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Aim: The objective of this research was to estimate the dose distribution delivered by radioac-
tive gold nanoparticles (*® AuNPs or *?AuNPs) to the tumor inside the human prostate as
well as to normal tissues surrounding the tumor using the Monte-Carlo N-Particle code
(MCNP-6.1.1 code).
Background: Radioactive gold nanoparticles are emerging as promising agents for cancer
therapy and are being investigated to treat prostate cancer in animals. In order to use them
as a new therapeutic modality to treat human prostate cancer, accurate radiation dosimetry
simulations are required to estimate the energy deposition in the tumor and surrounding
tissue and to establish the course of therapy for the patient.
Materials and methods: A simple geometrical model of a human prostate was used, and the
dose deposited by 1® AuNPs or 2 AuNPs to the tumor within the prostate as well as to the
healthy tissue surrounding the prostate was calculated using the MCNP code. Water and
A-150 TEP phantoms were used to simulate the soft and tumor tissues.
Results: The results showed that the dose due to 1°® AuNPs or 1 AuNPs, which are distributed
homogenously in the tumor, had a maximal value in the tumor region and then rapidly
decreased toward the prostate-tumor interface and surrounding organs. However, the dose
deposited by %Au is significantly higher than the dose deposited by **°Au in the tumor
region as well as normal tissues.
Conclusions: According to the MCNP results, ® AuNPs are a promising modality to treat
prostate cancer and other cancers and 1 AuNPs could be used for imaging purposes.
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1. Background

Prostate cancer is more commonly diagnosed than any other
non-skin cancer in the United States,! and is the second lead-
ing cause of cancer death in men.?? At present, there are
many different clinical modalities used to treat this malignant
disease.* Nevertheless, there has been an increasing interest
in radioactive nanotechnology as a prostate cancer therapy
and for imaging.> The major reason for clinical interest in this
particular application is the notion that therapeutic nanopar-
ticles may be synthesized with a custom size, designed to
match the size of the tumor microvasculature or some other
feature (for a review see Cho and Krishnan®).”~ Tailoring the
nanoparticle size to individual tumor microvasculature allows
oncologists to achieve optimal therapeutic payload with min-
imum leakage from the target site.'®!! For instance, in our
previous paper, we synthesized MGF-1°® AuNPs having a core
size of 35nm and the hydrodynamic size of 55nm that can
match the size of the tumor microvasculature. These radioac-
tive gold nanoparticles were spherical, nearly mono-disperse
and had a homogenous distribution.’?

The neutron activation products of stable ¥’ Au and %%Pt,
shown in the reactions below

197 1,,0a~99.0b198
75 Au+ n - — g°AU+y

1
~3.80b t1/2~30.8 min
98pt 4 In”25199pt 4y 1

2 I9AU+ BT + v+ Te

are preferred for this application due to their radioactive
characteristics,’® as noted in Table 1. Note that the effective
removal properties of these radionuclides are dominated by
radiological decay rate, largely leaving the decay product sta-
ble mercury in the tumor. Additional properties may be found
in the literature* !> (Fig. 1).

The B-particles range is sufficiently long to deliver a high
dose to kill the tumor cells within the prostate gland while
being short enough to reduce a considerable radiation dose
to the healthy tissues near the tumor periphery (their pen-
etration range is up to 0.4cm in water and A-150 tissue).'®
The respective half-lives of 8 Au and 1°°Au are long enough
for radioactive gold nanoparticles to saturate the tumor and
deposit radiation dose.'® Conversely, the half-lives are short
enough to decay the radioisotopes into stable daughter prod-
ucts via the reactions listed below:®

18Au — IBHg + B~ + v+ ve

199

19Au — I9Hg + B~ + v+ Te

Table 1 - Some radioactive properties of 128 Au and 1°°Au.

