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Improving proton therapy of breast cancer via AUNPs injection

Beam therapy plays an important role in the treatment of cancer, which is the most common and
successful form of treatment used after surgery. In proton therapy, proton beam (PB) particles irradiate the
tumor. To enhance the treatment of breast tumor, it is possible to inject gold nanoparticles (AuNPs) into the
tumor at the same time as irradiating the PB. The aim of this paper is simulation of breast tumors treatment
using PBs and injecting AuNPs with different concentrations, simultaneously. Therefore, we introduce the
breast phantom (BP), then irradiate it with a proton pencil beam which is also injected with AuNPs at the same
time. To show the enhancement of the absorbed dose in the tumor, we use the MCNPX.2.6 code. Findings of
our simulations show that the location of the Bragg's peak within the tumor shifts to higher depths with
increasing energy. Also, by injecting AuNPs in different amounts of 10, 25, 50 and 75mg/ml with PB irradiation
simultaneously, the rate of absorbed dose increases up to 1.75% compared to the non-injected state. Our
results also show that optimal range of proton energy that creates Bragg peaks within the tumor is 52 up to
65 MeV, which causes the creation of spread out of Bragg peak. It should be noted that the amount of
absorbed dose is affected by quantities such as total stopping power, average Coulomb scattering angle, CSDA
and straggling range. This work offers new insights based on the use of AuNPs in the treatment of breast cancer
through proton therapy and indicates that the addition of AUNPs is a promising strategy to increase the killing
of cancer cells while irradiating fast PBs. In fact, the results of this study confirm the ability of AuNPs to enhance
treatment by increasing the absorbed dose in breast tumors using proton therapy.

Keywords: tumor, proton therapy, breast, enhancement.
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CyMeKTiH, aypyblH NpoToHAbl TepannameH AUNPS eHridy apKblaibl emaeyai *KeTinaipy

Caynenik Tepanus — Katepni icikTepai emaeyae XMpyprusnblik apanacyaaH KeliH KongaHblnaTblH eH, KeH,
TapasnfaH XaHe TabbicTbl aaicTepaiH, Hipi. MPOTOHAbIK Tepanuaaa icikke NPOTOHAbIK cayne wofbimeH (ML)
acep eTineai. Cyt 6esiiciriH emaeyaid, TUIMAINITIH apTTbIPY YLUiH iCiKKe anTbiH HaHobenweKkTepiH (AUNPS) eHrisy
ML-meH 6ip yaKpITTa Kyprisinyi MyMKiH. By »KyMbICTbIH, MaKcaTbl — cyT 6es3i icikTepiH emaey ypAiciH apTypAi
KoHUeHTpaunaaarbl AUNPS eHrisy apKpiabl kaHe MLLU-meH KaTap cumynaumanay. Ocbl MmakcaTTa cyT OesiHiH
daHToMbl (CBD) ycbIHbIAbIN, 0N NPOTOH caynecimeH Hipre AUNPs eHrisine oTbipbin cayneneHaipineq). Icikreri
YYTbIIFaH A03aHblH, KywetoiH kepceTy ywiH MCNPX.2.6 kKoabl KongaHblnab.

Bi3aiH, Moaenbaey HATUNKENEPI KOPCETKEHAEMN, SHEPINA apPTKAH CalblH bperr WbiHbIHbIH, OpHanacysbl icik
iWwiHOe TepeHipek alimakTapfa Xblkuasl. CoHbimeH KaTap, AuNPs 10, 25, 50 xeHe 75 mr/mn
KOHLEeHTpaumacbiHaa MLL-meH 6ipre eHrisinreHae, xyTbinfaH A03a menwepi AUNPS eHrizifimereH KaraanmeH
canvicTbipraHaa 1,75%-fa periH aptagpl. CoHAan-ak, icik iwiHAe Bperr WblHbIH TybIHAATATbIH MPOTOH
3HEPrMACbIHbIH, OHTaMAbl AMana3oHbl 52-aeH 65 MaB-Ka aeliHri apanbiKTa OpHaNacKaHbl aHbIKTaNabl, 6y
KeHeWTinreH bperr wbiHbIHbIH, Naga 6oaybiHa aKenedi. MyTblaFaH A03a MeALWEPI TOAbIK TOKTATy KyaTbl,
opTawa KynoH walblpay bypbilibl, CSDA »aHe Wwallblpay ayKbiMbl CeKindi napameTtpaepre Tayenai 6onaapi.
byn 3epTTey anTbiH HaHOGeWEKTEpPiH cyT 6e3iiciriH NPOTOHAbIK Tepanua apKblabl emaeyae KonaaHyAblH XKaHa
MYMKIHAKTepiH KepceTin, AUNPs eHri3y pak »KacylanapblH O TUMIMAININIH apTTblpyAblH, Keneweri 30p
CTPaTErnAChl eKeHiH ganengena,.

