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Abstract

Purpose: The purpose of this study was to estimate the dose enhancement of Gold, Silver, and Gadolinium on
both microscopic and macroscopic scales in liver '”’Lu nano-radionuclide therapy.

Materials and Methods: The """Lu radionuclide at the nano-scale was simulated using the MCNP 6.1 Monte
Carlo (MC) simulation method. The emitted radiation characteristics, such as type and energy of emitted
radiation, were modeled at the center of the tumor. The tumor cell (phantom liver) was filled with cubic voxels
with sides of 1um. These cubic voxels were then filled with GNP, AgNP, and GANP spherical nanoparticles with
a diameter of 30 nm each, and in a concentration of 10 mg/g of tissue.

Results: The DEF was estimated at 5um, 20um, 50um, 70um, and 100um from a single '”’Lu nano-radionuclide
radiation source at the center of the phantom liver cell, emitting both y-ray and - particles. A significant y-ray
DEF of up to 89% was observed at some um around the source. Additionally, high DEF was derived for - rays
at some um around the simulated radionuclides compared to greater distances. Estimated DEF in tumoral tissue
including GNP was 89%, 78%, 72%, 47%, and 25% at Sum, 20um, 50um, 70pum, and 100um respectively from
the center. DEF for the other nanoparticles was also derived.

Conclusion: A dramatic DEF was observed in the close vicinity of NPs around '”’Lu as the radiation source,
possibly due to the great gradient in dose and dominance of the photo-electric phenomenon.
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Radiosensitization of the Gold, Silver, and Guddololium in 177Lu Radiation Field

1. Introduction

Nowadays, the use of radiation therapy modalities
such as linear electron accelerators (linacs)
megavoltage electron and photon beams radiation
therapy, brachytherapy, and radionuclide therapy have
been approved as standard methods in cancer
treatment. Skidmore et al. [1] conducted a study and
compared High-Dose-Rate (HDR) brachytherapy to
linac-based external radiotherapy. They found that
HDR brachytherapy is more effective at sparing the
rectum, bladder, and urethra from excess doses while
delivering a higher dose to the prostate. Additionally,
adding non-toxic and high Z metal nanoparticles to
tumoral tissue increases the absorbed dose due to the
physical characteristics of the nanoparticles. These
nanoparticles have a high Z and are non-toxic, with a
prevalence of photoelectric effects at low energies that
produce short-range photoelectrons [2-8]. In the
literature, the addition of some percentages of the
Gold Nanoparticles (GNP) [2, 9- 11],
nanoparticles (AgNPs) [4, 12, 13], and gadolinium

Siver

nanoparticles (GANPs) [4, 14-16] were carried out to
(DE) due to the
nanoparticles (NPs) by the researchers [ 17]. Ghasemi-
Jangjoo and Ghiasi [17] utilized GNPs and GdNPs to
enhance the radiation dose in the field of '*°I

derive Dose Enhancement

brachytherapy seeds. It was reported that the DE for
GNPs was two times higher than that for GdNPs.
McMahon et al., simulated 2 nm GNPs and estimated
(DEF)  using
nanodosimetry. They compared the results to

