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Abstract

Purpose: Cancer radionuclide therapy is an effective, beneficial, and crucial method of cancer treatment that uses
unsealed radioactivated radionuclides sources that are attached to a targeting vector to deliver therapeutic radiation doses
from the ionizing radiation source to specific disease sites either for curative intent or for disease control and palliation
for the patient pain decreasing. For this aim, Monte Carlo N—Particle 5 (MCNP5) MC computational code was
employed for simulations and calculations as well as radiation transport.

Materials and Methods: 50nm Y radionuclide nanosphere was modelled coated by a 10nm coating layer with some
non-toxic high and low Z materials. Physical interactions, such as B-ray and the simulated coating materials were
studied and radiological parameters were scored by the used MC code. Attenuation of B-ray, and production of the
bremsstrahlung X-ray photons and other phenomena were simulated by the code and analyzed. MC code estimated
the effect of the simulated coating materials, such as Gold, Platinum, Gaddolonium, Silver, and Epoxy-Resin on the
radiation characteristics around the modelled nano-radionuclide per 2nm from the radiation source surface to 1um
distance. Produced bremsstrahlung X-ray by the source coating material and tissue atoms, emitted B-particle number,
flux over the surfaces (per 2nm), radiation fluence of photon and - ray, deposited energy per gr of the cell medium,
and average dose to the cells around the 500nm and 1um distance from the radionuclide source surface also was
derived.

Results: Our results showed that coating the radionuclide with the materials especially high Z (Gold and Platinum)
materials may produce a dual emitter radiation source, X-ray photon and - ray and is capable of killing the cancer
cells more than the source with not-coated source.

Conclusion: Our conclusion was that coating the - ray emitter radionuclides, especially high-energy B- ray, enhances
its therapeutical capability with X-ray and - ray emission. The studied coated sources in our study were performed as
a dual radiation source; produced X-ray and B-ray, which increases the therapeutic efficiency of the source.

Keywords: Nanospheres; °Y Nanospheres; Monte Carlo N—Particle; Monte Carlo Simulation; Radionuclide
Therapy.
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1. Introduction

Cancer radionuclide therapy is a radiation therapy
modality that unsealed radioactivated radioisotope nuclides
are been employed to deliver therapeutic radiation doses
from the ionizing radiation sources to the malignant sites
either for curative intent or for cancer control and pain
palliation for the patient pain decreasing. Some radionuclides
have attracted radiotherapists and oncologists for the
patient's cancer treatment and palliation and, are been
used widely worldwide [1-30]. From the (3-ray emitter
radionuclides which were used for the cancer radionuclide
therapy, the *C, *°Au, 7"Lu, 311, °Sr, 153Sm, ¥Re, 3P,
%0y 3Cl, and ®Rb can be mentioned. *Y radionuclide
is a pure B-ray emitter radionuclide that has a physical
half-life of = 2.7 days or 64.8 hrs. The mean and maximum
energies (Emean and Emax) of the pure B-ray emitter *°Y
radionuclide were reported as 0.933 MeV and 2.280 MeV,
respectively. The average and maximum range of the
emitted B- particles from *°Y radionuclides are 4 and
11.3 mm in water, respectively [31;32]. As soft tissue
composition and dosimetric characteristics are similar
to water, the particle ranges in the soft tissue may be very
closer to that in the water. The dose rate of the simulated
%y radionuclide source in the water reported as being
calculated from the below-given equation, which depends
on the radionuclide decay constant and its decay time;
where (Do ) " is the initial dose rate of the studied source,
A stands for the source decay constant, m shows the target
material mass, T is the total irradiation time and, A(t)
is the radionuclide radioactivation as a function of time
that represents the number of B-particles (i.e. number of
decays) emitted per second from the source with energies
randomly selected from the Y B-ray spectrum (Equation 1).

