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ABSTRACT
Objective(s): Taking advantage of high atomic number of gold nanoparticles (GNPs) in radiation dose 
absorbing, many in vitro and in vivo studies have been carried out on using them as radio-sensitizer. In spite 
of noticeable dose enhancement by GNPs at keV energies, using this energy range for radiotherapy of deep-
seated tumors is outdated. The aim of the present work was to examine the effect of GNPs on radio-sensitivity 
of HT-29 cells in combination with 18 MV X-rays.
Materials and Methods: GNPs were synthesized using a seed-growth method and characterized by 
transmission electron microscopy (TEM) for size and morphology. Cytotoxicity effect of the GNPs as well as 
amount of uptake into the HT-29 cell line was assessed. Irradiation was done by 18 MV photons. Immuno-
fluorescent imaging of γ-H2AX foci and clonogenic assay were conducted to find out the effect of the GNPs 
on radio-sensitivity of the cells.
Results: The size of GNPs was about 24 nm with a spherical-like shape. Treatment of the cells with the GNPs 
induced insignificant inhibition in cell growth. Cellular uptake reaches a maximum after 12 h incubation 
with GNPs. Stained γ-H2AX foci showed a significant difference in number and intensity for GNPs treated 
cells compared to only irradiated one. Moreover, colony formation assay proved an impressive decrease in 
the number of colonies for the irradiated+GNPs group rather than the other one. By fitting the survival 
fraction data on the linear-quadratic model, sensitization enhancement factor (SER) of 1.25 was achieved.
Conclusion: Although theoretical studies predicted negligible radio-enhancement factor for GNPs at high 
megavoltage energies, present results show the potential of GNPs for possible gold nanoparticle-aided 
radiation therapy (GNRT) even for high MV photons.
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INTRODUCTION
Radiation therapy as a key modality in cancer 

cure, has attempted to improve therapeutic gain 
by delivering dose as much as possible to the 
tumor site while making it minimum in peripheral 
normal tissues. However, this issue has remained 
as a challenge in the field due to the high similarity 
of both tissues faced with radiation exposure[1]. 
In this regard, there are two general solutions to 
compensate the lack of distinction in radiation 
dose absorbing of healthy and tumorous tissues: 
loading radio-sensitizers in cancer cells or radio-
protector into the normal cells. 

Owing to high dependency of photon cross 
section on atomic number, high Z elements (HZEs) 
like gold, gadolinium and iodine are the appropriate 
candidates to be utilized as radio-sensitizers in 
radiotherapy [2-7]. For photoelectric and pair 
production process as two important photon 
interactions with matter in the energy ranges of 
keV to MeV, the mass attenuation coefficient is 
proportional to Z3 and Z, respectively[8]. This 
brings about a significant increase (more than 
100 times) in energy absorption of gold (Z=79) 
compared to soft tissue (Z=7.6) in keV energy 
range[9]. Following a photoelectric interaction, 
the total energy of photon is transferred to an 
electron which can be ejected and a vacancy 
will be created. By filling the vacancy with outer 
shells electrons, a fluorescent photon can be 
emitted whose energy is sufficient to eject an 
outer located electron, called Auger electron[8]. 
This Auger electron with a range of few µm has a 
key role in the deposition of energy particularly in 
the vicinity of HZEs used as radio-sensitizers. Thus 
accumulation of the HZEs into the tumor can lead 
to the generation of Auger electron and deposition 
of more dose in the cancerous tissue.

Apart from the suitable physical properties 
of gold as a contrast agent, low cytotoxicity, high 
biocompatibility, ease in chemical synthesis and 
simplicity in surface modification by biological 
structures like antibodies and aptamers, it 
has motivated many researchers to study the 
effect of gold nanoparticles (GNPs) on dose 
enhancement[10-17]. 