Dose Enhancement  Factor
experimental data and the main conclusion of their
study was reported as finding a significant increase in
DEF, which they attributed to the effects of high dose
inhomogeneity and local dose deposition, as studied
by the LEM. The results were consistent with the
experiment, suggesting sub-cellular localization,
which is crucial in estimating the high DEF of GNPs
[18]. In another study, McMahon et al. [19] examined
the impact of radiation on the DE of GNPs and found
that DE occurs at low energies. The significant DE of
GNPs in radiation therapy compared to other
nanoparticles prompted an investigation into the size,
geometry, energy, and other parameters that affect the
physics of GNP dose enhancement. Cellular DE
factors in medical nuclear energy settings are
influenced by the modeling of GNPs, with a notable
difference observed. The researchers simulated a
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hexagonal lattice of GNPs, incorporating voxels for
the most realistic modeling possible. Across all
simulations of the cell and nucleus radius were some
pum cell, nuclear, and maximum cellular DE reported
as 6.83 times [20]. MC code calculation was
conducted by Ramonaheng et ¢/. [21] and in an in-vivo
dosimetry a high DEF was obtained for the bismuth
oxide NPs with a high concentration in the tumor that
was irradiated with a *’C source to estimate DE due
to bismuth oxide NPs [22]. According to Taha et al.
[12], the DEF was estimated for AgNPs with high
concentrations at 12.55 in the vicinity of '*°I seed,
which was higher than the dose enhancement of 103Pd
and 198Au under the same conditions, respectively.
Fuentealba et al. [15] also investigated the DE deu to
NPs in the radiation fields. There are enormous
publications on the NPs' radiosensitization and DE due
to different NPs in the literature [4, 12, 14, 15,17, 21-
23]. In the current study, the authors aimed to estimate
microscopic and macroscopic DEF for GNP, GANP,
and AgNP around the '""Lu nano-radionuclide emitted
y-ray and B- particles in the liver nano-radionuclide
therapy. It should be studied that, we estimated DEF
for both y-ray and B- particles separately in the
phantom liver cell. Dose, fluence, and emitted
radiation from the '”’Lu nano-radionuclide, both y-ray
and B- particles scored separately.

2. Materials and Methods

In the current study, the MCNP version 6.1 Monte
Carlo simulation code was utilized for simulations and
calculations. The MCNP code incorporated various
capabilities such as simulating complex geometries,
intricate radiation physics, and diverse problem
modeling. Rich physical cross-section libraries were
also employed. For the calculations, a cubic voxel was
filled with NPs of 30 nm in diameter, including GNP,
AgNP, and GANPs separately in a tumor phantom with
sides of 1 um. Subsequently, a tumor filled with 10
mg/g of NPs in tumor in the liver tissue density of
1.016 g/cm® was simulated. Lutetium ('”’Lu) nano-
radionuclide was used as the radiation source in this
study, modeled in a 100 nm microsphere with specific
energy characteristics. The decay mode of '""Lu emits
beta particles with maximum energies of 497 keV, 384
keV, and 176 keV, along with low-energy gamma-
rays at 113 keV and 208 keV. To model GNP with
gamma rays, a high Specific Activity (SA) value
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exceeding 740 GBq of '"’Lu was required for optimal
effect. A lattice configuration was created using the
MCNP 6.1 MC code, with a 100 nm diameter NP
positioned in the center of each cubic voxel within the
tumor-modeled cell inside the phantom for the NPs
studied, as shown in Figure 1. The interaction of y-rays
with lower energy results in photoelectric effects and
ejected photo-electrons, with short-range electrons
depositing their energies close to the production
origin. This local enhancement by high Linear Energy
Transfer (LET) electrons from the NPs is beneficial
for cancer treatment. Beta-rays, with short range and
high LET, are suitable for treating metastatic sites like
liver metastasis and organ cancer. The study focused
on microdosimetric and macroscopic DEF to increase
sensitivity at the cellular level using the MCNP 6.1
MC code. The LEM near the NPs created significant
dose inhomogeneities around the NPs exposed to
radiation, resulting in a notable dose gradient.
Microscopic and macroscopic DEF were estimated
using MC code calculations with '""Lu nano-
radionuclide for potential clinical application in liver
cancer treatment. Local DE with short-range electrons
was utilized to target and remove liver metastasis. The
DEF within a few micrometers around '”’Lu close to a
single nano-scale GNP was reported in the results
section.

3. Results

For GNPs DEF obtaining, a higher value of F1 tally
that scores current integrated over a surface obtained

1.68x107° particles at a surface positioned Spm from
the radionuclide. F2 calculating flux averaged a
surface maximum value derived as 19.63x10° cm™ at
the surface at a distance of Sum from the source. F4
tally which scores flux averaged over a cell higher
value of 17.99x10%particles per cm™ and by the use of
*F8 tally, MC code scored energy deposition at the
cell in MeV. The highest value of the energy
deposition was 16.98 x107 MeV. Using *F8 tallied
value in water and GNP included water DEF at Sum
from the radiation source was derived as 89%. The
same values scored by tallies were shown in Table 1b
and values obtained in GNP included water in a
concentration of 10mg/g and diameter of 30nm. From
Tables 1a and 1b, scoring doses in water and simulated
water cell, including GNPs, DEF was estimated from
Sum to 100um as 89%, 78%, 72%, 47%, and 25% at
Sum, 20pm, 50pum, 70um, and 100pm, respectively.
Tables lc and 1d indicated microscopic DEF at the
same distances from the radiation source derived by
MCNP 6.1 as 67%, 66%, 42%, 37%, and 38% at Sum,
20um, 50um, 70um, and 100um, respectively. The
values were for silver or AgNPs DEF as a nontoxic
and high Z metal. For GANPs, DEF was obtained at

