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Abstract— An intense electric field can be applied to increase 

the conductivity of cell suspension and consequently, the 

membrane conductance (Gm). This phenomenon is called 

electroporation. This mechanism is used in a wide range of 

medical applications, genetic engineering, and therapies. 

Conductivity measurements of cell suspensions were carried out 

during application of electric fields from 40 kV/m to 165 kV/m. 

Experimental results were analyzed with two electroporation 

models: the asymptotic electroporation model was used to 

estimate Gm at the beginning and at the end of electric field 

pulse, and the extended Kinosita electroporation model to 

increase Gm linearly in time. The maximum Gm was 1-

710
4 

S/m
2
, and the critical angle (when the Gm is insignificant) 

was 50 to 65 degrees. In addition, the sensitivity of 

electroporated membrane conductance to extracellular and 

cytoplasmatic conductivity and cell radius has been studied. 

This study showed that external conductivity and cell radius are 

important parameters affecting the pore-opening phenomenon. 

However, if the cell radius is larger than 7 m in low 

conductivity medium, the cell dimensions are not so important. 

 

Index Terms—Electroporation, membrane conductance, red 

blood cell, transmembrane potential, electric fields. 

I. INTRODUCTION 

he cell membrane provides a selective barrier to the 

transport of ions and water-soluble molecules. When an 
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electric field is applied to a cell and the transmembrane 

voltage is increased to a critical value, there is structural 

conformation on the membrane and electropores appear [1]-

[3]. This process is termed electroporation. The phenomenon 

permits the passage of ions, DNA, proteins, drugs, and 

impermeable substances into the cell [3]-[5].  

The applied electric field produces accumulation of ions on 

the membrane faces and, as a consequence, a transmembrane 

voltage distribution (Vm) is established. For a suspension of 

spherical cells of radius a and thickness h in a uniform 

electric field E, Vm is given by: 
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where  is the angle between the direction of the field and the 

position vector on the membrane (Fig. 1), g is a relative 

electric membrane permeability [6]. 

 Kotnik et al. [6] presented the exact solution of Laplace’s 

equation for a conducting spherical membrane in a uniform 

electric field. The authors derived the g value in the form: 
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Fig. 1.  Spherical cell with radius a, membrane thickness h in a uniform electric 

field E.  is the angle between the direction of the field and the position vector 

on the membrane. 
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and the time constant  : 
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m, i, and o are the conductivity of the membrane, 

cytoplasm, and outer media, respectively; Cm is the membrane 

capacitance (per unit area). For m=0 (intact membrane), 

g=1. 

When the induced transmembrane potential exceeds 

200 mV to 1 V [3]-[5], pores are formed. The electroporation 

introduces m0. Some experimental and theoretical work 

estimated the electroporated membrane conductance 

(Gm=m/h [7]) at about 104 S/m2 [6], [8]. However, Hibino et 

al. [9] presented estimated values in the range from 

2104 S/m2 to 105 S/m2. Pavlin et al. [10], [11] showed 

theoretical studies of effective conductivity of a suspension of 

cells, using Gm=8104  S/m2.  

The electroporation phenomenon is not yet completely 

understood or explained. Therefore, to bridge this gap, 

several authors have been developing theoretical 

electroporation models to study the cell membrane 

conductance. The models of pore energy [12] were used with 

Smoluchowsky equation to provide pore distribution [13]-

[15]. Glaser et al. [16] presented an electroporation model as 

a function of time, with a rate of change in Gm depending on 

the applied voltage. This work presented good agreement 

with the planar membrane experiments. Later work by Ramos 

et al. [17], [18] extended the Glaser electroporation model 

[16] in the study of spherical cells and tissue. Kinosita et al. 

[19] described a membrane conductance model based on 

voltage-sensitive fluorescence experiments. Neu et al. [15] 

and De Bruin et al. [20] proposed an asymptotical model to 

describe the pore opening and resealing dynamics.  

