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Abstract: Purpose: This study compared the dose enhancement predicted in kilovoltage gold 
nanoparticle-enhanced radiotherapy using the newly developed EGS lattice and the typical gold-water 
mixture method in Monte Carlo simulation. This new method considered the gold nanoparticle-added 
volume consisting of solid nanoparticles instead of a gold-water mixture. In addition, this particle 
method is more realistic in simulation. 
Methods: A heterogeneous phantom containing bone and water was irradiated by the 105 and 220 kVp 
x-ray beams. Gold nanoparticles were added to the tumour volume with concentration varying from 
3–40 mg/mL in the phantom. The dose enhancement ratio (DER), defined as the ratio of dose at the 
tumour with and without adding gold nanoparticles, was calculated by the gold-water mixture and 
particle method using Monte Carlo simulation for comparison. 
Results: It is found that the DER was 1.44–4.71 (105 kVp) and 1.27–2.43 (220 kVp) for the gold 
nanoparticle concentration range of 3–40 mg/mL, when they were calculated by the gold-water 
mixture method. The DER was slightly larger and equal to 1.47–4.84 (105 kVp) and 1.29–2.5 (220 
kVp) for the same concentration range, when the particle method was used. Moreover, the DER 
predicted by both methods increased with an increase of nanoparticle concentration, and a decrease of 
x-ray beam energy.  
Conclusion: The deviation of DER determined by the particle and gold-water mixture method was 
insignificant when considering the uncertainty in the calculation of DER (2%) in the nanoparticle 
concentration range of 3–40 mg/mL. It is therefore concluded that the gold-water mixture method 
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could predict the dose enhancement as accurate as the newly developed particle method.  

Keywords: gold nanoparticles; radiotherapy; radiation dosimetry; particle interaction; Monte Carlo 
simulation 
 

1. Introduction  

In radiotherapy, ionizing radiation such as photon or electron is used to irradiate the tumour or 
target inside the patient to provide cancer control. A radiation treatment plan is therefore created by 
the radiotherapist, medical physicist and radiation oncologist, focusing on delivering high radiation 
dose to the tumour, while at the same time limiting the dose received by the surrounding normal tissues 
or critical organs [1]. To achieve this aim, different dose delivery techniques such as intensity 
modulated radiotherapy and volumetric modulated arc therapy are used, taking advantage of recent 
advances of multileaf collimator and inverse treatment planning [2–4].  

To date, radiosensitizers such as gold nanoparticles are used in radiotherapy to enhance the 
treatment outcome [5–7]. Gold nanoparticle is uptaken by the cancer cell and has some unique qualities 
that make it a very effective radiosensitizer used in radiotherapy. Gold nanoparticles can enhance the 
radiation effect in a vast area without being delivered to all tumour cells [8,9]. As gold nanoparticles 
are easily absorbed in the circulatory system, they can easily permeate the tumour, resulting in a higher 
retention effect [10]. Gold nanoparticles are also preferred as they are easily manipulated; their size 
and shape can be changed easily, and hence they can be customized for different tumour sizes for 
maximum effect [11,12]. In radiotherapy, gold nanoparticles can be highly localized to just the tumour 
cells.  

Gold nanoparticle addition to tumour can lead to the following effects on the cancer cell kill.  
First, the addition of gold nanoparticles to the cancer cell increases the compositional atomic number 
of the tumour. This increases the absorbed dose at the tumour due to the photoelectric enhancement, 
and such effect is more significant when kilovoltage (kV) x-ray beams are used in irradiation [13,14]. 
Second, the increase of absorbed dose in the target compared to the surrounding tissues results in a 
larger image contrast of tumour in computed tomography [15,16]. This can help the radiation 
oncologist to visualize and highlight the tumour easily in radiation treatment planning. Moreover, it 
can increase the patient setup accuracy using kV cone-beam computed tomography in image-guided 
radiotherapy. Currently, there are many preclinical studies and clinical trials being conducted in gold 
nanoparticle-enhanced radiotherapy, focusing on various aspects in treatment delivery such as 
radiation dosimetry [17–20]. 

One important study in using gold nanoparticles as radiosensitizer in radiotherapy is to determine 
the dose enhancement with addition of nanoparticles [21–23]. In radiotherapy, dose enhancement ratio (DER), 
defined as the dose ratio of the target/tumour with and without addition of gold nanoparticles, is a 
popular dosimetric parameter showing how effective the increase of dose is, when nanoparticles are 
added to the target [24]. To determine the dose at the tumour, Monte Carlo simulation plays a very 
important role in predicting the energy deposition at a volume-of-interest (tumour) due to particle 
interactions from the radiation beam and irradiated medium. Monte Carlo simulation is the benchmark 
of dose calculation in radiation treatment planning to predict dosimetry in a heterogeneous system with 
tissue, air and bone [25]. The disadvantage of Monte Carlo method is its relatively longer computing 
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time. However, with the recent rapid development of the computer processor, the calculation speed has 
improved a lot, reaching an acceptable level from days to hours [26].  