NPs

177Lu radionuclide

Figure 1. MCNP 6.1 simulated lattice configuration, and created voxels with an NP in the voxel center
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Table 1 (a). MCNP6 MC code calculated results for the !”’Lu nano-radionuclide without Nano-Particle in the water phantom
per source emission at 5um to 100 um from the "’Lu source

Distance from  F1 Tally (for y-ray) F2 Tally (for y-ray) F4 Tally (for y-ray) “F8 Tally (for y-
source (um) (Number) (Number/cm?) (Number/cm?) ray) (MeV)
5 7.45x10°6 8.93x10° 8.08x10° 8.98x1077
20 2.84x108 1.11x10? 1.21x102 2.02x107°
50 2.31x108 8.31x10! 9.71x10! 1.02x107°
70 1.98x10° 5.18x10! 7.91x10! 1.21x107°
100 1.01x108 3.40x10! 6.81x10! 7.21x1071°
Distance from F1 Tally ¥2 T_?lly Fd 'I:‘;llly 8 "l_"lally
source (nm) (for B'ray) Number (for p~ray) (for B~ ray) (for B ray)
(Number/cm?) (Number/cm?) (MeV)
5 9.81x10¢ 5.01x10* 1.18x104 9.01x107
20 3.33x108 3.71x10* 8.77x10° 8.23x1077
50 1.45x108 2.41x10% 7.69x103 6.79x107
70 9.03x10” 1.65x10* 6.30x10° 5.00x107
100 8.00x107 1.21x10* 4.12x103 3.89x1077

Table 1 (b). MCNP6 MC code calculated results for the !”’Lu nano-radionuclide with GNPs in the water phantom per source
emission at S5um to 100 um from the '7’Lu source

Distance from F1 Tally (E) Zr :"rlz) (5) ‘: :"rlg) “F8 Tally
source(pum) (for y-ray) (number) (number/cm?) (number/cm?) (for y-ray) (MeV)
5 1.68x1073 19.63x10° 17.99x10° 16.98x107
20 7.84x108 9.23x10? 8.56x10? 3.61x107°
50 5.11x1078 16.51x10! 2.03x10? 1.76x107°
70 3.98x107 10.43x10! 18.87x10! 17.01x10°1°
100 2.35x10° 5.23x10! 15.74x10! 11.03x101°
Distance from 1Fl Tally F2 Tlally (fl:) tg larl ;};’) *118 Tally
source(pum) (forp'ray)(number) (forp-'ray) (number/cm?) (forp'ray) (MeV)
5 15.99x10¢ 9.98x104 3.12x10* 11.76x10°3
20 10.34x108 8.78x10% 16.98x10° 10.66x107
50 11.21x108 5.21x10% 15.67x10° 8.32x1077
70 16.88x107 3.88x10% 13.34x103 6.02x107
100 17.77x107° 2.04x10* 7.00x10° 4.87x107

Table 1 (¢). MCNP6 MC code calculated results for the '”’Lu nano-radionuclide in the water phantom per source emission
at Spm to 100 um from the !"’Lu source

Distance from (E) 1_ I?::‘)}]’) F2 Tally F4 Tally “F8 Tally

source(pum) (for y-ray) (number/cm?)  (for y-ray) (number/cm?)  (for y-ray) (MeV)
(number)

5 7.45%10°6 8.93x10? 8.08x10° 8.98x1077

20 2.84x108 1.11x10? 1.21x10? 2.02x107

50 2.31x108 8.31x10! 9.71x10! 1.02x107

70 1.98x107 5.18x10! 7.91x10! 8.98x101°

100 1.01x108 3.40x10! 6.81x10! 7.21x101°

Distance from (fFo 11'[;r larl :‘);7) ) F2 Tally , ) F4 Tally , F8 Tlally

source(pum) (number) (forp'ray) (number/cm*)  (forp'ray) (number/cm?) (forp-'ray)

