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Abstract ─ Single-cell electroporation with electrolyte-

filled capillary is a selective technique that affects  

the target cell without any consequences for the 

neighbouring cells. Inhomogeneous electric field caused 

by interaction of capillary, cell and environment in the 

experiment make the optimization setup difficult for 

DNA transfection efficiency. A electroporation model of 

membrane conductivity with experimental parameters 

was used to analyze the influence of cell-to-tip distance, 

cell-capillary dimensions relation, electrolyte and 

cytoplasm conductivity, and strength of the pulses on 

electroporation. Simulation results demonstrate that the 

nonlinear electric field distribution on cell membrane 

depends on tip-to-cell distance and may be the cause of 

cell survival. The electroporation with capillary are 

affected by the external medium, relation between the 

cell and capillary radius, tip-to-cell distance, and 

strength of the applied potential.  
  
Index Terms ─ Electrolyte-filled capillary, electroporation, 

electroporation model, membrane conductivity, single 

cell. 
 

I. INTRODUCTION 
Electroporation or electropermeabilization is a 

phenomenon that occurs when high electric field is 

applied to increase the cell membrane permeability [1, 2]. 

The main applications of electroporation are 

electrochemotherapy [3], [4] and genetic manipulation 

[5]. The electroporation traditional methods to genetic 

transference use large, planar electrodes to produce a 

uniform electric field. However, some experimental 

cases investigate the response of a single cell, such as 

brain tissue and primary cultures [6], [7]. These cells 

present problems to DNA transfection. They tend to be 

very sensitive to physical stress alteration in temperature, 

ph shifts and changes in osmolarity. The strengths of  

single cell electroporations are surviving cells are 

completely functional; subsequent transfection of the 

same neuron with more than one construct at different 

time points; neurons up to 1 mm deep into a tissue can 

be transfected [8]; no need for vector or cytotoxic 

carriers [9]. The great disadvantages of single cell 

electroporation is the difficult of optimization [8], 

demands experimenter skill, laborious procedure [9].  

The efficiency of this technique depends of 

interaction of environment (cell size and geometry, 

internal and external conductivity), capillary (cell-to-tip 

distance, capillary diameter) and electric field (strength 

and duration electric pulse). Some works proposed 

relations among parameters to improve the 

electroporation efficiency [2], [10]. These studies provide 

understanding about mechanical and electrical aspects of 

electroporation in cell membrane. It increases the gene 

transfer efficiency and viability of cells. 

The inhomogeneous electric field caused by capillary 

and complex geometries in the experiment make the 

optimization setup difficult for the electroporation 

efficiency. The cell-to-tip distance and cell size affect the 

electroporation success rate and cell viability [6-8]. Each 

cell needs electroporation protocols in specific 

micropipette according to their characteristics. 

In this study, a membrane conductivity model based 

on Glaser et al. [11] with electroporation parameters 

from cell suspension experiments [12] is implemented. 

This electroporation model was applied to study the 

effect of cell-to-tip distance, cell-capillary dimensions 

relation, electrolyte and cytoplasm conductivity, and 

strength of the pulses. The consequences of electric field 

distribution on membrane conductivity and current 

density through the membrane cell are analyzed. We 

start the elucidation of the physical and electrical 

influences of single cell electroporation to improve the 

efficiency of DNA transfection. 
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II. MATERIALS AND METHODS 

A. Numerical and geometry modeling 

The simulations in this study were performed  

using the COMSOL Multiphysics® software package 

(COMSOL Inc., Burlington, MA) based on the finite-

element method. 

The electric field distribution models were calculated 

using the steady current module. If the electric current 

density 𝑱 in tissue is divergence-free, the solved equation 

is Poisson’s equation: 

 −∇ ∙ (𝜎∇𝑉) = 0, (1) 

where   is the conductivity (𝑆/𝑚) and 𝑉 is the electric 

potential (𝑉). 