TyWMiH cesaep: icik, NPOTOHAbIK Tepanua, cyT 6e3i, THIMAINIKTI apTTbipy.
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YnyyuieHWe NpoTOHHOM Tepanum paka MOJIOHHOW enesbl MyTem BBeeHUA 3010TbiX HaHodacTul, (AuNPs)

Jly4eBas Tepanua UrpaeT Ba*KHYO POJib B Ie4EHMM OHKONOTMYECKMX 3abos1eBaHUI 1 AaBnAeTcA Hanbonee
pPacnpocTpaHéHHbIM U 3GDEKTUBHBIM METOAOM MOC/AE XMPYPrMYECcKoro BmellaTeNbCcTBa. B npoToHHOM
Tepanuu onyxoab obaydaeTcs NPOTOHHbIM nydkom (MM). Ans nosbilleHns 3GPEKTUBHOCTU leYeHmsa paKa
MOJIOYHOW $Kese3bl BO3MOXKHO 0OHOBPEMEHHOE BBEAEHME B OMYXO0/1b 30/10ThIX HaHo4YacTuL, (AUNPS) Bo Bpems
obnyyeHuna TM. Uenbto HacToswen paboTbl ABAAETCA MOLE/NMPOBAHME MPOLECcca JieYeHUa Oonyxosnemn
MOJIOYHOW Xenesbl ¢ npumeHeHmem MMM n ogHoBpeMmeHHbIM BBeaeHMeM AUNPS B pa3siMyHbIX KOHLEHTPaLMAX.
B pamkax nccnepoBaHma cosaaH GaHTOM MOJIOYHOM Kenesbl, KOTOPbIM NoasepraeTca 0H6ay4eHMI0 TOHKUM
NMPOTOHHbIM MY4YKOM C OAHOBPEMEHHbIM BBedeHnem AuNPs. [11a OUEHKN yYBeIMYEeHUs NOrNOWEHHON A03bl B
OnNyXxonu ncnoab3osanace nporpamma MCNPX.2.6.

Pe3ynbTaTbl MOAENMPOBAHMA MOKA3bIBAOT, YTO NONOXKEHME NMKa bperra B npeaenax onyxom CMellaeTca
Braybb Npu yBEANYEHUN SHEPrMUM. TaKKe Oblo YCTaHOBAEHO, YTO Npu ogHOBpeMeHHOM BeedeHnn AUNPs B
KoHUeHTpaumax 10, 25, 50 n 75 mr/mn ¢ MM npoucxoamT ysenmyeHue nornowéHHon aossl go 1,75% no
CpaBHEHWIO C BapuaHTOM He3 BBeAeHMA HaHoYacTuL,. Kpome Toro, yCTaHOB/EHO, YTO ONTUMAa/IbHbIN AnanasoH
SHEepruM NPOTOHOB, MPM KOTOPOM GOpPMUpPYETCA MUK Bperra BHYTpWM OMNyxoau, cocTasnaeT oT 52 o 65 M3B,
4YTO MNPUBOAUT K GOPMMPOBAHUIO paclIMpeHHOro nuka bperra. CneayeT OTMETWUTb, YTO Ha BEAUYMHY
NOrMOLWEHHOM A03bl OKa3bIBAtOT BAUAHUE TaKME NapaMeTPbl, Kak NoHanA TOPMO35LLLAsA CNOCOBHOCTb, CpeaHN
YrON KYy/JIOHOBCKOTO paccesHua, ananasoH CSDA u ¢aykTyaumm npobera. [JaHHoe nccnenoBaHMe OTKPbIBaeT
HOBble MepcrnekTUBbl NpumeHeHMa AUNPS B Jle4eHUM paka MOJIOYHOM Kefne3bl C MOMOLLbIO MPOTOHHOM
Tepanuu 1 NoaTBepPKAaeT NepcrnekTMBHOCTb BBeaeHMA AUNPS Kak cTpaTernn nosbilleHnsa 3ddeKTUBHOCTM

YHUYTOXKEHNA PaKOBbIX K1E€TOK MNMPpKn O6J'Iy‘-IeHl/ll/l BbICOKO3HEPIreETUHECKNM nr.
KnioyeBble cnosa: OonyxXo/ib, NPOTOHHAA TEPaANMA, MOJIOYHAA Kene3a, yCuieHume.

