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Abstract
An electric pulse with a sufficient amplitude can lead to electroporation of intracellular organelles. Also, the electric field 
can lead to electrofusion of the neighboring cells. In this paper, a finite element mathematical model was used to simulate 
the distribution, radius, and density of the pores. We simulated a mathematical model of the two neighbor cells to analyze 
the fluctuation in the electroporation parameters before the electrofusion under the ultra-shorted electric field pulse (i.e., 
impulse signal) for each cell separately and after the electrofusion under the ultra-shorted pulse. The analysis of the temporal 
and spatial distribution can lead to improving the mathematical models that are used to analyze both electroporation and 
electrofusion. The study combines the advantages of the nanosecond pulse to avoid the effect of the cell size on the electro-
fusion and the large-pore radius at the contact point between the cells.
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1 Introduction

Electroporation is the reversible or irreversible permeabili-
zation of the membrane of the cell under test in response to 
the application of electric fields across the membrane [1].

Electroporation is essentially a membrane electrical 
behavior that involves the response of lipid plasma mem-
brane under the application of an external electric field [2].

When the influence of the applied electric field wears off, 
the cell membrane reverts to its impermeable state, but, in 
irreversible electroporation, the cell finally succumbs to the 
electroporation process and dies [3].

Electroporation [4], both reversible and irreversible, has 
become more important in medicine and biomedical tech-
nology [5], with applications spanning from cell ablation 
to gene transfection [6], nanomedicine, Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR) manipu-
lation [7], drug delivery [8], and various application [9]. It 
is found a lot of several studies focus on the drug delivery 
techniques as a vital factor in cell and tissue treatment [10, 
11] or using PIPAC [12].

Single-cell micro-electroporation devices have been 
developed as a result of the development of micro/nano-
electromechanical (MEMS) technology [1, 13, 14].

The two main phenomena of electroporation and electro-
fusion are related to achieving the electrical breakdown of 
the cell membrane [15].

The observation of membrane breakdown in electrically 
stimulated membranes has a strong effect on medical analy-
sis [4].

For an electrical pulse [16, 17] with a specific duration, 
electroporation occurs passing through three stages: (1) 
charging the cell membrane, (2) creating the pores on the 
cell membrane, and (3) evolution of pore radii [18].

The highest pores [19] density occurs on two main poles 
(i.e., the depolarized and hyperpolarized poles); however, 
the largest pores are on the border of the electroporated 
regions of the cell [18].
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The performance and efficiency of electroporation rely 
on different parameters. They are electric field parameters, 
biological parameters of exposure cells, and physical param-
eters, such as temperature [20, 21].

Electrofusion is one of the most efficient methods of cell 
fusion. It is used in many applications such as agriculture 
and the production of hybridomas [22].

Electroporation can be described by two main distribu-
tions (i.e., spatial and temporal distributions) [18]. Spatial 
and temporal distributions must be included in the electropo-
ration study.

Temporal distribution is described by the analysis 
of the creation and the evaluation of the pores. These 
pores are obtained when the applied electric field 
strength is high and the membrane potential exceeds a 
specific threshold potential Vth (∼ 0.2–1 V) [23], the 
permeabilization state occurs. The bilayer membrane will 
experience an electrical breakdown, the cell membrane 
becomes permeable and formed pores as a state in the 
electroporation path [24].

When the electric current penetrates the membrane, the 
cell membrane may be depolarized and/or hyperpolarized 
from its resting value (i.e., − 75 mV), which causes excita-
tion or inhibition of the cell [25]. For this resting value, the 
cell needs up to 20 s to return to its original state (i.e., before 
the effect of the applied electric field) [26].

In this study, the density and radius of the pores are ana-
lyzed under the effect of an ultra-shorted electric field with 
and without the effect of neighbor cells. Also, the effect of 
neighbor cells on the electroporation parameters, such as 

membrane resealing fluctuation to achieve the electrofusion, 
has been studied and analyzed as well.

Different studies focused on the fluctuation in electropora-
tion parameters based on the change of the applied electric 
field strength and the stimulus pulse parameters (i.e., shape 
and duration) [27]. Other studies represent the analysis of 
the fluctuation in the electrical parameters of the neighbor 
electroporated cells before the electrofusion [28, 29].

The basic mechanism of electroporation and electrofusion 
is a new and hot topic. Different studies in vivo and in vitro 
analysis to develop a model could simulate and explain the 
experimental observations [30–32].

In this study, we focus on the temporal process of creation 
and evolution of pores, and the spatial distribution of the 
transmembrane electric potential for B16-F1 and CHO cells.

The study included the effect of the ultra-shorted pulsed 
electric field with nanosecond (ns PEFS).

The previous studies of electrofusion depend on a micro-
second pulsed electric field in the cell electrofusion treat-
ment techniques [28].

