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Abstract 
 
Introduction 
In this study, we aimed to calculate dose enhancement factor (DEF) for gold (Au) and iron (Fe) nanoparticles 
(NPs) in brachytherapy and teletherapy, using Monte Carlo (MC) method. 
Materials and Methods 
In this study, a new algorithm was introduced to calculate dose enhancement by AuNPs and FeNPs for 
Iridium-192 (Ir-192) brachytherapy and Cobalt-60 (Co-60) teletherapy sources, using the MC method. In this 
algorithm, the semi-random distribution of NPs was used instead of the regular distribution. Diameters were 
assumed to be 15, 30, and 100 nm in brachytherapy and 15 and 30 nm in teletherapy. Monte Carlo MCNP4C 
code was used for simulations, and NP density values were 0.107 mg/ml and 0.112 mg/ml in brachytherapy 
and teletherapy, respectively.  
Results 
AuNPs significantly enhanced the radiation dose in brachytherapy (approximately 60%), and 100 nm 
diameter NPs showed the most uniform dose distribution. AuNPs had an insignificant effect on teletherapy 
radiation field, with a dose enhancement ratio of 3% (about the calculation uncertainty) or less. In addition, 
FeNPs had an insignificant effect on both brachytherapy and teletherapy radiation fields. FeNPs dose 
enhancement was 3% in brachytherapy and 6% (about the calculation uncertainty) or less in teletherapy.  
Conclusion 
It can be concluded that AuNPs can significantly increase the absorbed dose in brachytherapy; however, 
FeNPs do not have a noticeable effect on the absorbed dose. Overall, AuNPs and FeNPs cannot increase the 
absorbed dose for the Co-60 teletherapy source. 
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1. Introduction 
Medical application of nanoparticles (NPs) has 
grown rapidly in recent years. NPs have been 
studied for their potential use in thermal 
therapy, diagnostic imaging, drug delivery, 
and genetic research [1-8]. Laboratory studies 
have shown that gold nanoparticles (AuNPs) 
can enhance the radiation absorbed dose in 
radiotherapy [9-14].  
AuNPs can be distributed in tumors, given 
their size.  In addition, they can be tumor-
selective by labeling with ligands or molecules 
[15].  Dose enhancement factor (DEF) for NPs 
can be calculated by Monte Carlo (MC) 
method or measured by experimental setups 
[15-22].  The ratio of AuNPs to tissue in MC 
studies was based on previous studiy by 
Hainfeld et al., in which 1.9 nm AuNPs were 
injected into mice and no toxicity was 
observed [5].  
Iridium-192 (Ir-192) brachytherapy source has 
been widely used in DEF calculations for 
AuNPs, due to its unique properties such as 
low photon energy. Cho et al. simulated gold 
tissue mixture by using the 
BEAMnrc/DOSXYZnrc code to estimate the 
DEF.  According to their study, the DEF 
calculated for AuNPs was approximately 31%  
at 7 mg/ml Au concentration [5]. 
According to Lechtman et al., in order to 
double the absorbed dose, 20 mg/ml 
concentration of AuNPs is required for the Ir-
192 brachytherapy source [23]. Bahreyni 
Toossi et al. and Ghorbani et al. reported 1.16 
DEF for 100 nm AuNPs at 30 mg/ml 
concentration [16,17]. According to the 
performed studies, different authors reported 
different DEFs by 100 nm AuNPs for the Ir-
192 brachytherapy source [16, 17, 24-26].  
Different DEFs for the same size of AuNPs 
show that DEF of AuNPs varies significantly 
in terms of concentration and simulation setup. 
Recent MC studies have used heavy element 
tissue mixtures or regular distribution of NPs 
[16, 17, 24-26]. The regular distribution of 
NPs is very different from their random 
distribution in the tissue. In the regular 
distribution, unlike the random distribution, 
NP distances from the neighbors are constant. 

In the regular distribution, photon interactions 
decrease within the tumor, since some photons 
do not interact with any NPs in their 
trajectories.  
In this study, a new algorithm was introduced 
for generating the semi-random distribution of 
NPs within the tissue. DEF for AuNPs and 
FeNPs of different sizes was calculated for 
two different photon sources (Ir-192 and Co-
60). The calculated DEFs were compared 
between different NPs; the DEFs were also 
compared with the recently published data. 
 
