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Objective(s): In this study we evaluate the impact of the different aspects of Gold
Nano-Particles (GNPs) on the target absorptive Dose Enhancement Factor (DEF)
during external targeted radiotherapy with photon beams ranging from kilovolt to
megavolt energies using Monte Carlo simulation.

Methods: We have simulated the interaction of photon beams with various
energies of radiation using water solution containing GNPs to be located in a
tumor region and used MCNP5 code for Initially, the water phantom in which
a tumor dimensions of 1 x 1 x 1 cm3 was defined as the target, contained
simulated GNPs. Then, themacroscopic DEF of GNPs of different sizes,
including 15, 50, and 100 nm, had been calculated at the target area with a
fixed concentration of 7 mg/g during external beam radiotherapy with single-
energy photon beams ranging from keV to MeV.

Results: The tumor DEFs in the presence of GNPs were obtained 1.69-2.66and
1.08-1.10 for keV and MeV beams, respectively. The highest DEF was achieved
by photon energy of 50 keV. By increasing the size of the GNPs, the tumor dose
factor raised too.

Conclusions: The factors calculated for enhancing the target dose of GNPs
were in good agreements with previous studies based on keV photon energies.
For MeV photon energies, after a reduction in the boundary between the two
areas of water and the solution containing GNPs, the dose factor was enhanced
to its maximum value for 2 and 6 MeV photon beams at the depths of 2.6 and
5.6 cm, respectively.
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INTRODUCTION

With the development of nanotechnology, the
radiosensitivity enhancement feature of nano-
particles such as GNPs has been applied to cancer
cells. Nanoparticles exist in the form of colloidal
solid particles in the sizes of 10 to 200 nm, which
are 100 to 10,000 times smaller than human cells
[1,2]. Nanoparticles smaller than 50nm can pass
* Corresponding Author Email: hkhosravi55@gmail.com

easily through cell membranes. Nanoparticles have
been used to treat cancer widely [3-9]. It seems that
gold is the best choice for this purpose due to its
adaptation to human body’s biological environment
[10-13]. In the interaction between X-ray and
metal, nanoparticles create photo-electrons and
secondary electrons. When these electrons interact
with a biological tissue, they produce free radicals
that can directly cause DNA strand breakage or



H. Khosravi et al. / Effect of energy and GNP size on target dose in radiotherapy

indirectly lead to a programmed cell death. In
other words, GNPs can be considered as an extra
source of free radicals. Therefore, it is expected that
in the presence of GNPs, radiotherapy advantage
enhances due to an increase in cell toxicity and
destructive effect on cancer cells [14-16]. Ngwa
et al. [17] studied the effect of radiation-sensitive
properties of GNPs with dimensions of 50 nm on
the cell (Hela) for brachytherapy sources using a
low dose factor and energy. In this study, a source of
125-1 was used for the cell (Hela) irradiation with
and without GNPs. The results showed that the
biological effects on Hela cells whereas irradiated in
the presence of GNPs with a concentration of 2 mg/
ml is about 70% to 130% higher compared to the
absence of GNPs. Also, in lack of radiation, GNPs
was represented at least effects on cancer cells.

In recent years, has been studied many times
the use of GNPs in radiotherapy using empirical
experiments and Monte Carlo simulation within
cell cultures, animal models, and anthropoid
phantoms [18-22]. In a study by Koger et al. [23],
was evaluated the effects of GNPs on DEF in arc
radiotherapy. In their research, the DEF was
calculated using PENELOPE code and single-
energy photons of 50-1000 keV and several
energies used in the clinic. The DEFs of 40% and
25% were obtained for the energies of100 keV
and 6 MeV, respectively. Although the idea of
increasing the dose by elements of high atomic
numbers has been raised since a few decades ago,
the adaptation of GNPs with biological systems has
induced scientists to study more about the various
applications of these materials in radiotherapy. The
results of all the studies performed in this field have
confirmed an increase in the dose reaching a tumor
using radiotherapy with GNPs. However, the results
of the interaction of radiation photon energies with
the sizes of GNPs are still a controversial issue.
For example in the Monte Carlo simulation and
biological studies, GNPs with dimensions of about
10-100 nm and up to 1.9 nm have been utilized,
respectively [1-9]. The most effective parameters
on simulation using Monte Carlo method that have
been reviewed and reported include dimensions
larger than nanoparticles, high molar concentration,
and low energy X- or gamma-ray photons that have
provided more enhanced doses [18-23].

At energies higher than 1.02 MeV, a pair
production phenomenon occurs that result in the
production of pairs of electrons and positrons.
Due to Compton scattering up to energy of 5 MeV,
pair production under higher energies of 5 MeV
would be the dominant process. In all the above
interactions except for Compton scattering, cross-
collision surfaces of photons depend on to Z4and
Z24in the photoelectric and pair production
phenomena, respectively. Therefore, it is expected
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that in the X- and gamma-ray interactions with
gold atoms, considerable energies are transmitted
to GNPs as free electrons and heat energy [24 25].