It was difficult to achieve electrofusion for cells of different 
sizes. The reason for this problem is related to the effect of elec-
troporation as a result of microsecond pulses that was greatly 
influenced by cell sizes. This study shows that the ability of 
ultra-shorted pulse in the range of nanosecond pulse (200 ns) 
can be used to avoid the difference between cell sizes to achieve 
electrofusion. Another main advantage for the selected electric 
pulse over the other previous studies is that pores induced by 
those short nanosecond pulses tended to be small (0.9 nm). But 
in this study with the different sizes B16-F1 and CHO cells for 

Fig. 1  Schematic for the different cases used in this study. The cases 
include the study of the cells of the same size and different sizes B16-
F1 and CHO cells and the fluctuation in the electroporation param-
eters due to the neighbor’s cells. Cell A is a large cell is B16-F1 cell, 
cell B is a CHO cell

Fig. 2  The schematic diagram of the main model used in this study 
with the definition for the main poles will be discussed in this study
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the tested cells, the pore radius was large enough (3.5 nm) and 
density was high (8.5 × 1014m−2 ) in the cells’ junction point.

The paper is organized as follows: Sect. 2 presents the 
definition of the mathematical model, the main geometry 
of the electrodes used to apply the electric field, differ-
ent study cases, and mathematical equations that have 
been used in this study. Section 3 introduces the simula-
tion results for different parameters for every single cell 

and the electrofusion response. Finally, the conclusion is 
drawn in Sect. 4.

2  The mathematical model

2.1  Mathematical model

As seen in Fig. 1, different cases used in this study and dif-
ferent considerations for the neighbor’s cells (B16-F1 and 
CHO cells). The three cases include the distribution as a 
function in the distance between the neighbor’s cells and the 
different sizes of each cell.

Figure 2 represents the schematic diagram of the main 
model used in this study with the definition of the main 
poles that will be discussed in this study. The arrow 
shows the direction of the electric field from the high 
electric field terminal toward the lower electric field side. 
The study is divided into two parts. The first part shows 
the analysis of the electroporation parameters for every 
single cell, single-cell study to show the fluctuation in 
the cell membrane parameters at specific poles, such as 
hyperpolarized pole and depolarized pole as shown in 
Fig. 5. The second part shows the interaction between 
the cells at a specific point the left side pole and the right 
pole side which represents the border of the cells and 
the connection point which describes the contact area as 
described in Fig. 2.

Fig. 3  A schematic of the microfluidic channel was used to extract 
the main features of the electroporation

Table 1  The simulation prameters

Parameters Symbol Value Ref.

Cell (A) radius [B16-F1] Ra (μm) 7.75 [30]
Cell (B) radius [CHO] Rb (μm) 3.85 [30]
Extracellular medium conductivity �e ( S.m−1) 1.2 [7]
Extracellular medium permittivity �e 72.28 [7]
Cytoplasmic conductivity �cp ( S.m−1) 0.25 [7]
Cytoplasmic permittivity �cp 70 [7]
Cell membrane conductivity �cm ( S.m−1) 5 · 10−7 [7]
Cell membrane permittivity �cm 4.5 [7]
Cell membrane thickness dm(nm) 5 [7]
Pore radius rp(nm) 0.76 [7]
Electroporation constant q 2.46 [7]
Electroporation parameter ∝ (m−2

.s−1) 109 [7]
A characteristic voltage of electropora-

tion
Vep(V) 0.258 [7]

Minimum hydrophilic pore radius r∗ (nm) 0.51 [7]
Constant for pore radius evolution rh (nm) 0.97 [28]
Constant for pore radius evolution rt (nm) 0.31 [18]
Ionic diffusivity Dpm

2∕S 1.6*10−9 [26]
Fig. 4  This figure schematic of a spherical cell considered in this 
study with the location of two main poles related to the applied elec-
tric field
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The system geometry consists of two parallel sensing elec-
trodes, one of them represents the source and the other one 
represents the ground with a specific dimension. The elec-
trode width is 50 μm and the distance between the electrodes 
is 50 μm as shown in Fig. 3. The copper was selected as elec-
trode material and FR-4 is selected as the substrate material. 
The simulation uses phosphate buffer saline PBS as a medium 

surrounding the cell with electric conductivity 1 S/m and the 
permittivity is 80. The topology of the excitation on the right 
and left sides shows the influence of cells on each other away 
from the direct influence of the electric field. That means the 
contact point mainly affects be the communication of cells 
under the electric field and the neighbor cells.

The applied electric field range [1:1:4] kV/cm each value 
with the ultra-shorted pulsed electric field.

The excitation signal is a Heaviside function with 
a rising time of 10 ns and a duration of 200 ns. The 
Heaviside function can also be defined as the inte-
gral of the Dirac delta function �(s) which given by 
H(x) = ∫ x

−∞
�(s)ds.

The effects of short pulses are considered non-
thermal effects (avoid the thermally irreversible elec-
troporation). When pulses are applied in the appro-
priate conditions, the increase in the temperature of 
the pulsed sample is negligible due to nanosecond 
pulse duration [28, 33]. When pulses are applied in 
the appropriate conditions, the increase in the tempera-
ture of the pulsed sample is negligible due to the short 
pulse duration.

