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OBJECTIVE
Radiotherapy is an essential part of cancer management, and about two-thirds of the patients with can-
cer receive radiation therapy during their treatment. The healthy structures around the tumor are dose 
limiting in terms of acute and late toxicity. Radiosensitizers (RSs) can be used to enhance intratumoral 
dose, thus improving the therapeutic ratio. We aimed to investigate the cytotoxicity on normal and 
cancer cell lines induced by interaction between MV photon irradiation and polyethyleneimine (PEI)-
coated gold nanoparticles (AuNPs).

METHODS
The effects of different concentrations of AuNPs (0.75 µg/ml, 0.5 µg/ml, 0.25 µg/ml, and only medium) 
and 2 Gy ionizing radiation (IR) were investigated on the L929 fibroblast, DLD-1 colon, and H1299 lung 
cancer cell lines. Cytoplasmic and nuclear membranes treated with hematoxylin and eosin and double 
staining were evaluated with light and fluorescence microscopy. Cytotoxicity was determined with the 
WST-1 method. 

RESULTS
All particles were spherical in shape with 60.98 nm in size. Cell surviving ratios without AuNPs were 
96.34% in L929, 89.68% in DLD-1, and 76.93% in H1299 for a single 2-Gy radiation. These ratios were 
94.2%, 62.58%, and 40.52% for L929 cells; 72.70%, 41.15%, and 26.71% for DLD-1 cells; and 34.72%, 
28.27%, and 17.84% for H1299 cells at concentrations of 0.25 µg/ml, 0.5 µg/ml, and 0.75 µg/ml AuNPs, 
respectively.

CONCLUSION
At increased concentrations, isolated unwanted cytotoxic effects of AuNPs could be observed. Radiosen-
sitizing effect of PEI-coated AuNPs depends on cell type and AuNP concentration. 
Keywords: Gold nanoparticle; megavoltage; polyethyleneimine; radiosensitization.
Copyright © 2019, Turkish Society for Radiation Oncology

Introduction

Radiotherapy is an essential part of cancer man-
agement, and about 50%–60% of the patients with 
cancer receive radiotherapy during the treatment of 

their illness.[1] The healthy structures around the tu-
mor are dose limiting in terms of acute and late tox-
icity. Using more precise radiation techniques such 
as intensity-modulated radiotherapy and applying 
concurrent chemotherapy and/or hyperthermia as 
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these studies showed RS effect at superficial kV and less 
with clinically relevant MV energy levels.[21,22,23] 
Although there is an ongoing huge preclinical data 
describing the possible mechanisms behind this ra-
diation enhancement, it is still in infancy. Interac-
tion with matter causes a series of reactions in three 
phases: physical, chemical, and biological; and recent 
data show that AuNPs have roles in all these phases of 
interactions with IR.[4,24,25] It would be plausible to 
predict that this enhancement can be affected by the 
modifications of IR parameters (source, energy, dose/
fraction); AuNPs (size, shape, surface coating, and 
functionalization); and the tumor itself such as intrin-
sic sensitivity, hypoxic fraction, and so on. From bench 
to bedside use of AuNP as an RS, the optimal concen-
trations of AuNPs for different types of tumors should 
be thoroughly examined.[10]

This study aimed to characterize the cytotoxicity 
on normal fibroblasts (L929), colon (DLD-1), and lung 
(H1299) cancer cell lines via AuNP-mediated radiation 
dose enhancement under MV energies.

Materials and Methods

Cell Culture
Colon (DLD-1) and lung (H-1299) cancer cells were 
obtained from American Type Culture Collection. 
All cultures were supplemented with 10% fetal bovine 
serum and 1% penicillin and streptomycin. Cell lines 
were maintained in monolayers in a tissue culture hu-
mified incubator at 37°C with 5% CO2/95% air for 24 
h and sub-cultured every 3–4 days to maintain expo-
nential growth.

AuNP Synthesis 
AuNPs coated with polyethyleneimine (PEI) and 
3-aminophenyl boronic acid, which were previously 
synthesized for another study, were used in our work.
[26] AuNPs were added and provided the same con-
centration of gold nanoparticles in the culture during 
irradiation.