This work measures the electric conductivity of a cell 

suspension under applied electric fields of 40 to 165 kV/m, 

with volumetric fraction of p=0.07. The modification of cell 

suspension conductivity was made to compare the asymptotic 

and Kinosita’s model with experimental data. The original 

asymptotic model [15], [20] was used to study at the 

beginning and at the end of electroporated membrane 

conductance during the pulse [21]. Kinosita’s electroporation 

model was used to analyze the linear increase of membrane 

conductance ([1], [14], [23]) from 100 s to 400 s during a 

500 s electroporation pulse. The Krassowska et al. model 

[22] was used to compare with experimental data at 100s. 

Kinosita’s model was improved by introducing a new 

equation to provide continuous time analysis. Not only was 

the behavior of the cell membrane conductance was verified 

numerically during electroporation pulses, but also the effect 

of the electrolyte, cytoplasm conductivity, and cell dimensions 

on the electroporated membrane conductance in cell 

suspension. 

 

II. MATERIAL AND METHODS 

A. Cell Preparation 

Erythrocytes were obtained from male albino wistar rats 

blood (160–190 g) after centrifugation by removing the buffy 

coat. The conductivity of cell suspensions was measured on 

the same day of blood collection after washing two times with 

isotonic low ionic strength solution (ILISS), composed of 

13 mM NaCl, 150 mM sucrose, 14 mM NaOH, pH 7.4 [2]. 

Spherical erythrocytes (spherocytes) were prepared in 67% of 

ILISS, o=0.23 S/m at 23C (conductometer Metrohm mod. 

712, Herisau, Switzerland). The spherocytes can eliminate 

morphological complication in theoretical analysis [24]. The 

mean spherocyte diameter was 3.2±0.6 m. Cell diameters 

were measured with an Olympus BX41 microscope equipped 

with an Olympus Qcolor 3 digital camera (Olympus América, 

Inc., Melville, NY) and using a QCapture Pro (Media 

Cybernetics, Inc., Surrey, BC, Canada); no change in cell size 

was observed after 10 minutes. Erythrocyte suspensions with 

cell volume fractions p=0.07 (0.51x106 cells/ml) were used in 

the experiments. Conductivity measurements were carried out 

on three experiments on two different days. All the animals 

were carefully monitored and maintained in accordance with 

ethical recommendations of the Brazilian Veterinary-

Medicine Council and the Brazilian College of Animal 

Experimentation. 

B. Conductivity Measurements 

A computer program and an electroporator to supply high-

voltage square pulses were developed. The suspended red 

cells were sandwiched between stainless steel plates of 

5 mm5 mm2 mm dimension. Electric fields of 40 kV/m to 

165 kV/m were used for duration of 500 s. The 

measurements of the electric current and the potential during 

the pulse were obtained using a current probe (Tektronix 

A622, Beaverton, Oregon, USA), high-voltage probe 

(Tektronix P5102, Beaverton, Oregon, USA), and digital 

oscilloscope (Tektronix THS720A, Beaverton, Oregon, USA). 

These results were recorded, transmitted to a computer, and 

low-pass filtered (digital, zero phase, 4th order Butterworth) 

at 100 kHz. The experiments were performed at 23C. The 

TABLE I 

GEOMETRIC AND ELECTRICAL PARAMETERS APPLIED TO 

NUMERICAL RESULTS USING KINOSITA’S ELECTROPORATION 

MODEL 

Symbol Description Value 

o external conductivity  0.23 S/m 

i internal conductivity 0.62 S/m
 
[24]

 

p volumetric fraction 0.07 

h membrane thickness 710
-9

m 
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conductivity measurement of the medium with no cells 

(ILISS) was obtained before each experiment. In independent 

experiments, fluorescent dyes (FITC-dextran 250S, Sigma 

Chemical Co., St. Louis, MO) were introduced and the 

suspension conductivity was measured. At this volumetric 

fraction of cells (p=0.07), electroporation produces 

measurable suspension conductivity changes; this was 

confirmed by the appearance of a fluorescent dye in the cells 

(data not shown). Cell viability was assessed after the 

electroporation pulse and it showed around 70% survival rate 

for electric field strongest than 100kV/m. 

