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This study performs a numerical simulation of brain radiation therapy with a deep tumour at its centre
using the Monte Carlo simulation program Geant4. The primary goal is to analyze the effect of nanomateri-
als (NMs) injected into the tumour on the dose and amount of radiation absorbed by the tumour. We built a
spherical tumour measuring 1.5 cm in diameter in the middle of an adult human head while considering
their chemical compositions and proportions. We are interested in studying the effects of adding bionano-
materials such as Gold nanoparticles (AuNP), hafnium oxide (HfO2), cerium oxide (CeQ2), tantalum oxide
(Ta20s5) and bismuth sulfur (Bi2Ss) to the amount absorbed during an external exposure at a wavelength of
energy ranging from 10 keV to 200 keV. The findings demonstrate that an absorbable dose improvement of
5.5 is obtained with a low concentration of 2% Bi2Ss nanoparticles inside the tumour, nearly four times with
CeO2 nanoparticles and slightly more than three times with AuNPs. According to our results, Bi2Ss and CeOz
provide more enhancement in Radiotherapy than the most well-known materials in the literature, such as
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1. INTRODUCTION

According to the American Cancer Society [1], there
will be 1,958,310 new cancer cases and 609,820 deaths
in the United States in 2023. From 2014 to 2019, the an-
nual incidence of prostate cancer grew by 3, resulting in
an additional 99,000 new cases. Men, on the other hand,
have more positive incidence patterns. Women's lung
cancer declined at half the rate of men's, whereas breast,
uterine and liver cancer increased. Cervical cancer inci-
dence has decreased by 65 as a result of the epidemic.
Despite the epidemic, cancer deaths continued to fall,
owing to breakthroughs in treatment. However, the in-
creased prevalence of breast, prostate, and uterine can-
cers, which have the greatest racial disparities in mor-
tality, may slow future progress. Surgery, radiation
therapy, chemotherapy, and targeted therapies are just
a few treatments that can be used to treat deep tumours
[2, 3]. Surgery, which involves the removal of the tumour
and surrounding tissue, is the most traditional and fre-
quent kind of cancer treatment. High-energy beams are
used in radiation therapy to kill cancer cells, but precise
targeting is necessary to protect healthy tissue. Chemo-
therapy involves chemicals that can be ingested, in-
jected into the bloodstream, or administered to the tu-
mour to kill cancer cells. However, it may also cause side
effects like vomiting, nausea, and hair loss. Drugs used
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in targeted therapy specifically target chemicals or pro-
cesses involved in the growth and survival of cancer
cells. However, they may not be effective against all can-
cer types [4-7]. Enhancement radiotherapy using nano-
particles is a promising new cancer treatment strategy
that is promising to increase radiotherapy efficacy by
providing a larger dose of radiation to tumour cells while
causing less damage to healthy tissues. The special
properties of nanoparticles, such as bio-compatibility,
decreased toxicity, higher permeability, improved stabil-
ity, precise targeting, and retention impact, make them
useful in cancer treatment. Nanoparticles can improve
Radiotherapy by boosting the amount of radiation en-
ergy deposited in tumour cells. This is possible with
high-atomic-number (Z) nanoparticles like AuNPs or
bismuth. These materials absorb X-rays and other radi-
ation more effectively than the surrounding tissues.
When nanoparticles aggregate in tumour cells, they can
act as focal sites for radiation energy, resulting in a
larger dose of radiation administered to the tumour
while decreasing the amount provided to healthy tis-
sues. Nanoparticles can also improve Radiotherapy by
enhancing tumour cell susceptibility to radiation. This
can be accomplished by delivering radiosensitizing med-
icines to tumour cells via nanoparticles. Radiosensitiz-
ers are medications that make tumour cells more sensi-
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tive to radiation. It is conceivable to generate a more ef-
fective tumour response while minimizing the overall
dosage of radiation required by delivering radiosensitiz-
ing medicines to tumour cells using nanoparticles. At-
taching tumour-specific targeting molecules to the sur-
face of the nanoparticles can accomplish this. When
these nanoparticles are introduced into the bloodstream,
they collect in tumours, where they can provide a larger
dosage of radiation to tumour cells while minimizing the
dose to healthy organs [8]. The dose absorbed by tissues
at the interface with higher Z materials is significantly
increased. Indeed, due to the secondary radiation emis-
sion of kV X-rays, it has been found that AuNPs metal
foils or Micro-spheres enhance the cytotoxic effect of ion-
izing radiation; in addition, platinum atoms have been
shown to ameliorate X-ray-induced DNA breaks by en-
hancing the formation of hydroxyl radicals via photoe-
lectric and Auger processes. In this paper, we are inter-
ested in novel NMs that have recently been employed in
the field of Radiotherapy, such as Bismuth Sulfide
(Bi2S3) [9-11], Cerium Oxide (CeOgz), Tantalum Oxide
(Taz20s5), and Hafnium Oxide (HfOz2) [12-17]. We compare
them to gold nanoparticles (AuNPs) [18]. We aim to in-
vestigate their dosage absorption efficiencies at a deep
tumour, in this case, a brain tumour placed in the mid-
dle of a human head. As the field of nanomedicine con-
tinues to advance, this work highlights the promising
role of NMs in improving cancer treatment outcomes,
particularly in difficult-to-treat brain tumours.