Irradiation Setup 
Megavoltage X-ray (6 MV) irradiations were per-
formed using the Elekta linear accelerator. Petri dishes 
contain a layer of malignant cells plus about 2 mm of 
medium and 18 mm air. The prescribed dose was 2 Gy, 
and SSD was set to 100 cm using a 20×20 cm field. Six 
centimeters of plexyglass material (water-equivalent) 
was placed on top of the dish. The dose rate was 3.55 
Gy/min.

a radiosensitizer (RS) are examples for enhancing 
intratumoral dose, and they thus improve the thera-
peutic ratio.[2,3,4]

Nanotechnology is a rapidly developing branch of 
science. Its use in radiation oncology has three major 
aspects: 1) facilitate image-guided radiotherapy (IGRT) 
through mechanisms based on increased uptake of 
particles by cancer cells similar to positron emission 
tomography imaging [5]; 2) increased synergistic cy-
totoxic effects with hyperthermia, chemotherapy, and 
targeted therapy combinations [6,7,8,9]; and 3) radia-
tion enhancement via radiosensitizing effect.[10]

Gold nanoparticles (AuNPs) are usually various 
shaped with a size of 1–100 nm and a gold core cov-
ered by surface coating.[11] Among the elements 
with high Z number, AuNPs are the most extensively 
studied ones because of their relative biocompatibil-
ityand ease in size, shape, and surface coating mod-
ifications.[4] They are small enough to pass through 
atypical weakly tumor vasculature so that they can 
extravagate and accumulate in tumor site much more 
easily than they do in normal tissues. This is called 
enhanced permeability and retention effect, and is a 
key characteristic of AuNPs to introduce into clinical 
practice. In the bloodstream, they must have sufficient 
circulating time without interference to the biologic 
effects that they are exposed to. Upon extravasation 
from tumor vasculature, they penetrate to the tumor 
interstitium and distribute homogeneously. Smaller 
AuNPs are advantageous in achieving more homoge-
neous intratumoral distribution. Uptake of cells via 
receptor-mediated endocytosis is dependent on size 
and shape, and it requires energy.[12] It is known 
that IR can directly or indirectly damage DNA, and 
has no selectivity because of the similar mass en-
ergy absorption of cancerous and healthy tissues.
[13] While cytoplasmic localization of particles can 
yield radiosensitization, nuclear uptake enables addi-
tional DNA damage by low-energy electrons.[14,15] 
Yet, they must be smaller than 30 nm to allow uptake 
through the nuclear pore complex. Like most of the 
drugs, AuNPs are eliminated through kidney (≤7 nm) 
and liver (~10–100 nm). Dedicated particles should 
be easily excreted by the kidneys with reduced op-
sonization and clearance by Kupffer cells.[16,17,18]

Over the past decade, the field of AuNP-based ra-
diosensitization has undergone a tremendous growth; 
this fact is demonstrated by the exponential increase 
in the number of publications on this topic. Studies 
regarding AuNP-mediated radiation enhancement 
have been done from the early 2000s.[19,20] Most of 
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The gafchromic film was placed under the dishes to 
evaluate dose homogeneity and to irradiate with a sin-
gle dose of 2 Gy. After radiation exposure, the dosime-
try film demonstrated that the target area was homoge-
neously exposed to radiation.

Hematoxylin-Eosin Staining 
A 20×103 cells/well of L929, DLD-1, and H1299 cells 
were placed in a 48-well plate of 10% fetal bovine serum 
and 1% penicillin streptomycin containing DMEM and 
RPMI and incubated with 5% CO2 at 37°C for 24 h. 
Afterwards, cells were treated with different amounts 
of AuNPs (0.25 µg/ml, 0.5 µg/ml, 0.75 µg/ml) and in-
cubated another 24 h and then 2 Gy RT was applied. 
Alcohol was put into cells in decreasing concentrations 
(100%, 96%, 80%, 70%, 50%) for 1 min for dehydra-
tion. Cell morphology was examined under the light 
microscope. Experiments were repeated thrice.

