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Abstract – In recent years, application of nanoparticles (NPs) in diagnosis and treatment of cancer has been the issue
of extensive research. In this study, we investigated the effect of gold nanoparticles (GNPs) in a tumor during X-ray
therapy. Our simulation, based on the Monte Carlo method, shows that the GNPs injected into a tumor considerably
enhanced the absorbed dose during X-ray therapy, especially in the energy range between 10 keV and 150 keV. This
increase in the absorbed dose is due to a combination of increased photoelectric interaction and Auger electron gen-
eration from the gold atoms. Furthermore, the absorbed dose in a biological cell is strongly influenced by the size of
the GNPs; our results show that the ideal diameter of GNPs should be around 50 nm, and this result was confirmed by
several authors.
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1 Introduction

Radiation therapy is used in about 70% of all cancer treat-
ments (Braunn et al., 2013); it allows killing tumor cells by
depositing a high dose of radiation within the tumor. In radio-
therapy, the photon beam may come from outside the body
(external-beam radiation therapy), or it may come from ra-
dioactive material injected into the bloodstream or placed in
the body near the tumor cells. Unfortunately, radiation therapy
can damage normal cells as well as cancer cells. Therefore, to
minimize side effects, the treatment must be carefully planned
(Lawrence et al., 2008). The ultimate goal is to eradicate the
disease without damaging the surrounding healthy tissues. Ra-
diation therapy can directly damage the DNA or create charged
particles inside a cell that can then damage the DNA.

Scientists are conducting research studies to learn how to
use radiation therapy and treat cancer more effectively. Re-
searchers are also studying radiosensitizers, radioprotectors,
and especially nanomaterials that enhance a cell’s response to
radiation. Several agents are under study as radiosensitizers
and many of them are currently being studied as potential ra-
dioprotectors (Connell and Hellman, 2009). With advances in
the synthesis of a variety of nanomaterials, bio-nanomaterials
have become an interesting subject in biomedical application
(Xu et al., 2008; Porcel et al., 2010; Kim and Jon, 2012).

Nowadays, gold nanoparticles are emerging as
promising agents for cancer therapy (Mesbahi, 2010;
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McMahon et al., 2011; Jain et al., 2012; Tsiamas et al.
2013) ; they can be used as good material for diagnosis and
treatment of cancer cells (Heath and Davis, 2008; Jiao et al.,
2011). Numerous experimental and theoretical researchers are
focusing on GNPs as a biomedical application because of their
physical and chemical properties, and their biocompatibility
(Giljohann et al., 2010; Misawa and Takahashi, 2011).

It is known that tumor cells are bigger than normal cells,
and they have the capacity to consume more substances, there-
fore each tumor cell has the ability to contain more than one
GNP; this depends essentially on the GNPs’ size (Chow et al.,
2012). However, it is useful to investigate the effect of GNPs
on the absorption of X-ray beams at the cellular level.

2 Methods and geometry

Our main study is to investigate the effect of GNPs injected
into a tumor during a diagnosis, or X-ray therapy, especially in
the case of a tumor localized in a sensitive organ, such as the
eye, or the head, etc. First, we simulated a spherical tumor lo-
calized in the center of a human head. Then, the human head is
exposed to an X-ray placed 1 m from the patient (see Figure 1).

In the second part of this work, we were interested in study-
ing the effect of GNPs on the cellular scale during X-ray expo-
sure. For this, we simulated a spherical GNP in the center of a
water cube with a volume of 20 μm3.
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Figure 1. Materials and geometry: simulation of X-ray therapy of
a tumor localized in the center of a human head. (a) Geometry of
a human head: tumor localized in the center. (b) Geant4 simulation
of X-ray interaction with a human head. The green lines define sec-
ondary X-rays, and the red lines define secondary electrons. (c) Tu-
mor geometry with different concentrations of GNPs inside: tumor
with a spherical shape of a radius of 0.8 cm.

2.1 Monte Carlo simulations

Our simulation is based on the Monte Carlo code Geant4
(Agostinelli et al., 2003; Allison et al., 2006). Geant4 is a
software toolkit for the simulation of the passage of parti-
cles through matter. It is used in various application domains
(Chauvie et al., 2007), including high energy physics, astro-
physics, space science, and medical physics.

