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ABSTRACT

Background: Low voltage, high frequency electrochemotherapy (LVHF ECT) has 
recently been explored as a method to enhance the permeability of cell membranes 
to non-permanent chemotherapeutic agents.

Objective: Despite recent advances, it remains unclear whether classical ECT 
and LVHF ECT (using 50–150 V/cm at pulse frequencies of 4–6 kHz) affect the cell 
membrane through similar mechanisms.

Materials and methods: We investigated the efficiency of reversible membrane 
permeabilization in the MCF7 cell line induced by LVHF electric pulses. Specifically, 
we examined changes in extracellular conductivity, the time-dependent nature of 
permeabilization, and the effects of this protocol on commonly used permeabilization 
markers.

Results: LVHF ECT protocols significantly increased the conductivity of the extra-
cellular medium, indicating enhanced membrane permeability in MCF7 cells. This 
increased permeability was closely associated with elevated membrane conductivity. 
Notably, most of the membrane permeabilization occurred during pulse application 
and subsided within one minute after the delivery of LVHF pulses. Experimental 
data indicate that these electric pulses induce the formation of short-lived pores in 
the membrane. Furthermore, LVHF pulses did not alter the cytotoxicity of bleomycin; 
however, this protocol resulted in the quenching of Lucifer yellow fluorescence, 
a classical marker for membrane permeabilization. These findings suggest that 
bleomycin is a reliable marker for cell electro-permeabilization under LVHF ECT 
conditions. 

Conclusion: Our results demonstrate that LVHF ECT induces transient, short-lived 
pores in the cell membrane and increases membrane permeability without affecting 
bleomycin cytotoxicity. Bleomycin appears to be a suitable marker for assessing 
electro-permeabilization in this context.
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Introduction
	 Cell poration (CP) relates to the electrical increases of 
membrane permeability of target cells to the molecules, 
specifically pharmaceutical compounds and genes.1-3 This 
technique, called Electroporation (EP), demonstrates that 
the theory of the electrical breakdown of cell membrane 
and pore formation is the most widely accepted.4,5

	 The reversible phenomenon permits the increase 
of cell membrane permeability and cell suspension 
conductivity for a limited time.6,7 During this time of 
increased membrane permeability, if the high toxicity and 
non-permeable chemotherapy drug – such as bleomycin– 
is achievable, then it can enter the cell cytoplasm and 
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target the intracellular components. This physical process 
is commonly referred to as Electrochemotherapy (ECT).7-

10 Classical ECT is obtained with a train of eight pulses of 
1 Hz or 5 kHz frequency and 1300V/cm amplitude. Such 
pulses have been successfully applied to treatments of 
superficial tumors in animals and humans.8-10 Recently, we 
focused on the effect of much smaller amplitude pulses. 
Such protocols are referred to as Low Voltage and High 
Frequency ECT (LVHF ECT). Permeabilization of the cell 
membrane and treatment of animal nodules that were 
induced by LVHF pulses have been reported.11-15 Whether 
classical ECT and LVHF ECT act on the membrane in a similar 
way is unclear. To clarify this ambiguity, we consider the 
effect of Low Voltage and High Frequency (LVHF) electric 
pulses on the extra-cellular conductivity, cell permeability, 
and role of time on cell permeabilization.
	 The disruption of the cell membrane and its 
permeability can be indirectly demonstrated using different 
types of markers added to the cell culture mediums. Many 
of these markers – such as fluorescence, radiolabels, 
and bleomycin – have been used in permeabilization 
research.13,14,16-18 Bleomycin is a non-permeant molecule 
which possesses a very high intrinsic cytotoxicity. In vitro 
studies indicate that a low therapeutic dose of bleomycin 
is sufficient to generate the breakage of the DNA double-
strand and kill the cell by a mitotic and apoptotic cell 
death process.17,19,20 Due to previous studies revealing 
that bleomycin molecules are very sensitive cells to use 
as a permeabilization marker, we exhibited bleomycin’s 
cytotoxicity effects on MCF7 cells exposed to LVHF electric 
pulses, and suggested the best LVHF ECT protocol.
	 In addition, some researchers have studied the 
changes in the electrical properties of cell suspensions due 
to EP.6,7,21,22 These studies concluded that cell suspension 
conductivity increased, an effect that was observed only 
for above-the-threshold electric fields.7,21 Recently, it 
was suggested that measurements of conductivity could 
enable observations of cell electroporation.6,21,23,24 In the 
current study, we will present results based on the degree 
of reversible membrane permeabilization as a function of 
the conductivity and composition of the external medium 
over a wide range of treatment parameters.

