI COCTaB HAHOYACTHUII M SHEPTUS
MEPBUYHOTO (DOTOHHOTO ITyYKa.

KnoueBsie  cioBa:  30i0Thle  HaHoyacTuibl, MoHTte-Kapio — MomenwpoBaHue,
pPamMoOCeHCUOMIN3ATOP, JIydeBast TeparTus
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Introduction

One of the main limitations of X-ray radiotherapy is the lack of selectivity of ionizing
radiation action on the tumor, which leads to increased risks of unwanted irradiation of healthy
tissues and, consequently, the occurrence of side effects such as inflammation, scarring, and
functional impairments in the irradiated area. An equally important aspect of this problem is
the impracticability to deliver radiation doses sufficient for radical treatment, which, in turn,
necessitates additional fractionation of radiotherapy sessions [1, 2], thereby increasing the burden
on medical personnel and equipment as well as on patients.

Therefore, a relevant task is to develop new methods to enhance the efficiency of converting
the energy of therapeutic X-ray beams within a targeted region of the body. One promising
approach to increase tumor contrast involves introducing high atomic number nanoparticles into
the specified volume [3, 4]. The increased probability of interactions between metals and photons,
relative to biological tissue, results in a higher number of interaction events between nanoparticles
and radiation. In its turn, induced secondary radiation creates an additional dose component in
the vicinity of the nanoparticle, thereby amplifying its destructive effect on the tumor. The short
mean free path characteristic of X-ray-induced secondary radiation ensures that these effects are
localized, reducing the risks of overexposure to non-targeted organs and tissues.

This work aims to investigate the features of irradiation of composite Fe,O,-SiO,-Au nanoparticles,
specifically focusing on determining how the size and number of gold nanoparticles on the surface
of Fe,0,-Si0, influence the yield of secondary radiation emitted from nanoparticle surfaces.

Materials and Methods

The nanoparticle model was based on data from real systems with a “core-shell-satellite”
structure: a magnetite core coated with a thin film of amino silica, onto which gold nanoparticles
are attached [5]. The systems are presented in two configurations which differ in the nanoparticle
coverage density on the surface of the SiO, adhesion layer. The average number of GNP per
Fe,0,-Si0, nanoparticle was 16 = 4 for the first system and 40 + 12 for the second. The
average size of the iron-containing core was 62 £ 10 nm for both systems. The size of the gold
nanoparticles (GNP) on the adhesive layer surface was 13.7 £ 1.9 nm and 9.5 = 1.8 nm for the
first and second systems, respectively [5].

A series of numerical experiments was performed to identify the features of X-ray irradiation of
the described nanoparticles. A more detailed description of the simulation model, creation method,
and calculation methodology is presented in our previous work [5]. Here are the key parameters.
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The simulation of radiation transfer processes was performed using the general-purpose radiation
transport Monte Carlo code PHITS version 3.33 [6—9]. In this work, the track-structure mode
was utilized in all geometric areas for particles with energies ranging from 100 eV to 10 keV. For
interactions involving particles with energies higher than 10 keV, the EGS5 (Electron-Gamma
Shower) code was used as part of PHITS.

Table 1
Geometric parameters of targets and model comparison

A system equivalent in chemical

This work composition [5]
Setl 87 2 10 31 87 2 5 331
Set2 87 2 10 62 87 2 5 661
Set3 87 2 10 208 87 2 SH* -

Notations: d[Fe,0,], d[Au] — diameter of Fe,O, core and Au nanoparticles; t[SiO,] — thickness of SiO,
adhesive layer; n[Au] — the number of Au nanoparticles on SiO, adhesive layer.
**The adhesive layer was coated with a continuous layer (shell) of Au with a thickness of 5 nm.

An approach based on a spherical Fibonacci lattice was used to implement a physical model
of the experimentally obtained core-shell nanoparticles [10]. Such approach allows to achieve
uniform distribution of gold nanoparticles on the surface of adhesion layer of SiO,. The coordinates
of the AuNPs on the SiO, shell surface were defined in the geometry for PHITS simulations using
the FitsGeo code [11]. This study considered four configurations of core-shell-satellite geometry.
The targets parameters are demonstrated in Table 1.

The target was irradiated with a parallel monoenergetic X-ray beam. The photon energy was
50, 100, and 150 keV. At each independent simulation, 108 primaries were transported to provide
good statistics. The flat circular radiation source was positioned so that its axis coincided with the
centre of the nanoparticle. The diameter of the source coincided with that of the nanoparticle.
The source was placed close to the nanoparticle.