This work is based on the Penelope physics model. The
Penelope models have been specifically developed for Monte
Carlo simulation and great care was given to the low energy
description. Hence, these implementations provide reliable

Table 1. Physical processes of the Penelope physics model used in
the Monte Carlo Code Geant4.

Particle Physical processes
Gamma (X-ray photon) Photoelectric effect

Compton Scattering
by Linearly Polarized Gamma Rays

Compton Scattering
Rayleigh Scattering

Multi-scattering effect
Electron Bremsstrahlung

Ionization
Atomic relaxation Fluorescence

Auger process

results for energies down to a few hundred eV and can be
used up to 1 GeV. For this reason, they may be used in Geant4
as an alternative to the Low Energy processes (Pandola et al.,
2015). The physical processes used in this study are presented
in Table 1.

2.2 Materials and geometry

2.2.1 Simulation of a tumor inside a human head

The X-ray therapy was simulated with the Monte Carlo
code Geant4 of a tumor within a human head. This tumor is
assumed to have a spherical shape with a radius of 0.8 cm (see
Figure 1c). Indeed, it is well known that the cells of a tumor
tissue grow quickly; accordingly, they need more oxygenated
blood than normal cells. Carmeliet and Jain (2000) studied the
development of blood vessels in tumor cells in depth, and they
noted that the blood vessels are more concentrated in the cen-
ter of a tumor; this observation leads us to assume that the
GNPs are distributed in the same way as the blood vessels in a
tumor. Figure 1c shows the concentrations of GNPs localized
in a tumor in our simulation. In this part of our simulation,
we calculated the tumor absorbed dose during the X-ray ex-
posure. Figure 2 shows the plot of the tumor absorbed dose
both with and without GNPs versus X-ray energy. As can be
seen, adding GNPs to a tumor considerably affects the tumor
absorbed dose; this curve presents two peaks of energy around
50 keV and 90 keV. We note here, for these two energy peaks,
that the absorbed dose increases 4 to 5 times.

2.2.2 GNP inside a biological Cell

An individual GNP is embedded in a water volume that
simulates a liquid tissue with sides of 20 μm. One face of this
volume is uniformly irradiated with the X-ray spectrum un-
der investigation. This GNP has a diameter ranging between
10 nm and 150 nm, in order to investigate the effect of the
GNP at a cellular level. We calculated the absorbed energy by
a cell containing one GNP irradiated with a monochromatic
X-ray energy ranging between 10 keV and 100 keV. From our
results, we noted that the absorbed energy rises where the GNP
is localized. With this simulation, we were interested in eval-
uating the absorbed energy of the GNP. We plotted the curve
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Figure 2. The absorbed dose versus X-ray energy: case of a tumor
localized in the brain.

Figure 3. Energy absorbed by a biological cell versus the diameter of
the GNP.

of the absorbed energy in relation to the size of the GNP (see
Figure 3). This figure shows that the absorbed energy presents
a peak at 50 nm in the interval ranging between 0 and 100 nm.
This result was confirmed by several authors (Jiang et al.,
2008; Chithrani et al., 2010; Jain et al., 2012). It should be
noted here that contrary to what was expected, the absorbed
energy for an X-ray energy of 20 keV is higher than that of an
energy of 50 keV.

On the other hand, we calculated the absorbed energy in
a tissue containing a GNP of 50 nm irradiated by an X-ray
energy ranging between 10 keV and 100 keV. Figure 4 shows
a plot of the absorbed energy versus X-ray energy. We note
the existence of three peaks at energies of 20 keV, 50 keV and
90 keV. The first energy peak is the highest; almost twice the
second energy peak and four times the fourth energy peak.

We note here, that for a GNP of 50 nm in diameter, the
X-ray energy of 20 keV is the most favorable in order to in-
crease the absorption energy in a biological cell. These results
presented in Figure 4 are not in contradiction with the previ-
ous results shown in Figure 2. The absorbed dose represents
the mean energy imparted to matter per unit mass by ionizing

Figure 4. Energy absorbed by a biological cell within a GNP with a
size of 50 nm versus photon beam energy.