Introduction

Today, hadron therapy with heavy charged
particles is a modern technique in radiotherapy, so
that it has physical and radiobiological advantages
and in general has useful clinical properties.
Physically, because of optimal absorbed dose
distribution of heavy charged particles, healthy
tissues can be significantly protected from unwanted
damage, which in turn reduces side effects and
secondary cancers. In addition, from a radiobiological
point of view, the RBE of these particles is higher
than that of photons, thereby increasing the efficiency
of killing cancer cells and increasing the probability
of tumor control. Thus, this technique is considered
the preferred and definitive method in terms of cancer
treatment. From a DNA damage perspective, it can be
argued that cancer treatment uses the proton hadron
beam to damage the DNA of cancer cells without
destroying healthy cells. However, in X-ray therapy,
nearby non-cancerous cells are also destroyed.

In recent years, the use of high-Z NPs is
presented for tumor activation in order to increase
absorbed dose inside it and different studies are
performed on the effects of NPs such as gold, silver,
platinum, and gadolinium that are combined with

ionizing radiation. [1-3] If AuNPs with high- Z target
tumor, they can increase the specific absorbed dose
with a focus on the tumor, and thereby minimizing the
radiation damage to healthy tissues. [4] Lin, et
al. used Monte Carlo simulations to differentiate
between two types of interaction: nanoparticle
interactions on the photons and protons, respectively;
they found that the former increased more
significantly than the latter. [5] Lin, et al. presented a
biological model in which protons require NPs with
higher concentrations compared to photons to have
the same effectiveness. [6] Butterworth et al.,
Porcello et al., [7] and Jane et al. [8]. Investigation on
simulations of gold (Au), silver (Ag) and platinum
(Pt), confirmed that these materials are compatible
with each other to participate in treatment. [9] Gao
and Zheng studied on MC simulation, in which they
simulated a water phantom on a GNP. They
concluded that the production of secondary electrons
is increased with reducing of proton energy.

Kewon et al. simulated AuNPs in water. [10] In
addition, they proposed a radial dose distribution with
respect to secondary electrons. They noticed that the
effect of AuNPs increased more than a few
micrometers in length and a few nanometers in radius
direction, respectively [11]. In this study, we used the
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MCNPX.2.6 simulator while employing the
technique of pencil beam to radiate the proton toward
the PB for the first time. As a matter of fact, the
absorbed dose and other quantities were examined in
two cases: when AUNPs were not injected into the
PB, and when AuNPs were injected into it with
selecting four concentrations: 10, 25, 50,75 ml/mg.
Since that the Coulomb scattering effect is one of the
important physical phenomena, we determine the
mean scattering angle for these cases, and compare
the results.

In this work, we use the MCNPX.2.6 code
simulator for the first time with the proton irradiation
method to the suggested PB, so that we can determine
the absorbed dose and the related various quantities
(mass stopping power, proton beam deposited energy,
generated secondary particles flux, absorbed dose,
spread out of Bragg's peak, MCS, CSDA range and
straggling proton range) in this phantom in the
following two steps. In the first step, AuNPs are not
injected into the tumor, while in the second step,
AuUNPs with the suggested concentrations above are
injected into the tumor.