 

C. Theoretical Analysis of Membrane Conductance: 

Kinosita’s Electroporation Model 

The membrane conductance (Gm) increases when the 

transmembrane potential is stronger than a critical value. The 

ionic transport thought the membrane was suggested by 

Kinosita et al. [19]. The authors analyzed the cell images 

using a fluorescent dye. The equation (4) considers the 

symmetry for Gm on the cell. The electroporated membrane 

conductance, for 0c and (180-c)180, is: 
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c is the critical angle at which the transmembrane potential, 

in the absence of pores, is equal to the critical value. When 

0(180-c), Gm()=0. Gmo is the maximum conductance of 

the electroporated membrane (=0 and 180). 

Kinosita’s model presents analysis at a discrete point in 

time; it does not consider the evolution of pores and 

transmembrane potential. Equation (5) was proposed to 

introduce the dynamic electroporation on equation (4): 

 

)t(BV).t(AG momo  2  (5) 

 

where Vmo is the transmembrane potential to intact membrane 

at the cell pole, equation (1) (g=1, =0). Glaser et al. [16] 

verified that planar lipidic membranes excited by electric field 

pulses increase their conductance with time, having a rate 

depending on the applied voltage. This dependence was 

observed to follow a well-defined rule, ln(Im/t)=AVm
2+B, 

where Vm and Im are the transmembrane voltage and current, 

respectively, and t is the time length of the pulse. The 

constants A and B were determined for membranes of 

asolectin [16]. The equation (5) suggests that the ionic 

mobility in an electroporated membrane increases on a the 

rate depending on the transmembrane voltage. Glaser et al. 

[16] use simplified descriptions of the electroporation process 

to interpret the collected data. This model proposes a 

variation of A(t) and B(t) to introduce the increase of 

membrane conductance during the electroporation.    

The cell suspension conductivity, for diluted solutions, 

using the Maxwell model [10] is: 
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where  and o are the cell suspension and the external 

conductivity. p is the cell conductivity: 
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m is the membrane conductivity (Gm=m/h [7]). The 

parameters used in this model are presented in Table I. 

 

D. Theoretical Analysis of Membrane Conductance: 

Asymptotic Electroporation Model 

 

For an isolated spherical cell under a uniform electric field 

E, t=0 was applied. The Laplace equation was solved with 

azimuthal symmetry, a>>h. The following boundary 

conditions were considered:  

 

t

V
CVGa

rt
a

r

a
rt

a
r

m
mmm

i
w

i
i

o
w

o
o

































..)(.)(.

)(.)(.













 

finite)r(ì  0  (8) 

 cos.)( Erro   

 
Fig. 2.  Conductivity of cell suspension (p=0.07) during pulses of 500 s. The 

conductivity change with pulses of 100 kV/m and over. Vertical lines show the 

limit of satisfactory curves between 100 and 400 s.  
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where w is the water permittivity, o and i are the cell’s 

internal and external electric potentials, respectively. The 

transmembrane potential (Vm=o(a)-i(a)) in time domain 

can be solved with the solution of equation (9) : 

 

kEV
dt

dV
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m   (9) 

 

where 

 








 










 








o

i

w
w

i

w
o

wm

o

m
m

a

C

a
k

CC

C
G
















2
1

cos5.1
 

 

The time constant is: 
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The asymptotic electroporation model in [15], [20] was 

used for studying the electroporated membrane conductance: 

 

ppm GNG   (11) 

 

Gp is conductance in a single pore. Np is the pore number per 

unit area: 
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where No is the pore density when Vm=0. Vp sets the critical 

transmembrane potential at which the membrane 

breakdowns.  and q are electroporation constants. These two 

parameters were optimized for the best fit experimental 

values (Table II).  

 The pore conductance Gp is a function of transmembrane 

potential: 
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pr is a relative pore length, Vt=kT/e, where k is Boltzmann’s 

constant, T=300K, and e is the elementary charge. The pore 

radius rp=0.75 nm agrees with the minimum pore established 

by molecular dynamics (0.7 nm) [26]. The geometrical and 

the electrical parameters used in asymptotic model are 

presented in Tables I and II. 