Materials and methods
Cell Line 
	 The adenocarcinoma cell line (MCF7 cell line), found 
in human breasts, was grown in RPMI containing 10% fetal 
bovine serum, 160 µg/ml L-glutamine   (all from   Invitrogen, 
GIBCO, USA), 100 units/mL penicillin, and 16 μg/mg 
gentamicin, incubated in 5% CO2 at 37 oC.

Electric pulse exposure
	 The process of directing electric pulses towards 
the cells using an ECT-SBDC (designed and made in the 
Small Business Development Center and Electromagnetic 
Laboratory of the Medical Physics Department of Tarbiat 
Modares University, Tehran, Iran) has been described in 
detail in previous articles.13,15 The suspended cells were 

placed between two parallel gold-plated electrodes and  
LV-HF pulses were applied. 4, 5, and 6 kHz with 4000 electric 
pulses for 100-µs durations and the high voltage electric 
pulses were 1000 V/cm in repeated pulse frequencies of 
0.001 and 5 with 8 electric pulses for 100-µs durations.

Medium conductivity measurement
	 After trypsinization and inactivation of trypsin (Bio 
Idea Group, Tehran, Iran) by the serum factors of the 
complete medium, the cells were centrifuged for 5 minutes 
at 500 rpm and resuspended at a density of 500×106 cells/
mL in RPMI (Invitrogen, GIBCO, USA). 300 μL of the mixture 
was deposited between the two electrodes and subjected 
to the selected electric treatment (1: 60 v/cm and 5 kHz 
repetition frequency, 2: 70 v/cm and 4 kHz repetition 
frequency, 3: 70 v/cm and 5 kHz repetition frequency, 6:70 
v/cm and 6 kHz repetition frequency). A conductometer 
(CyberScan CON 6000, EUTECH Instruments) was used 
to measure the conductivity of the cell media. The mean 
value for all the parameters was calculated from at least 
three of the measurements.

Time effect
	 To study the extent of LVHF ECT-induced uptake 
of bleomycin as a function of time interval after or 
before exposure of cells to LVHF electric pulses, the 
chemotherapy drug at 0.1 μM and 1 μM was either 
present during the electric treatment or added to the cell 
suspension at various times after the treatment from 0-32 
minutes. For determination of cell permeability, the cells 
were incubated for 48 hours using the same protocols as 
described before.25

The effect of LVHF electric pulses on the permeabilization 
marker
	 In the current study, two markers were used. The 
first marker used bleomycin, the electric pulses (4000 
pulses with 70 V/cm and 5 kHz frequency) was applied to 
bleomycin and immediately this suspension was added to 
MCF7 cells. The second marker used was Lucifer yellow 
(Sigma-Aldrich Life Science, USA) which was diluted in 
phosphate-buffered saline (PBS) with a concentration of 
500 μM. The fluorescence emission was measured offline 
in arbitrary units on a spectrofluorometer (Shimadzu RF-
5000, Japan) 40 minutes after the exposure of the LY to the 
electric pulses. The excitation and emission wavelengths 
were set at 418 nm and 525 nm, respectively.

Statistical analysis
	 All results are given as an average of more than three 
times and are represented in bar graphs. Vertical bars 
represent the standard deviation of the mean. Statistical 
analyses were performed using SPSS for windows 16.0 
(SPSS Inc., Polar Engineering and Consulting). All data 
were tested for normality. One-way ANOVA, followed 
by LSD, was performed and statistical difference analysis 
was accomplished by a test. The p,0.05 were considered 
significant for rejection of the null hypothesis.
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Results
Medium conductivity
	 The conductivity changes after low voltage and high 
frequency for selected protocols compare to standard 
protocols are displayed in Figure 1. The media conductivity 

increased considerably for LVHF ECT with 70 V/cm at 4 and 
5 kHz frequency. However, based on the synergistic effect 
and cell suspension connectivity, we found the 70 V/cm 
amplitude and 5 kHz frequency with 4000 square wave 
electric pulses to be the best LVHF ECT protocol.