D(t) = % = Dye~ 7t 1)

Additionally, total doses from the radionuclide were
calculated according to the below relation for varying
the Y radionuclide concentrations using the full p-energy
spectrum of Y radionuclide (Equation 2):

T T D
D =j0 D) =D0je—ﬂtdt =21 (@)
0

Physically, absorbed doses from the °°Y radionuclide
were calculated to be 1-10 Gy for Low Dose Rate
irradiation (LDR) and close to 6-62 Gy for High Dose
Rate irradiation (HDR), respectively [33]. Nowadays,
radionuclide cancer radiotherapy is used widely as a
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standard approach to cancer radiation therapy and, its
therapeutic outcome has been reported as good in some
cancer treatments such as liver, lung, and brain cancers
[1-8]. The researchers in the radiotherapy-oncology of
medicine brunch and cancer radiation therapy have been
interested in the optimized use of systemic targeted
radionuclide cancer therapy methods. Mahnken investigated
pure B-emitter *Y radionuclide and reported promising
results for the liver metastasis treatment and removal
[34]. In Lobbe et al. [8] study, an explanation of the reported
normalization scheme applied to the radionuclides
calibration factors has been provided. They provided data
on the effect of low observed current output due to depleted
gas in the chamber is examined using the simulated derived
data, comparisons of the derived normalized calibration
factors to the measurement data for a variety of radionuclides,
and finally, almost all of the secondary standards produced
data are of radionuclides for distribution to the nuclear
medicine community [33; 35]. The application of the
%y for the liver radionuclide radiotherapy has been
carried out by injecting the radionuclide from the liver
port vein and entering it to the liver blood circulatory
system and distribution in the liver organ tissue. Y
nanospheres offer an advantage over microspheres that
avoids thrombosis and distribute close to uniform without
significant thrombosis which blocks capillaries and does
not allow the radionuclide source to a uniform distribution.
Although microspheres of the *°Y were researched and
applied in the clinic, using nanospheres of the ®Y sources
increases the advantages more than micro-scale ®Y [36-
38]. Maarten et al. [39] reviewed the Intra-Arterial
radioembolization of breast cancer liver metastases, and
their main conclusion was that the results from the study
showed that **Y-Radioimbolzation is an effective treatment
method for breast cancer and liver metastases removal.
Comparative studies, mainly combining Y radionuclide
Radioinmolization with systemic radiation therapy are
supported and encouraged in the main conclusion of
Maarten et al.'s work [39]. Y, which dosimetrically is a
pure B-emitter with an energy spectrum from the 0-2.28
MeV, and a B-particle emitter source have Emax and Emean
of 2.28 MeV and 0.651 MeV and specific activity of 400
MBg/mg [40]. The source extraction reported in (*°Y,
%Y) nuclear reaction and is activated by neutron activation
that reaches its stable state by decaying to ®Zr. Although
the radionuclide is a pure -source, in the current study,
the nano-scale of the sources were coated by materials
in nm-scale and some cases such as high Z materials,
including gold and platinum, bremsstrahlung X-ray

103



Monte Carlo Code Calculation for 10nm Nano-Layers Coated 50nm 90Y Radionuclide ...

photons production, and B-particles attenuation were
simulated by the MCNP5 computational code. The
authors aimed to analyze radiation around some high,
medium, and low Z materials coated-*Y radionuclide
nanosphere by the materials and the characterization of
the source radiation characteristics around 500 nm and
1 um distances from the radiation source.

2. Materials and Methods

Monte Carlo all-purpose N-Particle transport code
(MCNP) version 5/1.60 was used to simulate and calculate
in the current study. The complicated problem physics
and complex geometry simulations of the problem were
conducted by the MC code capabilities. The calculation
of the dosimetric characteristics was carried out employing
the rich physics databases and libraries, including the
physical cross-sections of the materials and radiation
physical interactions phenomena. The used MC code is
capable of modelling three-dimensional complex geometries
and physics in three-dimensional space and solving the
problems based on a numerical calculation approach. In our
previous studies, the MC simulation method was employed
for nanoparticle radiation dose modification and the
MC estimation was validated for physical and radiation
properties characterization in the radiation field [40].