Double Staining 
Double staining was performed to quantify the num-
ber of apoptotic and necrotic cells. The L929, DLD-1, 
and H1299 cells were placed in 10 ml of PBS solution 
in a 48-well plate (20×103 cells/well). Ribonuclease A 
inhibits cytoplasmic RNA staining, and propodium 
iodide stains necrotic and Hoescht 33342 stains apop-
totic cells. Cells were subjected to RPMI and DMEM 
and incubated with 5% CO2 at 37°C for 24 h. Then 
three different concentrations (0.75 µg/ml, 0.5 µg/ml, 
0.25 µg/ml) of AuNPs were added and incubated for 
another 24-h repeated thrice. Afterwards, they were 
washed with PBS (after the incubation, the cells media 
were discarded) and stained with 70 μl double stain-
ing dye for 15 min at dark. Cells were examined with 
FITC- and DAPI-filtered fluorescent inverted micro-
scope. A 20-fold magnification was used for images.

WST-1 Cytotoxicity Test 
Initially cells were plated for 24 h, and then treated 
with 0.25 µg/ml, 0.50 µg/ml, and 0.75 µg/ml 60.98 nm 
AuNPs for 24 h. Then cells were washed; and cell media 
was discarded and incubated in fresh culture medium 
without 100 µl phenol red. The cells were then exposed 
to 10 µl WST-1 solution for 4 h, and plates were read 
using a microplate reader at 440 nm. The cell num-
bers in the control and AuNP-exposed samples were 
counted; thus, toxicity of different concentration of 
AuNPs was analyzed.

Following incubation, the absorbance was mea-
sured in a microplate reader at a wavelength of 440 nm 
to determine the toxicity of the gold particles alone.

In the second phase of the experiment, after 24 h 
exposure with AuNPs, cells were irradiated with 2 Gy 
photon beams. After irradiation, AuNP-exposed and 
unexposed cells (control) were incubated in culture 
medium for another 24 h, and then viability was tested 
for the IR and IR+AuNP groups.

Radiation Enhancement Ratio 
The radiation enhancement ratio (RER) is defined as 
the ratio of survival fractions without and with AuNPs 
for a specific dose that is 2 Gy in this setting. It has 
the benefit of directly comparing the biologic response 
caused by the nanoparticles at a specific dose level.

Results

Morphologic Assessment of Cells (H&E staining) 
Cells were examined under a light microscope after 
AuNP and AuNP+IR exposure, and results were pre-
sented in Figures 1, 2, 3 and Table 1. Without any 
exposure, all three types of cells were morphologi-
cally normal with a clear cytoplasm-nucleus bound-
ary and placed dispersedly in the medium. After 
PEI-coated AuNPs exposure, cells morphology was 
changed according to the amount of AuNPs used. 

a

c

e

b

d

Fig. 1. H&E (a, b, c) and propiodium iodide (d, e, f) im-
ages of the L929 fibroblasts with light and fluo-
rescein microscopy. (a) only medium, (b) AuNP 
exposure, (c) AuNP+IR, (d) only medium, (e) 
AuNP exposure, (f) AuNP+IR.
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4%, and it increased with increasing AuNP concentra-
tions. The nucleus was mostly intact except H1299 cells 
with 0.50 and 0.75 μg/ml AuNPs.

Viability 
Cell surviving ratios without AuNPs were 96.34% in L 
929 (Fig. 1), 89.68% in DLD-1 (Fig. 2), and 76.93% in 
H1299 (Fig. 3) for a single 2-Gy radiation. These ra-
tios were 94.2%, 62.58%, and 40.52% for L929 cells; 
84.85%, 78.05%, and 17.84% for DLD-1 cells; 34.72%, 
28.27%, and 17.84% for H1299 cells at concentrations 
of 0.25 µg/ml, 0.5 µg/ml, 0.75 µg/ml AuNPs, respec-
tively. Viability of cells after IR exposure with and with-
out AuNPs is represented in Tables 3 and 4.

Cells were aggregated, lost their cytoplasmic mem-
brane integrity, decreased in volume, and detached 
from the plate. These changes were most abundant in 
H1299 cells and least in fibroblasts and exacerbated 
with IR. Cross-linking between positively charged 
AuNPs with glycosaminoglycan and collagens caused 
intercellular organic material accumulation leading 
to cytoplasmic membrane damage. This may result 
in decreased uptake of nutrients in cancer cells and 
thus cell death.