The processing was performed on a PC equipped with 

AMD Athlon™ II X2 250 3.0 GHz processor and 4.0 GB 

RAM. The computer was operating on a Microsoft® 

Windows 8 de 64 bits platform. 

The geometrical model was simulated with a 

capillary perpendicular to the dish surface (Fig. 1). The 

full capillary length 𝐿𝑐𝑎𝑝 is 1.510-2 m, and extremely thin 

membranes (510-9m) are problematic in meshing and 

solving the problem. 

 

 
 

Fig. 1. Schematic representation of single-cell 

electroporation geometry. Components are not drawn to 

scale. 

 

The solution was simulated by only 210-3 m of the 

pulled capillary. The cell and capillary are placed in the 

centred axis of simulation region for axial symmetry. The 

potential drop in the unpulled capillary is given by [13]: 

 𝑉𝑎 = 𝑉𝑐𝑎𝑝 +
𝜕𝑉

𝜕𝑧
(𝐿𝑐𝑎𝑝 − 𝑙), (2) 

where (𝜕𝑉/𝜕𝑧) is the electric field normal to the boundary 

where 𝑉𝑎 exists,  𝑉𝑐𝑎𝑝 is the potential applied across  𝐿𝑐𝑎𝑝, 

and l is the pulled tip length. 

The boundary conditions and geometry simulated a 

represented in Fig. 2 and Table 1. A grid independence 

study was performed to establish an optimized mesh. 

Extremely fine mesh was set on the cell membrane and 

fine mesh in other geometries. The total mesh was 61,730 

tetrahedral elements. 

 

 
 

Fig. 2. Isolated single-cell model under nonlinear electric 

field. The capillary is positioned perpendicular to the  

Petri dish. The axisymmetry is used to reduce the 

computational resources. 

 

Table 1: Units and corresponding symbols 

Parameter Symbol Value 

External conductivity [13] 𝜎𝑒 0.60 𝑆/𝑚 

Internal conductivity [13]  𝜎𝑖 0.13 𝑆/𝑚 

Cell radius 𝑅 1010−6 𝑚 

Membrane thickness [12] ℎ 510−9 𝑚 

Length of pulled tip  𝑙 210−3 𝑚 

Internal diameter unpulled 

capillary 
𝐷𝑖  10010−6 𝑚 

Internal diameter pulled 

capillary 
𝑟 2.510−6 𝑚 

 

B. Electroporation model 

The ionic transport across the pores formed on the 

electroporated membrane increase membrane conductivity. 

Assuming that the intact lipid matrix has a negligible ionic 

mobility, all ionic transports should happen through the 

pores. Glaser’s experiments [11] suggest that the ionic 

mobility in an electroporated membrane increases with the 

rate depending on the transmembrane voltage. The 

electroporated membrane conductivity can be calculated 

by: 

 
𝑑𝜎𝑚

𝑑𝑡
= 𝐾𝑒

(
𝑉𝑚
𝑉𝑝𝑝

)
2

, (3) 

where K is a electroporation constant and 𝑉𝑝𝑝 sets the 

critical transmembrane potential at which the membrane 

breaks down. This expression agrees with Glaser’s 

model and experimental results. 

The electroporation is a threshold phenomenon: when 

the induced transmembrane potential exceeds a critical 

value  𝑉𝑝𝑝, there is pores formation on the membrane. The 

critical transmembrane potential is 0.2 V [14]. The K 

parameter was obtained by comparing the point at 100 s 

of experimental and numerical suspension conductivity 
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during electroporation pulse [12] and simulation of single 

cell in a uniform electric field.  

In this simulation, an increase in the suspension 

concentration is incorporated as a reduction in the 

correction factor on the local electric field around the cells 

[15]: 

 𝐸𝑓 =
1+𝑝/2

1+(3𝑝/4𝑁𝜋)1/3 𝐸, (4) 

where 𝑁 is the arrangement type of cells and 𝑝 is the 

volume fraction occupied by the cell.  