We considered the physical processes responsible for electron generation and the spectra of
secondary electrons crossing the sphere that encloses the target. To account for changes in the
geometric parameters of the radiation source and detectors (their area) relative to similar parameters
used in previous work [5], data on the particle flux crossing the sphere was renormalized.

Results and Discussion

At the first stage, the spectra of secondary electrons emitted from the target surface were
analyzed. The overall shape of the spectra for a system with large gold nanoparticles (10 nm) is
similar to that recorded from the surface of previously analyzed systems with smaller nanoparticles
(5 nm) [5]. To assess the effect of nanoparticle size, the obtained spectra were conventionally
divided into several regions: the Auger electron region (6—10 keV), and the photoelectron regions
at 30—40 keV, 70—95 keV, and 80—120 keV for primary beam energies of 50, 100, and 150 keV,
respectively, corresponding to emissions from iron and gold. The electron fluences within each of
these energy ranges were summed. The intensity of electron emission for systems with different
nanoparticle sizes but identical gold content is comparable across all energy ranges, regardless of
the primary photon energy. The data indicates the absence of self-shielding effects as particle size
increases for high-energy (>1 keV) electrons.

A significant reduction in secondary electron emission with an increase in the GNPs size in the
system was recorded in the low energy region (< 1 keV) of the spectrum (Table 2). A dependence
of this effect on the density of the GNPs coverage was also identified. Let ®, and ®@,, be the flux
of secondary electrons with kinetic energy <1 keV for systems with a GNPs diameter of 5 and
11 nm, respectively. The ratio @ /@, increases with an increase in the surface concentration of
GNP on the SiO, shell.
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Fig. 1 Simulated spectra of secondary electrons emitted from the target (for example, 11nm 228p

system) surface during its irradiation by photons with different energy (where K-L, K-M, L3-M,

L2-M, and LI-M indicate the energy differences between the corresponding electron shells of

atoms) (a); comparison of the emission intensity of Auger electrons (b, ¢, d) and photoelectrons (e, f, g)
from the target surface for 50, 100, and 150 keV photons respectively

Table 2
Geometric parameters of targets and model comparison
D, O 1073, 14 1073 |14 1073
cm™ I\S/IeV’1 cm’121 MeV™! /D Wmerrﬁsn3 ’ Wmerrfrlrlf s
*Setl 4.61 (5.5) 2.99 (4.2) 0.648 (4.3) 123.2 339.2 0.363
*Set2 5.19(6.7) 3.57(3.8) |0.688 (3.8) 101.5 318.3 0.319
*Set3 8.25(4.2) 8.12(2.5) |0.985(2.5) 0 2159 0

Notations: *Setl-3 corresponds to the numbering in Table 1.
The relative error in determining the parameters is given in parentheses.

The increase in electron emission with increasing of GNP lattice density can be attributed
to a decrease in electron path length into the aqueous medium. In rarefied systems, the
mean path length of secondary electrons passes through the water-filled volume between
the GNPs and the detector increases. This leads to lower measurement results. This
hypothesis is confirmed by the value of the Pearson coefficient R = 1 for the dependence
D, /P = f(Vyser 11 / Vivaer 5)» Where Vo and V. — is the volume of water filling the

space between the GNP and the bounding sphere (electron detector) for systems with a GNP
size of 5 and 11 nm, respectively.
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Conclusion

PHITS calculations revealed that the emission intensity of secondary electrons with energies
above 1 keV from Fe,0,—SiO,—Au nanoparticles is independent of the size of the gold nanoparticles,
given their uniform distribution on the adhesive layer. The stability of the secondary electron
emission intensity with energy >1 keV is because the average thickness of the gold layer that an
electron must pass does not exceed its mean free path in gold [12]. A decrease in emission intensity
was observed in the low energy region of the spectrum (£ < 1 keV). This effect is attributed to the
model parameters, specifically the absorption of electrons in the water filling the volume between
the GNPs. The presence of this effect precludes a definitive conclusion regarding the presence or
absence of effects associated with the self-shielding of electron of this energy group. In the future,
it is planned to replace the interparticle medium with a vacuum.

The main factors controlling the configuration of dose fields are the chemical composition of
the nanoparticles and the energy of the primary photon beam.
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