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Abstract

Background: Recently bismuth-based nanoparticles ladtracted increasing attention as a dose awgtiifin agent in
radiation therapy due to high atomic number, higbtpelectric absorption, low cost, and low toxicity

Objectives: This study aims to calculate physicdegts of dose enhancement of bismuth-based ndictgmin the
presence of brachytherapy source by Monte Carlalation and an analytical method for low mono-egerg
Materials and methods: After simulation and valiatbrachytherapy sources (lodine-125 and Ytterbiiff) by
Monte Carlo code, bismuth-based nanoparticles (ispbismuth oxide, bismuth sulfide, and bismuttrife) were
modeled in the sizes of 50 nm and 100 nm for twaceatrations of 10 and 20 mg/ml. Dose enhancenaanbrs for
the bismuth-based nanoparticles were measuredtabbachytherapy sources. Furthermore, the dosdifaration was
calculated with an analytic method at 30 keV monergy.

Results: Dose enhancement factor was greatestpuitn bismuth nanoparticles, followed by bismuthdexibismuth
sulfide and bismuth ferrite for both radiation smuand simulation methods. The dose amplificat@nttie bismuth-
based nanoparticles increased with increasingasideconcentration of nanoparticles.

Conclusion: The physical aspect dose enhancemettieohanoparticles was shown by Monte Carlo andydna

method. The results have proved bismuth-based @aticips deserve further study as a radiosensitizer

Key words: bismuth-based nanoparticles; brachytherapy spuad@sensitizer; Monte Carlo simulation; dose

enhancement.

Introduction

Over the two last decades, extensive studies haga Hrawn
on nanoparticles as a radiosensitizer in radiatiberapy.
Although radiation therapy is a well known noninvas
method in cancer therapy, we have faced seriougation to
protect the surrounding healthy tissue. This chake could
cause a serious problem, specifically for patiemtho
prescribed to receive high radiation dose. To cineent this
restriction, nanoparticles (with a high atomic nambas
radiosensitizer can be considered in the tumoraéging the
nanoparticles as a physical radiosensitizer tauheor region,
the local dose distribution increases around theoparticles
compared to normal tissue due to the high absarptio
coefficient of the nanoparticles [1]. Radiosensitian
mechanisms can be categorized into three itemssigdly
biological and chemical processes. From a phygoaht of
view, high Z atomic number nanoparticles could emcea
photoelectric interactionss(. ~ Z*/E? , atomic number, Z, the

energy of a photon, E) and Auger electron in sub/Me
energies [2,3]. Therefore, nanoparticles have thaifcant
ability on radiation dose amplification when kildiage energy
such as brachytherapy source is applied [4,5].0¢arkinds of
high atomic number nanoparticles have been widely
investigated as radiosensitizer such as gold, kisnplatinum,
tungsten, and gadolinium [6-8]. Although the mdat&s have
been focused on gold nanoparticles, recently bisrhased
nanoparticles as a material with high atomic nun{éer 82),
high photoelectric absorption, low cost, and lowid¢ily have
been drawn considerable attention in radiother&¥2]. For
more than three centuries, bismuth metal compousds
extensively employed in medical applications. Couorts
containing bismuth have been used for the treatmant
gastroenterology illnesses, syphilis, skin lesionand
Helicobacter pylori infection [13,14].

In the size of nano, numerous studigs\ftro andin vivo
experiments) have shown that bismuth-based nanclpart
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could enhance the local dose within the tumor, kkao their
high X-ray attenuation coefficient. For examplejform size
bismuth nanoparticle (Bi) was prepared and invastd as
computed tomography (CT) contrast agent for gasstinal
tract imaging [15]. Moreover, the nanoparticles eveetected
as target tracing in CT/fluorescence imaging [16]the field