The proximity of the cells produces a reduction of 

transmembrane potential and suspension conductivity [8], 

[28]-[30]. The influence of neighboring cells was considered 

negligible. The decrease of the induced transmembrane 

potential was calculated to be about 3% for p=0.07 [28]. 

E. Numerical Implementation 

A program has been developed in C++ language for a PC-

compatible platform running the Windows XP operational 

system.. Simulations were carried out to obtain the numerical 

solutions for the equations. 

The conductivity of suspensions, , has been calculation 

using the equations (5) and (6). The theoretical models results 

were fitted to experimental suspension conductivity. The 

electroporation models depend on transmembrane potential. 

Vm has to be calculated according to equation (9) and (10). 

When Vm>200mV [3, 4], the Gm increase and creates 

pathways across the cell membrane. This ionic diffusion 

through the membrane decreases Vm and consequently Gm. 

The equation (4) has been used to implement the 

Kinosita’s model. The parameters of the model are in Table I. 

The alteration of the membrane conductance by asymptotic 

model has been implemented using the equation (11), (12) 

and (13). The differential equations are solved by finite 

differential method. The time step used was specified as 65ps. 

The cell is divided into segments of =0.032 rad. The 

applied electric field was a pulse of 40 to 165 kV/m. It has 

also been assumed that at time t = 0, assume Gm = 10 S/m2 

[6] Vm = 0, Np=No. No  is the equilibrium pore density at Vm = 

0 and depends on the rate of thermal fluctuations of lipid 

TABLE II 

GEOMETRICAL CHARACTERISTICS, ELECTRICAL PROPERTIES, AND 

PARAMETERS OF THE ASYMPTOTIC MODEL 

Symbol Description Value 

rp pore radius 0.7510
-9

m
 
 [20] 

Vp electroporation threshold 

voltage 

200.10
-3 

V [33]
 

Vt at T=300K 26.10
-3 

V 

wo Energy barrier within pore 70.10
-3 

V [20] 

pr Relative entrance length of 

pore 

0.15
 
[20] 

 electroporation parameter 4.10
19 

m
-2

.s
-1

 

q electroporation parameter 3.48
 
 

No pore number per unit area 

when Vm=0 

10
9
 m

-2 
[20]  

Cm membrane capacitance 810
-3

F.m
-2 

[27] 
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molecules in the membrane.The parameters of the asymptotic 

model are in Table II. 

III. RESULTS 

Fig.2 presents the measured results of cell suspension 

conductivity, (t)=I(t)/U(t).d/S, where d is the distance 

between plates and S the surface of the sample volume at the 

plates. The digital filter introduced overshoots at the 

beginning and the end of the pulse. Then, satisfactory results 

between 100 to 400 s were considered. Fig. 2 shows the cell 

suspension conductivity depends on the electric field 

intensity. 

Comparing the experimental and the theoretical results of 

cell suspension conductivity, the following is obtained: 

A(t)=3.4t+3310-4 A.V-3.m-2 and B(t)=-(4.9107t+33104) 

S/m2 (Fig. 3). The c variation from 45 to 70 [9] produces a 

maximum error of 3%.  

Kinosita’s electroporation model was used to verify the 

conductivity dependence on critical angle and maximum 

conductance, Eo=160 kV/m (Fig.4). The distribution spatial 

possibilities of Gm on cellular membrane were analyzed with 

this graphic. This result towards understanding the 

mechanism of electroporation.  

Fig.5 shows the comparison of cell suspension conductivity 

between theoretical (■) and experimental (●) data. The 

experimental points were obtained at 100 s. These results 

were of cell suspensions with p=0.07, o=0.23S/m, 

i=0.62 S/m [24], and a=3.2 m. The errors between the 

theoretical and the experimental curves account for less than 

1%. The parameters  and q used are 4.1019m-2.s-1 and 3.48, 

respectively. 

