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ABSTRACT  ARTICLE INFO 
Thanks to technological developments and clinical studies in recent years, 

radiotherapy has been widely used in cancer treatment, and radiation can be applied 
effectively to cancer cells without harming healthy tissues.  However, some types of 
cancer cells are resistant to radiotherapy which can be applied at certain doses that do 
not harm normal tissues. In this context, the main purpose of this study is to increase 
the sensitivity of cancerous cells to radiotherapy and by doing so to reduce the 
negative side effects of radiotherapy with lower doses of radiation and to get more 
efficient results through the combined use of treatments. In this study, HepG2 
(Human hepatocellular carcinoma) liver cancer cells were treated by ionizing 
radiation (210 kV X-ray at a dose rate of 2.1 Gy/min) or electroporation (1125 V/cm, 
100 µs, 1 Hz, 8 square waves) or combination of these two therapies. Responses to 
these treatments were determined by the MTT viability test. It was observed that the 
survival rate of HepG2 cancer cells significantly decreased in the group treated with 
ionizing radiation after electroporation. The electrical pulses caused a 1.25-fold 
increase in the sensitivity of HepG-2 cancer cells to 210 kV X-ray. These results 
show that the application of electroporation before radiotherapy can significantly 
increase the sensitivity of HepG2 cancer cells. 
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1. Introduction 

Cancer is one of the most important diseases that mankind 
has struggled with in the last century. It has spread rapidly 
and become the second cause of death worldwide after 
heart attack. 18.1 million new cancer cases and 9.6 million 
cancer-related deaths were recorded across the world in 
2018 [1]. Liver cancer is the 6th most common cancer and 
the 4th deadliest cancer [2]. 841,000 new liver cancer 
cases and 782,000 liver cancer related-deaths were 
recorded worldwide in 2018 [3]. 
As with all other types of cancer, radiotherapy and 
chemotherapy are the 2 most common methods used in the 
treatment of liver cancer [4]. Radiotherapy is used 
effectively in more than 60% of cancer patients. Thanks to 
the technological developments in recent years, the size 
and location of cancerous tumors can be identified clearly, 
and this makes it possible to adjust the dose of 
radiotherapy in a way not to damage the surrounding 
disease-free tissues [5]. For example, 20 years ago, the 
death rate from cancer radiation therapy was 80% in head 
and neck cancers, but in recent years this rate has 
decreased to 30% [6].  However, some types of liver 
cancer cells are resistant to radiotherapy which can be 

applied at certain doses that do not harm normal tissues. In 
such cases, combined treatments can be used to increase 
the radiation sensitivity of these cells [6]. Combined use of 
radiotherapy and electroporation is one of these methods 
[7].  
Electroporation is a process where the cell membrane is 
made more permeable to exogenous molecules by a local 
exposure to a high voltage electric current [8]. 
Electroporation technique makes it possible to transfer 
chemotherapeutic drugs, protein or DNA through the cell 
membrane [7]. The most important factors affecting the 
effectiveness of electroporation are as follows: intensity 
and duration of the applied current, type and size of cell 
[9]. Moreover, the electroporation conditions required for 
different molecules are also different. For example, a short 
and intense current is needed for small-sized cancer drugs, 
but a long and low-intensity current for gene transfer to the 
cell [10]. Studies have shown that electroporation is more 
effective in cancer cells than in healthy ones [11]. Previous 
studies have reported that electroporation in different 
protocols increases the sensitivity of cancer cells to 
radiotherapy [7].  
Electroporation also leads to the production of reactive 
oxygen species (ROS) in the cell membrane [12]. ROS can 
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sensitize cells to ionizing radiation. To the best of our 
knowledge, in the literature, there is no study examining 
how electroporation affects the effectiveness of 
radiotherapy on liver cancer cells. The purpose of this 
study was to examine the effectiveness of the application 
of electroporation prior to ionizing radiation in HepG2 
liver cancer cell line. We used HepG2 because it is more 
advantageous in terms of ease of study and cell culture 
than other cell lines and widely used in many 
pharmacological studies [13].  

2. Materials and Methods 

2.1. Cell Culture 

The HepG2 (human hepatocellular carcinoma) cell line 
used in this study was procured from Application and 
Research Center, Central Research Laboratories, Muş 
Alparslan University. The cells were cultured in 
Dulbecco's Modified Eagle's medium (DMEM) 
(Biological Industries) containing 10% fetal bovine serum 
(FBS) [PAN-Biotech, Europe] and 1% penicillin-
streptomycin (Sigma-USA) using 75 cm2 culture flasks 
(Sigma-USA). Then, the cells were incubated in DMEM 
with 5% CO2 at 37oC and 95% humidity (Memmert-
Germany). The old medium was replaced by a new one 
every two days. After the incubation, when 90% of the 
bottom of flasks was covered with cells, the cells were 
included in the experiment. All the cell culture procedures 
were carried out in a biosafety cabinet (Esco-USA) under 
sterile conditions. The cells were divided into 4 groups: 
control group, EP group (electroporation alone), IR group 
(ionizing radiation alone), and EP+IR group (first 
electroporation and then ionizing radiation). 