The simulation took into account Equation (4) on the 

electric properties of cell membrane. Electric field 

distribution models were calculated using the steady 

current module as in Equation (1). The boundary 

conditions, electric and geometric parameters for these 

simulations are in Fig. 3 and Table 2. 

 

 
 

Fig. 3. Schematic of a spherical cell of radius Rcell in a 

uniform electric field. Arrow indicates the direction of the 

electric field E, polar angle θ measures the position along 

the cell circumference. The axial-symmetry geometry and 

boundary conditions are presented. 

 

Table 2: Units and corresponding symbols 

Definition Symbol Value 

Electroporation constant 𝐾 310−2 𝑆/𝑚. 𝑠 

Critical transmembrane 

potential [14] 
𝑉𝑝𝑝 0.20 𝑉 

Cell radius[12] 𝑅𝑐𝑒𝑙𝑙   4.8710−6 𝑚 

External conductivity [12] 𝜎𝑒 0.55 𝑆/𝑚 

Internal conductivity [12] 𝜎𝑖 1.0 𝑆/𝑚 

Arrangement type of cells 

[12] 
𝑁 4 

volume fraction of cells 

[12] 
𝑝 0.28 

Simulation width B 110−3m 

Simulation height A 0.510−3m 

 

III. RESULTS 
Comparing the experimental and theoretical results  

of cell suspension conductivity, the parameter 𝐾 =
3.10−2S/m. s  is obtained for 𝑉𝑚(𝜎m = 0)  between 1.8 V 

and 3.3 V. The errors between the theoretical and 

experimental curves account for less than 15% as shown 

in Table 3. 

The transmembrane potential increases according to 

Equation (1): when 𝑉𝑚 exceeds a critical value (𝑉𝑝𝑝), 

there are the creations of pores and m increases. The 

angular distributions of membrane conductivity and 

transmembrane potential are strongly dependent on the 

distance between cell membrane and capillary (d) as 

shown in Fig. 4, electric potential applied are 500 V and 

1000 V. The maximum values of m were near the pole. 

The simulation was performed with parameters from 

Table 1, the electroporation phenomena was modeled by 

Equation (3) with 𝐾 = 3. 10−2 S/s and 𝑉𝑝𝑝 = 0.20 𝑉. 

 

Table 3: Comparing of Ramos et al. [12] experiments and 

electroporation model of Equation (3) 

Vm(m=0) 

(V) 

Ref. [10]* 

(S/m) 

Model 

(S/m) 

Error 

% 

1.8 6.510-6 5.910-6 9.8 

2.2 9.010-6 7.710-6 14.2 

2.6 1.210-5 1.110-5 10.3 

2.9 1.310-5 1.510-5 11.1 

3.3 2.010-5 2.110-5 6.0 

*m=h.Gm [29]. 

 

Figure 5 presents the electric field distribution 

between capillary and cell membrane, d = 0.5 µm, and 

applied potential of 500 V and 1000 V. The lines 

represent the current density during the electroporation. 

Dynamics of transmembrane potential induced and 

membrane conductance for different applied potentials 

through the capillary are shown in Fig. 6. 

Figure 7 shows the influence of cell geometry on the 

electroporation with capillary near the cell. The 

transmembrane potential did not differ significantly when 

the cell radius is over 20 µm. The effects of internal and 

external conductivity are analyzed in Figs. 8 and 9. The 

conductivities values and cell radii of the simulations are 

limited to biological parameters [16]. 

 

IV. DISCUSSION 
Based on Glaser’s experiments [11], we propose 

that the membrane conductivity increases with the rate 

depending on the transmembrane voltage, Equation (3). 