Metods

Stopping power and absorbed dose

The energy loss of ions in a material is the main
factor for determining the ions distribution. Because
the ion energy (E) is lost at at the penetration depth
(x), where x is the distance inside the target, which is
measured from the target level, the lost energy in a
material is called stopping power, which is
represented by dE/dx. An energetic ion penetrating
into a material essentially loses energy with two
ways: a) nuclear energy loss (dE/dXn.c) (b) electronic
energy loss (dE/dXe); they are independently
examined. Thus, total power(S) is given by:

_dE _dE dE
Cdx dxpue dxer
The equation for the proton stopping power in a

material is obtained by the quantum mechanical
Bethe's equation [12]:

€y

dE nz?e* 2m,v?
= > In
dx  4mefm,v? I
2 2
- ln(l -V /Cz) -V /Cz] (2)

Where, Z is heavy ion atomic number, e is elementary
charge, n is number of electrons per unit volume of
matter, c is the speed of light in vacuum, = v/,
where v is the ion velocity and c is the light velocity,
lis the mean excitation potential, & is vacuum
permittivity, and m. is electron mass. Mass stopping
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power is obtained by: %S = —%Z—i. In Fig.2, we
compare the total proton mass stopping power in PB
using MCNPX.2.6 simulation for two cases: a)
without b) with injecting of different concentrations
of AuNPs. The absorbed dose is defined as the mean
energy deposited inside the matter by ionizing
radiation per unit mass. The absorbed dose is in

Gray (Gy) in radiotherapy. It is given by:
D =1.602 x 10‘1°.F.% A3)

Where p is the density of the absorber material while
F is the number of charged particles (proton) per
unit cm?. Fig.3 compares the absorbed dose of two
cases a) with and b) without injecting of AUNPs as a
function of the penetration depth at the different of
incident PB energies. It should be noted that at this

- b ticl
simulation work: F = 1 x 106 ™ er:ifar =,

Multiple Coulomb Scattering

Protons that are able to pass through the material
and may be deflected by the nucleus of the atom, and
it is known as multiple Coulomb scattering (MCS).
Both the protons and the nuclei have positive charge,
therefore, their interactions are mostly Columbic.
Highland's formula calculates the mean scattering
angle 0 [12, 13]:

14.1MeV L 1 L
0y = p—vzp a [1 + §log10 (E)] rad (4)

Where p is momentum of proton, v = Sc is proton
velocity, L is target thickness, and Lr is radiation
length of target material. The radiation length is the
distance from which the energy of the radiation
particles decreases due to radiation losses as much as
e'=(0.37) coefficient. In Fig 4, we compare the mean
Coulomb scattering angle in terms of the proton
energy at the range of 1 < E (MeV) < 250, for the
injecting of different concentrations of AuNPs in the
BP.

CSDA and Straggling Range

In this work, we use CSDA method to calculate
the proton range. The CSDA rangeis obtained
by integrating on the reciprocal of the total stopping
power with respect to the energy from E, to Er where
they are initial and final proton energy, respectively,
which is given by: [14]
Eo dE_

CSDAR =
Ef Stot

)
In Fig. 5, the comparison of proton range variations
in terms of the proton energy in the range of 3 < E
(MeV) <250 without and with the injection of AUNPS
in the breast tissue is depicted as a diagram. The loss
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of energy of an ion inside the matter is a statistical
process and it is not definite and the Bethe's equation
represents only mean energy loss. This variation was

obtained by Bohr, who introduced energy
straggling (og):
do?(x) T,
dx  4mey? ¢ Pe ®)

where p, = electron density. This is valid for energy
loss that is large enough for maintaining Gaussian
approximation but it is small enough when its energy
can be assumed to be constant. Schulte et al.
introduced the following differential equation: [15]

dof(x) _ dS(E())
“dx K(x) — ZTO-}_%(X) (7)
where K(x) is represented as:
Y
K(x) = ZZPeKl_—Zﬁz ®)

range straggling (ox), as a function of energy, is
determined through the solution of the following
equation:

dog 1 dog(x)
dx S(E) dx

€)]
where S(E) = the total mass stopping power.
Suggested right BP containing tumor

Monte Carlo simulations were done using
MCNPX (Monte Carlo N-particles extension) version
2.6, which can handle the interaction and transport of
protons, neutrons, electrons, and other particles over
a wide range of energies. In the current study, to
investigate the analytical phantom of the human
body, based on ORNL publications, ORNL female
phantom was used to create the input file for MCNPX
transport code. Figure 10 illustrates the scheme of this
phantom. In the original ORNL phantom, the breast
tissue was considered as soft tissue, and for all soft
tissues, a unique material had been used. However, it
is well known that the material composition of breast
tissue is different from other soft tissues. Hence, the
breast material was improved. The composition of
breast material used in the current study for the
suggested ORNL phantom is presented in Table 1.
The spherical tumor is located at a radius of 0.5 cm
and at a depth of 3 cm from the breast (Figure 1). Note
that according to the coordinates shown in Figure 10,
the coordinates of the center of the selected tumor are
x=-10cm,z=52cmandy =-10 cm which we have
simulated using this code. By properly squeezing the
breast, the tissue is evenly expanded, its thickness is
reduced, and the irradiated time is reduced. The