5 9.81x106 5.01x10* 1.18x10* 9.01x1073

20 3.33x108 3.71x104 8.77x10° 8.23x107

50 1.45%108 2.41x104 7.69x10° 6.79x107

70 9.03x10° 1.65x10% 6.30x10° 5.00x1077

100 8.00x10 1.21x10% 4.12x103 3.89x107
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Table 1 (d). MCNP6 MC code calculated results for the ”’Lu nano-radionuclide with AgNPs in the water phantom per
source emission at Sum to 100 um from the ""Lu source

F1 Tally

F2 Tally

F4 Tally

Distance from (for y-ray) (for y-ray) (for y-ray) “F8 Tally
source(um) (number) (number/cm?) (number/cm?) (for y-ray) MeV

5 15.45%107° 15.01x103 14.98x10° 14.98x1077

20 7.45%1078 2.01x10? 2.00x10? 3.39x107

50 5.00x10® 15.04x10! 16.08x10! 2.67x107
70 4.01x10° 9.44x10! 13.00x10! 12.32x10°1°
100 1.40x107° 5.65x10! 10.33x10! 10.01x10'°
Distance from Fl T_?Hy F2 T_?lly F4 T_?lly “F8 Tally
source(um) (for B'ray) (for p-'ray) (for p-'ray) (for B'ray)

(number) (number/cm?) (number/cm?)

5 15.09x107° 11.87x10* 2.89x10* 13.67x107

20 7.54x1078 7.86x10% 15.32x10° 11.89x1077

50 3.02x10°® 4.00x10* 9.99x10° 11.45x1077

70 17.23x10% 3.01x10* 10.31x10° 6.74x107

100 14.99x10° 2.75x10* 7.01x103 5763107

Table 1 (¢). MCNP6 MC code calculated results for the '7’Lu nano-radionuclide in the water phantom per source emission
at 5um to 100 pm from the '”’Lu source

Distance from (fl:) 1 zfii) (E) i zilg’) (E)‘: ";“_a\:;))f,) “F8 Tally
source(um) (number) (number/cm?) (number/cm?) (for y-ray)(MeV)

5 7.45x10°6 8.93x10° 8.08x10° 8.98x1077

20 2.84x108 1.11x10? 1.21x10? 2.02x107°

50 2.31x108 8.31x10! 9.71x10! 1.02x107°

70 1.98x10° 5.18x10! 7.91x10! 8.98x10710

100 1.01x108 3.40x10! 6.81x10! 7.21x101°

Distance from Kl Tla Iy ¥2 Tla Iy F4 Tla Iy “F8 Tally
source(pm) (forp™ray) (forfray) 2 (forpray) 2 (forp-ray) (MeV)

(number) (number/cm?) (number/cm?)

5 9.81x10¢ 5.01x10* 1.18x10* 9.01x107

20 3.33x108 3.71x10* 8.77x10° 8.23x1077

50 1.45%108 2.41x104 7.69x10° 6.79x107

70 um 9.03x10” 1.65%10% 6.30x10° 5.00x107

100 um 8.00x10 1.21x10% 4.12x103 3.89x1077

Table 1 (F). MCNP6 MC code calculated results for the !”’Lu nano-radionuclide with GANPs in the water phantom
per source emission at 5um to 100 um from the "’Lu source