Figure 1. Conductivity of the cell media changes of attached MCF7 cells to 4 different electric pulse protocols exposures. 
1: 60 V/cm with 5 kHz repeated frequency (6-5), 2: 70 V/cm with 4 kHz repeated frequency (70-4), 3: 70 V/cm with 5 
kHz repeated frequency (70-5), 4: 70 V/cm with 6 kHz repeated frequency (70-6). The Results are presented as mean±SD.  
Attributed number to the control group was chosen as 100 and the connectivity of other groups was computed as the 
percentage of control connectivity.
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Time Effect
	 To assess the possible reversible pore induction 
during the pulsation, bleomycin was added to the cell 
suspension at different times either before or after 
pulsing. Figure 2 shows that higher uptakes resulted when 
the chemotherapy drug was added to the suspension 
before or during the pulsation time. This suggests that 
a permeabilization occurred during the pulse delivery 

and the effect disappeared 1 minute after the end of the 
electric pulse application. 
	 A comparison was made between the smaller and 
larger doses of the bleomycin. Figure 2 demonstrates that 
the concentration correlates with the bleomycin uptake 
only if the bleomycin was added to the cell suspension 
before or during the pulsation.

Figure 2. The temporal decay kinetics of low-voltage, high-frequency electric field-induced bleomycin permeabilization were 
analyzed. Data are expressed as mean±SD, with control group viability normalized to 100%; all other groups were calculated 
as a percentage of this baseline. Experimental Groups consist of: Groups 1-32: Bleomycin administration occurred 1-32 
minutes post-pulsing after the final electric pulse. Groups 0⁻ and 0⁺: Bleomycin was added immediately before (0⁻) or after 
(0⁺) electric pulse delivery. Group -1: Bleomycin was introduced to cell suspensions 1 minute before electroporation.
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The effect of LVHF electric pulses on the permeabilization 
marker
	 Our results from the previous part of this research 
lead us to assume that marker-property changes occurred 
with electric pulse exposure during the pulsation. 
Therefore, we set a different experiment. This time, we 
applied the electric pulses directly to the markers and 
measured their cytotoxicity and fluorescence intensity.

	 The changes were not observed between the 
cytotoxicity of normal bleomycin and that of the bleomycin 
exposed to the electrical pulses (Figure 3A). Figure 3B 
indicates the fluorescence intensity for best LVHF ECT 
protocols (70 V/cm amplitude, 5 kHz frequency with 4000 
square wave electric pulses). The comparison between 
the electric-field-induced fluorescence intensity and the 
control group is indicative of an enhanced quenching of 
the fluorescence.
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Discussion
	 As shown in previous studies, electrochemotherapy 
using low intensity and high frequency increases cell 
permeability and cures tumors.13,25,26 Also, in previous 
studies, we suggested LVHF ECT to reduce the side effect 
of classical ECT. Using low voltage electric field and high 
frequencies decrease the number of muscle contractions 
and reduce the patient’s pain during the treatment 
session.11-15 This kind of ECT has been shown to be efficient 
in treatment of animal and human tumors.11,15,25,26 However, 
its mechanism is unclear. Theoretical study predicted that 
cell membrane electro-permeabilization occurred when 
strong enough electric pulses (more than 300-400 V/cm) 
are applied and the transmembrane voltage reached to 
an above threshold transmembrane membrane potential 
(between 0.2-1.0 V).6,27 This high electric pulse induced 
transient aqueous pores, thus enabling the transfer of 
molecules into cells.23,28 But, given the results of the in 
vitro uptake experiments, the membrane permeabilization 
threshold of cells was less than critical electric pulses 
amplitude.