The transmembrane potential increase according the 

equation (1), when Vm exceeds a critical value (Vc), there are 

the creation of pores and Gm increases. The asymptotic model 

describes the behavior of pore creation and destruction [15], 

[20]. The spatial and time dynamics of membrane 

conductance when the electric field was applied and then 

turned off are shown in Figs. 6 and 7.  The maximum values 

of Gm were near the pole. When the electric field was turned 

off, Gm decreases very fast. 

 

 
Fig. 3. Normalized conductivity suspension as a function of the different electric fields at (a) 100 s, (b) 200 s, (c) 300 s, and (d) 400 s. The points are the 

experimental data. The solid line is the numeric simulation of single spherical cell with Kinosita’s electroporation model, equation (5), A(t)=3.4t+3310
-4

 A.V-3
.m

-2
 

and B(t)=-4.910
7t-3310

4
 S/m

2
 and  c=50. The maximum error between experimental and theoretical is 3%. Mean and standard deviation values of three 

experiments. 
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The influence of variations of external and internal 

conductivity and cell radius, within the range of physiological 

values, presented significant alterations in electroporated 

membrane conductance (Figs. 8, 9, and 10). The results 

presented are important for the design and understand of 

electrical protocols for cell electroporation. 

IV. DISCUSSION AND CONCLUSIONS 

The conductivity of the suspension is reduced by proximity 

of the cells. The measured suspension conductivity for 40 to 

80 kV/m shows a reduction of 10% of medium without cells 

(Fig. 2, 3, and 5). This value is consistent with the Maxwell 

model, theoretical [29], and experimental reports [8], [11]. 

 The morphological alteration of erythrocytes to spherical 

form produce lateral membrane tension. This effect decreases 

the critical transmembrane potential (Vc) to trigger membrane 

electroporation [31]. Barrau et al. [31] demonstrated that a 

100 mV reduction on critical transmembrane potential is 

associated with osmotic pressure decrease of 43%. An 

imprecision of 50 mV on critical transmembrane potential 

was considered, corresponding to the 33% reduction in 

osmotic pressure of the external medium. There was an 

increase in suspension conductivity during application of 

electric fields above 100 kV/m. Using the equation (1) we 

obtained Vc=460 mV. Similar results were obtained by Pavlin 

et al. [10], where the volumetric fraction was p=0.30. These 

increases on the conductivity above threshold electric field 

agree with other groups [5], [32], [33]. The measured 

suspension conductivity presented an insignificant alteration 

considering the minimum threshold of critical 

transmembrane potential of 200 mV [34]. 

 Good agreement is obtained between experimental and 

 
Fig. 5.  Normalized cell suspension conductivity for different electric fields. The 

dots are the experimental results (at 100s). The squares represent the 

numerical result of a single spherical cell with asymptotic electroporation 

model. The solid line is the trend of the simulation results. The numerical model 

parameters are p=0.07, o=0.23 S/m, i=0.62 S/m [24], and a=3.2 m.  Mean 

and standard deviation values of three experiments. 

 
Fig. 6.  Dynamic membrane conductance using asymptotic electroporation 

model in time for 01.6 rad, =0.032 rad. At t=0, E=130 kV/m is applied. 

After 0.65 s, the electric field is turned off.  

 
Fig. 7.  Angular distribution of electroporated membrane conductance during 

on (thin line) and off (bold line) intervals. t=1.3 ns, E=130k V/m, asymptotic 

electroporation model.  

 
Fig. 4.  Dependence of the normalized conductivity to the electroporated 

membrane conductance on the pole. The variation of the c from 40 to 70 

using Kinosita’s electroporation model was observed.  
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theoretical results for Kinosita’s model (Fig. 3) and 

asymptotic model (Fig. 4), errors being less than 3% and 1%, 

respectively. The electroporated membrane conductance for 

both models is similar to the results obtained by other authors 

[8], [9], [15], [35], [36]. The angular variation of asymptotic 

model (from 51 to 63, Fig. 7) agrees with the experimental 

data using fluorescent microscopy [9]. 