The electric parameters of the exposure cells and other 
parameters used in this model are listed in Table 1.

2.2  Mathematical equations

Electric potential V in the COMSOL 2D Model was 
extracted using the AC/DC module with time-dependent 
study solver using equation listed in [8].

Fig. 5  This figure shows the distribution of the internal voltage for 
cell B. The red region represents the internal voltage at the depolar-
ized pole and the blue region represents the internal voltage at the 
hyperpolarized pole under the nanosecond pulse with the electric 
field strength 1 kV/cm and the represented figure at 300 ns after the 
end of the electric pulse

Fig. 6  This figure shows the 
distribution of the electric field 
around the small cell related to 
the electric field inside the cell. 
The right indication legend for 
the electric field refers to the 
external electric field and the 
right one for the internal electric 
field
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where ε and σ are the permittivity and conductivity, respec-
tively. The index i for all subdomains such as the extracellu-
lar medium, liposomes cell, and nucleus. The plasma mem-
brane was modeled as the boundary condition. According 
to [8], a cell with symmetric spherical configuration with 
RC components membrane exposed to an external electric 
field will polarize by transmembrane potentials Vm occurs 
at each pole of the cell. The transmembrane potential can 
describe by

E represents the electric field strength, R is the radius 
of the cell, and θ is the angle between the direction of the 

(1)−∇
(

�i∇V
)

− ∇�
(

�i∇V
)

∕�t = 0

(2)Vm = 3∕
2
∗ E ∗ R ∗ cos�

electric field and the point vector on the membrane. The 
induced transmembrane voltage (ITV), determined as the 
difference between electric potentials on each side of the 
boundary, can be calculated by:

The current density J through the shell membrane using 
distributed impedance boundary condition [8] Described by:

Here, n is the unit vector normal to the surface, V is inside 
potential, Vref  is outside potential, �m is the membrane permit-
tivity, �m is the membrane conductivity, and dm is the mem-
brane thickness. To extract the membrane electroporation.

(3)ITV = Vin − Vout

(4)n.J = �m

/

dm

(

V − Vref

)

+ �m

/

dm
(
�V

�t
−

�Vref

�t
)

Fig. 7  This figure shows the 
distribution of the pore radius 
at the selected point for each 
cell. The anodic side represents 
the hyperpolarized pole and 
the cathodic side represents the 
depolarized pole
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A
B C

Fig. 8  This figure shows the transmembrane potential for a small cell 
under the excitation electric pulse with duration 200 ns and the elec-
tric field distribution [1:1:4] kV/cm

Fig. 9  This figure shows the distribution of the density of the pores 
for cell B. The difference between the maximum values of the den-
sity of the pores at the depolarized pole and depolarized pole around 
1.5*1014m−2

. The evaluation versus time axes [0:1 ns:300 ns]

Fig. 10  This figure shows the membrane resealing for the small cell 
(cell B radius = 3.85 μm) under electric stimulus pulse with nanosec-
ond duration

Fig. 11  This figure shows the distribution of the internal voltage for 
the large cell-cell A. The red region represents the internal voltage at 
the depolarized pole and the blue region represents the internal volt-
age at the hyperpolarized pole under the nanosecond pulse with the 
electric field strength 1 kV/cm and the represented figure at 300 ns 
after the end of the electric pulse
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The pores formation is solved by a differential equation. 
The pores density number N accounts for the transmem-
brane potential values [8]:

where N
0
 the membrane pores density when there is no 

transmembrane potential called a nonelectroporated mem-
brane, and Vep, � , and q are electroporation parameters.

The pore radius can calculate by the analysis for the fol-
lowing differential equation [15].

where Dp the diffusion coefficients for the interactive trans-
port. dm cell membrane thickness. rp pore radius.

The size of the pores is considered to be an important 
feature key in determining the efficacy of an electroporation 

(5)

�N

�t
= �.exp

(

ITV
/

Vep

)2

.(1 −
N

N0

.exp

(

−q

(

ITV

Vep

)2
)

)

(6)
drp

�t
=

D

kBT

{

V2
m
Fmax

1 + rh∕
(

rp + rt
) + 4�

(

r∗

rp

)4
1

rp
− 2�� + 2��eff rp + Felastic

}

Fig. 12  This figure shows the 
distribution of the electric field 
around the large cell related 
to the electric field inside the 
cell. The right indication legend 
for the electric field refers to 
the external electric field and 
the right one for the internal 
electric field. The distribution 
shows how can the electric field 
affected by the cell dimensions

Fig. 13  This figure shows the distribution of the pore radius for cell 
A at the selected point for each cell. The anodic side represents the 
hyperpolarized pole and the cathodic side represents the depolarized 
pole

Table 2  The simulation extracted features

Features Cell A Cell B

The max. pore radius 
range

3.3 nm at the electric 
field strength 2 kV/
cm for the depolar-
ized pole.