2. EXPERIMENTAL DETAILS
2.1 Simulation of a Tumor Inside a Human Head

The Monte Carlo approach was used in this study to
examine brain tumour radiation. We are primarily in-
terested in bio-nanoparticles' influence on the tumour
and how these nanoparticles affect the absorbed dose at
the tumour level. We are also particularly interested in
the most competitive bio-NMs with AuNPs, such as Bis-
muth Sulfide (Bi2Ss), Cerium Oxide (CeOz), Tantalum
Oxide (Ta205), and Hafnium Oxide (HfOg).

We constructed a 17 cm diameter by 8 mm wide
phantom head and coated it with a 4 mm thick layer of
brain tissue-containing skin (see Figure 1). Next, we
constructed a 1.5 cm-diameter sphere-shaped tumour in
the middle of this head. Tabll displays each material's
atomic composition. One meter is the distance between
the phantom's head and the mono-energetic X-ray beam
(see Figure 1). The energy of the X-ray beam will be var-
ied for each compilation in increments of 10 keV, from
20 keV to 200 keV. Then, 109 X-ray photons were re-
leased along the z-axis.

2.2 Monte Carlo Method

Geant4 code, version 11, was used for this work [19].
Based on the Monte Carlo method, the Geant4 code pro-
vides a framework for simulating the movement of parti-
cles through matter. It is utilized in several application
areas, including high-energy physics, astrophysics, space
sciences, and medical physics. On the project website, the
Geant4 code is freely accessible and currently distributed
according to the Geant4 Software License. Concerning the
energy threshold for the associated physical process, its
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basic operational principle is to control cross-sections ar-
bitrarily. In this simulation, we used a low electromag-
netic energy package with a cutoff energy of 250 eV and a
step range of 1nm [20, 21]. Geant4 provides a comprehen-
sive set of electromagnetic methods to simulate the inter-
action of photons and electrons with matter [22, 23].
These processes can be divided into two broad categories:
discrete processes and continuous processes. Discrete pro-
cesses describe the interaction of photons and electrons
with individual atoms.

Fig. 1 — Radiotherapy for a brain tumor using the Geant4
Monte Carlo model. The green lines define secondary X-rays,
and the red lines define secondary electrons. (a) Geometry of
tumour (red color) localized, (b) Compilation of 10 7 photons
X-rays at the center of head

Table 1 — The chemical compositions of each material that consti-
tutes the human head, expressed as a percentage of mass [24]

Materials and densities o C|H|N | NaMg P |S|CI|K|Ca
Scalp tissue (1.09 g.cm™) | 64.5|20.4| 10 | 4.2 |02 - | 0.1 [0.2]0.3|0.1
Skeleton (1.61 g.em™ ) 435|212 5 4 |0.1/02|81|03] -] -]176
Brain (1.040 g.cm™)and | 71.2|14.5/10.7| 2.2 |0.2| - |0.40{0.2/0.3(0.3
Tumor (1.1 g.em™)

These include photoelectric absorption, Compton
scattering, pair generation and arm radiation. Continu-
ous processes describe the energy loss of photons and
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electrons due to interactions with bulk matter. These in-
clude ionization and multiple Coulomb scattering. Geant4
uses these electromagnetic processes to model the interac-
tion of X-rays with matter. Photons with energies between
100 eV and 100 MeV are called X-rays. The energy of
X-rays determines the main electromagnetic processes by
which X-rays interact with matter. Photoelectric absorp-
tion is the primary method for low-energy X-rays. Compton
scattering is the primary method for high-energy X-rays.
Geant4 simulations of X-ray interactions can be used for
many different purposes, including developing new meth-
ods to treat X-ray cancers, designing and optimizing X-ray
imaging systems, and studying the biological effects of X-
rays. Each energy X-ray simulation requires one day on an
HP Z800 workstation.

3. RESULTS AND DISCUSSION
3.1 Simulation of a Tumor Inside a Human Head

The linear energy transfer along the head for an X-ray
energy of 50 keV, where a 2 % concentration of nanopar-
ticles was added inside the tumour, is calculated and
shown in Figure 2. AuNPs, Ta20s5, HfO2, CeOgz, and BizS3
nanoparticles were injected into the tumour. As can be
seen, the presence of nanoparticles in the tumour signifi-
cantly impacts the energy deposited. Interestingly, Bi2Ss
(red curve) and CeOz (black curve) have a greater impact
on the amount of energy deposited at the tumour level
than AuNPs (blue curve). To provide further information,
we computed the absorbed dose at this tumour for every
energy of the X-ray that was released. With a step of 10
keV, Figure 3 shows the tumour's absorbed dose in pGy
as a function of X-ray energy from 20 keV to 200 keV. This
figure shows that the radiation's energy significantly im-
pacts the amount absorbed at the tumour level.