In a pioneering study carried out by Hainfeld 
et al. [18], it was demonstrated that intravenously 
injected 1.9 nm GNPs in combination with 250 kVp 
photons can significantly improve survival of EMT-
6 mammary tumors bearing mice. The GNP size 
effect on radio-sensitization was investigated in 

vitro on HeLa cell line[19]. As a result, particles with 
50 nm in size showed higher dose enhancement 
factor (DEF) than other sizes which was associated 
with high intracellular uptake of GNPs with the 
size and so more occurrence of photoelectric 
interaction. To implement a targeting strategy, 
HER2 conjugated GNPs were prepared to elevate 
formation of γ-H2AX foci in MDA-MB-361 breast 
cancer cells by about 2-fold compared to bare 
GNPs[20]. 

Moreover, tumor size of the HER2-GNP treated 
mice was reduced by 46% of initial size while the 
group with radiation alone had an increase in size 
about 16%. Due to the high metabolic rate of cancer 
cells, glucose coating could be a good solution to 
increase accumulation of GNPs into the cells and 
consequently their radio-sensitization. Some in 
vitro studies have reported DEFs of 1.24-1.86 
utilizing glucose capped GNPs for various types of 
cancer cell lines such as ovarian carcinoma[21], 
prostate [22] and cervical [23] cancers, lung 
carcinoma [24] and breast adenocarcinoma[25]. 
Recently, a combination of GNPs and Cisplatin as 
radio-enhancers with 225 kVp x-ray irradiation 
resulted in a DEF about 1.39 for MDA-MB-231 cell 
line and also a significant delay in tumor growth of 
animal model[26].

Exploiting the high absorption coefficient 
of gold in kV energies to raise production of 
Auger and photo-electrons has persuaded many 
researchers to use x-ray sources in the energy 
range to increase the influence of GNPs in dose 
enhancement. 

Nevertheless, high MV radiation sources are 
clinically preferential for radiotherapy of deep-
seated tumors like colon and prostate due to 
more penetration depth and sparing of shallow 
organs. Although some theoretical and simulation 
works predicted insignificant dose enhancement 
by a combination of HZEs with MV radiation[2, 6, 
27-29], in vitro experiments have had promising 
results[19, 21, 24, 25, 30-33]. Therefore, it seems 
there are extra impressive biological factors 
altering sensitization of cells to radiation which 
have not been taken into account by physical 
calculation methods.

The present work aims to investigate radio-
sensitization of HT-29 colorectal cancer cell line 
irradiated by 18 MV photon beam in the presence 
of GNPs. To our knowledge, this is the first report 
about using GNP as radio-sensitizer in combination 
with 18 MV photons in vitro.
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MATERIALS AND METHODS
Chemicals 

Gold (III) chloride trihydrate (ACS reagent, 
≥49.0%), trisodium citrate (99%), bovine serum 
albumin (BSA), 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl tetrazolium bromide (MTT), crystal 
violet and 4’,6-Diamidino-2-phenylindole 
dihydrochloride (DAPI) were purchased from 
Sigma-Aldrich Chemical Co.(St. Louis, USA).

HPLC grade deionized water, dimethyl sulfoxide 
(DMSO), HCl and HNO3 acids, formaldehyde and 
methanol were obtained from Merck (Darmstadt, 
Germany) and used in all experiments. All 
glassware was cleaned with hydrochloric acid 
(HCl) Merck (Darmstadt, Germany), rinsed with 
deionized water, and kept at 150 °C before use.

GNPs preparation
Synthesis of GNPs was done using a seed-

growth method based on the previous report[34]. 
Briefly, in order to synthesize GNP seeds, 150 mL 
sodium citrate (2.2 mM) in a two-necked round-
bottomed flask equipped with a condenser, 
was heated on a magnetic hotplate (Heidolph, 
Germany) under vigorous stirring. Once the 
solution started to boil, 1 ml of HAuCl4 (25 mM) 
was immediately added. After about 10 minutes 
the color of the solution was changed to bluish 
gray and then pink. The stable color of the solution 
confirmed seeds production. The process was 
followed by cooling of the vessel temperature 
down to 90 °C. The temperature ensures that 
nucleation of new seeds is quenched even in 
the presence of an extra amount of precursors. 
To grow GNPs of about 25 nm in size, sodium 
citrate (1 ml, 60 mM) and HAuCl4 (1 ml, 25 mM) 
were injected to the seeds solution in a sequential 
manner. The final product was allowed to reach 
room temperature and stored in the dark and 4 °C 
until experiment time.

