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ABSTRACT 
 
The dependences of the fraction of electroporated 

mouse hepatoma MH-22A cells on the pulse intensity were 
obtained for the cells exposed to a single square-wave 
electric pulse with the duration from 95 ns to 20 μs. The 
amplitude of an electric pulse was varied from 0.4 to 
12 kV/cm. Increasing the intensity of the electric field pulse 
increased the fraction of electroporated cells. The electric 
field, which lead to a given percentage of electroporation, 
decreased with increasing the pulse length. The dependence 
of the amplitude of the electric pulse required to 
electroporate 50 % of mouse hepatoma MH-22A cells on 
the pulse duration was also determined. 
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1 INTRODUCTION 
 

The permeability of the cell membrane can be 
modified by exposing of cells to high-voltage electric 
pulses leading to the formation of nanometer-sized pores in 
the cell membrane (electroporation or nanoporation) [1]. 
This phenomenon is widely used in cell biology, 
biotechnology, and medicine [1-3]. For optimization of 
practical applications and comparison with theoretical 
modeling, it is important to know whether and how many of 
cells have become electroporated as a result of a particular 
electric treatment.  

There are theoretical models allowing to obtain 
theoretical relationships between the parameters of the 
electric treatment resulting in cell electroporation for any 
type of an electric treatment [4,5]. However it is still 
difficult to predict individual responses of different cells to 
electric treatment [6,7]. This is because there are very few 
studies, in which the dependence of the electroporation 
threshold on the pulse duration would be determined [8,9]. 
Either the electric field parameters needed for the increase 
of the cell membrane permeability to a particular substance 
(electropermeabilization) [6] or cell viability [7] have been 
determined for several cell lines. As a result, the fraction of 
electroporated cells still needs to be determined empirically 
for each cell line [7].  

Up to now, almost there are no studies in which the 
dependence of the amplitude of the electric pulse required 
to electroporate 50 % would be determined for the electric 
pulses with the durations shorter than 1 μs [8] and there is 
no study in which this would be done for pulses shorter 
than 320 ns. The main reason of this is, that it is difficult to 
detect the threshold of electroporation, because the pores 
created in the plasma membrane can be small [10-13]. 
Only recently, the electroporation threshold was compared 
for different cell lines [9]. However, this was done for the 
electric pulses in the range from 20 μs to 2 ms.  

Here, the dependences of the fraction of electroporated 
mouse hepatoma MH-22A cells on the pulse intensity were 
obtained for the cells exposed to a single square-wave 
electric pulses with the durations from 95 ns to 20 μs. 

 
2 MATERIALS AND METHODS 

 
The culture medium consisted of Dulbecco’s modified 

Eagle’s medium (cat. no. D5546, Sigma-Aldrich Chemie, 
Steinheim, Germany) supplemented with 10 % fetal bovine 
serum (cat. no. F7524, Sigma-Aldrich Chemie), 1 % L-
glutamine (cat. no. G7513, Sigma-Aldrich Chemie), 
100 U/ml penicillin, and 100 μg/ml streptomycin (cat. no. 
P0781, Sigma-Aldrich Chemie). As an electroporation 
medium, the culture medium was used. Calibration 
solutions containing 0.2-100 mM KCl were prepared by 
diluting a stock solution of 100 mM KCl and adding 
150 mM sodium chloride and 8 mM sodium benzoate [14]. 
The NaCl is added to keep sodium ion concentration close 
to that in electroporation medium. 

The mouse hepatoma MH-22A cells were grown in 
monolayer cultures in 75-cm2 flasks at 37 oC and 5 % CO2 
in a water-jacketed incubator. When cells reached 
confluence they were trypsinazed, suspended in the culture 
medium at approximately 2-5×107 cells/ml, and kept for 
60–70 min at room temperature (20–21 oC) [15]. During 
this time, the cells restored the normal level of the 
intracellular concentration of potassium ions. Then the cells 
were electroporated within 15-20 min.  

For electroporation, single square-wave pulses with the 
duration of 100 μs and 2 ms and the amplitude ranging 
from 0.2 to 2.4 kV/cm were used. A 50-μl droplet of cell 
suspension was placed between a pair of flat stainless-steel 
electrodes and was subjected to a single square-wave 
electric pulse.  
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When determining the fraction of electroporated cells, 
after the exposure to an electric pulse, the cell suspension 
was pipetted out of the chamber and immediately 
transferred to a chilled Eppendorf tube. To prevent pores 
from closing and to allow equilibration between 
intracellular and extracellular K+ concentrations, the cells 
were kept on ice for 5-10 min and then kept for 30-40 min 
at 10-11 oC.  