Double Staining of Nucleus 
The PI-stained necrotic cell ratios and microscopic im-
ages are presented in Table 2 and Figures 1, 2, 3. The 
ratio of necrotic cells with PI-stained nucleus was 1%–
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Fig. 2. H&E (a, b, c) and propiodium iodide (d, e, f) im-
ages of the DLD-1 colon cancer cells with light 
and fluorescein microscopy. (a) only medium, (b) 
AuNP exposure, (c) AuNP+IR, (d) only medium, 
(e) AuNP exposure, (f) AuNP+IR.
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Fig. 3. H&E (a, b, c) and propiodium iodide (d, e, f) 
images of the H1299 lung cancer cells with light 
and fluorescein microscopy. (a) only medium, (b) 
AuNP exposure, (c) AuNP+IR, (d) only medium, 
(e) AuNP exposure, (f) AuNP+IR.

Table 1 H&E staining results of damaged cell (%)

 Medium Medium+IR 0.25 AuNP+IR 0.50 AuNP+IR 0.75 AuNP+IR

L929 0 3 5 28 42
DLD-1 0 12 24 51 68
H1299 0 22 48 67 81

Abb: IR, Ionizing radiation; AuNP: Gold nanoparticle.
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Radiation Enhancement Ratio 
Radiation enhancement ratio (RER2Gy) for DLD-1 
was 1.23 and for H1299 was 2.21 with 0.25 µg/ml con-
centrations of AuNPs.

Discussion

Gold has long been used in the therapeutic and diag-
nostic medicine because it is considered as an inert, 
nontoxic, biocompatible metal. It has been widely 
studied in current medical and biological research in 
nanoscale level, and many researches have been done 
to investigate the possible role of them in the clinical 
setting.[10,27,28] Naked AuNPs are significantly toxic 
both in vitro and in vivo, and appropriate coating may 
lessen these detrimental effects. Surface chemistry is 
also an important key parameter.[9] Highly positive 
NPs bind to negatively charged DNA causing damage 
to it. Amine groups also enable specific targeting of 
cells, for example, drugs.[29,30]

In this study, we used 60.98 nm spherical AuNPs 
coated with cationic charged PEI and 0.25 µg/ml 
AuNPs concentration considered to be safe so that at 
least 69% viability observed cancerous cell lines and fi-

broblast continued to proliferate. The toxic effect due 
to AuNPs showed a significant difference between nor-
mal and cancerous cells at low concentrations, but this 
difference gradually diminished with increasing con-
centrations. The level of toxicity was also different for 
different tumor types; H1299 appears to be the most 
vulnerable group. In a study by Coulter et al., they 
found that AuNP uptake was preferentially observed 
in tumor cells, and cytotoxicity was low, so that par-
ticle concentration causing 50% of growth inhibition 
in cell culture defined as IC50 for normal cells were 14 
times higher than tumor cells.[13] They also showed 
that intracellular accumulation of gold occurs in con-
centration and time-dependent manner. Toxic effects 
of nanoparticles seen more frequently on tumor cells 
suggest the enhanced permeation and retention effect 
in vivo described by Maeda et al.[31]

Formerly, radiosensitization has mainly been attrib-
uted to physical dose enhancement occurring at kilo-
voltage (kV) photon energies by means of photoelec-
tric absorption of gold as a high Z material. However, 
data about different mechanisms of radiobiological ef-
fects regarding radiosensitization are growing [4], and 
experimental studies using clinically relevant MV en-
ergies showed significant dose enhancements in vitro 
and in vivo suggesting other possible mechanisms of 
biological action, for example, oxidative stress, cell cy-
cle distribution, and DNA repair inhibition rather than 
physical enhancement.[32] With the same concentra-
tion, we studied the radiation enhancement effect dif-
ference in different cancer cells. In this study, 0.25 µg/
ml dose concentration of nanoparticle was found to 
be safer, and an RER of 1.23 and 2.21 were found for 

Table 2 PI staining results of necrotic cells (%)

 Medium Medium+IR 0.25 AuNP+IR 0.50 AuNP+IR 0.75 AuNP+IR

L929 2 5 6 32 53
DLD-1 3 14 27 63 79
H1299 4 26 64 72 84

Abb: IR, Ionizing radiation; AuNP: Gold nanoparticle.