Characterization of prepared GNPs
The size and morphology of the synthesized 

GNPs were investigated by transmission electron 
microscopy (TEM). The sample placed on a 
carbon-coated copper grid was analyzed by a TEM 
microscope (Zeiss-EM10C, Germany) operating in 
100 kV. At least 500 particles were considered to 
obtain the size histogram. In addition, UV-Visible 
spectrum of the product was acquired using a 
spectrophotometer (Nanodrop oneC, Thermo 
Scientific, USA). The primary concentration of 

GNPs was determined theoretically by absorbance 
at 450 nm[35].

Cell culture
Human colon cancer cell line (HT-29) was 

obtained from Iranian Biological Resource Center 
(IBRC, Iran). The cells were cultured as monolayer 
in Dulbecco’s modified Eagle’s medium (DMEM, 
Bio-Idea, Iran) containing 4.5 g/dL glucose 
supplemented by 10% fetal bovine serum (FBS, 
Gibco, USA) and 1% antibiotic mixture of penicillin/
streptomycin (Invitrogen, USA). The culture flasks 
and plates were maintained at 37 °C by an incubator 
(Memmert, Germany) operating in 5% Co2 and 
90% humidity condition. In all experiments, the 
cells were in exponential phase of growth. Once 
the cells confluency was more than 80%, the cells 
were detached by Trypsin/EDTA (Gibco) and sub-
cultured in lower density.

Cytotoxicity of synthesized GNPs
Toxicity effect of GNPs on the cancerous cells 

was assayed by MTT salt which is reduced by 
mitochondrial dehydrogenase to formazan. Briefly, 
the cells were seeded in a flat-bottomed 96-well 
microplate (SPL Life Sciences, Korea) as 10000 cell 
per well and incubated in the mentioned condition 
overnight. Moreover, fresh culture media 
contained GNPs in final concentrations of 50, 100, 
250 and 400 µM were prepared. After overnight 
incubation, complete media containing different 
concentrations of GNPs were replaced for each 
test group. There were three groups in the study: 
one group as the blank and the other two groups 
as the control. The cells were allowed to uptake 
the GNPs for 24 and 48 h in the incubator. Then the 
medium of each well was discarded, the cells were 
washed twice by phosphate buffer saline (PBS, 
Bio-Idea, Iran) and fresh complete medium was 
added followed by 50 µl MTT solution to all wells. 
The plates were transferred to the incubator for 
4 h under dark condition. Afterwards, the media 
were aspirated and to dissolve formazan crystals, 
DMSO was added to each well. The absorbance 
values of the plate wells were measured using 
an Elisa reader (BioTek, ELx808, USA) at 570 nm 
wavelength. The average OD (570) of the blank 
group was subtracted from all ODs. The viability 
rate of each group was defined as:
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Quantification of intracellular uptake of GNPs
 To determine the amount of the internalized 

gold to the cells after incubation with GNPs, they 
were analyzed by atomic absorption spectroscopy 
(AAS) technique. In short, about 1×106 cells were 
seeded in a 6 well culture plate (SPL Life Sciences, 
Korea) and incubated overnight. Therefore, 
the medium was replaced by FBS-free medium 
containing GNPs in a final concentration of 250 µM. 
After 12 and 24 h of incubation, free GNPs were 
removed by aspiration of the medium and washing 
the cells by PBS twice. The cells were detached 
by Tryp-EDTA, counted by a hemocytometer and 
collected by centrifugation. The pellet lysis process 
was done by adding 10 ml of warmed aqua regia 
(3:1(v/v) HCl/HNO3). Then the total mass of the 
gold was determined by a graphite furnace AAS 
(Varian 220z, USA). The amount of GNPs uptake in 
each cell was calculated by the following equation:

Irradiation setup
The cells were irradiated by a PRIMUS linear 

accelerator (Siemens, Germany) installed at Ahvaz 
Golestan Hospital with 18 MV photon mode. The 
plates or flasks were immersed in a water phantom 
and located in the depth of maximum dose (about 
3.5 cm). The source to surface distance (SSD) was 
100 cm and the unit dose rate was 200 cGy/min. 
Moreover, the radiation field was opened so that 
it covered the whole area of cell containers as well 
considered the penumbra effect.