3.3 nm at the electric 
field strength 3 kV/
cm for the depolar-
ized pole.

The max. pores 
density 

6*1014∕m2 4.5*1014∕m2

The charging time 8∗ 10
−8s at the elec-

tric field strength 4 
kV/cm

9∗ 10
−8 s at the electric 

field strength 4 kV/
cm
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treatment protocol. Fmax is the maximum electric force for 
Vm = 1 V, rh and rt are constants, β is the steric repulsion 
energy, r ∗ is the minimum radius of hydrophilic pores, and 
γ is the energy per unit length of the pore’s edge.

3  Simulation results for each single cell

The target is to extract the solution mathematical equations from 
[1:6] for the mathematical models, firstly we represent the solution 
for each cell separately. Then, the extraction for the electropora-
tion’s parameters is based on the effect of neighboring effect.

Fig. 14  This figure shows the transmembrane potential for cell A 
under the excitation electric pulse with duration 200 ns and the elec-
tric field distribution [1:1:4] kV/cm

Fig. 15  This figure shows the distribution of the density of the pores 
for cell A

Fig. 16  This figure shows the membrane resealing for the small cell 
(cell A radius = 7.75 μm) under electric stimulus pulse with nanosec-
ond duration

Fig. 17  This figure shows the selected case with the need to define 
the effect of the selective pulse and the effectiveness of the treatment 
method on the same cell size under the electrofusion.
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Firstly, the analysis results are based on the extracted 
features at the two main poles: the hyperpolarized pole and 
depolarized pole as shown in Fig. 4.

3.1  The electroporation parameters for the first 
small cell (cell B) as a single cell

In this part the analysis for each cell as a single element 
without the effect of the neighbor cells to show the response 

of each cell separately under the selected excitation. The 
microfluidic system shown in Fig. 3 is used to extract the 
electroporation parameters for each cell and the different 
combinations as mentioned in Fig. 1. The internal voltage 
for the cell can be represented as the distribution in Fig. 5. 
The distribution consists of two main parts (i.e., the response 
of the hyperpolarized pole and the response of the depolar-
ized pole). The blue color represents the hyperpolarizing 
anodic side, and the red color represents the depolarizing 
cathodic side at the end of the electric pulse 200 ns with the 
strength of the electric field 1 kV/cm. Figure 6 shows the 
distribution of the electric field around the cell related to the 
electric field inside the cell under the electric field strength 
1 kV/cm and at the end of the pulse 200 ns.

3.2  Pore radius for the first small cell (cell B)

The membrane response for the electroporation can translate 
into hydrophilic pores on the cell membrane surfaces. These 
pores permit the cell membrane to be a delivery system for 
ions, DNA, and different big molecules to pass through to 
the cell [16]. As mentioned in Table 1, small cell dimension 
cell B was used to show the effect of the selected electric 
field on different cells with different geometry. The analysis 
of the pore radius shows the effect of the selected excita-
tion signal on the achievable pore radius. From Fig. 7, the 
maximum pore radius (3.3 ns) for the depolarized pole at the 
strength of the electric field equals 3 kV/cm. The increase in 
the pore radius is based on the increment in the electric field. 
The minimum pore radius is obtained at 1 kV/cm.

3.3  Transmembrane potential (cell B)

In this part, the analysis of the transmembrane potential as 
a relation between the internal and external electric fields is 
represented in Eq. (3). The transmembrane potential shows 

Fig. 18  This figure shows the 
distribution of the electric 
field inside the cell and for the 
environment around the cell 
under the nanosecond pulse. 
The distribution at the end of 
the pulse and the smallest value 
of the electric field is 1 kV/cm. 
Note that as the electric field 
increase the distribution of the 
electric field also increases. 
The distribution also shows the 
high electric field at the contact 
region between the two cells

Fig. 19  This figure shows the transmembrane potential under the 
nanosecond electric pulse with the distribution of the electric field 
[1:1:4] kV/cm. The response for the transmembrane potential is based 
on the same small size of the cell
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the difference between the hyperpolarized pole and depolar-
ized pole. Also, the analysis of the transmembrane potential 
shows the ability of the cell to achieve the critical value 
Vth, which as defined in [7] permeabilized state, when 

an appropriate external electric field is applied. When the 
induced membrane potential exceeds a threshold voltage, 
Vth (∼ 0.2–1 V), the permeabilization state occurs and the 
pores density and transmembrane potential can identify it.

The transmembrane distribution in Fig. 8 can be divided 
into three main regions of charging time A, B, and C. Region 
A is called the charging time. Note that the charging time as 
described in [18] decreases with the increase in membrane 
leakiness. The second region B is called the pore nuclea-
tion. The last region C is called the pore evaluation. The 
charging stage begins when the electric field is applied and 
ends with the creation of the first pore anywhere on the cell 
membrane. Pore nucleation starts when its transmembrane 
potential exceeds a threshold value of ∼ 1 V. Pore evolution 
is the slowest process than either pore nucleation or changes 
in the transmembrane potential.