Property 198 Ay 19 Au

Radiological half-life 64.6842h 75.33h

R. mean lifetime 93.3194h 108.7h

R. decay constant 2.97663s1 2.556s57 1

Specific activity 9.05484PBq gt 7.735PBqgt
sz ©F (8 0.96 MeV 0.294 MeV
Eofy 0.41 MeV 0.1584 MeV

Stable product 198Hg 19Hg

Indeed, °® Au has been used in brachytherapy application
as a permanent seed implant.”’ However, there is a clinical
difficulty in using °Au seeds for brachytherapy because of
a resulting heterogeneous dose distribution, with a higher
dose near the seeds and lower doses between them.?! Exper-
iments have shown that the use of %8 Au-nanoparticles can
enable overcoming of this limitation, and that radioactive gold
nanoparticles can deliver dose with a homogeneous distribu-
tion due to their small sizes.?!

Before using radioactive gold nanoparticles as a new ther-
apeutic modality to treat human prostate cancer, accurate
radiation dosimetry simulations are required to estimate the
energy deposition in the tumor and surrounding tissue and to
establish the course of therapy for the patient. Monte-Carlo
simulation is a technique that can be used to accurately esti-
mate dose distributions within the prostate tumor as well as
to the normal tissues surrounding the tumor.??

The objective of this research was to use the MCNP-6.1.1
code to build a simple geometrical model of a human prostate,
and then to estimate the dose due to radioactive gold nanopar-
ticles (1°® AuNPs or ®?AuNPs) to the tumor inside the human
prostate as well as to the normal tissues surrounding the
tumor (using water and A-150 TEP computational phantoms).
The models, simulations and the results are described in the
following sections.

2. Materials and methods
2.1.  Physical model

Only a few researchers have used Monte-Carlo simulation
to estimate the dose distribution deposited by radioactive
nanoparticles and they have built simple geometrical models
of the tumors and organs to estimate the dose distribution.?3?*
For instance, Bouchat et al.?® hypothesized that the solid
tumor was a sphere which was subdivided into small cubes,
and then they calculated the doses deposited by radioactive
PY-nanoparticles of 5nm diameter inside and around the
spherical solid tumor using MCNPX. Nuttens et al.?* have also
built a simple geometrical model for the MCNP simulation.
They assumed the solid tumor was a sphere with a radius
R, and then they estimated the dose distribution inside the
tumor and in the surrounding healthy tissues.

In the present study as guided by the previous work,”>?* a
simple geometrical model of the tumor, prostate, bladder, and
rectum was built. The prostate gland and solid tumor were
assumed to be spherical. The radius of the prostate was taken
as 2cm with a tumor of radius 0.4 cm inside (the size of the
prostate was taken according to the actual size of the human
prostate).?> Since the urethra passes through the center of the
prostate, the tumor was assumed to be (left) off-center within
the prostate (Fig. 2).

Radioactive gold nanoparticles were assumed to be homo-
geneously distributed inside the tumor tissue. For prostate
cancer beta therapy, the organs at risk for excess dose are
the prostate (healthy tissue), the bladder, and the rectum.
The organs at risk were assumed to be spherical with radii
of 3.5cm, and 1.5 cm, respectively (the size of the bladder and
rectum were taken according to the actual size of the human
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Fig. 1 - Radio-gold decay levels: the beta decay levels are shown for both 1°®Au and 1°° Au. Note that the decay level
diagrams are to scale within themselves, but not with each other. Level data was taken from Chunmei for 1°8Au,'® and

Artna-Cohen for 1%°Au."”

bladder and rectum).?® Water and A-150 TEP phantoms were
used to simulate the soft as well as the tumor tissues. More
sophisticated phantoms could be considered, but using a sim-
plified geometry initially would allow an easier experimental
validation.

2.2. MCNP model

Dosimetry calculations for radioactive gold nanoparticles
were performed using the MCNP code (version 6.1.1). Specif-
ically, this code was used to estimate the dose distribution
of 8Au and °Au nanoparticles from a homogenously dis-
tributed source both inside the tumor and in the surrounding
healthy tissues of the human. This approach allowed the com-
putation of dose as a function of position.

N
W o

B s
B e

Fig. 2 - Schematic representation of phantom geometry:
schematic representation of the simple geometrical model
of the tumor, human prostate, and organs at risk. The
geometry shown in this figure is not drawn to scale.

Both 8 Au and 1%’ Au isotopes emit gamma and beta radi-
ation which deposit dose in tissue. In each decay of a °8 Au or
19 Au nucleus, 1 beta and 1 gamma are emitted. Both of these
particles deposit energy in tissue. However, the beta particle
deposits most or all of its energy in the local tissue due to
its short range and high linear energy transfer; there will be
some gamma interactions locally, but the vast majority of the
photons will be transported outwards.