There are two approaches to determine the dosimetry in gold nanoparticle-enhanced radiotherapy 
using Monte Carlo simulation. One is to focus on objects in nanometer scale such as a single gold 
nanoparticle and a deoxyribonucleic acid (DNA) molecule [27]. In this case, Monte Carlo simulations 
modelling particle interactions at the nanoscale level in the energy range down to few eV [28,29]. Monte 
Carlo codes such as Geant4-DNA are used to study the effect of radiation at the nanometer scale [30]. 
However, to study the dose enhancement of a tumour with gold nanoparticle addition in a patient, a 
macroscopic approach is used because of the physical size of tumour ranging from millimeter to 
centimeter scale. In the millimeter scale, it is very difficult to consider nanoparticles as unique solid 
particles, because there are a huge number of nanoparticles distributed inside the tumour volume. In 
this event, the tumour with the addition of gold nanoparticles is considered as a gold and soft tissue (or 
water) mixture in Monte Carlo simulation [24]. This assumption works well and is used by some 
studies, showing that gold nanoparticles improved the DER of the tumour, making it radiosensitized, 
and therefore increased the cancer cell kill in radiotherapy [31–33]. Most of these studies used Monte 
Carlo simulation (EGSnrc code) imitating clinical settings [34]. Recently, a newly developed 
EGS_lattice geometry was added to the EGSnrc, egs++ source code [35]. This new library allows gold 
nanoparticle to be directly inserted into the tumour without being mixed with water or tissue.  

This study investigated whether using the EGS_lattice geometry (particle method) would vary 
the Monte Carlo results of DER, when compared to the typical gold-water mixture method. A Monte 
Carlo phantom study using kV x-ray beams was conducted to compare the DER with gold nanoparticle 
addition, based on the particle and gold-water mixture method.  

2. Materials and methods 

2.1. Phantom simulation geometry 

 

Figure 1. Schematic diagram of the phantom setup (not to scale) using the kV x-ray beams 
in Monte Carlo simulation. 
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A heterogeneous phantom was used in this study as shown in Figure 1. The dimension of the 
phantom was 10 × 10 × 10 cm3. The phantom was 10 cm depth, consisting of 3 layers, namely, 
water/water with gold (skin tumour), bone and water, with depths (from the top to bottom) equal to 0.2 
cm, 1 cm and 8.8 cm, respectively. This phantom was to mimic the geometry of a skin tumour located 
in the soft tissue with 0.2 cm thickness on top of a bone (e.g. human forehead). Gold nanoparticles 
could be transported to the skin tumour in the top layer. This changes the composition of the layer, to 
a layer containing both water and gold nanoparticles with different concentrations. The middle layer 
consisted of a bone, and the bottom layer consisted of water. The bone was made up of the ICRU 
material composed of 10.1% hydrogen, 11.1% carbon, 2.6% nitrogen, and 76.2% oxygen [36]. The 
105 and 220 kVp x-ray beams were applied from the top. The gold nanoparticles were only added to 
the top layer with concentration changed. 

2.2. Monte Carlo simulation 

The Monte Carlo simulation in this study was based on the EGSnrc code, which was acquired 
and downloaded for free from GitHub [37]. The kV x-ray beam model was based on the phase-space 
files of the 105 (HVL: 0.19 mm Al) and 220 kVp (HVL: 0.02 mm Cu) x-ray beams produced by a 
Gulmay D3225 orthovoltage treatment unit using a standard open circular applicator with diameter 
equal to 5 cm [32]. The phase-space files were generated by the EGSnrc-based BEAMnrc code with 
the source-to-surface distance equal to 20 cm [38]. The scoring plane of the phase-space file was at 
the surface of the phantom. The energy cut-off for the electron (ECUT) and photon (PCUT) transport 
were set to 521 keV and 1 keV. The dose in the skin tumour layer was determined using the 
DOSXYZnrc code by setting the source type equal to 2 (isource = 2), for a phase-space source with 
particles incident from any direction. 

For the skin tumour with addition of gold nanoparticles, the composition of the top layer in 
Figure 1 was modelled by the gold-water mixture and particle method. In this study, different gold 
nanoparticle concentrations, namely, 3, 7, 18, 30 and 40 mg/mL were used in simulations. This 
concentration range was set by considering Hainfeld et al [39]. The physical densities of the mixture 
with concentrations equal to 3, 7, 18, 30 and 40 mg/mL were calculated to be 1.003, 1.007, 1.018, 1.03 
and 1.04 g cm-3, respectively. For the gold-water mixture method, related material data set regarding 
the specific gold nanoparticle concentrations were created using the EGSnrc-based PEGS4 code [40]. 
The medium composition of the skin tumour (water) added with gold nanoparticles (gold) was 
calculated and input to the PEGS4 code as per the nanoparticle concentration. Data sets of particle 
interaction cross-sections for different gold nanoparticle concentrations in the gold-water mixture were 
generated. For the particle method, the recently developed EGS_lattice library for gold nanoparticle 
simulation was used [35]. The base code was used to create an input file to run the simulation using 
egs++. The data used in the PEGS4 data file provided media definition. The nanoparticle size was 100 
nm in diameter. These nanoparticles were packed as hexagonal lattice layers of spheres in water [35]. 
The DOSXYZnrc code was used to determine the dose deposited in the layer with gold nanoparticles [41]. 
Both simulations using the gold-water mixture and particle method were run twice, once with a 105 
kVp x-ray beam and once with a 220 kVp x-ray beam. The results were used to calculate the DER and 
then compared. It is hypothesized that the new particle method using the EGS_lattice geometry will 
be a more realistic method to determine the DER, and provide more accurate dose enhancement 
information in comparison to the gold-water mixture method [35]. 
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2.3. Dose enhancement ratio 