3.4  Pores density (cell B)

To enhance the evaluation for the electroporation and 
the electrofusion under the applied electric field with 
nanopulse, the evaluations for the density of the pores 
for the small, selected pulse are represented in Fig. 9. 
The pores density extraction defines the combination 
between small pore’s radius and large-pore radius. The 
distribution of the density of the pores at specific poles 
as a function of the time is represented in Fig. 9. The 
maximum pore density at the depolarized pole at 4 kV/

Fig. 20  This figure shows the distribution pore radius at different 
selected points related to the left cell, the right cell, and the contact 
point between the two cells

Fig. 21  This figure shows the distribution of the density of the pores. 
The distribution for the same small cell size

Fig. 22  This figure shows the membrane resealing response for the 
same cell size with the different electric field strength. The membrane 
not completely resealing increases the probability of the electrofusion 
between the different cells in the presence of the same cell
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cm. The maximum value of the pore’s density equals 
(4.5*1014m−2 ). The gradual increase in density of the 
pores as the electric field gradually increases. The high-
est pores density occurs at the border of the electropo-
rated region of the cell represented by the hyperpolar-
ized pole and depolarized pole.

3.5  The membrane resealing (cell B)

The electroporation process has three main stages. They are 
the nonpermeabilized state, permeabilized state, and recov-
ery state. (1) Nonpermeabilized state: the membrane before 
the external field is applied; (2) permeabilized state when an 
appropriate external electric field is applied. When the induced 
membrane potential exceeds a threshold voltage, Vth (∼ 
0.2–1 V), the permeabilization state occurs and the pores den-
sity and transmembrane potential controls it. For cells, the nec-
essary single electric field applied is in the range of 103 − 104 
V/cm, the exact value depends on the cell size [17] to achieve 
the permeable state. (3) Recovery state refers to the gradually 
resealing of the cell membrane at the induced potential less 
than the irreversible breakdown. To evaluate the recovery state, 
the definition for the membrane resealing under the selected 
electric pulse is represented in Fig. 10. The achievable of the 
membrane resealing with the time under the selected electric 
pulse avoids the deformation of the cell membrane.

3.6  Electroporation parameters for the second 
large cell (cell A)

The second step for the analysis is to study the effect of the 
electric pulse on the second cell that has a large radius as 
mentioned in Table 1. The difference between the internal 
voltage of different cells based on cell size can be extracted 
from Figs. 5 and 11.

Fig. 23  This figure shows the selected case with the need to define 
the effect of the selective pulse and the effectiveness of the treatment 
method on the same cell size under the electrofusion. This case is 
based on the same large cell (two cells A-type)

Fig. 24  This figure shows the distribution pore radius at different 
selected points related to the left cell, the right cell, and the contact 
point between the two cells

Fig. 25  This figure shows the distribution of the density of the pores. 
The distribution for the same large cell size (two A cells) is described 
in Table 1 for the dimension of cell A. The presence of the cells for 
the same type enhances the density of the pores on the right side
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The two main poles on the red side refer to depolarized 
pole and the blue side refers to the hyperpolarized pole. The 
distribution of the electric field around the cell and inside the 
cell can is shown in Fig. 12. Typical to cell B, we can define 
the same features for cell A.

Figure 13 and 16 used to define the electric parameters 
for cell A under the selected pulse. The difference between 
cells A and B can be represented by the data in Table 2. It is 
found different notifications between different cells under the 
same electric pulse. The difference between cells A and B in 
the pore radius feature can be noticed from Figs. 7 and 13; 
the difference between the hyperpolarized and depolarized 
pole at different strengths of the electric field is as follows: 
cell A: 31 ns at 4 kV/cm for the hyperpolarized pole and cell 
B: 32 ns at 4 kV/cm for the hyperpolarized pole.

The delay between the two cells in the charging time 
concerning the transmembrane potential, a delay time of 
1:1.5*108s between two cells at different strengths for the 
applied electric field. Cell A is charged faster than cell B at 
different electric field strengths. Also, the maximum value 
of the transmembrane potential is 1.4 V at the 3 kV/cm for 
cell A and 1.2 V at the same electric field strength for cell B.

The different responses based on the cell-specific param-
eters, from Eq. 2, found that the transmembrane potential 
is proportional to the cell radius. This relation between the 
cell radius and the transmembrane potential can describe 
the reasons for the difference between cell A and cell B's 
response under the same excitation signal. Another differ-
ence between the two cells from the distribution of the trans-
membrane potential Figs. 8 and 14 is the settling voltage, 
membrane resealing (Figs. 10 and 16), and the Pores density 

Fig. 26  This figure shows the membrane resealing response for the 
same cell size with the different electric field strength. The repre-
sented figure can show the strength of the treatment method to define 
not only the difference in the electrofusion between the different cell 
sizes but also the difference in the response for the same cell size

Fig. 27  This figure shows the transmembrane potential for the same 
cell size under the selected treatment method

Fig. 28  This figure shows the first model case and the distribution of 
the electric field based on the position of the applied electrodes. The 
first model to extract the relation between the different two types of 
cells is based on the change in the diameters as mentioned in Table 1. 
The effectiveness of the selected pulse differs between the different 
sizes of the pulse
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(Figs. 9 and 15) at different poles at the different electric 
field strengths.