A 50 nm spherical source cell was modelled as Y
radionuclide nanosphere coated by a 10 nm nanolayer
made of Platinum, Gold, Silver, and Epoxy Resin materials
separately in the separate programmed input files. The
radiation field of the *Y radionuclide nanosphere, around
the radionuclide, was characterized coated by the source
surface nanolayers in 10 nm thick per 2 nm and also and
for bare source for comparison. The coated nano-scale
simulated 10 nm materials were chosen for the high,
medium, and low Z materials considered in the modelling
of the problem for the effect of the nano-source coating
materials on the *Y radionuclide nanosphere pure B-
particle emitter radiation investigation. The employed
MCNP5 code modelled 50 nm nano-source with the
coating of the 10 nm nanolayer performance as a dual-
energy source due to bremsstrahlung X-ray photon radiation
and pure B-particle emitters scored by the use of the MC
computational MCNP5/1.60 code and the code derived
results were discussed. Physical interaction data derived
from the B-particles and around by the modelled 10 nm
coating nanolayer was the origin of the bremsstrahlung
X-ray photons production around the MC simulated Y
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radionuclide nanosphere in the patient soft tissue. According
to radiation physics, Auger electrons can be found in the
radiation field around the radionuclide emitted radiation
with the orbital elections and included in the code
calculation for the radiation field around the nano-scale
simulated pure p-particle emitter Y. Stopping the -
particles in the soft tissue and conversion of its particles
radiation energy to the X-ray photons that consequently
attenuates the emitted pB-particle in the tissue can be
considered as an X-ray photon production origin and
coating the source with a 10 nm high, medium, and low Z
source and makes it a dual radiation types source; X-ray
photons and the pure p-particle emitter source at some
nm around the radionuclide nanosphere simulated source.
MC employed MCNP5/1.60 code calculation for the
radiation characterization was precisely conducted by
code calculation per simulated 2 nm surfaces from the
source surface and the cells between the modelled surfaces
to 1 um from the radionuclide source. The scored physical
and dosimetric parameters of the radiation source were
precisely estimated running the programmed input files
calling for the rich cross-sections physics database of
the MC used code. The used MCNP code derived
dosimetric characteristics of the radiation field estimated
with statistic error lower than 0.01.

The application of the MC code tallies and the simulated
surfaces with distances of 2 nm from each surface for
radiation dosimetric characteristics allowed us to store
radiation dosimetric parameters from the radionuclide
source surface. MC MCNP5/1.60 code tallies were defined
ina separately programmed input files data card that includes
problems physics aspects and materials characteristics,
as well as required dosimetric characteristics scoring the
radiation field dosimetric parameters; F1 tally that scores
the number of photons and B-particles; F2 tally that
calculates particle and photon flux averaged over a surface
in 1/cm?; the employed F4 tally of the code estimates
tracks length of particle and photon flux in 1/cm?; *F8
is an MCNP code tally which calculates deposited energy
from the ionizing radiation in MeV to the MC code defined
cell medium and geometry. Employing the described
tallies, photon, and B-particle radiation was characterized
from a *Y radionuclide nanosphere radiation around some
nm modeled the simulated radionuclide and absorbed
dose from the photon and p-particle radiation in defined
cells around the radionuclide source of the ionizing
radiation. Annals of the International Commission on
Radiological Protection (ICRP) that was released recently
in 2021 on the “Use of Dose Quantities in Radiological
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Protection”, reported radiation absorbed dose as the
essential quantity for the risk estimations and dosimetric
calculations that is the improved version of the ICRP 103
annal report. Radiation absorbed dose around the *°Y
radionuclide nanosphere source was calculated considering
the radiation source deposited energy into the cell mass
and geometry of the cells. The average energy deposited
from the radiation source into the cell material mass has
been defined as given below Equation [41;42]:

B dE
~dm
Where D stands for the absorbed dose in Gy from the
radiation source, dE is the average energy deposited into
the mass in Kg in the MC code-defined cells between

the modeled surfaces with 2 nm around the 50 nm source
with the 10 nm coating layer.