Visualization of γ-H2AX foci
Since phosphorylated H2AX foci are known as 

double strand breaks (DSBs) biomarkers[36, 37], to 
investigate the effect of GNPs on radio-sensitivity 
of HT-29 cells, the foci are indirectly stained 
and illustrated by immuno-fluorescent imaging. 
Shortly, after seeding the cells in two 12 well 
plate, the wells were classified into three groups 
as control, irradiation only and GNPs+irradiation. 
The medium of the latter two groups was changed 
to GNP containing media and allowed to uptake 
the GNPs for 12 h. Therefore, the medium of 
all wells was aspirated and replaced with fresh 
one. The cells received 8 Gy radiation dose as 
described before. After 24 h of irradiation, the 
cells were rinsed with PBS and fixed by adding 
4% formaldehyde. Next, permeabilized cells using 
cold 90% methanol were washed with PBS/BSA. 
The cells were incubated with diluted (1:400) 

γ-H2AX primary antibody (Cell Signaling, USA) for 
1 h, rinsed 3 times with PBS/BSA and followed 
by staining with Alexa-Fluor 488 conjugated 
secondary antibody (diluted 1:500). Moreover, to 
label DNA content of the cells, they were treated 
with DAPI. Finally, immuno-fluorescent imaging 
was carried out using an inverted microscope 
(OPTIKA, IM-3FL4, Italy). The images were overlaid 
using ImageJ (V1.51) software.

Colony formation assay
As a gold standard method in radio-biological 

studies, clonogenic assay was utilized to survey 
the colony formation potency of HT-29 cells in 
the presence of GNPs. Considering the groups as 
described before, T-12 cell culture flasks (Jet Biofil, 
China) were seeded, treated with/without GNPs 
and irradiated for 2, 4, 6 and 8 Gy. Immediately 
after irradiation, the cells were harvested and 
counted by a hemocytometer. A sufficient number 
of the cells were seeded in the 6 well plates in 
triplicate and transferred to the incubator at 37 °C 
for 12 days. Therefore, the cells were fixed in 4% 
formaldehyde followed by staining the colonies 
with crystal violet (0.5% w/v). By calculating plating 
efficiency (PE) for the control group, the survival 
fractions (SFs) were achieved by the formula:

The response curves of the groups to the 
radiation were obtained by fitting the data to 
linear-quadratic model expressed as S=exp(-αD-
βD2). To quantify the impact of GNPs on absorbed 
dose, sensitization enhancement factor (SER) 
was also calculated by dividing mean inactivation 
dose (MID) of the irradiated alone group by GNP 
treated group.

Statistical Analysis
All experiments were carried out in triplicate. 

The amount of internalized GNPs and survival data 
were noted as mean ± standard deviation and 
the statistical comparison of groups was done by 
one-way analysis of variance (ANOVA) with the 
threshold of significance P<0.05.

RESULTS AND DISCUSSION
Characterization of GNPs

The synthesis of GNPs was done by seeding 
growth method. TEM images showed a spherical 
morphology, and analyzing the images on over 500 
particles indicated a mean diameter of 24.7±3.6 
nm (Fig .1). 
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Fig 1. TEM image of synthesized GNPs (A) and size distribution 
of the nanoparticles (B)

Fig 2. UV-Vis spectrum of the citrate capped GNPs with an 
absorbance peak at 525 nm

Furthermore, maximum absorbance at 525 
nm in the UV-Visible spectrum of the GNPs also 
confirmed the average size (Fig .2). As expected, 
the mean size was approximately the same as 
reported by Bastus et al. [34]. In comparison with 
conventional Turkevich method, the synthesis 
method has some advantages such as higher 
monodispersity and concentration.