4  The electrofusion parameters 
for the neighboring cells

In this part, we represent the analysis for the different param-
eters such as the transmembrane potential, the pores density 
[34], and the pore radius based on the effect of the electrofu-
sion [35] effect between the neighbor cells.

The fluctuation between the normal response of the cells 
under the same electric parameters and the electric pulse 
shown for every single cell separately without any effect 
from the neighbor cells has been discussed in paragraphs 
[3.1:3.6]

The next step is to study the features based on the effect 
of neighbor cells in cases 1, 2, and 3.

The first and second cases are based on the effect of the 
same cell sizes (Figs. 17 and 23) and the third case is for the 
different cells with different sizes (Fig. 28).

The Microfluidic device with predefined dimensions 
Fig. 3 was used to analyze the two neighbor’s cells Fig. 1 

and the fluctuations in the electroporation and electrofusion 
based on the selected cases are discussed.

The strength of the selected treatment method can define 
by different definitions the ability of the selected treatment 
method to define the electrofusion for the different cells and 
the ability to differentiate between the contact point, the 
small cell, and the large cell.

The definition for these differences can be clear if we rep-
resent the different solutions for the different mathematical 
equations i.e. the pore radius (Figs. 20, 24 and 29), the trans-
membrane potential (Figs. 18, 19, 27 and 31), the density of 
the pores (Figs. 21, 25 and 30), and the membrane resealing 
(Figs. 22, 26 and 32). The ability to differ between the dif-
ferent points and reach an acceptable range for the large pore 
radius can be a positive sign for the strength of the selective 
treatment method using the ultrashort pulse without the need 
for intensive increase for the applied pulse.

Figure 19 and 22 used to describe the response of the 
electrofusion for the same cell size for selected CHO cells.

The fluctuation in the formation of the pore radius and 
the transmembrane potential can be a feature to define 
the electrofusion that occurs. The delay in the charging 
time (Fig. 27) for the cells up to reach the critical value 

Fig. 29  This figure shows the pore radius at different selected points 
related to the large cell, the small cell, and the contact point between 
the cells. The response was extracted under the effect of the electric 
pulse with the nanosecond duration and [1:1:4] kV/cm as a sequence 
for the electric field

Fig. 30  This figure shows the distribution of the density of the pores. 
The figure data represent the main difference between the different 
selected points and the main effect of the increment in the electric 
field on the distribution of the electric field at the small, large, and 
contact points. The contact point parameter considers assigning for 
the electrofusion response
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of transmembrane potential ( ∼ 1V ) results from the 
electrofusion.

Each cell is not only affected by the applied electric field 
but also affected by the neighbor cells.

The delay time to charge the membrane of the cell under 
the electrofusion can be obtained by comparing the distribu-
tion of the transmembrane potential for the same Cho cells 
in Fig. 19, same B16-F1 as seen in Fig. 27, and different 
cells in Fig. 19.

The rapid rise-time pulse allowed penetration not only of 
the plasma membrane but also of the organelle membrane. 
The organelle was protected from electroporation by using 
a slow rise-time pulse.

From Fig. 30, it was found that the density of the pores 
after 20*10−8s equals 9*1014m−2 as a reflection for the inter-
action between two different cells for the contact point at 
3 kV/cm.

From Fig. 21, it was found that the density of the pores 
after 20*10−8s equals 4*1014m−2 as a reflection for the inter-
action between two same small cells for the contact point 
at 4 kV/cm.

Also, from Fig. 25, it was found that the density of the 
pores after 20*10−8s equals 0.3*1015m−2 as a reflection for 

the interaction between two same large cells for the contact 
point at 4 kV/cm.

A comparison between the membrane resealing analysis 
in this study, as shown in Figs. 22, 26 and 32, shows that this 
enhances the viability of the cells compared to cell viability 
detected in [29].

5  Conclusion and remark

Electrode design and microfluidic system parameters are 
considered key factors to control electroporation and elec-
trofusion phenomena that have many applications in the 
medicine and biology sectors.

The performance of the selected system is based on the 
ability of the excitation signal to combine different advan-
tages, such as ultra-shorted pulse to differentiate between 
different cell sizes and achieve high-pore density with large-
pore radius.