	 Cell suspension conductivity is a physical permeability 
marker which we confirmed in the current study. We 
found that our four selected protocols increased media 
conductivity. These results are in accordance with some 
previous research results indicating that the cell membrane 
permeabilization efficiency positively correlated with 
external conductivity during the application of high-
voltage pulses.28, 29 This increased permeability of a cell 
membrane was accompanied by the increased membrane 
conductivity. When the conductivity increased due to 
electric pulse applying procedure, the membrane partially 
discharged through the pores as a conductive pathway. 
This increased membrane conductivity consequently 
reduced the transmembrane voltage at the regions 
where electroporation occurred and was accompanied 
by permeability of a cell membrane. Therefore, our 
results implied that LVHF electric pulses may extend 
cell permeabilization immediately after exposure.6,7,28,29 
According to our data, high-intensity ECT was more effective 
for conductivity than low-intensity ECT, whereas protocols 
with the same intensity and different frequency revealed 

Figure 3.  The effect of pulsed electric field. A: the cytotoxicity of bleomycin.  the electric pulses (4000 pulses with 70 V/cm 
and 5 kHz frequency) were applied to bleomycin and immediately this suspension was added to MCF7 cells and viability was 
evaluated by an MTT assay, B:  Fluorescence intensity of Lucifer Yellow (LY) versus 70 v/cm and 5 kHz electric pulses.  The 
fluorescence emission was measured offline in arbitrary units on a spectrofluorometric 40 minutes after the exposure of the 
LY to the electric pulses. Results are presented as mean±SD.
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that the medium connectivity may be dependent on cell 
viability. Dependence of the cell suspension conductivity 
on the electric field intensity is in accordance with some 
of the results obtained by previous groups.23,29 Moreover, 
results of various studies suggest that concentrations of 
viable or dead cells after pulsing can influence medium 
conductivity. Therefore, our results are in agreement with 
the conclusions of prior literatures.7,21

	 As we noted earlier, measurement of cell medium 
conductivity is an indirect and convenient method to show 
cell membrane pore formation.7,21 Theoretical description 
predicts that when the pores form, conductivity 
increased.21,23,30 Based on this theory and our findings 
in the previous section, we evaluated the effect of time 
on cell electro-permeabilization.  Pore dynamic theory 
of electroporation explained that the pore formed in a 
microsecond, but complete resealing of transient pores 
occurs in the range of minutes, depending on the electrical 
parameters used.31-34 Our observations revealed that the 
majority of cell membrane permeability occurred during 
electric pulse application but ended within 1 minute after 
the delivery of LVHF electric pulses. These results agree with 
pore dynamic theory.31-33 Indeed, there are two possible 
ways of describing the LVHF ECT electro-permeabilization. 
One way is by the pores formation, which our results support 
this way very well. The LVHF electric pulses formed a pore 
with a short life span in the cell membrane which allowed 
cellular uptake during the electric pulse application. 
However, pore dynamic theory predicts that small pores 
grow and expand during pulsation and can survive for a 
longer period of time after the electroporation.32,35 If only 
small pores formed, then the addition of different doses of 
bleomycin behaved as a function of time, demonstrating 
that smaller doses killed fewer cells and larger doses killed 
more cells. Interestingly, between 0.1 µM and 1. 0μM 
bleomycin, there was a significant difference just when the 
chemotherapy drug was added to the suspension before 
or during the pulsation. Therefore, we think this result 
will require another mechanism. The second way which 
researcher introduced for electro-permeabilization, is by 
electro-endocytosis hypothesis. Electro-endocytosis is an 
endocytosis-like process which induces the cells via low-
voltage electric pulses. This process is much longer than 
the electroporation process and describes a mechanism 
for uptake of macromolecules or DNA into the cells.13,24,32,36 
Previous studies have reported that plasmid must be 
added to cells before the electric pulse induction.32,37 But 
further studies are needed to maintain the role of electro-
endocytosis on the long time electro-permeabilization. 
	 In the current study, we tried to determine the most 
probable mechanism of LVHF ECT electro-permeabilization. 
Hence, we examined the effect of LVHF electric pulses on 
the bleomycin cytotoxicity because the highest number of 
dead cells was obtained when the bleomycin was added 
to the cell suspension during or before pulsation. This 
effect may be due to increased cellular uptake of BLM 
by electro-permeabilization, or bleomycin cytotoxicity 
changed during the pulsation. As previously mentioned, 
the fluorescence spectrum used as a cell membrane 