The DER reflecting the dose enhancement of the tumour with addition of gold nanoparticles was 
calculated by the doses at the skin target layer with different gold nanoparticle concentrations. The 
DER is defined as [32]: 

DER = 
𝑫𝑮𝒐𝒍𝒅 𝑵𝒂𝒏𝒐𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔

𝑫𝟎
        (1) 

where D Gold Nanoparticles is the dose of the target layer with addition of gold nanoparticles, and Do is the 
dose of the same layer without addition of gold nanoparticles. When there is no gold nanoparticle 
added to the skin tumour, the DER is equal to one. 

3. Results and discussion 

Figure 2 shows the DER of surface tumour layer with different gold nanoparticle concentrations 
using the gold-water mixture and particle method. The DER using the 105 and 220 kVp x-ray beams 
are shown in Figure 2(a) and 2(b), respectively. DER value larger than one demonstrated that dose 
enhancement was present when nanoparticles were added to the skin tumour irradiated by the kV x-
ray beams. The uncertainty of the DER is 2% based on the calculated dose uncertainty of 1%. 

 

Figure 2. Relationship between the DER and gold nanoparticle concentration using the (a) 
105 and (b) 220 kVp x-ray beams. 
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3.1. Dependences of DER on x-ray beam energy and gold nanoparticle concentration  

In Figure 2, it is seen that the DER increased with an increase of gold nanoparticle concentration. 
For the 105 kVp x-ray beam with concentration range of 3–40 mg/mL, the rate of increase of DER 
was 0.088 per mL calculated by the gold-water mixture method. The rate of increase of DER was equal 
to 0.091 per mL when calculated by the particle method. For the 220 kVp x-ray beam, the rate of 
increase of DER was 0.031 and 0.033 per mL calculated by the gold-water mixture and particle method, 
respectively. The rate of increase of DER per mL was found higher in the low-energy x-ray beam (105 
kVp). This is because of the larger photoelectric cross-section of the low-energy x-ray beam in the kV 
range [14]. This results in a larger yield of photoelectric electrons (secondary electrons) and therefore 
higher dose enhancement [8]. When low-energy beam was used, the increase of DER was in the range 
of 13–94% (gold-water mixture method) and 14–94% (particle method), as the gold nanoparticle 
concentration increased from 3 to 40 mg/mL. It is seen that a larger increase of DER occurred with a 
decrease of x-ray beam energy, when a higher gold nanoparticle concentration was used. 

3.2. Dependence of DER on the nanoparticle model in Monte Carlo simulation 

Figure 2 shows the relationship between the DER and gold nanoparticle concentration using the 
gold-water mixture and particle method. The DER was equal to 1.44–4.71 and 1.27–2.43 in the 
concentration range of 3–40 mg/mL, and for the 105 and 220 kVp x-ray beams using the gold-water 
mixture method. When the particle method was used, the DER was equal to 1.47–4.84 and 1.29–2.50 
in the same concentration range and using the 105 and 220 kVp x-ray beam energy. In the figure, it is 
seen that a larger DER was predicted, when using the particle method in Monte Carlo simulation. For 
the 105 kVp x-ray beam, the average increase of DER was equal to 2.1–2.8% in the concentration 
range of 3–40 mg/mL, when the particle method was used compared to the gold-water mixture method. 
Similar increase of DER (1.6–2.9%) was predicted using the particle method for the 220 kVp x-ray 
beam, with the same nanoparticle concentration range. It should be noted that this increase of DER is 
between the mean DER values estimated with the Monte Carlo simulation. However, it is seen that the 
deviation between the gold-water mixture and particle method was slightly larger when higher 
nanoparticle concentration and high-energy x-ray beam (220 kVp) were used. Assuming the particle 
method can create a better nanoparticle model in the simulation, the gold-water mixture method is 
found very close to the particle method in this study. 

4. Conclusions 

This study compared the DER calculated using the newly developed particle method (based on 
EGSnrc_lattice library) and the general gold-water mixture method in macroscopic Monte Carlo 
simulation. Based on a heterogeneous phantom, with different gold nanoparticle concentrations 
irradiated by kV x-ray beams with different energies, it is found that both methods predicted an 
increase of DER with an increase of gold nanoparticle concentration and a decrease of x-ray beam 
energy. Moreover, the deviation of DER derived from the particle and gold-mixture method is found 
to be insignificant in the nanoparticle concentration range of 3–40 mg/mL. Based on a more realistic 
model considering lattice of solid gold nanoparticles in the volume, it is concluded that the calculation 
of DER would be reasonably accurate when considering the gold nanoparticle-added volume as a gold-
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water mixture. 
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