Fig 3. The viability rate of HT-29 cells as a function of GNPs 
concentration for 24 and 48 h incubation time

Biocompatibility potential of the GNPs
The toxicity effect of the GNPs on the HT-29 

cells was evaluated by MTT assay. The reading of 
all groups was normalized to the control group. 
As it can be seen in Fig .3, the viability rate is 
dependent on the concentration of the GNPs. A 
higher concentration induces more inhibition in 
cell proliferation which is in agreement with many 
studies about GNP cytotoxicity [14, 24, 25, 38, 39]. 
The concentration of 400 µM shows the highest 
inhibition rate for both incubation time, and after 
concentration 250 µM, the viability rate suddenly 
declined with an increase in concentration. It 
seems for 250 and 400 µM groups, the survival 
rate recovered from 87.96 and 67.38% for 24 h to 
98.53 and 84.16% for 48 h, respectively. This trend 
was also reported by Zhang et al. [39]. 

Additionally, analyzing the data revealed half 
maximal inhibitory concentration (IC50) of 526.73 
and 756.75 for 24 and 48 incubation time of the 
GNPs, respectively.

Although the concentration of 400 µM has a 
significant toxicity effect on the cells, the rest has 
an acceptable biocompatibility on the treated cells 
(P > 0.05). Chen et al. proved that 28 nm Bovine 
serum albumin (BSA) capped GNPs (0.05 mg/
ml) can cause an inhibition rate of about 10% on 
U87 glioblastoma cell line which is close to our 
findings[40]. Moreover, it has been shown that the 
27.3 nm PEG-GNPs can reduce the growth rate of 
HeLa cells down to 60% at concentration of 0.25 
mM[39]. In their study, the viability rate of the 
cells in all concentrations was lower than ours. In 
another study, Rahman et al obtained a survival 
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rate of about 84% for BAEC cells using 0.25 mM 
1.9 nm GNPs.

It is well known that in addition to 
concentration other key factors like size, shape, 
surface modification and cell type can significantly 
affect GNPs cytotoxicity. The size effect 
is well documented in the literature where some 
researchers have concluded GNPs smaller than 10 
nm lead to higher toxicity [38, 39, 41, 42]. 

It is worth to note that because of the variety 
in concentration unit notation in the reports (nM, 
µM, # particles/ml, mg/ml, etc.), it is difficult to 
compare studies together in detail.

Fig 4. Gold content measured by graphite furnace AAS. The 
cells are allowed to uptake GNPs for 12 and 24 h incubation 

time

Fig 5. Immuno-fluorescent image of indirect staining of 
γ-H2AX foci accumulated into the DNA content of HT-29 cells 

after 8 Gy irradiation by 18 MV photon beam

Uptake GNPs in the cells
The amount of intracellular uptake of the 

gold was measured by graphite furnace AAS 
method. It is clear from Fig .4 that the GNPs have 
significantly penetrated into the cells during both 
incubation time (P<0.05). Furthermore, the gold 
content of 12 h group is greater than that of 24 
h (P<0.05). In a separated experiment, we found 
that among incubation time periods, 48 h group 
owns the lowest uptake of the GNPs into the 
cell. Therefore, it appears that uptake has a time-
dependent pattern and it culminates after 12 h 
of incubation for HT-29 cells. Consist with our 
results, the pattern was also observed in other 
studies. Wang et al. [25], for example, found that 
the MDA-MB-231 breast cancer cells uptake of 16 
and 49 nm GNPs alters by the incubation time with 
a peak at 24 h. In addition, A549 cells also showed 
an uptake peak after 24 h followed by a decrease 
for the 48 h group[24]. However, in the study of 
Khoshgard et al. study [14], uptake pattern versus 
time exhibited an increasing trend without any 
peak up to 48 h. It has been uncovered that folic 
acid-GNPs uptake into the human epidermal KB 
cells is saturated only 1 hour after incubation[43]. 

The difference in the uptake pattern could be 
associated with the GNP size, surface chemistry, 
charge and type of the cells. In the range of 10-100 
nm, 50 nm GNPs showed a maximum rate uptake 
whose main mechanism of entry into the cells is 
receptor-mediated endocytosis (RME)[44]. In this 
respect, Geo et al. predicted an optimal size of 27-
30 nm for fast RME. Additionally, 20 nm GNPs have 
been preferred among the other sizes due to their 
bio-distribution pattern [45]. 