permeabilization marker (LY) decreased with the 
application of an external electric field.16 Therefore, to 
clarify the mechanism of LVHF electro chemotherapy, we 
applied the electric pulses directly to the permeability 
markers, LY and bleomycin. Our experimental data showed 
that the fluorescence spectra were reduced after the 
exposure of the LVHF electric field. This finding is in line 
with our recent report demonstrating that fluorescence 
spectra are quenched by electric fields.16 This is because 
the electric pulses created oxygen ion radicals which acted 
as collisional-quencher candidates. Finally, experimental 
data shown in Figure 3 demonstrated that the changes 
were not observed between the cytotoxicity of normal 
bleomycin and that of the bleomycin exposed to the LVHF 
electric pulses. This result indicated that the electric field 
has no effect on BLM cytotoxicity and that LVHF electric 
pulses can induce desirable cell electro-permeabilization.  

Conclusion
	 In the current study, we concluded that LVHF electric 
pulses could induce electro-permeabilization. The second 
conclusion that we reached was that the influence of 
medium conductivity was detected. By measuring electric 
conductivity and time effect to transport, we suggested 
that pores with a short life span expanded during 
the LVHF electric pulse application. Our experimental 
results exhibit those additional mechanisms, such as the 
electro-endocytosis process, could be applied to increase 
molecular uptake during the pulsation.   

Ethical approval
	 The study is approved by ethics committee of 
Baqiyatallah University of Medical Sciences (IR.BMSU.
REC.1402.043).

Acknowledgements 
	 This study was supported by the Shenasa Venture 
Capital (Pishgaman Amin Sarmayeh Pasargad) and Tarbiat 
Modares University.

References
[1]	 Blagus T, Markelc B, Cemazar M, Kosjek T, Preat 

V, Miklavcic D, et al. In vivo real-time monitoring  
system of electroporation mediated control of  
transdermal and topical drug delivery. J Control Rel. 
2013; 172: 862-71.  doi: 10.1016/j.jconrel.2013.09.030.

[2]	 Mir LM, Calvet CY, Andre FM, editors. Therapeutic 
effects of in vivo electroporation: Facilitating drug 
and gene delivery but not only&#x2026. General  
Assembly and Scientific Symposium (URSI GASS), 
2014 XXXIth URSI; 2014 16-23 Aug. 2014.

[3]	 Miklavcic D, Kotnik T, Electroporation for electro- 
chemotherapy and gene therapy. in: PJ. Rosch, MS 
Markov, Editors. Bioelectromagnetic Medicine,  
University of Ljubljana, Marcel Dekker, 2004, pp. 637-56.

[4]	 Chen C, Smye SW, Robinson MP, Evans JA. Membrane 
electroporation theories: A review. Med Biol Engin 
Comput. 2006; 44: 5-14.  doi: 10.1007/s11517-005-
0020-2.



Z. Shankayi et al.  Journal of Associated Medical Sciences 2025; 58(3): 52-5958

[5]	 Kotnik T, Kramar P, Pucihar G, Miklavcic D, Tarek M. Cell 
membrane electroporation- Part 1: The phenomenon. 
IEEE Electric Insulat Mag. 2012; 28: 14-23.  doi: 10.1109/ 
mei.2012.6268438.

[6]	 Pavlin M, Kandušer M, Reberšek M, Pucihar G, 
Hart FX, Magjarevićcacute R, et al. Effect of cell  
electroporation on the conductivity of a cell suspension. 
Biophysic J. 2005; 88: 4378-90.  doi: 10.1529/biophysj. 
104.048975.

[7]	 Silve A, Leray I, Poignard C, Mir LM. Impact of  
external medium conductivity on cell membrane 
electropermeabilization by microsecond and nano-
second electric pulses. Sci Report. 2016; 6: 19957. 
doi: 10.1038/srep19957.

[8]	 Miklavčič D, Pucihar G, Pavlovec M, Ribarič S, Mali 
M, Maček-Lebar A, et al. The effect of high frequency 
electric pulses on muscle contractions and antitumor 
efficiency in vivo for a potential use in clinical  
electrochemotherapy. Bioelectrochem. 2005; 65: 
121-8.  doi: 10.1016/j.bioelechem.2004.07.004.