For values of c40, the increase in electroporated 

membrane conductance is lowest (Fig. 4). Also, Gmo must be 

higher than the values reported in the literature (104-105 S/m2 

[8], [15], [35], [36]) to provide /o0.92 obtained 

experimentally. However, in the experiments, at 400 s (Fig. 

2) /o0.95 was observed. Then, the electroporation pores 

might cover a membrane area more than 33% (c40). 

Analysis of Fig. 3 suggests that rat erythrocytes, exposed to 

applied electric fields above 150kV/m, produced intense 

alteration of membrane conductance at cell pole, and a 

significant membrane area was affected. With Gmo=105 S/m2 

and c=70, the theoretical model values were compatible 

with the experimental results of Fig. 3(d). 

 Different electroporation parameters  and q were found 

for the asymptotic model from DeBruin et al. [20] and 

Stewart et al. [37], Table II. Another parameter altered from 

the original asymptotic model was the electroporation 

threshold voltage (Vp). Teissié et al. [33] performed 

experiments with different cells and proposed 200 mV for the 

critical transmembrane potential. The different asymptotic 

model parameters as compared to the DeBruin et al. [20] 

(experimental results from artificial bilayers [16]), Stewart et 

al. [37] studies (space-clamp and voltage-clamp) and this 

work (suspensions conductivity) may be caused by indirect 

techniques of electroporation effects. Quantitative variations 

of parameters could be caused by indirect measure of 

electroporation phenomena. Though the equations of 

asymptotic model remain the same for these works. 

 Stewart et al. [37] increased the pore radius (from 

0.75 nm to 20 nm) to fit the mathematical model and the 

experiments with muscle cell. The pore conductance on 

asymptotic model was obtained from experimental studies. 

This model considers the Born energy to be a (trapezoidal) 

barrier to ion passage through the pore [16], [20]. When the 

pores are larger than 5 nm, this barrier is insignificant. So, 

the pore conductance is represented by two resistances 

connected in series [1], [22]. The original asymptotic model 

was not useful with large pores. 

 The experimental findings (Fig. 2) and equation (5) of 

this study are consistent with Wilhelm et al. [38] and Kroeger 

et al. [39] indicating that membrane conductance increases 

linearly with time. This suggests that transmembrane 

potential is an overcritical value; this is the “expansion step” 

described by Teissié et al. [3] based on experimental 

 
Fig. 9.  Dependence of the maximum conductance of electroporated membrane 

at steady state to the internal conductivity. E=120 k V/m, a=3.2 m, 

asymptotic electroporation model. 

  

 
Fig. 10.  Influence of cell dimension on the maximum conductance of 

electroporated membrane at steady state. E=120 kV/m, i=0.62 S/m, 

asymptotic electroporation model. 

  

 
Fig. 8.  Effect of external conductivity on maximum conductance of 

electroporated membrane at steady state (Gmo). The numerical results were 

simulated with asymptotic model, 120 kV/m, i=0.62 S/m and a=3.2 m. 
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observations suggesting five electroporation stages: Induction, 

the electric field induces transmembrane potential increase 

until the critical potential (about 200 mV [34]); Membrane 

rupture produces structural rearrangement from hydrophobic 

to hydrophilic pores [1]; Expansion, pore evolution; 

Stabilization, the transmembrane potential is subcritical and 

there is no increase in pore numbers and size; Resealing, 

resealing of pores; and Memory, the membrane property 

modifications remain on for long time (hours). 

 Based on electroporation theory [1]-[4] and Figs. 2, 3, 6, 

and 8, electroporation membrane conductance dynamic may 

be divided into two phases: PORE OPENING, including (1) 

membrane conductance increase, mainly at cell pole with 

rapid scattering of pores in the membrane; (2) membrane 

conductance grows linearly; (3) Gm becomes constant, 

number and distribution of pores are invariable. PORE 

RESEALING: (4) Gm decreases quickly. 