©)

3. Results and Discussion

MCNP5/1.60 of the MC code simulation was used for
the *°Y radionuclide nanosphere emission characterization
coated by different materials nano-layers as well as X-ray
radiation estimation around the modeled 50 nm nano-
scale source and 10 nm nano-layer different material.
10 nm coated source from different materials around 50
nm produced a bremsstrahlung X-ray photon radiation
17% of the B-particle radiation emitter for the gold as the
heist in Z on average over the 50 nm around the source.
In Tables 1 and 2, the code-derived radiation dosimetric
characteristics were presented. Bremsstrahlung X-ray
produced in the resin and gold nano-shell interaction with
high energy B-particle radiation was shown as effective
radiation in the cells absorbed dose or local dose absorption.
The photon beam produced a thorough bremsstrahlung
phenomenon, associated with an energy spectrum with
the endpoint of 2.28 MeV. Such an energetic photon
contributed to the cell's absorbed dose equivalent and
increases local dose enhancement which Kills cells and
damages malignant cells. X-ray produced in the resin and
gold nano-shell interaction with high energetic p-particle
radiation was shown as effective radiation in the cells
absorbed dose. The photon beam produced a thorough
bremsstrahlung phenomenon, associated with an energy
spectrum with the endpoint of 2.28 MeV. Such energetic
photons contributed to the cell's absorbed dose equivalent
and increases local dose enhancement which kills cells
and damages malignant cells. Dose increase due to
bremsstrahlung X-ray for resin and gold nano-shell
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embedded nano-radionuclide therapy observed for
Platinum, Gold, Silver, and Epoxy Resin up to 31.08%,
41.00%, 29.78, and 29.09%, respectively in close vicinity
of the Y radionuclide. Our calculation showed minimum
and the maximum portion of bremsstrahlung X-ray in
total dose equivalent for Platinum, Gold, Silver, and
Epoxy Resin 23.71%, 29.07%, 22.94%, and 22.53%,
respectively. Because target materials' atomic number
is different, the energy and mean energy of the produced
bremsstrahlung X-ray was different, and for example
in the case of Gold which is used for medical accelerators
target, we derived the average energy of X-ray as 0.676
MeV and it may be low for other materials due to their
lower atomic number comparing to Gold.

For the nano radionuclide source coated by different
nano-materials, the number of bremsstrahlung X-ray
photons per source B-particles emission was derived for
20 nm gold-coated and silver-coated sources with 1.12
and 9.83x10 times of a source without any coating
material as maximum configurations and minimum
configuration from the source surface to 1um from the
source surface in average. The number of photons, photon
flux averaged over a surface in 1/cm?, estimated track
length of photon flux in 1/cm?, and derived energy
deposition from the X-ray radiation in MeV to a defined
medium were tabulated in Tables 1(A) and 1(B). Table 1(B)
shows the MC code calculated effect on the coated materials
in the values of the parameters. The average tally was
estimated parameters from the source surface to 1um
and 500nm from the source surface.

Additionally, calculated parameters for B-particle
radiation was also tabulated in Tables 2(A) and 2(B)
where the effect of the coating material was shown in
Table 2(B).

Derived data by the MC code calculation revealed
the effect of 10nm coating material with different Z, that
in the calculated data, Gold's effect in X-ray production
and increasing in photons both in 500 nmand 1 pum from
the source is more than the other materials. On the other
hand, Platinum, with an atomic number close to the Gold
effect was seen very near to the gold. Another reason for
the atomic number's high effect is the lowest effect of the
Epoxy Resin which in most cases data in presence of it was
the same as the soft tissue. For X-ray photon number, flux
over a surface, fluence, and deposited energy, according
to Tables 1(A) and 1(B), the maximum increase in data
observed for the 10 nm gold-coated source and the minimum
effect was observed for 10 nm Epoxy-Resin coated *Y

105



Monte Carlo Code Calculation for 10nm Nano-Layers Coated 50nm 90Y Radionuclide ...