The critical membrane potential proposed by Glaser is 

0.46 V. However this potential was obtained with 

experiments with lipid bilayer. The experiments with 

different cells conclude that 𝑉𝑝𝑝 = 0.2 V [14]. These 

results are suitable for our experiments, because the K 

value was obtained from experiments with cell 

suspensions [12]. This parameter has different values 

when compared with the literature [2, 11, 15]. The 

difficulty in comparing the K value is caused by different 
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parameters measured between experiments. Glaser et 

al. [11] fit the current results with the electroporation 

model of Equation (3). Suzuki et al. [2] investigated the 

conductivity of cell suspensions when compared with 

two electroporation models. Although a variation was 

expected in these values, the dynamics of the model is 

consistent with different experiments. The results 

obtained with our findings and literature experiments 

support the model at the beginning of the electroporation 

processes. 
 

 
 

         (a)          (b) 

 
 

        (c)         (d) 
 

Fig. 4. Angular distribution of transmembrane potential and electroporated membrane conductivity, respectively, for 

applied electric potential (a) and (c) 500V, (b) and (d) 1000V. (d) Is the distance between capillary and cell membrane 

(tip-to-cell). Dashed parallel lines mark threshold electroporation potential Vpp=0.2 V [14]. Cell radius of 10 µm, 

electroporation model on the Equation (3) at steady state, o=0.60 S/m and i=0.13 S/m. 
 

Our findings are consistent with the previous reports 

of membrane conductance indicating that the 

electroporation model and the geometric implementation 

of the model are consistent for these studies [16-20]. In 

this work, the intact membrane conductance is neglected. 

The 𝜎𝑚 with 500 V and d=410-6 m is about 310-6 S/m 

as shown in Fig. 4 (b). This value can be considered 

insignificant because it does not cause reduction of 

transmembrane potential. The comparison between 𝑉𝑚 

curve in Fig. 4 (a), d=410-6 m, and Zudans et al. (Fig. 9 

from [13]) present less than 2% error. Some experimental 

and theoretical work estimated the electroporated 

membrane conductivity (m= h.Gm [17]) at about  

10-4 S/m [2], [18]. However, Hibino et al. [19] presented 

estimated values in the range from 10-4 S/m to  

5×10-4 S/m. Pavlin et al. [20], [21] showed theoretical 

studies of effective conductivity of a suspension of cells, 

using m=4×10-4 S/m. Kinosita and Tsong [22], [23] 

presented values on erythrocytes between m=5×10−4 

and 5×10−3 S/m. The results in Figs. 4 (b) and 4 (c) 

confirm the previous results. 

The m and Vm variation is higher on polar angle as  
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shown in Figs. 4 and 6. The reduction of distance 

between the capillary and the membrane increases the 

transmembrane potential and, consequently, m. 

The applied potential of 500 V produces opened 

pores on the membrane between 0 and 20 (Fig. 4 (b)). 

It happens because the outer to inner face of the cell 

membrane is over threshold potential. This area is 

smaller than the capillary radius. For 1000 V, m 

increases until 20. However, over 20, the pores are 

created because there is a Vm>Vpp from inner to outer face 

of the cell membrane as shown in Fig. 4 (d). It is of 

interest to note that most ionic current flows from the 

capillary to the cytoplasm through the electropores (solid 

lines in Fig. 5). However, over 20 there is a small 

current that flow out from the cell. It is insignificant 

when compared with the current on the pole cell. 

The temporal dynamic of electroporation are 

presented in Fig. 6 with different electric fields. After the 

applied potential, Vm increases. When the threshold 

potential is over 200 mV, there is a quick increase in m, 

the pores are created and the ions flow across the cell 

membrane. These ionic fluxes through the membrane 

reduce the Vm and stabilize m, as shown in Fig. 6 (b). 

After the initial electroporation process, there is 

equilibrium between Vm and ion diffusion through the 

electropores. 

The relation between the cell and capillary radius 

(R/r) is associated with the electroporated membrane 

conductivity and pore opened as shown in Figs. 7 and 8. 

The electroporation effect is not effective when cell 

radius is smaller than the capillary radius (e.g., bacteria). 