In this work, the gammas and betas emitted per decay of
198 Au and ®°Au and their intensities were used to estimate
the dose distribution via the MCNP simulation model. Only
those betas with energies higher than 15 eV are counted for the
simulations, as MCNP-6 does not support general beta inter-
actions at low energies, as each material requires a separate
interaction model (in any case, these low energies are less
important for dose estimations). Photons were tracked and
tallied at energies above 15eV.

The source was assumed to be spherical with a radius sim-
ilar to that of the tumor because radioactive nanoparticles are
assumed to spread homogenously throughout tumor tissues.
Computationally, an MCNP F6 tally and spherical mesh tally
(SMESH) were used to estimate the dose distribution of both
betas and gammas that are emitted by the gold nanoparti-
cles and deposited within the tumor and neighboring healthy
tissues of the bladder and rectum.

3. Results and discussion
3.1.  MCNP simulations of 1°® AuNPs

198 Au emits both gammas and betas. Fig. 3 shows the dose
profile as a function of distance. The maximum dose was
delivered at the center of the tumor (r=0) and then decreased
with distance moving from the center to the outer edges.
Distribution of deposited dose as a function of distance r
from the tumor center for 1% AuNPs. r=0 refers to the center
of the tumor, r=0.4cm refers to the periphery of the tumor,
r =2 refers to the periphery of the prostate, and r=2.5 cm refers
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Fig. 3 - Distribution of deposited dose as a function of
distance r from the tumor center for °*AuNP.

to the periphery of the bladder or rectum that is close to the
prostate. Water and A-150 phantoms were used.

Fig. 3 represents the dose delivered by each decay of 8 Au
to tissues. In this figure, it can be observed that the dose
distribution curves of both water and A-150 phantoms are
similar and have nearly the same values. As can be seen, the
dose at the center of the tumor is approximately 9 pGy/decay
and decreases rapidly to 1.1pGy/decay at the periphery of
the tumor, whereas the dose at the periphery of the prostate
is only 0.08 pGy/decay. Furthermore, the dose decreases to
0.04 pGy/decay at the periphery of the bladder or rectum that
is close to the prostate, whereas the dose at the center of the
bladder is only 0.01 pGy/decay.

The ratio of deposited dose in the tumor center to deposited
dose in the tumor periphery is (9/1.1) =8.18. Likewise, the ratio
of deposited dose in the tumor center to deposited dose in the
prostate periphery is (9/0.08)=112.5. In addition, the ratio of
deposited dose in the center of the tumor to deposited dose in
the center of the bladder is (9/0.01) =900. If we suppose that a
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patient was injected in the tumor with radioactive 1% AuNPs
that have an initial activity of 10mCi (3.7 x 108 Bq), then the
deposited dose rates would be 12 Gy/h at the center of the
tumor, 1.46 Gy/h at the periphery of the tumor, and 0.1Gy/h
at the periphery of the prostate, as can be seen in Fig. 4.

3.2.  MCNP simulations of 1°° AuNPs

Simulation results showed that the dose was the highest at
the center of the tumor and decreased significantly toward the
periphery of the tumor and normal tissues. The dose distribu-
tion of 9 Au is like that of 8 Au. However, the dose deposited
by ®°Au is significantly lower than the dose deposited by
198 Au. It is known that the energies of betas and gammas that
are emitted by 1°°Au are lower than those that are emitted by
198 Au. Hence, the dose deposited by ®°Au must be lower than
the dose deposited by %Ay, even though they have the same
activity, and MCNP results are in good agreement with this.
Distribution of deposited dose as a function of distance r
from the tumor center for 1 AuNPs. r=0 refers to the center
of the tumor, r=0.4 cm refers to the periphery of the tumor,
r=2cm refers to the periphery of the prostate, and r=2.5cm
refers to the periphery of the bladder or rectum that is close
to the prostate. Water and A-150 TEP phantoms were used.
Fig. 5 represents the dose delivered by each decay of 1°Au
to tissues. It can be seen from this figure that the dose dis-
tribution curves of both water and A-150 TEP phantoms are
similar and have nearly the same values in the tumor region
but beyond that, the dose in the A-150 TEP phantom is slightly
higher than the dose in the water phantom. The dose distri-
bution curve in the water phantom will be explained below.
In Fig. 5, it is observed that the dose at the center of the
tumor is approximately 1.2 pGy/decay and decreases rapidly
to 0.4pGy/decay at the periphery of the tumor, whereas the
dose at the periphery of the prostate is only 0.02 pGy/decay.
Furthermore, the dose decreases to reach only 0.01 pGy/decay
at the periphery of the bladder or rectum that is close to the
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Fig. 4 - Dose rate to the tumor and to other normal tissues after administration of 10 mGi of 1°® AuNPs.
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Fig. 5 - Distribution of deposited dose as a function of
radial distance from the tumor center for 1° AuNPs.