Table 3 Cell viability ratios with and without AuNP (±SD)

 0.25µg/ml 0.50µg/ml 0.75µg/ml

L929 104.39±0.04 84.41±0.06 52.90±0.00
DLD-1 84.85±0.01 78.05±0.01 47.93±0.02
H1299 69.40±0.00 45.78±0.02 38.10±0.02

AuNP: Gold nanoparticle; SD: Standard deviation.

Table 4 Cell viability ratios with and without AuNPs after 2 Gy radiation exposure (±SD)

 Only Medium Only IR 0.25µg/ml+IR 0.5µg/ml+IR 0.75µg/ml+IR

L929 100 96.34±0.76 94.26±0.02 62.58±0.01 40.52±0.01
DLD-1 100 89.68±0.54 72.70±0.01 41.15±0.01 26.71±0.02
H1299 100 76.93±2.48 34.72±0.00 28.27±0.02 17.84±0.00

Abb: IR, Ionizing radiation; SD: Standard deviation.
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DLD-1 and H1299 cells, respectively. Our observation 
was consistent with the results of previous studies that 
radiation sensitization may change with different cell 
types. In addition, Her et al. evaluated the radiosensi-
tization effects of polyethylene glycol-stabilized AuNPs 
(PEG-AuNPs) in two human triple-negative cell lines 
(MDA-MB-231 and MDA-MB- 436), and they found 
that PEG-AuNPs sensitized both cell lines to radiation, 
achieving dose enhancement factors of 1.26 and 1.15, 
respectively.[33]

The surface coating is an important parameter to 
control particle stability solubility and biocompati-
bility.[34,35] It also enables targeting of antibodies, 
drugs, and radionuclides. Citrate, polyethylene glycol, 
and thiol are frequently used coatings. They also led to 
necrosis by enhanced ROS production. PEI, which is 
used as a coating in this study, is a cationic polymer 
that binds to the anionic cell membrane phospholipids 
and enables uptake.[36] It can be used as a gene deliv-
ery vehicle [37], a contrast agent for imaging [38,39], 
and a biosensor for glutamate detection.[40]

Chithrani et al. evaluated the size and shape de-
pendence of AuNPs’ uptake into mammalian cells, 
and observed the highest uptake and radiosensitiza-
tion with approximately 50 nm compared to the 14 nm 
and 70 nm.[41] They were also the first who observed 
relatively decreased but still significant radiosensitiza-
tion at MV energies.[42] They showed that HeLa cells 
treated with 50 nm citrate-AuNPs increased the num-
ber of γ-H2AX and 53BP1 foci at 4 and 24 h post-irra-
diation at both 220 kVp and 6 MV energies that were 
indicative of delayed DNA repair, a key mode of ra-
diosensitization. 

Wang et al. reported the radiosensitization effect 
of glucose-capped AuNPs with different sizes (16 nm 
and 49 nm) on triple-negative breast cancer cells in 
the presence of MV energy. They showed increased 
RS effect with 49 nm AuNPs with an SER of 1.86 com-
pared to 16 nm AuNPs with an SER of 1.49. Moreover, 
they demonstrated that the rate of the cells arrested in 
G2/M phase were increased with AuNPs’ exposure, 
more with 49 nm AuNPs, a possible mechanism for 
enhanced radiation sensitization effect because G2/M 
phase is the most radiosensitive phase of the cell cycle.
[43] We found an RER of 1.23 and 2.21 for colon and 
lung cancer cells with similar size but different coating 
AuNPs. Not only particle size but shape, surface coat-
ing, concentration, and cell type may change radiation 
enhancement. To date, because different approaches, 
for example, SER, DMRX%, REF is used to quantify 
NP radiation enhancement effect; it is challenging to 

interpret the results even with identical nanoparticles 
and cell type. 

There are certain limitations of the study. First, 
although staining of cells showed us cell membrane, 
cytoplasm, and nuclear damage, we were not able to 
determine the intracellular distribution of AuNPs, in 
terms of uptake and localization that can affect both 
the isolated toxicity of AuNPs and radio sensitization. 
Defining the underlying mechanism for RS effect is 
also critical for possible further clinical application. 

AuNP-related cytotoxicity was observed not only 
in cancerous cells but also in noncancerous fibroblasts. 
This toxic effect is more pronounced at increasing con-
centrations that can limit the use of AuNP. This study 
also suggests that lower concentration of AuNPs acting 
only on cancer cells can be used as RSs and are cell-
type dependent.
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