However, the electroporation with capillary presents 

optimization results if cell dimensions are twice the 

capillary diameter. The transport of molecules and DNA 

using this technique is adequate for adherent cells and 

tissues (in vivo) as CHO and WSS Cells [24] and brain 

tissue [25], because the cell dimensions are bigger than 

those of the capillary. Agarwal et al. [26] presented 

experimental and numerical evidences of the cell size 

dependence on electroporation effect with the capillary 

as shown in Fig. 7. 

The proximity of cell and capillarity is 0.510-6 m 

when R/r is over 4 and it produces localized high 

transmembrane potential (<15). This effect happens 

because the cell membrane is almost plane in relation to 

the capillary. 

An important factor for efficiency on 

electroporation is the cell survival. This parameter is 

associated with a fraction of the electroporated area [26]. 

In cell suspension, the cell survival is related with pulse 

amplitude [1]. The pulse amplitude is not suitable for the 

available cell survival with capillary. The applied 

electric field is not uniform and the transmembrane 

potential without electroporation is not available from 

Equation (1), Figs. 4 (a) and 4 (c). The cell survival on 

electroporation is related to the ions efflux into cell. This 

ionic imbalance and swelling can provide the death of 

the cell [27]. Figure 4 (d), d=0.510-6 m, presents  

an extensive electroporated area in relation to total 

membrane area. The simulation provides information 

that the applied electric pulses of 1000 V, d=0.510-6 m, 

and cell radius of 1010-6 m can kill the cells. 

Figures 8 and 9 show that the membrane 

conductivity is higher when the external medium 

increases. Some experiments with electroporation 

present low conductivity medium (o<0.2 S/m) [21], 

[26]. Our model prediction provides results that these 

media can decrease the membrane conductivity. 

However, there is no consensus about any direct relation 

between membrane conductivity and molecular uptake 

to cells. Sadik et al. [28] describe a decrease of molecule 

diffusion with increase in medium conductivity. The 

physical mechanism underlying diffusion through the 

electropores is not completely understood. 

 

 
    (a) 

 
   (b) 

 

Fig. 5. Electric field distribution with distance between 

capillary and membrane cell of 0.5 m. The lines 

represent current density components. (a) 500 V and (b) 

1000 V. The color bar unit is V/m. The electropores are 

concentrated on the pole cell where the current lines are 

intense. 
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       (a) 

 
       (b) 

 

Fig. 6. Simulation of different applied potentials through 

the capillary on cell membrane with d=0.5 m. (a) 

Transmembrane potential and (b) membrane conductance 

on the cell pole for different applied potentials. The cell 

radius is 10 m. 

 

 
(a) 

 
      (b) 

 

Fig. 7. Effect of relation between cell and capillary 

radius (R/r) on (a) transmembrane potential and (b) 

membrane conductivity at steady state. Distance 

between capillary and cell membrane is d=0.510-6 m, 

applied potential is 500V, o=0.60 S/m and i=0.13 S/m. 

The capillary radius is 510-6 m. 
 

 
 

Fig. 8. Relation of membrane conductivity and internal 

conductivity for three external conductivity. Applied 

potential is 500V and d= 0.5µm. The capillary radius is 

510-6 m. 

 
 

Fig. 9. Effect of external conductivity on membrane 

conductance for three internal conductivity. Applied 

potential is 500V and d= 0.5µm. The capillary radius is 

510-6 m. 
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V. CONCLUSION 
This study proposed an electroporation model based 

on Glaser et al. theories and Ramos et al. experiments. 

The membrane conductivity results are similar to 

previous works. 

The high electric potential applied through capillary 

presented non linear electric field distribution on cell 

membrane (Figs. 4 (a), 4 (c) and 5). This effect may be 

reduced the cell survival. 

The important factors that affect the electroporation 

with capillary are: external medium; relation between 

cell and capillary radius; distance between capillary; and 

membrane and strength applied potential. 
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