defined source is a single energy point source that is
irradiated at a distance of 0.5 cm from the phantom
perpendicular to the breast and in the direction of the
tumor from 52 to 65 MeV energy with a step of 1
MeV and finally to calculate the absorbed dose in
terms of penetration depth in the tumor range was
used from Cartesian mesh with a thickness of 1 mm.

Then, we would transport the PB at the range of
3<E (MeV) <250 toward the phantom, and would
examine the effect of this beam on the breast tumor.
The source defined in this work is a circle with a
radius of 25.0 mm, which has a Gaussian energy
distribution, and it is close to the phantom. In this
work, we insert NPs into tumor tissue using a
mechanical injection method. Simultaneously, by
injecting AuNPs into cancerous tissue, a PB irradiates
the phantom. Then we estimate the absorbed dose in
which belong to the two states: i) without and ii) with
injection of AuNPs with PB radiation. Finally, we
confirm the effect of increasing the absorbed dose in
the tumor by injection of NPs.

A

Tumor

Raght Breaa
Rib Cage

a
R
1, Arm bone
2. Right lung
3.Left lung
4 Right breast 9
5.Left breast
6. Heart
7.5pine
8.Tumor
9.6 cage =)
10.5capulae

10

-20

b
Figure 1 — a) Frontal view of the right breast
phantom b) display of Cartesian coordinates of the
selected right breast phantom containing a spherical
tumor of 1 cm in diameter with adjacent tissues.
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Table 1 — Percentage of human tissue components

in all phantoms except the infant

lung skeleton .SOft element
tissue
10.134 7.337 10.454 H
10.238 25.475 | 22.663 C
2.866 3.057 2.49 N
75.752 | 47.893 | 63.525 0]
0 0.025 0 F
0.184 0.326 0.112 Na
0.007 0.112 0.013 Mg
0.006 0.002 0.03 Si
0.08 5.095 0.134 P
0.225 0.173 0.204 S
0.266 0.143 0.133 Cl
0.194 0.153 0.208 K
0.009 10.19 0.024 Ca
0.037 0.008 0.005 Fe
0.001 0.005 0.003 Zn
0.001 0.002 0.001 Rb
0 0.003 0 Sr
0 0 0.001 Zr
0 0.001 0 Pb
0.296 1.4 1.04 | Density(g/cm?)

Enhancement of Radiotherapy with Injection
of AuNPs to the Tumor

In targeted cancer treatment, physicians use
drugs that can better penetrate cancer cells to
diagnose and treat [16,17]. For this purpose, AUNPs
are used as a photon active element simultaneously
with PB irradiation. Radiation therapy by mixing NPs
increases the number of photoelectrons in the tumor
due to the presence of particles with a high atomic
number. As the absorption of photoelectrons into the
irradiated tumor increases, the absorbed dose of the
tumor increases. Experimental studies have shown
that the size of NPs and how they are distributed in
different organs are related to each other. The
maximum accumulation of AuNPs with diameters of
20-100 and 220 nm is in the liver or spleen, but NPs
smaller than 10 nm in diameter were observed in most
organs including kidney, heart, lung, brain, liver and
spleen. NPs used in medicine are classified into two
main groups. The first group of particles that contain
organic molecules as the main building material and
the second group that usually contain metals and
minerals as the core [18,19], NPs (e.g. AuNPs) are
commonly used simultaneously with particle therapy
to kill cancer cells due to their compatibility with the
biological system and their low toxicity. One of the
most important parameters of NPs is the choice of
their synthesis method. The physical and chemical
properties of the particles depend on their synthesis
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method and the method is selected according to the
type of coating agent, appropriate stabilizer and
desired size. In order to use AuNPs biologically, their
surface must be functionalized, which is called
functionalization. The functionalization of NPs is
done with the aim of smartening, insensitivity of the
immune system and reducing toxicity in the body.