Dose Enhancement Factor (DEF) can be defined
in terms of the ratio of mass absorption coefficient
(pen/p) of gold to water. For single-energy beams,
the DEF value is expressed as the following relation
[26-27].

where NP is nanoparticles, pen/p is the mass
absorption coefficient of energy, WNP is the weight
percentage of nanoparticles in the mixture, and E
is the radiation beam single-energy. Controversial
and sometimes different results can be seen in
relation to the sensitive ability of gold nanoparticles
in recent researches that could be resulted from
performing studies under different conditions,
including the particle geometry, size, and
concentration, as well as the types of cell, radiation
beam, and energy. In addition, in most previous
studies conducted especially on GNPs with small
dimensions, a mixture of gold atoms and water has
been utilized instead of GNPs that cannot reflect
the real conditions of the study issue [4-23].

We investigated MCNP5 code that use for
simulation by Monte Carlo method. In this
method applied statistical stochastic interactions
for simulation of objects. In this study the actual
impact of nano-sized gold particles created in
tumor volume using iterative cells on the absorptive
DEF in the target area/tumor during radiotherapy
with single-energy photon beams within the varied
range of energies from keV to MeV.

MATERIALS AND METHODS

In this study, MCNP5 code was employed to
simulate using Monte Carlo method. First, a water
phantom with the dimensions of 20 x 20 x 20 cm3
was simulated. In order to validate the simulation
program, dosimetry parameters including
percentage depth dose and transverse profiles
calculated using a Monte Carlo code and then
measurements obtained by a dosimeter of Farmer
Ionization Chamber type (PTW Co.) with volumes
of 15.0 mL and 6.0 mL for areas before and after
aggregation that were compared, respectively. To
this goal, the quantities of percentage depth dose
and transverse profiles of Varian linear accelerator
device for a square field with the dimensions of 10
x 10 cm? (the reference field size in conventional
radiotherapies) were measured with energies
of 6 and 18 MeV by the mentioned dosimeter
and compared with the values calculated by a
Monte Carlo code. Furthermore, the parameter
of dose difference in percentage was used for the
comparison of the percentage depth dose with
the low-dose gradients of transverse profiles and
also the parameter of distance-to-agreement
in millimeters with the high-dose gradients of
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Fig. 1. A schematic view of the geometry simulated via MCNP5
code

the profiles was utilized to compare the dose
distribution calculated by the corresponding values
measured. For comparing the simulation program
with actual measurements, the quantity of local
dose difference percentage was employed according
to the following relation: Local dose difference =
100 x (|DoseCalculation - Dose Measurement| /
DoseMeasurement).

The difference percentage between the
measured values of percentage depth dose from
those calculated at the depths of deeper than the
aggregation area was less than 1%. This difference
at the depths of less than the aggregation area
increased to 3%. The maximum distance-to-
agreement was 1.5 mm for an energy of 18 MeV.
Given the above values, the differences obtained
were within the recommended limit of acceptable
error [28- 29].

A cube-shaped tumor with three dimensions of
1 x1x1cmatadepth of 5cm and a water phantom
surface were simulated for MeV and keV beams,
respectively. To perform the simulation, spherical
GNPs were uniformly distributed within the
tumor mass. To do this, using iterative structures,
the tumor mass was divided into networks of
dimensions 2 x 2 x 2 mm3. Cards LAT = 1 and
LAT = 2 could be used for cubic and octagonal
prismatic networks, respectively. The mentioned
cards are employed together with FILL and U cards
when defining the cell. A world can be a regular
or normal network of cells. The non-zero value
entered for card U is similar to that given to card
FILL of the cell to which the world belongs. Card
FILL indicates that the desired cell has been filled
by the cells possessing card U. The cells of a world
can be finite or infinite, but they must fill all the
space inside the cell. Lack of using card U or a value
of zero for it means that the cell does not belong
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to any worlds. The values of the world are integers
and to be selected by the user as desired [30]. Then,
each of these 2-mm networks were divided into
smaller networks with the dimensions of 1 x 1 x
1 um3. Subsequently, GNPs with the dimensions
of 15, 50, and 100 nm were placed at the centers
of 1-micron networks. The distribution method of
these nanoparticles is shown in Fig. 1.

It should be noted that for smaller nanoparticles
(15 and 50 nm), the internal networks were divided
into dimensions smaller than 1 um3 so as to obtain
the desired concentration of 7 mg/g.

In these simulations, for keV and MeV modes,
mono-energetic photon beams of 0.05, 0.09, 2, and
6 MeV were used, respectively. The distance from
the source to the surface was considered to be 25
and 100 cm for keV and MeV modes, respectively.
In the simulation carried out using MCNP5
code, each photon history was pursued up to an
energy of 1 keV. A statistical error of less than 1%
was achieved for 108 particle histories in all the
simulations.