Then, the extracellular potassium concentration was 
measured by means of a mini K+-selective electrode 
[10,15]. Mini K+-selective and reference electrodes (cat. 
nos. 601 and 401, respectively, Diamond Electro-Tech) 
manufactured by Diamond Micro Sensors (Ann Arbor, MI, 
USA) were utilized. Potential measurements were made 
with pH-meter-millivoltmeter pH-150M (Gomel Factory of 
Measurement Instruments, Gomel, Byelorussia). All 
measurements were made at a temperature of 10-11 °C 
[10,15]. 

The fraction of electroporated cells was determined 
from [10,15]: 

 
F = {[K+]X-[K+]0%}/{[K+]100%-[K+]0%}    (1) 
 
where [K+]X, [K+]0%, and [K+]100% are the extracellular 
concentrations of potassium ions in the sample and 
solutions with intact and 100 % electroporated cells, 
respectively. An example of the obtained dependence of the 
extracellular potassium concentration of electroporated 
mouse hepatoma MH-A22 cell suspension on the pulse 
intensity is shown in Fig. 1.  

The dependences of the fraction of electroporated cells, 
F(E0), on the pulse amplitude were fitted by a three-
parameter sigmoid curve [15]. 
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Figure 1: Example of obtained dependence of extracellular 
potassium concentration of electroporated mouse hepatoma 

MH-A22 cell suspension on the pulse intensity. The 
experimental points were fitted to four-parameter sigmoid 

curve [15]. 

3 RESULTS AND DISCUSSION 
 
Experimental data show that 'threshold' electroporation 

of cells and liposomes can involve pores just large enough 
to let water and small ions through, but still impermeable to 
slightly larger molecules, such as mannitol (molecular 
weight Mw = 182.17 Da), sucrose (Mw =342.3 Da), or 
propidium iodide (radii of these molecules are in the range 
of 0.4–0.6 nm) [10-13]. The pores can even be small 
enough to discriminate between K+, Rb+ and Na+ ions 
[10,16]. This creates difficuties when determining the cell 
electroporation. 

When the cell membrane becomes electroporated, 
potassium ions leak out of the cells down their 
concentration gradient till the equilibrium between 
intracellular and extracellular concentrations has been 
established. So, the fraction of electroporated cells can be 
determined from the extracellular concentration of 
potassium ions [10,15,17]. In this study, we employed this 
approach of the determination of the electroporation 
threshold. 

The dependences of the fraction of electroporated 
mouse hepatoma MH-22A cells on the pulse intensity were 
obtained for the cells exposed to single square-wave electric 
pulses with the durations from 95 ns to 20 μs. The 
amplitude of an electric pulse was varied from 0.4 to 
12 kV/cm. The obtained dependences are presented in 
Fig. 2. It can be seen from this figure, that increasing the 
intensity of the electric field pulse increased the fraction of 
electroporated cells.  

From the relationships of the fraction of electroporated 
cells on the pulse amplitude obtained at different pulse 
durations, the pulse amplitude  inducing  electroporation  of  
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Figure 2: The dependences of the fraction of electroporated 
mouse hepatoma MH-22A cells on the amplitude of a 

single square-wave electric field with the duration of 95 ns, 
950 ns and 20 μs. The fraction of electroporated cells was 
determined from the amount of potassium ions released 

from the cells [15]. 
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50 % of cells, ΔE50%, can be estimated for each pulse 
length. The obtained dependence of ΔE50% on the pulse 
duration is shown in Fig. 3.  

The transmembrane potential generated by the external 
electric field depends on the cell radius [18]. It can be 
calculated from [18] 

 
ΔΦm = 1.5E0a,          (1) 
 
where E0 is the electric field strength and a is the cell 
radius, which was 7.7 μm for mouse hepatoma MH-22A.  

The dependence of ΔΦm50% on the pulse duration 
obtained for mouse hepatoma MH-22A cells from the data 
presented in Fig. 2 is shown in Fig. 3. It can be seen, that 
for shorter pulses much stronger electric fields have to be 
used to electroporate the cells. 

From Eq. (1) we get the values of the transmembrane 
potential in the range of 1.0-7.3 V. These values are 
significantly smaller than the ones obtained in the case of 
electroporation of human erythrocytes, Chinese hamster 
ovary, and rat glioma C6 cells with longer pulses. For the 
electric pulses with the duration in the range of 50 μs-2 ms, 
the values of the transmembrane potential in the range of 
480-930 mV were obtained [9].  

 
4 CONCLUSION 

 
Increasing the intensity of the electric field pulse 

increased the fraction of electroporated mouse hepatoma 
MH-22A cells.  The  transmembrane  potential  required  to  
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Figure 3: The dependence of the maximal transmembrane 
potential (at the poles of the cell) required to electroporate 

50% of cells on the pulse duration, obtained for mouse 
hepatoma MH-22A cells. Data were taken from Fig. 2. 

electroporate the cells with a square-wave electric pulse 
decreases with increasing the pulse duration. It is in the 
range of 1.0-7.3 V for pulses with the duration from 95 ns 
to 20 μs. 
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