Depending on the application of functionalized
NPs, different agents and compounds are used. For
example, AuNPs can be functionalized with poly-
ethylene glycol to reduce toxicity, escape from the
immune system and as a result we have a longer
durability in the bloodstream [8]. Another important
feature of AuNPs is their easy coupling with
antibodies. Therefore, AuNPs are injected into the
patient's body in various ways, such as intravenous
injection or injection at the tumor site. Inside a
healthy tissue, endothelial cells have a regular
arrangement and an impenetrable distance for NPs,
while in a tumor tissue, the arrangement of
endothelial cells is irregular and has large pores,
which causes high NPs of gold permeability to tumor
tissue. In this process, the antibodies first guide the
NPs to the target cells and after they attach to the
target cells, they are irradiated. All cancer cells
interact with the NPs and are killed by the heat
generated with the collision of electromagnetic waves
caused by the radiation of a particle beam with
AUNPs.

Results and Discussion

In figures 1 to 9 we represent the results of the
total mass stopping power, proton deposited energy,
secondary particles flux, absorbed dose, spread out of
Bragg's peak, mean Coulomb scattering angle, CSDA
and straggling range in terms of proton energy at the
range of 3 < E(MeV) < 250 in breast tissue through
MCNPX.2.6 simulation for a: with and b: without
injecting of AuNPs, respectively.

As shown in Fig.2 by increasing proton energy,
the stopping power is reduced, while with increasing
the concentration of AuNPs, the value of this quantity
is enhanced. This is due to the density effect and also
the production of secondary electrons, which means
that collisions respect to distance between the charged
particles and the atomic electrons are influenced by
their atom interference. These atoms are polarized in
the electric field of the charged particles so that the
electric field of the electron is reduced in the distance
from collision. Since the relativistic effects highlight
the collisions with distance, this effect can be clearly
seen at the high energy levels. This effect depends on
the number of polarized atoms per volume and,
consequently, on the density of the materials, and
therefore they are called the density effect. Typically,
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the ratio of the mass stopping power changes slowly gas, this ratio will change due to reduce of mass

in two materials with the particle energy. Also, if one
of the material is solid and the other one is liquid or

stopping power for solid when the particle energy
approaches the relativistic limits.
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Figure 2 — Comparison of total mass stopping for with/without injection of AuNPs for different
concentrations at BP

According to the numbers in Table 1 and the
selected phantom, the energy variations of the
proton beam in terms of spatial changes x and y in
breast tissue containing a spherical tumor with 1
cm diameter for both without and with injecting
AuUNPs into the tumor are given in Fig3a and b.
According to these figures, it can be seen that a
proton beam in the direction of the tumor is
irradiated from outside to the tumor and its
maximum deposited energy at the end of the tumor
as it is seen in the dark red region. As can be seen
from these figures, the adjacent tissues around the
tumor inside the breast are also irradiated to less
proton radiation, the color range of which is yellow
to orange. The tissues farther behind the tumor
(part of the breast tissue, chest, right lung, etc.)
receive less deposited energy, their color range is
from blue to green, as well as areas that are farther
away from the tumor, the amount of deposited
energy is equal to zero inside it, and this area is
shown in white. From comparing these figures, we
see that with injecting AuNPs into the tumor with
the amount of 75mg/ ml, the deposited energy
increases.

When protons are absorbed by nuclei as a
result of nuclear interactions, other particles are
released as products. These released particles are
called secondary particles (for example: protons,
deuterons, lighter nuclei such as alpha , recoil
nuclei, gamma photons and neutrons). Each of

these generated particles transports some of the
initial energy. Deuterons and heavier ions carry
much smaller amounts of dose. In total, they make
up about 1% or less of the therapeutic absorbed
dose, and their energy and range are very small, and
they discharge their kinetic energy in a localized
manner and very close to their point of origin.
Therefore, the dose of secondary particles such as
neutrons, electrons, alphas and protons was
evaluated here for without and with injecting
AUNPs (see Figs 4 and 5).

From the observation of these figures, it can
be found that with ingecting AuNPs up to
75mg/ml, the flux of generated secondary particles
such as electrons , alphas , protons and neutrons are
increased respect to without of AuNPs injecting.