[9]	 Županič A, Ribarič S, Miklavčič D. Increasing the  
repetition frequency of electric pulse delivery  
reducesunpleasant sensations that occur in electro-
chemotherapy. Neoplasm 2007; 54: 246-50.  

[10]	 Sersa G, Kranjc S, Scancar J, Krzan M, Cemazar M. 
Electrochemotherapy of mouse sarcoma tumors  
using electric pulse trains with repetition frequencies 
of 1 Hz and 5 kHz. J Membrane.  2010; 236: 155-62.  
doi: 10.1007/s00232-010-9268-z.

[11]	 Shankayi Z, Firoozabadi SM. Antitumor efficiency of 
electrochemotherapy by high and low frequencies 
and repetitive therapy in the treatment of invasive 
ductal carcinoma in Balb/c mice. Cell J. 2012; 14(2): 
110-5.   PMID: 23508227, PMCID: PMC3584427.

[12]	 Shankayi Z, Firoozabadi SMP, Saraf Hassan Z. Comparison 
of low voltage amplitude electrochemotherapy with 
1 Hz and 5 kHz frequency in volume reduction of 
mouse mammary tumor in Balb/c Mice. Koomesh. 
2012; 13: 486-90.  

[13]	 Shankayi Z, Firoozabadi S, Hassan ZS. Optimization 
of electric pulse amplitude and frequency in vitro 
for low voltage and high frequency electrochemo-
therapy. J Membrane Biol. 2014; 247: 147-54.  doi: 
10.1007/s00232-013-9617-9 .

[14]	 Shankayi Z, Firoozabadi SMP, Saraf HZ. The Endothelial 
Permeability Increased by Low Voltage and High  
Frequency Electroporation. J Biomed Physic Engineer. 
2013; 3: 87.  

[15]	 Shankayi Z, Firoozabadi S. Tumor growth inhibited by 
low-voltage amplitude and 5-kHz frequency electro-
chemotherapy. J Membrane Biol. 2011; 244: 121-8.  
doi: 10.1007/s00232-011-9405-3.

[16]	 Tahereh Pourmirjafari Firoozabadi ZS, Azam Izadi, 
S. Mohammad P. Firoozabadi. Can lucifer yellow  
indicate correct permeability of biological cell  
membrane under an electric and magnetic field? Cell 
J. 2015; 16: 560-3.  doi: 10.22074/cellj.2015.501.

[17]	 Silve A, Leray I, Mir LM. Demonstration of cell  
membrane permeabilization to medium-sized molecules 

caused by a single 10ns electric pulse. Bioelectrochem. 
2012; 87: 260-4.  doi: 10.1016/j.bioelechem.2011.10.002.

[18]	 Jaroszeski MJ, Gilbert R, Heller R. Electrochemother-
apy: an emerging drug delivery method for the treat-
ment of cancer. Advanc Drug Deliver Rev. 1997; 26: 
185-97.  doi.org/10.1016/S0169-409X(97)00034-3.

[19]	 Chen J, Stubbe J. Bleomycins: towards better therapeutics. 
Natur Rev Cancer. 2005; 5: 102-12.  doi: 10.1038/nrc 
1547.

[20]	 Silve A, Mir LM. Cell electropermeabilization and  
cellular uptake of small molecules: the electrochemo 
therapy concept.  Clin Aspect Electroporat: Springer; 
2011, pp. 69-82.

[21]	 Pucihar G, Kotnik T, Kandušer M, Miklavčič D.  
The influence of medium conductivity on elec-
tropermeabilization and survival of cells in vitro. Bio- 
electrochem. 2001; 54: 107-15. doi: 10.1016/S1567-
5394(01)00117-7.

[22]	 Ivorra A, Villemejane J, Mir LM. Electrical modeling of 
the influence of medium conductivity on electroporation. 
Physic Chem Chem Physic. 2010; 12: 10055-64.  doi: 
10.1039/c004419a.

[23]	 Pavlin M, Miklavčič D. Theoretical and experimental 
analysis of conductivity, ion diffusion and molecular  
transport during cell electroporation—relation  
between short-lived and long-lived pores. Bioelectro 
chem. 2008; 74: 38-46. doi: 10.1016/j.bioelechem. 
2008.04.016.