 2.2. Electroporation (EP) 

After the incubation, the cells that reached sufficient 
density on the flask surfaces were removed from the flask 
using Trypsin-EDTA (Biological Industries, Israel). Then, 
this cell solution was placed in falcon tubes and 
centrifuged at 1200 rpm for 5 minutes. 400 µL of cell 
suspension (1x106 cells/mL) was transferred to 4 mm EP 
cuvettes (BTX). The cuvettes in EP group were placed in 
an electroporation device (Gemini X2, BTX, USA) to 
apply electric field. Based on the results of our previous 
studies and others, we determined that 1125 V/cm was the 
most suitable electric field in EP application for the 
HepG2 cell line [14, 15]. Again, based on these studies, 8 
square wave electric fields were applied (1125 V/cm, 100 
µs, and 1 Hz). The cells in EP+IR group were exposed to 
ionizing radiation 10 minutes after EP. The control cells 
prepared in the same way were placed in these cuvettes, 
but no electric field was applied to them. This experiment 
was repeated 5 times.  

2.3. Radiation Therapy (IR) 

10 minutes after the electroporation [7], the cells in 
EP+IR group were exposed to X-ray using BMX-AR 30 
(BMI, Italy) at room temperature. 210 kV X-ray radiation 
was applied to the cells at an intensity of 2.1 Gy/min [8]. 

During the application, a plexiglass with a size of 10x10 
cm and a thickness of 1.5 mm was placed on the top of the 
cell cuvettes and another plexiglass with the same size and 
a thickness of 3 mm was placed below their bottom to 
ensure backscattering of the radiation. About 15 minutes 
after the electroporation and ionizing radiation application, 
all the experimental cells were seeded into 96-well plates 
with 10,000 cells for each well. The plates were incubated 
for 24 hours under 5% CO2 at 37oC and 95% humidity, 
and then the cell viability was determined using MTT 
assay method.  

2.4. MTT Cell Viability Assay   

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazolium 
bromide) cell viability test is a sensitive method widely 
used in many studies to determine cell viability [16]. This 
method is based on the logic that the dehydrogenase 
enzyme in the mitochondria of viable and healthy cells can 
cleave tetrazolium rings in the MTT dye under in vitro 
conditions. Viable cells reacting in this way are stained 
blue, while dead and deteriorated ones remain colorless 
[17]. First, the MTT solution with a concentration of 
5mg/mL was covered with aluminum foil and kept at +4 
°C until use. Then, the cell lines incubated for 24 hours in 
96-well plates were removed from the incubation. The cell 
line medium in the plates was removed from the wells, and 
then 10 µL of MTT solution and 90 µL of DMEM were 
added to the wells.  These plates were incubated at 37 oC 
under 5% CO2 for 4 hours. After the incubation, the liquids 
containing MTT in the wells were removed by aspiration, 
and 100 µL of Dimethylsulfoxide (DMSO) was added to 
dissolve formazan crystals for quantitative analysis.  After 
the complete dissolution of formazan crystals and the 
formation of a blue color, the optical density of the 
formazan was read using an optical reader at 570 nm [15, 
18]. The absorbance values of the wells of the control 
group, in which only fresh medium was used, were 
measured, and the measured values were averaged. This 
value was accepted as 100% viable cell ratio. The 
absorbance values of the cell lines in all groups except the 
control group were measured, and the viability ratio (%) 
was calculated using the following equation.  

Viability (%) = (Optical Density of Study Group / Optical 
Density of Control Group) x 100 

2.5. Statistical Analysis 

All the experiments were repeated at least 3 times, and all 
the data were expressed in mean ± standard deviation. The 
differences between the groups in terms of cell amounts 
were identified using one-way analysis of variance 
(ANOVA), and multiple comparisons were performed 
using the Tukey’s multiple comparison test. The statistical 
significance was set at p<0.05.   

3. Results 

In this study, the effects of electroporation applied to the 
HepG2 cell line, which is widely used in many studies on 
liver cancer, on the efficiency of radiotherapy were 
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examined. Electroporation was applied alone to the first 
cell group, and ionizing radiation alone to the second cell 
group. In the third cell group, these two methods were 
combined, and ionizing radiation was applied after 
electroporation. As can be seen in Figure 1, it was 
observed that there were significant differences in terms of 
cell viability between the cells treated with electroporation 

and ionizing radiation in a combined way and those treated 
with electroporation alone or ionizing radiation alone. 
While the cell viability ratio was found to be 88.74% in the 
group “electroporation alone”, it was 80.52% in the group 
“ionizing radiation alone.” On the other hand, 64.5% of the 
cells survived in the combined use of electroporation and 
ionizing radiation.   