Surface modification of GNPs as another key 
factor has extensively been extensively investigated 
by many researchers to enhance cellular uptake of 
GNPs. Owing to overexpression of some receptors 
on the surface of cancerous cells, the receptors 
were proposed as valuable targets to elevate the 
availability of the GNPs around the cells [20, 22, 
24, 45, 46].

Immuno-fluorescent imaging of γ-H2AX foci 
It is well established that DSBs as one of the 

leading types of the DNA lesion can mainly cause 
lethal damages after exposure to ionizing radiation 
[47]. Following the occurrence of DSBs, H2AXs are 
phosphorylated for serine 139 in their histone and 
form γ-H2AXs which are concentrated on the DSBs 
site[48]. Thus, the maker was chosen to investigate 
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the extent of DNA damage produced by radiation 
in the presence of GNPs. 

The γ-H2AX foci (green) covering damaged 
DNA of the nucleus (blue color) of 8 Gy irradiated 
HT-29 cells were represented in Fig .5. In addition, 
to compare 3 groups of non-irradiated, irradiated 
only and irradiated+GNP in terms of DSB incidence, 
images of the cells are collected in Fig .6 for bright 
field and fluorescent modes with blue and green 
filters. 

Although some foci are detected in the 
irradiation only group, it is obvious the number of 
foci as well their intensity in the irradiation+GNP 
group is meaningfully greater than two other 
groups. Consequently, it demonstrates the 
formation of more DSBs in the group due to the 
presence of GNPs. Besides, the merged images 
have made a better understanding of the location 
of foci in each cell (Fig .6).

In a recent study, Chen et al. [40] proved 
that BSA-GNPs increase density of γ-H2AX foci 
about 2-fold in the irradiated U87 cell line. Also, 
HER2 conjugated GNPs were responsible for the 
significant elevation of DSBs formation for MDA-
MB-361 cells irradiated by 100 kVp X-rays[20]. In 
other investigations on HeLa cells[19, 49], this 
raising in DSB formation due to treatment with 
GNPs was also observed. 

The studies are in concord with our results. 
Nevertheless, one study reported that there is no 
significant difference between GNPs treated and 
untreated groups in the formation of DSBs[30].

Colony formation assay
In order to investigate the effect of GNPs 

on the radiation sensitivity of HT-29 cells, they 
were tested for their ability of colony formation 
after irradiation. Each sample was seeded to a 
well and allowed to form colonies for 12 days. 
Afterward, the counted colonies were normalized 
to the control group. The response of the cells 
as a function of deposited radiation dose was 
presented in Fig .7 for two groups of irradiation 
alone and irradiation+GNP. The statistical 
coefficients of determination (R2) of fitted curves 
for the groups were 0.999 and 0.998, respectively.

As can be seen in the figure, there is a significant 
decrease in SF of GNP treated group for all doses 
compared to irradiated alone one (P<0.05), with 
the exception for 2 Gy dose (P>0.05). In other 
words, for achieve a given radiobiological endpoint, 
a lower dose is required for GNP treated samples. 
Similarly, the result of the previous section also 
predicted this manner. There is evidence about 
the correlation between observed residual γ-H2AX 
foci and survival fraction of irradiated cells[50].
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Fig 6. Columns: images of bright field and indirect immune-staining of HT-29 cells for DAPI (blue), FITC γ-H2AX (green) and 
merged of them. Rows: images of 3 groups of control (non-irradiated), only irradiated (8 Gy) and irradiation+GNPs
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Fig 7. The graph of clonogenic survival assay for HT-29 cells 
after exposure of 8 Gy 18 MV photon. Fitted curves based on 

the linear-quadratic model for both groups of irradiation alone 
(red) and irradiation+GNP (black) were presented. * P<0.05

Furthermore, the decrease has a dose-
dependent manner where the proportion of SFs 
in a given dose raises from 1.1 to 2.25 for 2-8 Gy 
doses. This could be attributed to the production 
of further secondary electrons in higher doses.