In Figures 6a and b, the diagrams of the
varations of absorbed doses in tumor-containing
breast tissue are given in terms of the penetration
depth of the proton beams for different energy of
the incident beam in the range of 52 to 65 MeV for
two cases of without/ with injection of AUNPSs. As
can be seen from these figures, in the energy range
of the proton beam, the absorbed dose into the
tumor occurs, and with increasing the energy of the
proton beam, the absorbed dose into the tumor
decreases with increasing penetration depth into
the tumor. Injection of AuNPs in the amount of 75
mg/ ml increases the absorbed dose compared to
the noninjection mode.
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terms of x and y variations in the right breast tissue containing the tumor
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Figure 4 — Flux variations of generated secondary particles for electrons, alphas , protons and neutrons in
terms of their energy of these particles without injection of AuUNPs.
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Figure 6 — Variations of absorbed doses into breast tissue containing tumor in terms of penetration depth of
the proton beams for different energies of incident beams (each beam contains 10 protons)
a) without b) with injection of AuUNPs.

In order to find the proper range of energy to
completely cover the tumor volume, the beam
energy was increased step by step. Since Bragg's
peaks are narrow on their own and are not suitable
for covering any target, the spread out of Bragg's
peaks was formed. For this purpose, the number of
peaks required to participate in the construction of
the spread out of Bragg's peak was calculated until
a uniform and maximum dose is delivered to the
tumor. Therefore, in Figures 6a and b, we show the
diagram of the variations of the spread out of
Bragg's peak in terms of the penetration depth of
PB inside the breast tissue containing the tumor for
without and with the injection of AuNPs. Such that
at a depth of penetration of 3 to 4 cm, i.e. within a
spherical tumor with a diameter of 1 cm, the spread
out of Bragg's peak occurs.

As it can be seen in Fig.7, if the incident PB
energy increases, the magnitude of 8o will increase
in all states; however, the minimum 8y in the breast
tumor is related to noninjection of AuNPs whereas
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this amount is gradually increased when the
injected concentration of NPs is increased into
breast tumor.

By comparing Figures 7a and b, it can be seen

that the range of the spread out of Bragg's peak
increases with the injection of AuNPs.
As it is shown in Fig.8, without injecting of AUNPs
has the highest CSDA range, and it is slightly
decreased when AuNPs are increasingly injected so
that CSDA range will be approached to its
minimum amount of concentration of 75 mg/ml.

As it is shown in Fig. 10, range straggling is
increased with the enhancement of proton energy
for with/without AuNPs. But the maximum value
of this quantity is devoted to the absence of AUNPs
injection and the minimum amount of straggling
range is related to the injection of 75 mg/ ml
AuUNPs. This means that with increasing the
amount of AuNPs injection, the straggling range is
reduced.
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Figure 7 — Variations of the spread out of Bragg's peak in terms of penetration depth of the proton beam into
the breast tissue containing tumor a) without b) with injection of AuUNPs.
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Figure 8 — Comparison of the mean Coulomb
scattering angle in terms of proton energy in the
range of 3 < E (MeV) < 250 for the injecting of

different concentrations of AuNPs in the PB.
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Figure 9 — CSDA range variations for with /
without NPs injecting as a function of incident PB
energy.
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BP. Due to the depth of the tumor, the appropriate

[— With 75 my ml. (:\P-i

W B agt, GiB| range of proton energy to cover it was 52 to 65 MeV.
— With 10 mg ml. GNPs| The proton absorbed dose in other tissues of the body

= Without GNPs

was lower than the absorbed dose received by the
tumor. The flux of secondary particles in healthy
organs is much smaller than those of protons received
by the tumor, but it is better not to ignore it because
the secondary particles release a lot of their energy
before reaching the tumor, which can be a risk factor.
All of these cases confirm the benefits of proton
therapy for primary and non-surgical cancers, but the
side effects of generated secondary particles,

. . especially neutrons, are higher than those of other
range straggling versus proton energy in the range of  so0ndary particles and have a higher relative

3 < E (MeV) =< 250 (with/without AuNPs in the biological effect than electrons and alpha, and by

breast tissue) creating more ionization can have a more destructive

effect on cells. Therefore, more studies are needed.

_ Also, the results of our simulations show that the
Conclusion injection of AuNPs up to a maximum of 75 mg/mi
increases the absorbed dose within the tumor and

In this work, the MCNPX.2.6 simulation code increases the secondary particles produced, which
was used in the treatment of a given tumor inside the improves the treatment of breast cancer.

R, cragyling' ) .

Figure 10 — The comparison between variations of
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