2. Materials and Methods 
In this study, semi-randomly distributed NPs 
were used. In this distribution, a new 
algorithm was proposed to simulate the 
random distribution of NPs within the tissue. 
To model this arrangement, a computer 
program was developed using MATLAB 7.04 
software, in which a specific number of NPs 
(900 NPs) were randomly placed in a cubic 
lattice of length L, and then the tumor volume 
was filled with the cubic lattice. MCNP4C 
code was used to calculate DEF for the NPs, 
and the absorbed dose was calculated using 
*f8 energy deposition tally.  
A Theratron cobalt therapy unit was simulated 
in MCNP4C for obtaining percent depth dose 
(PDD) curve. To benchmark the MC 
simulations, the obtained PDD was compared 
with the measured data. Then, a point source 
was used instead of cobalt teletherapy unit to 
speed up MC calculations.  
Dose distributions were calculated with and 
without NPs, and DEFs were calculated using 
equation 1. Dose enhancements by AuNPs and 
FeNPs were calculated for the Co-60 source 
with a field size of 2 cm diameter on a 
phantom surface, at 80 cm source-to-surface 
distance (SSD) (Fig. 1). 
  

100 1AbsorbeddosewithNP Absorbeddosewithout NPDEF
Absorbeddosewithout NP

−
= ×

 
Tumor area was assumed to be a sphere with 2 
cm diameter; the center of this sphere was 
located in a depth of 7.5 cm. Concentrations of 
AuNPs and FeNPs (Fe2O4) were assumed to 
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be 112 mg/ml within the tumor, and NPs, with 
two sizes of 15 and 30 nm, were simulated in 
teletherapy (Co-60 source) irradiation field. 
High dose rate (HDR) brachytherapy with an 
Ir-192 source was simulated in spherical water 
phantom to calculate DEF for NPs. The active 
cylindrical Ir-192 core was 3.5 mm in length 
and 0.6 mm in diameter. The source capsule 
was assumed to be stainless steel with 8.02 
g/cm3 density (Fig. 2). The Ir-192 source was 
placed in the center of phantom with a 
diameter of 8 cm. The tumor was assumed as a 
cube with 1 cm side length; the bottom of this 
cube was placed 1 cm above the Ir-192 source. 
The concentration of AuNPs and FeNPs in the 
tumor area was 107 mg/ml, and three sizes of 
15, 30, and 100 nm were simulated to obtain 
DEF for NPs. This configuration is shown 
schematically in Figure 3. The calculated 
DEFs and dose distributions for Ir-192 source 

were benchmarked against the study results of 
Zhang et al. for 100 nm AuNPs [25]. 

 
Figure 1. Schematic representation of teletherapy 
simulation setup 
 

 

 
Figure 2. Geometry of Ir-192 HDR brachytherapy source[25] 

 
 

 
 

Figure 3. Schematic representation of brachytherapy simulation setup 
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3. Results  
Theratron cobalt therapy unit with 10x10 cm2 
field size at 100 cm SSD was simulated with 
MCNP4C code, and the obtained PDD was 
compared with the ion chamber measurement. 
As it can be seen in Figure 4, measurement 
and simulation are in good agreement within 
1% of the accepted level.  

Figure 4. Comparison of measured and simulated PDDs for 
Co-60 source with a 10x10 cm2  field size at 100 cm SSD 
  
For benchmarking the brachytherapy 
calculations, the setup of the study by Zhang et 
al. [25] was exactly simulated, and the results 
were compared in Figure 5. As it can be seen, 
the two simulations are in agreement within 
2% of the accepted level.  
 

 
 Figure 5. Comparison between dose distributions of 
100 nm AuNPs in the current research and the study by 
Zhang et al.  
 
Figure 6a shows the effect of AuNPs on the 
absorbed dose for Ir-192 brachytherapy 
source. As it can be seen from this figure, 100 
nm AuNPs have maximum effect on absorbed 
dose distribution. In addition, 100 nm AuNPs 
improve the uniformity of the absorbed dose 
distribution more than the smaller sizes. Figure 
6b shows the effects of FeNPs on the absorbed 
dose for Ir-192 brachytherapy source.   
Average DEF due to AuNPs with different 
sizes are shown in Table 1. As it can be seen 
from this table, 100 nm AuNPs enhance the 
average absorbed dose in the tumor area about 
55%, which is 1% less than gold-water 
mixture.  
 

 

 

 

 
  Figure 6. The effect of NPs with different sizes on absorbed dose for Ir-192 brachytherapy source;  
a) AuNPs, b) FeNPs 
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Table 1. Average DEF for different sizes of AuNPs for 
Ir-192 brachytherapy source 
NP size 
(diameter) 

15 
nm 

30 
nm 

100 
nm 

Gold-water 
mixture 

Average DEF 
(%) 33 54 55 56 

 
The effects of different sizes of FeNPs on the 
average absorbed dose are shown in Table 2. 
As it can be seen, FeNPs can decrease or 
increase the absorbed dose, depending on their 
sizes.  
Figure 7 shows the effects of AuNPs and 
FeNPs on the absorbed dose for teletherapy 
source (Co-60) and different sizes of NPs. The 
PDDs were obtained for a small field size (2 
cm diameter on a phantom surface) at 80 cm 
SSD. Figure 7b shows that the effect of FeNPs 
on the absorbed dose is negligible and these 
NPs decrease the absorbed dose by 
approximately 2% (order of calculation 
uncertainty) in the tumor area. 
 