Likewise, some radiobiological parameters 
like α, β, D10% (a dose that is enough to kill 90% 
of irradiated cells) were extracted from the linear-
quadratic model fitted curves (Table .1). According 
to this table, the linear coefficient (α) of the model 
has markedly increased for GNP exposed group 
while it slightly decreased in the quadratic one 
(β). Moreover, by comparing D10% of two groups, 
it can be found that to kill 90% of the cells, the 
irradiated+GNP group needs to about 15% dose 
lower than that of the only irradiated group. As 
a key factor, SER was also reported in the table 
which represented the amount of enhancement in 
radiation damages by GNPs. 

However, owing to lack of a unique quantity 
to report as well the variety in the calculation of 
enhancement factor among the related studies, 
it is difficult to compare them accurately with the 
study. 

Considering studies with GNP sizes similar to 
this work, Chen et al. [40] have reported a DEF 
of 1.37 for U87 cell line using 27 nm BSA-GNPs 
and 160 kVp X-ray source. HER2 targeted GNPs 
showed a radiation enhancement factor of 1.6 in 
combination with 100 kVp X-rays[20]. Again in the 
range of keV energy, Glucose coated GNPs caused 
an enhancement of dose greater than 30%[51]. 
The differences may originate from the cell type, 

concentration, energy and surface modification. 
In comparison with our results, keV energies 

show a higher enhancement factor. The 
occurrence probability of photoelectric process 
is elevated in the energy range and generates a 
large number of photo- and Auger electrons which 
mainly deposit their energy in situ, as discussed 
previously. At MeV range, the Compton and pair 
production processes become dominant. They 
create scattered photons and secondary electrons 
whose energy is deposited farther than the 
interaction site.

Despite the prediction of theoretical and 
simulation studies about the minor impact on 
GNPs in megavoltage energies, there is some 
experimental evidence which have reported 
promising results. For instance, 6 MV photon 
beam demonstrates an enhancement of radiation 
sensitivity of 1.17, 1.3, 1.29 and 1.49 for HeLa [19], 
SK-OV-3 [21], MDA-MB-231 [30] and A549 [24] cell 
lines, respectively. Interestingly, GNP treated DU-
145 prostate cancer cells were sensitized at 15 MV 
photon beam by a factor of 1.16 [30] which is close 
to our calculated SER. In another study using 18 
MV energy, measurement in a phantom revealed 
only 12% dose enhancement even for high GNP 
concentration of 5 mg/ml [52]. Nonetheless, 
our results have a significant disagreement with 
calculated DEF (1.25 vs 1.005 [28]). It seems the 
vacancy must be filled by non-physical reasons. 

Table 1. Radiobiological parameters α, β, D10% and SER 
derived from fitted curves of Irradiation alone and 8 

Irradiation+GNP groups

It is well established that GNPs can regulate 
cell cycle [22] and produce more reactive oxygen 
species (ROS) [21] which have crucial roles in 
radio-sensitization of the cells. The Glu-GNPs 
arrested the breast cancer cells in G2/M phase of 
cell cycle, the most sensitive phase of the cell cycle 
to radiation damage[24]. Therefore, it can be one 
of the reasons which affect the radio-sensitivity of 
the cells and need to be examined.

CONCLUSION
In present study, after synthesizing GNPs with 

a high concentration, the extent of their uptake 

7 
 

 

 

 α (Gy-1) β (Gy-2) D10% SER 

Irradiation alone 0.046± 0.025 0.045±0.004 6.68 
1.25 

Irradiation+GNP 0.157±0.052 0.041±0.008 5.80 
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into a colorectal cancer cells line (HT-29) as a 
deep-seated tumor was evaluated. Moreover, the 
cytotoxicity test unfolded that viability of the cells 
is not so affected by applying low concentration 
GNPs. Similar to clinical situations for such deep-
seated tumors, 18 MV photon beam was selected 
for irradiation of the samples. Surprisingly, 
analysis of the result of γ-H2AX foci imaging as 
well as colony formation assay for irradiation+GNP 
groups unveiled that GNPs can be more helpful 
than the prediction of theoretical and Monte Carlo 
simulation. In conclusion, according to our results 
GNPs were found to have a promising future in 
clinic as a radio-sensitizer of tumors even at high 
megavoltage energies, but further in vitro and in 
vivo investigations are needed.
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