 
Fig. 1. % of the HepG2 cell viability for treatment by ionizing radiation alone (IR), electroporation alone (EP) 
and, EP application prior to IR (EP+IR).  Viability percentages of HepG2 cells are given as the mean±SD of at 

least three different experiments. 
 
These results suggest that application of electroporation 
prior to radiotherapy can significantly improve the 
efficiency of radiotherapy in the treatment of HepG2 liver 
cancer cells. 

4. Discussion 

Liver cancer, one of the most common and deadly cancers, 
claims thousands of lives across the world every year [19]. 
Today, radiotherapy is one of the leading treatment options 
for patients with liver cancer [20]. The effectiveness and 
efficiency of radiotherapy depend on the radiation 
sensitivity of the tumor and the radiotherapy tolerance of 
the surrounding healthy liver tissue [21]. Therefore, the 
main subject that needs to be examined is how to increase 
the sensitivity of cancer cells to radiotherapy and by doing 
so to reduce possible side effects and to obtain more 
efficient results with lower doses of radiation.  
In this study, it was observed that the cancer cells were 
sensitive to ionizing radiation, and electroporation 
significantly increased this sensitivity (p<0.05). After the 
treatments, the viability of HepG2 cancer cells were found 
to be 88.74% in the EP group, 80.52% in the IR group, and 
64.5% in the EP+IR group. These results are in line with 
those reported by previous similar studies.  In their study 
on Chinese hamster ovary (CHO) cells, Razaee et al. [22] 
compared the viability ratios of the cancer cells treated 
with radiotherapy alone and those treated with 
electroporation and radiotherapy together. They reported 
that while the viability ratio was 76.73% in the group 
treated with radiotherapy alone, it was 65.1% in the group 
treated with electroporation 10 minutes before the 
radiotherapy. In another study on Ehrlich acid tumors 
(EAT), it was observed that, in the radiotherapy following 
electroporation therapy, various reactive oxygen species 
(ROS) were produced in cancer cells and the cell toxicity 

increased with the resulting oxidative stress. It was 
asserted that this increase caused more damage to the cell 
membrane. On the 7th day of the treatment, the mean 
tumor volumes were reported to decrease by 85%, 80%, 
and 51% compared to the pre-treatment sizes in the 
electroporation group, radiation group, and electroporation 
+ radiation group, respectively. These results showed that 
the electric field significantly increased the radiation 
sensitivity and drug-induced toxicity [23]. The possible 
reason why electroporation increases the effect of ionizing 
radiation is the production of ROS in the membrane region 
where electric pulses are applied [12] and the changes in 
the membrane. 
There are also some studies on various treatment methods 
in which electroporation is combined with drugs that 
enhance radiation sensitivity.  Serša et al. [8] applied a 3-
stage treatment method on Ehrlich acid tumors (EAT) in 
mice using Cisplatin, a drug that is widely used in 
chemotherapy and has an effect of enhancing radiation 
sensitivity. First, they injected cisplatin into the organism 
and then applied an electric field to the target tumor, 
followed by local radiation therapy to the tumor. They 
reported that this 3-stage method was more efficient than 
the 2-stage method in which cisplatin and radiation therapy 
is applied alone, and the curability rate of EAT increased 
from 27% to 92%. This increase in anti-tumor activity is 
thought to be associated with the electric field applied.  
Similarly, Kranj et al. [24] used Bleomycin, a drug that has 
an effect of enhancing radiation sensitivity, in their study 
on soft tissue cancer cells. They reported that 
electroporation prior to drug administration caused a 1.5-
fold increase in the radiotherapy sensitivity of cancer cells. 
It is thought that electroporation increases the 
effectiveness of drugs by increasing the permeability of the 
cell membrane and the accumulation of drugs in the cells 
[25, 26]. 
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As known, the main target of therapeutic radiation is the 
DNA of tumor cells. The objective is to cause cell death by 
damaging the target cell DNA using different types of 
radiation. The biggest negative side effect in this process is 
that healthy cells and tissues surrounding tumor are also 
affected by radiation. This mechanism of action can cause 
permanent damage to DNA of healthy cells and lead to 
undesired chemical reactions by triggering the production 
of some free radicals [27].  

5. Conclusion 

In this study, we aimed to get more efficient results with 
lower doses of ionizing radiation by using electroporation 
to increase the radiation sensitivity of the cells, and we 
were able to achieve supporting results.  Our results 
suggest that electroporation can increase the radiation 
sensitivity of HepG2 liver cancer cells. Electroporation can 
be considered as a physical radiosensitizer, especially in 
the radiotherapy treatment of radioresistant cancer cells. 
Applicability of this combined therapy method against 
different cancer cells and tumors should be examined and 
assessed in clinical settings. We hope that the results of 
this study will contribute to other studies on 
electroporation and radiotherapy in cancer treatment. 
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