 
 
 
 
 
 

Table 2. Effects of different sizes of FeNPs on the 
average DEF for Ir-192 brachytherapy source 
NP size 
(diameter) 

15 
nm 

30 
nm 

100 
nm 

Iron-water 
mixture 

Average DEF 
(%) -6 -0.4 1.6 0.6 

 
 
Table 3. Effects of different sizes of AuNPs on the 
average DEF for teletherapy source (Co-60) 
NP size 
(diameter) 

15 nm 30 nm Gold-water 
mixture 

Average DEF 
(%) 

0 1.7 1.5 

 
Table 4. Effects of different sizes of FeNPs on the 
average DEF for  teletherapy source (Co-60) 
NP size 
(diameter) 

15 nm 30 nm Gold-water 
mixture 

Average DEF 
(%) 

-0.1 -2.2 -1.5 

 
Average DEFs of different sizes of AuNPs and 
FeNPs for teletherapy source (Co-60) are shown 
in tables 3 and 4, respectively. As it can be seen 
from Table 3, AuNPs cannot increase the 
absorbed dose more than 2%. Table 4 shows that 
FeNPs decrease the average absorbed dose by 
approximately 2% in the tumor area. 

 

 

 

 
Figure 7. The effects of NPs with different sizes on the absorbed dose for Co-60 teletherapy source; a) AuNPs, b) 
FeNPs 
 
4. Discussion 
Recent MC studies have used heavy element 
tissue mixture or regular distribution of NPs 
for calculating their DEFs [16, 17, 24-26]. Cho 
et al.  used gold tissue mixture to calculate 
DEF for AuNPs. According to their study, 
DEF for AuNPs was approximately 31%, with 

7 mg/ml Au concentration [24]. Lechtman et 
al. used the regular distribution of AuNPs and 
showed that the 20 mg/ml concentration of 
AuNPs is required for the Ir-192 
brachytherapy source in order to double the 
absorbed dose [23].  
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Bahreyni Toossi et al. and Ghorbani et al. also 
used regular distributions of AuNPs and 
reported 16% DEF for 100 nm AuNPs with 
30mg/ml Au concentration [16-17]. According 
to these published studies [16, 17, 24-26], 
different researchers reported different DEFs 
for 100 nm AuNPs and Ir-192 brachytherapy 
source. Different DEFs for the same size of 
AuNPs show that DEFs for AuNPs vary 
significantly according to concentration and 
simulation setup.  
Regular distribution of NPs is very different from 
their random distribution within the tissue. In this 
study, we used the semi-random distribution of 
NPs to evaluate the effects of AuNPs and FeNPs 
(with sizes smaller than 100 nm) on the absorbed 
dose, using MC method for Ir-192 brachytherapy 
and Co-60 teletherapy sources. According to the 
results, 100 nm AuNPs could increase the 
absorbed dose by approximately 55% in the 
tumor area, and these NPs enhanced the 
uniformity of absorbed dose distribution more 
than the smaller sizes (Fig. 6a and Table 1). Also, 
the FeNPs could not increase the absorbed dose 
as much as AuNPs for Ir-192 brachtherapy 
source, because of the low photoelectric cross 
cross-section and low electron density of the iron, 
with respect to the gold. 
Roeske et al. used a gold-tissue mixture model 
and reported that the dose enhancement effect 
of AuNPs for Co-60 source ranged between 
1.004 and 1.006 [26]. Moreover, Bahreyni 
Toossi et al. used the regular distribution of 
AuNPs and reported that the dose 
enhancement effect of AuNPs for Co-60 
source was 2-4% for different distances from 

the source [16]. In the current study, semi-
random distribution of AuNPs was used, and 
as it can be seen from Table 3, DEFs of 15 nm 
and 30 nm AuNPs were zero and 2%, 
respectively.  
Our simulations also showed that DEFs for 
AuNPs and FeNPs are negligible for the Co-60 
source (Fig.7, Tables 3 & 4). The low 
photoelectric cross-section of gold and iron for 
Co-60 photons is the main reason for the small 
DEFs. The results of the current study were in 
agreement with those of previous research, and 
showed that the application of AuNPs could 
increase the absorbed dose of low-energy 
brachytherapy sources and decrease treatment 
duration.  
 
5. Conclusion 
It can be concluded that AuNPs can 
significantly increase the absorbed dose in 
brachytherapy; however, FeNPs do not have a 
noticeable effect on the absorbed dose. 
Overall, AuNPs and FeNPs cannot increase 
the absorbed dose for the Co-60 teletherapy 
source. It also can be concluded that the 
simple model of gold and- tissue mixture can 
be used in MC calculations of AuNPs with the 
size of 100 nm. However, for sizes smaller 
than 100 nm, the gold and water mixture 
simple model cannot could not be applied.  
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