Furthermore, the Bi2S3 shows superior dose absorption,
with two maximum values at approximately 50 keV and
110 keV, while the CeOz only shows one maximum at ap-
proximately 50 keV. Third place goes to AuNPs, which
have two maximums of about 50 and 90 keV. Compared to
earlier NMs, Ta205 and HfO2 show reduced dose absorp-
tion, with two maxima at roughly 50 and 70 keV. It should
be noted that, compared to NMs, AuNPs exhibit the lowest
absorption at X-ray energies of about 70 keV. This finding
is extremely important in Radiotherapy because Bi2Ss can
reach relatively deep tumours, such as brain tumours.

We plotted the proportion of dose in Figure 4, and the
results are impressive in the case of Bi2Ss. The absorption
dose in the tumour is nearly five times higher where the
X-ray energy is around 30 keV and nearly twice as high
where AuNPs are present inside the tumour. It is also
worth noting that CeOz has a high dose absorption for an
X-ray energy of around 50 keV, four times greater than in
the absence of nanoparticles and two times greater than
in the presence of AuNPs. The primary physical process
that occurs when X-rays interact with heavy atom-based
nanoparticles is known as the Auger effect, which helps
to explain this [25]. This process is explained by the fol-
lowing: an electron ejected from the atom's inner electron
shell after receiving energy from an X-ray photon leaves
a hole, which is filled by an electron higher in the atom.
This process results in the emission of a photon known as
X-ray fluorescence.
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Fig. 2 — The energy deposited by a mono-energetic X-ray beam
along a head. Notes: In this figure, the X-ray beam has an en-
ergy of 50 keV, and the nanoparticle concentration is 2 % rela-
tive to the tumor volume
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Fig. 3 — Calculate the absorbed dose at the tumour in the presence
of nanoparticles within the tumour. The X-ray energy changes
from 20 to 200 keV in 10 keV steps at each compilation. The nano-
particle concentration is set at 2 % of the tumour volume
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Fig. 4 —The proportion of the dose that the tumor absorbs when
nanoparticles are present compared to the dose that the tumor
absorbs when they are not
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4. CONCLUSIONS

This paper investigates brain tumour radiation us-
ing a Monte Carlo method. The main areas of interest
are bio-nanoparticles' impact on the tumour and their
effect on absorbed dosage at the tumour level. The most
competitive bio-NMs with AuNPs, such as hafnium ox-
ide, cerium oxide, tantalum oxide, and bismuth sulfide
(Bi2Ss3), are of special interest. Bi2Ss has promising ben-
efits in radiation therapy, particularly in deep brain-
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Ile mocumi e HHsT IPOBOIUTE YMCIIOBE MO/IEII0OBAHHS IIPOMEHEBOI Teparrii MO3Ky 3 IIMO0K0 PO3TAIIIOBAHOIO
myXxJIMHOW B 11 11eHTpl 3a Jomomoror mporpamu mogesaoBanHss Moure-Kapio Geant4. OcHoBHOIO MeTor0 €
anasIi3 BriuBy HaHoMmarepiamis (HM), mo BBogATECS B IyXJIHHY, Ha 03y Ta KLIBKICTH BUIIPOMIHIOBAHHS, 1110
THOTJIMHAETHCS IIyXJIHOW0. Mu crBopmin cepudHy myxyanHy giamerpoM 1,5 ¢M mmocepeuHi TOJIOBH JOPOCIIOL
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JIIONWHY, BPaxXOBYIOUH il XIMIUHHH CKJIa] Ta mporopirii. Hac mMikaBuTh BUBYEHHS BIUIUBY J0JAaBAHHS OloHA-
HOMAaTepiasiB, TakuX AK HamouacTuHkU 30s10Ta (AuNP), okcun radmio (HfO2), oxcup mepito (CeOs), oxcu
raurainy (Ta20s) Ta cipka BicmyTy (Bi2Ss), 10 KIJIIBKOCTI, 10 IOTJIMHAETHCS I1JT 9aC 30BHIIIHBOIO OIIPOMIHEHHST
Ha momxkuHl xBrutl exeprii Big 10 keB mo 200 xeB. PesynbraTy mocsipkeHHS TOKA3YIOTh, 0 MOKPATIIEHHS
HOrJIMHAJIBHOL 03U Ha 5,5 pasa JocAaraeTbes IpH HU3bKINM KOHIIEHTPAIl 2 % HaHOYACTHHOK Bi2Ss Bcepemmui
MyXJIMHU, Maiske B YOTUPU Pa3u mpu BuKoprcTanHl HaHnouactTuHOK CeOz Ta Tpoxu Giiblie HiK y TPU pasu
npu Buropucranui AuNPs. 3rinno 3 mammmu pedysasratamu, BieSs Ta CeO: 3abesmneuyiors Gliiblie moxpa-
IIeHHA B pajioTeparii, Hisk HafBimoMiII MaTepiaiu B jiTeparypi, Tari sk AuNPs.

Knrouogi ciosa: {osa onpominenus:, Kog Moure-Kapisio, Hanomarepiamu (HM), [lyximna.
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