of radiation therapy, the effect of bismuth nantipkes on
radiation dose enhancement was investigated fasbincer
[10]. Bismuth sulfide (BiS;) nanoparticles as a biocompatible
bismuth-based radiosensitizer were introduced iagimg and
radiation therapy [17]n vitro andin vivo studies demonstrated
that the BjS; nanoparticles have the ability to improve the
efficacy of both radiation and photo-thermal theréqr cancer
treatment [18,19]. The other kind of bismuth-basezho-
particles which was investigated as radiosensitizdysismuth
oxide nanoparticles (BDs). Results of the studies established
the effect of BjO; nanoparticles on radiation enhancement by
clonogenic and modeling assays [20-22]. In our iprework,
we confirmed the suitability of multifunction bisittuferrite
nanoparticles (BiFeg) as a magnetic local dose enhancement.
Whereas bismuth ferrite has both dose amplificatam
magnetic property due to bismuth and iron elemettis,
nanoparticles were evaluated as a multimodal intagontrast
agent in magnetic resonance imaging (MRI) and cdetbu
tomography (CT) [6].

In this study, firstly, the lodine-125%l) as low dose rate
(LDR) and Ytterbium-169 'f%b) as high dose rate (HDR)
brachytherapy sources were simulated by Monte ChHo
Particle Transport (MCNP6) code. After validatiofi the
radiation sources, radiation dose enhancementteffe¢he
bismuth-based nanoparticles (bismuth, Bi, bismuttide
Bi»0s, bismuth sulfide, BS; and bismuth ferrite, BiFef in
presence of low dose rate (LDR) and high dose (di2R)

brachytherapy sources was compared by MCNP6 code.

Moreover, an analytic method [23] was consideredaloulate
second photoelectrons which are produced fromantem X-
ray with nanopatrticles.
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Material and methods

Brachytherapy sources

129 SelectSeed 130.002 as low dose rate (LDR) ‘&b,
4140 as high dose rate (HDR) brachytherapy souvee®
chosen from the studies by Karaiskos et al. [24] lsledich et
al. [25], respectively. The geometry of the soutisaustrated
in Figure 1a. The'® source consists of a cylinder rod with an
outer diameter of 0.510 mm and a length of 3.40 whith is
covered with a silver halide layer (AgCI/Agl) in0®.um thick.
Titanium capsule with hemisphere end shape (ra@idsmm)
and length 4.5 mm is covered the active lengthhef source
(3.40 mm).

High dose rate sourcé®{Yb) core is ytterbium oxide (6.9
glcnt) length 3.6 mm (active length) which is encapsdaty
stainless steel with hemisphere shape in end §a@id5 mm)
and length of 4.8 mm. The stainless steel cabB0(§/cn?) in
the shape of a cylinder with a diameter of 0.9 nmd Bength
1.95 mm is attached in the source. Details dimensimurces
are mentioned ifrigure la.

Monte Carlo simulations

Calculation of TG-43 parameters

High dose rate (HDR) and low dose rate (LDR) bréohsapy
sources were modeled by general-purpose Monte Qd+lo
Particle Transport (MCNP6) code published by thes Lo
Alamos National Laboratory. TG-43 parameters suEli@se
rate, air-kerma strength, dose rate constant, Iradase
function, and anisotropy function in order to valiel code were
calculated from the below formula:

G(r,0)
a0 IMF@,6)
D(r,0) is dose rate in distance r, and polar afigl®m a line
source in water. Sand A denote air-kerma strength and dose
rate constant, respectively.

D(r,0) = SpA

Eq 1.
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Figurel. Schematic diagram of the 125l, SelectSeed 130.002 as low dose rate (LDR) and 169Yb, 4140 as high dose rate (HDR)
brachyther apy sour ces (a). Diagram of modeling tumor cube and distribution of nanoparticlesin the cube (b).
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Geometric factor, radial dose and the anisotropction are
calculated by the following equations.

G(r,0) =r"? for the point source Eq. 2
G(r'6)=Lr§n8 Eq. 3
ot (28 ) - (228
F(r,0) = 209 6urfo) Eq.6

D(1,8p) GL(1,6)

To calculate dose rate constant, for the ***yb source, dose
distribution was measured in a voxel (0. ) whichswantered

on reference pintr(= 1,%) from a box phantom of water

(80x80x80 cr). Then it divided to air-kerma strengthy,S
which was calculated in voxels of 10x10x0.05 @ndistance
100 cm from the source center in vacuum. Dose gatestant
(A) for low dose rate (LDR) sourc&?, was calculated as we
have done for high dose rate (HDR) source. Howevethis
case, reference point voxel was at a phantom viatsize of
(30x30x30 cr). Dose rate distribution was calculated by F6
tally and cut off energy 2 keV fdfJ and 10 keV for®®vb.