This work provides a high-throughput mathematical 
model to achieve electroporation and electrofusion with 
optimal thresholds of the applied electric stimulus pulse. 
The solutions for the mathematical equations show a high 
sensitivity of the selected method to differentiate between 
not only every single cell but also differentiate between 
the electrofusion between cells of different sizes. In this 
mathematical analysis, we extracted the ultrashort pulse 
in the electrofusion that induces contact area between the 

Fig. 31  This figure shows the transmembrane potential under the 
nanosecond electric pulse with the distribution of the electric field 
[1:1:4] kV/cm. The response for the transmembrane potential is based 
on the different cells

Fig. 32  This figure shows the ability of the selected excitation signal 
to achieve the membrane resealing with the end of the electric pulse
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cells. The definition for the cell membrane penetration can 
describe by the charging time described in the definition for 
the transmembrane potential. The success of the electrofu-
sion can described be as the definition for the density of the 
pores at the contact point between cells and the maximum 
pore radius can be achieved at a specific time at the contact 
point between cells.

Funding Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB). This research was partially funded by 
Zewail City of Science and Technology, AUC.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Lyu C, Wang J, Powell-Palm M, Rubinsky B (2018) Simultaneous 
electroporation and dielectrophoresis in non-electrolytic micro/
nano-electroporation. Sci Rep 81 8(1):1–13 https:// doi. org/ 10. 
1038/ s41598- 018- 20535-6

 2. Li SK, Hao J, Liddell M (2013) Electrotransport across mem-
branes in biological media: electrokinetic theories and applica-
tions in drug delivery. Transp Biol Media 417–454 https:// doi. 
org/ 10. 1016/ B978-0- 12- 415824- 5. 00011-4

 3. Batista Napotnik T, Polajžer T, Miklavčič D (2021) Cell death due 
to electroporation - a review. Bioelectrochemistry 141 https:// doi. 
org/ 10. 1016/J. BIOEL ECHEM. 2021. 107871

 4. Gehl J (2003) Electroporation: theory and methods, perspectives 
for drug delivery, gene therapy and research. Acta Physiol Scand 
177(4):437–447. https:// doi. org/ 10. 1046/J. 1365- 201X. 2003. 
01093.X

 5. Rahimi-Gorji M et al (2020) Intraperitoneal aerosolized drug 
delivery: technology, recent developments, and future outlook. 
Adv Drug Deliv Rev 160:105–114. https:// doi. org/ 10. 1016/J. 
ADDR. 2020. 10. 015

 6. Mir LM (2014) Electroporation-based gene therapy: recent evo-
lution in the mechanism description and technology develop-
ments. Methods Mol Biol 1121:3–23. https:// doi. org/ 10. 1007/ 
978-1- 4614- 9632-8_1

 7. Rems L, Ušaj M, Kandušer M, Reberšek M, Miklavčič D, Pucihar 
G (2013) Cell electrofusion using nanosecond electric pulses. Sci 
Rep 3(1):3382. https:// doi. org/ 10. 1038/ srep0 3382

 8. Rahimi-Gorji M, Debbaut C, Ghorbaniasl G, Willaert W, Cosyns 
S, Ceelen W (2021) Optimization of intraperitoneal aerosolized 
drug delivery: a computational fluid dynamics (CFD) and experi-
mental study. https:// doi. org/ 10. 21203/ RS.3. RS- 10708 71/ V1

 9. Dev SB, Rabussay DP, Widera G, Hofmann GA (2000) Medi-
cal applications of electroporation. IEEE Trans Plasma Sci 
28(1):206–223. https:// doi. org/ 10. 1109/ 27. 842905

 10. Effects of electrostatic precipitation on IP drug distribution and 
tissue penetration of nanoparticles. https:// biblio. ugent. be/ publi 
cation/ 86802 08 (accessed Mar. 26, 2022)

 11. Van de Sande L et al (2020) Electrostatic intraperitoneal aerosol 
delivery of nanoparticles: proof of concept and preclinical valida-
tion. Adv Healthc Mater 9(16):2000655. https:// doi. org/ 10. 1002/ 
ADHM. 20200 0655

 12. Gorji MR, Debbaut C, Ghorbaniasl G, Willaert W, Cosyns S, 
Ceelen W (2021) Electrostatic precipitation pressurized intra-
peritoneal aerosol chemotherapy (ePIPAC): finding the optimal 
electrical potential. Eur J Surg Oncol 47(2):e30. https:// doi. org/ 
10. 1016/J. EJSO. 2020. 11. 222

 13. Santra TS, Tseng FG (2016) Electroporation for single-cell analy-
sis. In: Tseng FG, Santra T (eds) Essentials of single-cell analysis. 
Series in bioengineering. Springer, Berlin, Heidelberg. https:// doi. 
org/ 10. 1007/ 978-3- 662- 49118-8_3

 14. Santra TS, Wang P-C, Tseng FG (2013) Electroporation based 
drug delivery and its applications. Adv Micro/Nano Electrome-
chanical Syst Fabr Technol. https:// doi. org/ 10. 5772/ 55369

 15. Chang DC (2006) Electroporation and electrofusion. Encycl Mol 
Cell Biol Mol Med. https:// doi. org/ 10. 1002/ 35276 00906. MCB. 
20030 0026

 16. Sheehan MC, Srimathveeravalli G (2022) Pulsed electric fields. 
Princ Technol Electromagn Energy Based Ther 71–106 https:// 
doi. org/ 10. 1016/ B978-0- 12- 820594- 5. 00014-9