Table 1A. MCNP5 MC code tallies estimated bremsstrahlung X-ray dosimetric values per initial Y radionuclide
nanosphere B-emission 500 nm and 1um around the radionuclide

Estimate Value
source surface to 1 um

The average tally estimated value from the

The average tally estimated value from the
source surface to 500 nm

MCNP5 TALLY Fltally F2tally Fatally *F8tally  Fltally F2tally Fatally *F8tally
Platinum 6.86x10°  0.46x10° 9.39x10° 1.44x10°  7.22x10° 0.95x10° 9.88x10° 1.52x10°

Coated-Source

GO'Sdcfr%?Ed 6.95x10° 0.46x10° 9.39x10° 146x10°  7.31x10° 0.95x10° 0.88x10° 1.54x10°
S"Vggﬁggte‘j 6.11x10°  9.62x10° 9.00x10° 1.14x10°  6.43x10° 1.01x10° 9.47x10° 1.20x10°
Gadolinium- o o5 106 969x10°  0.01x10° 1.19x10°  6.55x10° 1.02x10° 9.48x10° 1.26x10°

Coated Source

Epoxy-Resin- ¢ 3106 9.25x10°  8.89x10° 1.01x10°  6.55x10° 9.72x10° 9.35x10°  1.06x10°

Coated Spouse

Bare Source  6.22x10° 9.25x10° 8.89x10° 1.00x10°  6.54x10° 9.72x10° 9.35x10°  1.05x10°

Table 1B. MCNP5 MC code tallies estimated bremsstrahlung X-ray dosimetric values per initial *°Y radionuclide
nanosphere B-emission 500 nm around the radionuclide ratio to the source without any coated layer

Estimate Value

The average tally estimated value

Estimated dosimetric value from the
source surface to 500nm

MCNP5 TALLY

Fltally F2tally F4tally *F8tally

Fltally F2tally F4tally *F8tally

Platinum Coated-

1.10 1.02 1.06
Source

Gold-Coated Source 1.12 1.02 1.06
Silver-Coated Source  9.83x10'  1.04 1.04

Gadolinium-Coated

1.00 1.04 1.01
Source

Epoxy-Resin-Coated

1.10 1.00 1.01
Spouse

Bare Source 1.00 1.00 1.00

1.44 1.10 1.02 1.06 1.45
1.47 1.12 1.52 1.06 1.47
1.14 9.81x101 1.54 1.01 1.14
1.19 1.00 1.04 1.01 1.20
1.20 1.00 1.06 1.01 1.20
1.00 1.00 1.00 1.00 1.00

radionuclide nanosphere both in 500 nm and 1 pum from
the source surface. For B-particle, also, gold coating
performed as the maximum material for B-particle or electron
increasing in the 500 nm and 1um from the source surface.

It may be attributed to the physical interactions of the
photons and electrons in that more electrons are released
in the photon and source emitted particles interactions.
From the results of the current investigation, coating the
%Y radionuclide nanosphere enhances both X-ray photon
and secondary electron around the source and increases
the source efficiency especially with high Z materials.
Radiation absorbed dose (Gy) around 500 hm and 1um
of 10 nm coated 50 nm spherical source was obtained
associated with the coated-materials as following for
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X-ray photons. Our MC simulation-derived data showed
a significant effect of the high Z coating material on the
X-ray production besides the -ray emission and the
bremsstrahlung effect. Tables 1 and 2 compared X-ray
and B-ray characteristics derived from the coated and
non-coated *°Y nano-radionuclide and derived data at
500 nm and 1um from the source surface which revealed
the severe divergence in dosimetric parameters tallied by
the code occurred at distances below 500 nm and after
the distance, and a slightly observed difference was seen
in both X-ray production and -ray emission. There is
no precise investigation on the physics of the nano-scale
%Y nano-radionuclide conducted. We simulated surfaces
and cells with 2 nm from the -ray emitter nano-radioactive
and it revealed detailed physical phenomena.