S, = Ks(r)r? Eq. 7
whereKs(r) is air-kerma rate;
_ D(1em7) Eq. 8
Sk

Radiation sources were placed in a spherical watantom to
catch all scattering radiation and outside of spheas void.
Radial dose g(r), and the anisotropy function &f(nvere
calculated by detectors which were simulated aseseof
cones, centered in radiation sources with anglem f0° to
180° degree and radial distance from 1 to 10 cm.

Nanoparticles dose enhancement

MCNP- Monte Carlo
Radiation sources? and***vb) were considered in center of
sphere water phantom with radius 20 cm and a ctbitor
with a dimension of 1x1x1 chwas in 1 cm from the sources.
The cube was divided into cells with a dimension of
2x2x2 mm and each cell was filled with smaller cells
according to the concentration of nanoparticleEggyre 1b).
Spherical nanoparticles in concentration 10 mg a6dmg
were placed in the smallest cells. Size of smaléedfs for
different kind of bismuth-based nanoparticles @pO;, BiS;,
and BiFeQ®) and concentration was changed. The number of
nanoparticles were calculated according to conatatr,
density, and mass.

Dose distribution was calculated by F6 tally (MgVih each
2x2x2 mmi cells in the middle of the cube. Photon and
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electron cut off energy was 1keV (default of coded
simulation was performed for ibistories.

Analytical simulation
For analytical simulation according to previous ksr
[23,26,27] an endothelial cell (as a 10x10x2 pnb)send X-
ray radiation source at an energy of 30 keV wemsictered.
Bismuth-based nanoparticles (Bi,,8s, Bi,S; and BiFeQ) at
a various concentration (10, 20, 30 and 40 mg) wenelated.
Dose enhancement effect of bismuth-based nanolgsrticas
calculated based on the equations presented aprthéous
works [23,26,27]. A based dod®, = 2 was chosen as dose
absorbed in water cell without nanoparticles. Phdtox (0),
the number of photons (}y incident on the nanoparticles and
the probability (P) of photoelectric interaction panoparticles
are given by follow equations:

_ _Dw

T B

Eqg. 9

where ® is photon flux, E is the energy of a phot(}‘-fﬁ’f;,ﬂ) is

mass absorption coefficient of water at energy E;

N,

on = © X 1r?

Eq. 10

whereN,,, is the number of photons interacted by NPs arsd r i
the radius of NPs;

Hpe

p= (T)E X pyp X dyp Eq. 11

where p is a probability of photoelectric interaati on
nanoparticlespypis denthe sity of nanoparticles ag = 2

-
?.

Based on the equations, emitted photoelectrons fie
nanoparticle is:

Npg = Npy X p Eq. 12

and the total number of nanoparticl¥g, in cell slab for a
given concentration, C (mg/g), is obtained by:

N _ CXVeeniXpcell
NP = Ta
3mr3oNp

Eq. 13

So, the total number of photoelectrons which ardtedhfrom
nanoparticles is:

Neotar.pe = Npg X Nyp Eq. 14
and range of the emitted photoelectroms)( for a kinetic

energy €£xr = E — Ep_cqge) iS given by:
Ry = 0.0431(Egg + 0.367) — 0.007 Eq. 15

According to kinetic energy and range of emitted
photoelectrons from nanoparticles, deposit enerdy the
photons in the cellFg) is calculated by:

2mR7(0.5T)2—2mRy(RT—0.5T) (R
Epc = T 4nRt(o.5TT)2 T fr T 3.316(Rr —x +

0.007)79435 4 0.0055(R; — x)°33 dx

where T is the thickness of the cell.