Distance from F1 Tall F2 Tally F4 Tally “F8 Tall
y (for y-ray) (for y-ray) y
source(pm) (for y-ray) (number) (number/cm?) (number/cm?) (for y-ray)( MeV)
5 9.97x10° 14.31x10° 9.98x10° 15.98x1077
20 5.67x107® 3.45x10? 2.09x10? 3.59x107
50 5.56x107® 14.23x10! 12.34x10! 1.41x107
70 2.64x107 9.66x10! 9.21x10! 15.63x101°
100 2.34x10° 7.67x10! 8.98x10! 9.89x101°
Distance from F1 Tally 2 T_‘ally k4 T_‘ally “F8 Tally
source (um) (forp'ray)( number) (forp'ray) (forpray) (forp'ray) (MeV)
M Y (number/cm?) (number/cm?) y
5 14.87x107° 12.94x104 3.01x10% 11.46x107
20 6.97x107® 6.66x10* 16.22x10° 11.01x107
50 um 3.76x107® 5.32x10% 14.56x10° 9.87x107
70 um 17.00x10°° 3.86x104 11.39x10° 6.68x107
100 pm 8.43x10° 2.56x10% 9.75x10° 4.65x107
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Sum, 20pum, 50pum, 70um, and 100um as 77%, 54%,
40%, 37%, and 34%. From the results of DEF for the
studied NPs, GNPs associated with the highest DEF
and AgNPs showed lower DEF, and GANPs DEF was
between the highest and lowest. From the nano-scale
radionuclide of '""Lu, the electron dose increases to
local DE, which was shown in Tables la to 1f. The
results indicated that DEF was due to GNPs, AgNPs,
and GdNPs being lower compared to photon DEF. In
the electron DEF also GNPs and AgNPs were the
maximum and minimum DEF while GANPs DEF were
between the GNPs and AgNPs DEFs. From the results,
it was observed that at 5, 20, 50, 70, and 100pm from
the source, microscopic DEF (mDEF) for the NPs
derived and at 5pm to 100pum for the studied NPs
mentioned above. Macrodosimetric DEFs were seen
in distances of 2cm compared to 1cm from the source
a small value of 1.03 times or 3%. The generated
electrons range in water was 13 mm and the high LET
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10° 4 AgNP
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1.5x10"

Betta particle fluence

1.0x10" A

5.0x10°

The number of Betta particles crossed on surface

of the electrons shouldn't be expected compared to the
close vicinities to the source. Comparing the results to
the DEFs due to megavoltage accelerators that are on
average of 1.01 to 1.04 (1% and 4%) and
microdosimetric radiosensitizer effect due to the
studied NPs, is dramatically high, and significant
inhomogeneity may be the cause of such high DEF
[18]. Finally, in the current study, a single GNP in the
7Ly radionuclide radiation field enhanced the dose
up to 89% in Spm from the source on the microscopic
scale, and at 1cm-2cm from the radiation source, the
radiation dose enhanced as 3% on the macroscopic
scale. Figures 2 and 3 show estimated characteristics
of B~ and y-ray, respectively, such as the number of -
and y-ray number at voxels, crossing B~ particles and
y-ray photons on the surfaces, and fluence of the
radiations at the voxels.

1.4x10° 1
—a— water
1.2x10° —e— GNP
AgNP
1.0x10° 1 —v— GdNP
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N by
=) =)
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GIO 8IO 1(')0

Distance from the source in micro-meter

Figure 2. (a): The number of betta particles scored by MCNP code of the MC simulation in some micro-meters around
the source. (b): MCNP MC simulation code derived the number of betta crossings on the surface of some micro-meters
around the source (Particle flux). (¢): MCNP MC simulation code derived betta particle fluence at voxels some micro-

meters around the source
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—u— water

—e— GNP
AgNP

—v— GdNP

The number of gamma ray photons

T
100
Distance from the source in micro-meter

10° 4

10* 5

Gamma-ray fluence

The number of
gamma-ray photons crossing on surface

10000 —a— water

—e— GNP
AgNP

1000 —v— GdNP

v&

~ Y
~ =

=
o
o

-
o

.\I

1 T T T T T

0 20 40 60 80
Distance from the source in micro-meters

T
100

—=— Water
—o— GNP

—4a— AgNP
—v— GdNP

10" T T T
20 40

T
60 80 100

Distance from the source in micro-meter

Figure 3. (a). MCNP MC simulation code derived photon numbers at some micro-meters around the the source. (b).
MCNP MC simulation estimated photons crossing on the surfaces at some micro-meters around the source. (¢). MCNP
MC simulation code derived photons fluence at the voxels at some micro-meters around the source

4. Discussion

Our results in DEF by GNPs, GANPs, and, AgNPsis
are shown in Figure 4. According to Figure 4, GNPs
enhanced the dose higher compared to two NPs
studied in the current study. Additionally, GANPs DEF
is higher than AgNPs. GNP microdisimetric DEF
agreed with others' work results. Absorbed dose and
DEF in our study agree with McMahon in the
nanodosimetric study with megavoltage and high DEF
can be described as LEM and dramatic DEF closer to
the ""Lu agreed with the McMahon's work [18].
Zabihzadeh et al. [24] used low-energy photon beams
of 35, 55, 75, and 95 keV energy, and higher DE was
reported in 55 keV. They attributed this effect to the
inhomogeneity of the radiation-absorbing medium.