FBT, Vol. 9, No. 2 (Spring 2022) 102-109



F. Seyednejad, et al.

Table 2A. MCNP5 MC code tallies estimated B-particle dosimetric values per initial ®Y radionuclide nanosphere B-
emission 500 nm and 1pm around the radionuclide

Estimate value

source surface to 1pm

The average tally estimated value from the

Estimated dosimetric value from the source
surface to 500nm

MCNP TALLY Fltally F2tally F4tally *F8tally Fltally F2tally Fatally *F8tally
Platinum 8 g 5 3 g 5
Conted.Source 1.00  7.90x108 2.38 x10° 1.43 x10 105  831x108 2.51x10° 1.51x10
GO'Sdofr%?:ed 1.00 7.99x108 2.39x10° 1.44 x10° 1.05  8.40x108 251x10° 1.52x10°
S"Vggfrg;‘ted 1.00  7.04x108 210x10° 1.11 x10° 1.05  7.40x108 2.21x10° 1.17x10°
Gadolinium- 1.00 7.08x108 2.05x10° 1.11 x10° 105  7.44x108 2.16x10° 1.17x10°
Coated source
Epoxy-Resin- 100 6.89x10° 200x10° 1.08x105 105  7.25x10° 2.10x10° 1.14x10°
Coated Spouse
Bare Source 1.00 6.89x108 2.00x10° 1.01 x10° 105  7.25x108  2.10x10° 1.06x10°

Table 2B. MCNP5 MC code tallies estimated p-particle dosimetric values per initial ®Y radionuclide nanosphere p-
emission 500 nm around the radionuclide ratio to the source without any coated layer

Estimate value

The average tally estimated value

Estimated dosimetric value from the
source surface to 500nm

Fltally F2tally F4tally *F8tally

MCNP TALLY Fltally F2tally F4tally *F8tally
Platinum Coated-source 1.00 1.15 1.19
Gold-Coated source 1.00 1.16 1.20
Silver-Coated source 1.00 1.02 1.05
Gadolinium-Coated source 1.00 1.03 1.03
Epoxy-resin-Coated spouse 1.00 1.00 1.00
Bare Source 1.00 1.00 1.00

1.42 1.00 1.15 1.20 1.42
1.43 1.00 1.16 1.20 1.43
1.09 1.00 1.02 1.05 1.10
1.09 1.00 1.0 1.03 1.10
1.06 1.00 1.00 1.00 1.08
1.00 1.00 1.00 1.00 1.00

4. Conclusion

The authors concluded that for high-energy -ray emitter
radionuclides, high Z and non-toxic materials coated
radionuclides increase its efficiency by making it a dual
radiation type emitter; X-ray and f-ray. In close vicinity
of the cancer cells ability of the coated source cell killing
increases with the high Z and non-toxic material such
as Gold or platinum by the enhancement of efficiency
of the B-ray radionuclides. Enhancement of dose and
efficiency of B-ray emitter radionuclides by coating it
with different non-toxic materials was the subject of
our study. It was deduced that a) manufacturing the
radionuclides in small (nm) scale for thrombosis avoiding
and also uniform distribution of the nano-radionuclides
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increases its efficiency. b) Coating the nano-scale 3-ray
emitter radionuclides, especially high energy p-ray and
high Z materials coating, enhances its performance in
the cancer radionuclide radiation therapy with both -
ray and X-ray irradiation of the cancer cells and our
proposed method was that making effectiveness in the
cancer treatment and maybe a trigger for new models of
the radionuclides production. Future studies are strongly
proposed by the authors.
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