Eq. 16
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As results total deposited energy from all emitjeloto- Table1l. Dose rate constant (A) of the | and **Yb brachy-
electrons is given by: therapy thisand previous studies.
Eroraric = Ezc X Niotalpe Eq. 17 Author A (cGy h* U™ Uncertainty
_ _ _ This work (125-1) 0.95 0.004
Dose from nanopatrticles is calculated by total dépd energy Karaiskos et ai* (125-I) 0.954 0.005
from nanopatrticles in slab cell volume: This work (169-Yb) 1.24 0.05
D. C. Medich et af(169-Yb) 1.19 0.03
Dnp = Evotarec/ Veeu X Peerr) Eg. 18
Therefore, the dose enhancement factor of nanofeatis
given by: The calculated dose rate constan) for the 1 and **%vb
DEF = DwtDnp Eq. 19 sources was 0.95 + 0.004 cGy b and 1.24 + 0.05 cGyh
Dy ' U™, respectively, as it is shown frable 1 in comparison with
data of previous works, 0.954 0.005 cGy W™ (*A,
Results SelectSeed,130.002, Karaiskos et al. [24§)l 1.19+0.03 cGy
-1 -1 /16 H
129 and ®vb sources were simulated by MCNP code and N Y ( *Yb,4140, Medich et al. [25]3 reasonable.
dosimetric parameters of the sources were calaliteording Calculated results for radial dose function, g@ifom 1 to 10
to TG-43 dosimetric formalisnDose rate constant (cGyt™?) cm with a distance of 1 cm) and the arg%qtropy fionc F(r6)
for both sources'f and *%b) of this study and previous (& }2:{ radial distance of r =1 cm) for trid, SelectSeed, and
works (with the same source) is listedTiable 1. the"Yb,4140, sources are presented graphicalfyigure 2.
i (a) —a— This work 11- (b) —a&— This work 24
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Figure 2. Radial dose function and anisotropy function of 125| SelectSeed 130.002 (a, b) and 169Yb 4041 (c, d) brachytherapy sources from
the study and previous wor ks[24,25].
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As it is clear from Figure 2, the results show adjagreement
between calculated TG-43 parameters from the stouland
previous studies [24,25].

Dose enhancement

Dose enhancement factor for bismuth-based nanolearsuch
as Bi, ByOs, Bi,S;, and BiFeQ at the presence df? and
%%b brachytherapy sources was calculated by MCNRE co
The factor for nanoparticles with two concentrasiaf 10 and

20 mg at the size of 50 nm and 100 nm for both the

brachytherapy sources is shownHigures3, 4 and 5. Pure
bismuth nanoparticle has the highest dose enhamtefangtor
and it decreases for f);, Bi,Se; and BiFeQrespectively for
both radiation sourcedrigures3, 4 and 5 show that DEF
increase with concentration and size of nanopesiclFor
example, DEF for 10 mg of 100 nm Bi nanoparticle2i§2

(a —=—Bi
_100nm-10 mg Bi2O3
2.6 —a— Bi2S3
24 —v— BiFeO3
2.2
2.04
w d
L 1.8
[a) d
1.64
1.4 4
1.2 1
1.0 1
04 06 08 10 12 14 16 18 20
r(cm)

(**) and 1.5 ¥*%b) while it decreases to 2.06 and 1.37 for

50nm Bi nanoparticle. As shown inFigure5 dose
enhancement factor (DEF) for all the aforementiobisthuth-
based nanoparticles &b source is lower than DEF &t

source due to an inverse proportion of photoelectrioss
section to energy.

Figure6 shows amplification dose of bismuth-based

nanoparticles for various concentration (10 mgnif) 30 mg,
and 40 mg) which is calculated by the analyticathud. For

nanoparticles have highest DEF and bismuth
nanoparticles have lowest DEF. we consider monoggna0
keV near to L-edge X-ray Absorption of bismuth.

—a— Bi
4.0+ 100nm-20 mg —e—Bi203
| —h— Bi2S3
354 —v— BiFeO3
3.0+
h2_5-
[m) o
2.04
1.54
1.0
-1 v 1r 1t r1rrr 1T 171
04 06 08 10 12 14 16 18 20
r(cm)

Figure 3. Monte Carlo results of dose enhancement 100 nm bismuth-based nanoparticles for concentrations 10 mg (a) and 20 mg (b) at %I

low dose rate brachytherapy source.