prostate, whereas the dose at the center of the bladder is
only 0.001 pGy/decay. As in the previous section, we consider
the scenario in which a patient is injected in the tumor with
10mCi of °°AuNPs. Then, the deposited dose rate would be
1.6 Gy/h at the center of the tumor, 0.53 Gy/h at the periphery
of the tumor, and 0.026 Gy/h at the periphery of the prostate
as can be seen in Fig. 6.

The results show that 1°® AuNPs/1?? AuNPs, which are dis-
tributed homogenously in the tumor, deposit most of their
energy in the tumor region. The dose deposited by %8Au is
significantly higher than the dose deposited by *°Au at the
tumor region as well as normal tissues. Table 2 summarizes
results for the deposited dose by 1°® Au/1*°Au nanoparticles in
tumor, prostate, and normal organs in a human model.

In our previous research,’” we performed detailed in vivo
evaluations demonstrating tumor retention and therapeu-
tic efficacy and the overall effectiveness of radioactive gold
nanoparticles (MGF-°8 AuNPs) as unprecedented therapeutic
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Table 2 - The computed initial dose rate from

nanoparticle administration in the tumor and
surrounding tissues, renormalized for a 10 mCi source.

Tissue Dose rate (Gy/h)

198 AuNPs 199 AuNPs
Center of tumor 12 1.6
Periphery of tumor 1.46 0.53
Periphery of prostate 0.1 0.026
Periphery of bladder 0.053 0.013
and rectum that is
close to the prostate
Center of bladder 0.013 0.0013
Center of rectum 0.026 0.004

probes for the treatment of prostate tumors using prostate
tumor-bearing SCID mice. The results showed that most of the
injected dose of radioactive gold nanoparticles was retained
in the prostate tumor up to 24h, and there was minimal/no
leakage of these radioactive gold nanoparticles, away from
the tumor site, causing no adverse accumulation in non-target
organs at different time points. Also, the results proved that
radioactive gold nanoparticles are capable of reducing the vol-
ume of the tumor in comparison with the control group.

The results of our previous animal study and the cur-
rent MCNP simulations, both show that the radioactive gold
nanoparticles (**® AuNPs) deposit most of their energy within
the prostate tumor site with minimal or no leakage to the
surrounding normal tissues. The results of the current study
further show that the radioactive gold nanoparticles could be
transferred from the animal experiments to the clinical tri-
als and hold potential as a new therapeutic modality to treat
human prostate cancer.

Periphery of Prostate

—&—Bladder Interior

0.10 0.50 2.50

12.50 62.50 312.50

TIME (HOUR)

Fig. 6 - Dose rate to the tumor and to other normal tissues after administration of 10 mGi of 1° AuNPs.
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4, Conclusions

The MCNP simulations showed that the radioactive gold
nanoparticles deposited most of their energy within the tumor
while depositing marginal amounts of energy within organs
at risk, such as the bladder and rectum. Since the °®Au decay
energy is high and its radiation energy would be delivered to
the tumor site without harming normal tissues or organs at
risk, it can be concluded that 1’ AuNPs are a promising modal-
ity to treat prostate cancer and other cancers. As expected
due to the low beta and gamma energy for ®Au, MCNP cal-
culations showed that doses to the organs at risk (rectum and
bladder) were acceptable and less than the reported value of
maximum tolerated dose. Therefore, 1°°*AuNPs could be used
for imaging purposes.
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