RESULTS

The absorptive DEFs of GNPs with different
dimensions at 50 and 90 keV energies are shown in
(Figs. 2). As can be seen in these Figs, the absorptive
DEFs raise by increasing the diameters of GNPs. In
(Figs. 3), the absorptive DEFs of GNPs of 50 nm are
displayed in 2 and 6 MeV energies. The exceeding
depth can cause increasing and decreasing of DEFs
(Figs. 3).

The DEF averages of GNPs with different
energies and dimensions are exhibited in Table 1.
As can be seen in this table, DEF amount rises by
increasing the diameters of GNPs in a keV mode.
The highest (DEF 2.66) was obtained for GNPs
with a dimension of 100 nm at 50 keV. In a MeV
mode, no significant changes were observed in
the value of DEF by increasing the diameters of
GNPs. However, by increasing energy, DEF levels
were enhanced so that the highest DEF of 1.10 was
obtained at 6 MeV.

At low energies (50 and 90 keV), the
photoelectric phenomenon is the dominant effect
for the absorptive DEF in the presence of GNPs. At
higher energies (2 and 6 MeV), the Compton and
pair production phenomena have a direct impact
on the absorptive DEE

CONCLUSION

In most previous studies, a mixture of gold
atoms with water has been used instead of GNPs,
which cannot express the real conditions of the
study issue [4-23]. Yet, in this study, despite low
concentrations of GNPs (0.7 weight percentage)
a higher relative DEF was obtained compared to
similar studies [20], which was due to GNPs as
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Fig. 2. The absorptive DEFs for GNPs with different dimensions: (a) energy of 50 keV; (b) energy of 90 keV

a real situation ( i.e. the use of micron networks
in which GNPs were placed). In other words,
by this method, there is a higher probability of
interactions between radiation photons and gold
atoms changed as a condensed matter compared
to a state in which gold atoms are distributed
uniformly in the water. Therefore, the amount
of energy transferred to the environment in this
case is greater than the statein which gold atoms
are uniformly distributed. Moreover, less work has
been done at high energies in this area, while their
effects on the absorptive EDF levels were studied
in this paper. The phenomenon of pair production
is the effective parameter on the absorptive EDFs
within the mentioned range (MeV).

Table 1. Average DEFs for different energies in the presence of
GNPs with different sizes

GNP Dimensions (nm)

Beam energy

15 50 100
50 keV 2.03 2.11 2.66
90 keV 1.69 1.75 2.13
2 MeV 1.07 1.08 1.08
6 MeV 1.09 1.09 1.10
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At high energies, nearly all the electrons created
by Compton phenomenon move along the radiation
photons and release their energies at a distance
farther than the tumor surface. On the contrary,
on the border between the two environments
where the absorptive dose should be increased
[31], an initial dose reduction is witnessed within
the interval of the two environments of water
and aqueous solution containing GNPs (Figs 3).
This phenomenon may be due to the natures of
GNPs and behaviors of colliding .In other words,
since GNPs are denser than typical huge gold, the
high-energy photons colliding with it produce
high-energy electrons that gradually release their
energies in relatively remote depths from their
places of production as moving through the matter.
Because of the large number of GNPs in the tumor,
the electron flux and thus the absorbed dose
enhances with increasing depth until it reaches
its maximum value. Furthermore, by reducing
the intensity of the photon beams, productions of
secondary electrons decrease resulting in a gradual
dose reduction at more depths.

In the pair production phenomenon, the
electronsand positrons created release their energies
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Fig. 3. The absorptive DEFs for GNPs of 50 nm: (a) energy of 2
MeV, (b) energy of 6 MeV

at a shorter distance than their places of production
when colliding with GNPs. This phenomenon is
further manifested at higher energies like 6 MeV
(Fig. 3(b)). At the maximum half, the width at an
energy of 6 MeV is more than that of 2 MeV (Figs.
3). The reason for this phenomenon would be the
higher rate of pair production at the energy 6 MeV
compared to that of 2 MeV.

In recent years, the use of GNPs in radiotherapy
has been many times studied by various empirical
experiments and Monte Carlo simulation.
Although the idea of dose enhancement by
elements with high atomic numbers has been
raised since several decades ago, the adaptation
of GNPs with biological systems has encouraged
scientists to investigate more about the various
applications of these materials in radiotherapy. The
results of all the studies in this field have confirmed
an enhanced dose reaching the tumor through
radiotherapy with GNPs. Nevertheless, the results
of the interactions of radiation energies with
different sizes of GNPs are still controversial. In
other words, the results of empirical experiments
and Monte Carlo simulations for GNPs of similar
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dimensions have been different [18-23]. Thus,
to achieve a unified theory and consensus in this
field, more experiments and calculations should be
performed on different cells and animal models. In
this study, we have tried to somewhat answer the
questions raised. Yet, our results have been limited
to a range of energies and particle sizes as well as
simulation conditions under study. Obviously, to
achieve a global consensus on clinical application,
further and wider research is essential in this
regard.
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