(a) (b)
16+ 100nm-10mg —=—Bi 100nm-20mg —m— Bi
i —e—Bi203 204 —e— Bi203
154 —a— Bi283 ' —&— Bi2S3
. —v—BiFe03 —v— BiFeO3
1 1.8- e
144
T 3- T Lty
w7 w
[m] b (m]
. 1.4-
1.1 1.2+
1.04 1.0
04 06 08 10 12 14 16 18 2.0 04 06 08 10 12 14 16 18 20

r(cm)

riem)

Figure 4. Monte Carlo results of dose enhancement 100 nm bismuth-based nanoparticles for concentrations 10 mg (a) and 20 mg (b) at **Yb

high doserate brachyther apy source.
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(a)z 8 (b)2 4 5
] —=— 100nm-"*°! a —&— 50nm-*!
26 —e— 100nm-1%°Yb - T —e—50nm-'** Yb
241 1
1 2.0+
2.2- ]
W 2.0 w 184
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0 18- i 164
1.6 1 1
1 1.4
1.4 1 ‘_\—-‘-\\.
12 1.24
10 T T T T 10 T T T ]
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Figure5. Monte Carlo results of dose enhancement bismuth-based nanoparticles size of 100 nm (a) and 50 nm (b) at | and *°vb
brachyther apy sour ce.
R based-nanopatrticles. However, bismuth ferrite nartage has
;g zg lowest DEF, the nanoparticle has magnetic and lopical
2.8- —a—30 mg property which can employ for hyperthermia and
1 —v—40mg photodynamic therapy. Moreover, the BiRef@noparticle may
2'6'_ have the ability to apply for magnetic resonancagen(MRI),
2.44 and computed tomography (CT) as multimodal contagsint
2_2_' due to Fe (Z=56) as a magnetic particle (MRI) andZ3-82)
W 1 with high photoelectric absorption (CT imaging).[6]
lé.-l 2'0'_ However, in this study, we have not decided to pam
1.84 ’_\—“\_‘\' results of both methods of simulation (analytic dA€CNP
1.6-. code) due to differences in conditions and radmtsource,
1 dose enhancement factors calculated of an andlytiethod is
1'4', .\.\'\- lower than MCNP simulation. Analytical simulatioagisome
1.24 limitation [26], it doesn’t consider photoelectrimeractions of
10 ] : : : : neighboring bismuth nanoparticles while Monte Carlo
Bi Bi203 Bi2S3 BiFeO3 simulation involves interactions of neighboring oparticles.
) ] ) Monte Carlo simulation accounts all photoelectrisuger
Figure6. Analytic results of dose enhancement various

concentrations bismuth-based nanoparticles at 30 keV mono-
energy.

Discussion

Possessing a high atomic number
advantages, bismuth nanoparticle deserves thorstugles to
show bismuth-based nanoparticles as a promisindidat® in
radiotherapy for cancer treatment. In this work, simulated
two brachytherapy sourcE” and '*®vb for calculating the
effect of the bismuth-based nanoparticles on ragiatiose
amplification by MCNP code. Moreover, we comparée t
dose enhancement factor of various
nanoparticles with an analytical method for monergetic
photon sources. As it is clear from both analytmadl MCNP
code methods, pure bismuth has highest dose enhantand
bismuth ferrite is lowest among the aforementiobéimuth

and cost-effective

bismuth-based
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electron and Compton photon and electron, whileatha&lytic
method just considers photoelectrons coefficiesbagition.

Conclusions

The dose enhancement effect of bismuth-based neitdes
(Bi, Bi,Os, Bi,S; and BiFeQ) was compared by Monte Carlo
(MCNP-Code) and analytic simulation. Based on tssof
simulation and analytical methods pure bismuth panicles
and bismuth oxide have the highest dose enhancdaetat in
comparison with bismuth sulfide and bismuth ferrilEF
increases with increasing concentration and size
nanoparticles. Results of analytical and Monte &sifnulation
express the physical aspect of radiation dose &ogilon
from bismuth-based nanoparticles. Further experiaten
studies need to carry out in which the nanopadictee
considered as a physical radiosensitizer to imprdle
efficiency of radiation therapy.
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