[24]	 Shankayi Z, Firoozabadi S, Mansurian MG. The effect 
of pulsed magnetic field on the molecular uptake and 
medium conductivity of leukemia cell. Cell Biochem 
Biophysic. 2013; 65: 211-6. doi: 10.1007/s12013-012- 
9422-6.

[25]	 Safyari M, Firoozabadi SM, Hassan ZS, Akbari H, 
Shankayi Z. Optimization of Low Voltage and High 
Frequency in vitro and in vivo for clinical application. 
Life Sci Student J. 2023; 1: 89-100.  

[26]	 Mofid B, Shankayi Z, Novin K, Dehghani S, Shankayi 
M, Haghighatkhah H, et al. Effective treatment of  
cervical lymph node metastasis of breast cancer by low 
voltage high-frequency electrochemotherapy. Act 
Medic Iran. 2017: 55(4):268-271. PMID: 28532140

[27]	 Neu WK, Neu JC. Theory of Electroporation. In: Efimov 
IR, Kroll MW, Tchou PJ, (Eds). Cardiac Bioelectric  
Therapy: Mechanisms and Practical Implications. 
Boston, MA: Springer US; 2009. pp. 133-61.

[28]	 Rems L, Miklavčič D. Tutorial: Electroporation of cells 
in complex materials and tissue. J Appli Physic. 2016; 
119: 201101.  doi.org/10.1063/1.4949264.

[29]	 Suzuki DO, Ramos A, Ribeiro MC, Cazarolli LH, Silva 
FR, Leite LD, et al. Theoretical and experimental  
analysis of electroporated membrane conductance in 
cell suspension. IEEE Transact Biomedic Engineer. 
2011; 58: 3310-8. doi: 10.1109/TBME.2010.2103074.

[30]	 Pavlin M, Leben V, Miklavčič D. Electroporation in 
dense cell suspension—Theoretical and experimental 
analysis of ion diffusion and cell permeabilization. 
Biochimic Biophysic Act. 2007; 1770: 12-23. doi: 
10.1016/j.bbagen.2006.06.014.



Z. Shankayi et al.  Journal of Associated Medical Sciences 2025; 58(3): 52-59 59

[31]	 Gissel H, Lee RC, Gehl J. Electroporation and Cellular 
Physiology. In: Kee ST, Gehl J, Lee EW, Editors. Clin  
Aspect Electroporat. New York, NY: Springer New 
York; 2011, pp. 9-17.

[32]	 Zaharoff DA, Henshaw JW, Mossop B, Yuan F.  
Mechanistic analysis of electroporation-induced 
cellular uptake of macromolecules. Experiment Biol 
Med. 2008; 233: 94-105. doi: 10.3181/0704-RM-113.

[33]	 Prausnitz MR, Milano CD, Gimm JA, Langer R, Weaver 
JC. Quantitative study of molecular transport due to 
electroporation: uptake of bovine serum albumin by 
erythrocyte ghosts. Biophysic J. 1994; 66: 1522. doi: 
10.1016/S0006-3495(94)80943-9.

[34]	 Ji Z, Kennedy SM, Booske JH, Hagness SC. Experimental 
studies of persistent poration dynamics of cell  
membranes induced by electric pulses. IEEE Transact 

Plasma Sci. 2006; 34: 1416-24. doi: 10.1109/TPS.2006. 
877250.

[35]	 Bier M, Hammer SM, Canaday DJ, Lee RC. Kinetics 
of sealing for transient electropores in isolated 
mammalian skeletal muscle cells. Bioelectromagnet. 
1999; 20: 194-201. doi: 10.1002/(SICI)1521-186X(19
99)20:3<194::AID-BEM6>3.0.CO;2-0.

[36]	 Yadegari-Dehkordi S, Firoozabadi SM, Moghadam 
MF, Shankayi Z. Role of endocytosis pathways in  
electropermeablization of MCF7 cells using low voltage 
and high frequency electrochemotherapy. Cell J. 
2021; 23: 445-50. doi: 10.22074/cellj.2021.7203  

[37]	 Pakhomov AG, Miklavcic D, Markov MS. Advanced 
electroporation techniques in biology and medicine: 
CRC Press; 2010.