Figure 5. Energy spectrum of secondary photons from an X-ray en-
ergy of 20 keV with a liquid tissue (GNP size of 50 nm).

radiation. This explains the disappearance of the energy peak
at 20 keV in Figure 2.

2.3 Secondary particles

In this section, we were interested in evaluating the sec-
ondary particles created during X-ray irradiation from a GNP
within a biological cell. These secondary particles, which con-
tribute significantly to dose deposition and GNP ionization
rates, are generated from the physical processes mentioned in
Table 1. From the previous results, the absorbed energy is the
highest when an X-ray energy of 20 keV interacts with a bi-
ological cell containing a GNP of 50 nm in diameter. In this
energy range, most of the secondary electrons and photons are
emitted from the photoelectric effect, Auger effect and ioniza-
tion effect.

2.3.1 Energy spectrum of secondary photons

The energy spectrum of the emitted photons from the in-
teraction of an X-ray energy of 20 keV with a biological cell
containing a GNP is shown in Figure 5. As this figure shows,
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Figure 6. Energy spectrum of secondary electrons from an X-ray en-
ergy of 20 keV with a liquid tissue (GNP size of 50 nm).

gold atoms in a biological cell considerably improve the cre-
ation of secondary photons; these secondary photons are cre-
ated from gold atomic relaxation. These results confirm that
GNPs in a tissue can be used as radiosensitizers (Cheong et al.,
2010; Kominami et al., 2011; Ricketts et al., 2012). Moreover,
these photons created inside a biological cell contribute to de-
positing their energies in the area to be treated, and that will
help to kill cancer cells.

2.3.2 Energy spectrum of secondary electrons

In our case, the GNP enhances the creation of secondary
electrons; these electrons can be produced from the photoelec-
tric effect, Auger effect and ionization effect. Figure 6 shows
the energy spectrum of secondary electrons from the interac-
tion of an X-ray energy of 20 keV with a GNP within a biolog-
ical cell. By comparing this figure with Figure 5, the energy
spectrum of Auger electrons is between 8 keV and 15 keV.
This large number of low-energy electrons can cause serious
damage to cancer cells and stop cell division: this is a new
form of therapy, known as Auger therapy.

3 Discussion and conclusion

Most researchers are interested in modifying the existing
drugs to improve their pharmacokinetics. Jiang et al. (2008)
synthesized GNPs of controlled sizes ranging between 2 nm
and 100 nm; they noted that the optimal size for GNPs in a
biological cell was between 40 nm and 50 nm.

Moreover, Zhang et al. (2012) investigated the size-
dependent radio-sensitization of GNPs for cancer radiation
therapy in vitro and in vivo. They noted a greater sensitiza-
tion effect for GNPs of 12.1 nm and 27.3 nm of than 4.8 nm
and 46.6 nm particles. On the other hand, Chow et al. (2012)
investigated the low-energy electrons (LEEs) produced when
a GNP is irradiated by photon beams. It was found that the
energy distribution of LEEs from GNPs does not vary signifi-
cantly between different photon beam energies.

Based on the Monte Carlo code Geant4, in this paper we
described the application of GNPs in X-ray therapy of cancer-
ous cells. First, we simulated a spherical tumor localized in
the center of a human head. In the second part of this work, we
were interested in the effect of a GNP included in a biological
cell during X-ray therapy.

Our results show that radiation therapy of cancerous cells
in the presence of GNPs is more effective than pure irradia-
tion (Figure 2). In fact, gold atoms increase the production of
secondary electrons and photons in cancerous cells; these low-
energy electrons cause serious damage to cancer cells and stop
cell division. From our simulation results, we conclude that in
X-ray therapy, the best GNP size that should be used is around
50 nm in diameter, and this result was confirmed by several
authors. In addition, to enhance the dose absorbed by a tumor,
suitable X-ray energy should be used in the energy range be-
tween 20 keV and 150 keV.
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