 Step (1) presents difficult experimental confirmation, 

because it happens in less than 1 s [1], [3], [9]. Step (2) was 

verified through a linear increase of membrane conductance 

in time based on experimental results (from 100 s to 400 s) 

and Kinosita´s model (Fig. 3 and equation (5)). The equation 

indicates the relation between the membrane conductance and 

the quadratic-induced transmembrane potential. It is 

consistent with the other electroporation models [16], [20]. 

Step (3) presents the limitation of the asymptotic model. 

Some authors [1], [2] describe step (3) like the stabilization of 

pores. The experiments of this work did not show this effect. 

 The resealing of pores (step 4) presents the rapid 

relaxation of conductivity experimentally [11] and with the 

asymptotic model (Fig. 6). However, it disagrees with the 

hypothesis that long-lived pores increase the membrane 

permeability for ions and molecules, minutes after the electric 

pulse is turned off [39]. One possible explanation for this is 

that long-lived pores (40 ms after the electric pulse turn-off 

[39]) formed due to the intense electric field (400 kV/m -

500 kV/m) applied. These values are stronger than electric 

field used in this work. The issues discussed provide evidence 

that very strong electric field overcomes an energy barrier 

allowing the creation of long-lived pores, although this 

energy stage is not described by current models [1], [12]. The 

molecular alteration caused in membrane structure will 

persist for a long time [1], [3], [4]. 

 Fig. 8 shows the increase in membrane conductance, 

mainly in vivo conditions. However, the variation of 

electroporated cell membrane conductance (Gmo), in low 

conductivity medium, is much smaller than in vivo 

conditions. This effect is stronger with larger cells because 

the transmembrane potential is proportional to cell radius, 

equation (1). 

 The internal cell characteristics, e.g., organelles, 

produce different internal conductivity. The increase of 

membrane conductance in a low internal conductivity 

medium is insignificant (Fig. 9), although the influence of 

internal conductivity on Gmo is noted in high external 

conductivity medium. 

 The numerical analysis using spherical cells, Fig. 10, 

shows the dependence of Gmo with cell dimensions. For small 

cells (a<4 m; e.g., bacteria), size variations less than 1 m 

produce differences in membrane conductance of 10 times. 

The Gmo variation is smaller for large cells (e.g., sea urchin 

eggs [19]). 

 In the same cell suspension, the electric fields did not 

produce the same effect in all cells. It may be caused by 

different cell sizes in the same sample. In the experiments 

performed in this review, variations of cell diameter from 

2.6 m to 3.8 m were observed and produced Gm from 

0.5104 S/m2 to 4104 S/m2, respectively (Fig. 10). This 

observation suggests that in the same cell suspension cells 

with large pores, low membrane permeability, and 

irreversible electroporation (cell death) can be observed. 

 Unfortunately, the methodology developed does not 

provide information on size and number of pores. Another 

problem is that dense cell suspension and intense electric 

fields (p>0.20 and Vm>300 mV) produce an increase in cell 

suspension conductivity [41], [42]. In addition, suspension 

conductivity may be influenced with long pulses causing cell 

electrophoresis [43]. In the experiments carried out in this 

study, this effect was reduced by diluting the cell suspension 

(p=0.07) [41], [44]. 

 This work carried out experiments to obtain the 

alteration of conductivity in a dilute cell suspension during 

eletroporation pulses. Two electroporation models were used 

to analyze these experimental results. A linear equation 

(equation (5)) for membrane conductance at the “expansion 

step” on Kinosita’s model was included. The electroporated 

membrane conductance of this numerical analysis is similar 

to previous results [8], [15], [34], [35]. With the parameters 

from the experiments, the asymptotic model shows that cell 

dimension, and external and internal conductivity are 

important parameters to consider, as well as the intensity and 

the duration of electroporation pulses. However, cells with 

diameters greater than 7 m in low conductivity medium 

show no increase in electroporated membrane conductance. 

The numerical results of electroporation dynamics 

demonstrate that at the beginning the pores are concentrated 

on cell pole; later on pores cover over 30% of the total 

membrane area. 
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