FBT, Vol. 12, No. 3 (Summer 2025) 509-518

Their result agrees with McMahon's work that
studied nanodosimetric DE due to GNP and reported
high inhomogeneity as a dramatic DEF cause [18] and
our study in GNP, AgNP, and GdNP DEEF.
Additionally, Zabihzadeh et al. [25] carried out a study
to estimate DE and used 10mg/g which in the current
study was used for an NP concentration of average of
2.17, with a maximum and minimum of DEF as 2.70
and 2.05,
medium, they estimated the average, maximum, and
minimum of DEF as 2.42 for 55 keV and 4.17 and
0.96, respectively. Dramatic DEF obtained in their
work was due to low energy photon beam and

respectively. For the inhomogeneity

inhomogeneity of the medium that agrees with our
results and McMahon's study [18]. They attributed the
observed differences in DEF to the medium
homogeneity and inhomogeneity. Our results were
obtained in a homogeneity medium and in addition to
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Radiation Dose Enhancement {DEF)
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Figure 4. Dose enhancement in micro-scale by GNP, GANP, and AgNP from NPs to 100 um of !"’Lu nano-radionuclide

derived by MC simulation

DEF, the flux of photons over the surface and cell and
fluence of the photons increasing in Spum, 20pm,
50um, 70pm, and 100um distances from the '""Lu
radionuclide. Also, B — rays emitted from the ""Lu
radionuclide, DEF, the flux of photons over the
surface and cell, and fluence of the B-ray. Table 1a to
Table 1f show the increase of the flux of photons over
the surface and cell and the fluence of the B--ray. From
the results shown in the Tables, DEF was not
dramatically the same as photons DEF, but increasing
in the flux of photons over the surface and cell and the
fluence of the B-ray were significant. The DE of 27%
and 37% for 1 and 0.5um around '?Ir brachytherapy
seed respectively in the Hsing et al.'s [26] study and
the results revealed decreasing scoring site diameter
(surface), leading to rapid fall-of in the Local Dose
Enhancement (LDE) that is useful in the metastatic
sites of the cancerous organ such as the liver. Their
DEF agreed with our obtained DEF of '"Lu B-ray
caused by GNP. Their conclusion was that although
DEF by GNP according to GNP size and
concentration, Radiation Biologic Effect (RBE), and
DE were verified near the gold-tissue interface. Our 3-
ray DEF at Spm agrees with the studied results by
Hsing et al. [26]. Microdosimetric and radiobiological
effects of gold nanoparticles at therapeutic radiation
energies were investigated by Rabus et al. [27] and
GNP dose enhancement was studied. In some studies,
the DE obtained from the sources in pm scale and their

516

results were in agreement with ours and verified our
modeling [28, 29]. Our results revealed that atom Z has
a significant effect on DEF because, in the studied
energies of radiation, photo-electric occurs more than
other physical phenomena, and it is proportional to Z*
in the same energy. The authors recommend in low
energies, the use of high Z (and non-toxic) NPs to DE.
The short-range electrons released in photo-electric
(photoelectrons) can increase LDE and, the LED
removes metastatic regions in the cancerous organs
such as liver metastasis.

5. Conclusion

The authors concluded that the atomic number (Z)
of the applied NPs for DE plays a significant role at
the same energy and distance. In this study, GNP
enhanced dose more than GANP, AgNP, and DEP. It
was observed that GdANP resulted in higher DE
compared to AgNP. From the results of this study, it
can be concluded that in low-energy photon beams or
gamma rays, the use of high Z metal NPs enhances
dose more than low Z material NPs. It is also
important to note that the toxicity of the applied NPs
should be assessed.
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