 17. Weaver JC, Smith KC, Esser AT, Son RS, Gowrishankar TR 
(2012) A brief overview of electroporation pulse strength-duration 
space: a region where additional intracellular effects are expected. 
Bioelectrochemistry 87:236. https:// doi. org/ 10. 1016/J. BIOEL 
ECHEM. 2012. 02. 007

 18. Krassowska W, Filev PD (2007) Modeling electroporation in a 
single cell. Biophys J 92(2):404–417. https:// doi. org/ 10. 1529/ 
BIOPH YSJ. 106. 094235

 19. Geng T, Lu C (2013) Microfluidic electroporation for cellular 
analysis and delivery. Lab Chip 13(19):3803–3821. https:// doi. 
org/ 10. 1039/ c3lc5 0566a

 20. Rols M-P, Rols M-P (2017) Parameters affecting cell viability 
following electroporation in vitro. Handb Electroporation 2:1449–
1465. https:// doi. org/ 10. 1007/ 978-3- 319- 32886-7_ 149

 21. Sherba JJ, Hogquist S, Lin H, Shan JW, Shreiber DI, Zahn JD 
(2020) The effects of electroporation buffer composition on cell 
viability and electro-transfection efficiency. Sci Rep 101 10(1):1–9 
https:// doi. org/ 10. 1038/ s41598- 020- 59790-x

 22. Trontelj K, Reberšek M, Kandušer M, Šerbec VČ, Šprohar M, 
Miklavčič D (2008) Optimization of bulk cell electrofusion 
in vitro for production of human-mouse heterohybridoma cells. 
Bioelectrochemistry 74(1):124–129. https:// doi. org/ 10. 1016/J. 
BIOEL ECHEM. 2008. 06. 003

 23. Pataro G, Ferrari G, Donsi F (2011) Mass transfer enhancement by 
means of electroporation. Mass Transf Chem Eng Process. https:// 
doi. org/ 10. 5772/ 22386

 24. Kotnik T, Kramar P, Pucihar G, Miklavčič D, Tarek M (2012) Cell 
membrane electroporation - part 1: the phenomenon. IEEE Electr 
Insul Mag 28(5):14–23. https:// doi. org/ 10. 1109/ MEI. 2012. 62684 38

 25. Membrane Depolarization - an overview | ScienceDirect Topics. 
https:// www. scien cedir ect. com/ topics/ engin eering/ membr ane- 
depol ariza tion (accessed Feb. 10, 2022)

 26. DeBruin KA, Krassowska W (1999) Modeling electroporation in 
a single cell. I. Effects of field strength and rest potential. Biophys 
J 77(3):1213 https:// doi. org/ 10. 1016/ S0006- 3495(99) 76973-0

 27. Weaver JC, Smith KC, Esser AT, Son RS, Gowrishankar TR 
(2012) A brief overview of electroporation pulse strength-duration 
space: a region where additional intracellular effects are expected. 
Bioelectrochemistry. https:// doi. org/ 10. 1016/j. bioel echem. 2012. 
02. 007

3599Medical & Biological Engineering & Computing (2022) 60:3585–3600

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-018-20535-6
https://doi.org/10.1038/s41598-018-20535-6
https://doi.org/10.1016/B978-0-12-415824-5.00011-4
https://doi.org/10.1016/B978-0-12-415824-5.00011-4
https://doi.org/10.1016/J.BIOELECHEM.2021.107871
https://doi.org/10.1016/J.BIOELECHEM.2021.107871
https://doi.org/10.1046/J.1365-201X.2003.01093.X
https://doi.org/10.1046/J.1365-201X.2003.01093.X
https://doi.org/10.1016/J.ADDR.2020.10.015
https://doi.org/10.1016/J.ADDR.2020.10.015
https://doi.org/10.1007/978-1-4614-9632-8_1
https://doi.org/10.1007/978-1-4614-9632-8_1
https://doi.org/10.1038/srep03382
https://doi.org/10.21203/RS.3.RS-1070871/V1
https://doi.org/10.1109/27.842905
https://biblio.ugent.be/publication/8680208
https://biblio.ugent.be/publication/8680208
https://doi.org/10.1002/ADHM.202000655
https://doi.org/10.1002/ADHM.202000655
https://doi.org/10.1016/J.EJSO.2020.11.222
https://doi.org/10.1016/J.EJSO.2020.11.222
https://doi.org/10.1007/978-3-662-49118-8_3
https://doi.org/10.1007/978-3-662-49118-8_3
https://doi.org/10.5772/55369
https://doi.org/10.1002/3527600906.MCB.200300026
https://doi.org/10.1002/3527600906.MCB.200300026
https://doi.org/10.1016/B978-0-12-820594-5.00014-9
https://doi.org/10.1016/B978-0-12-820594-5.00014-9
https://doi.org/10.1016/J.BIOELECHEM.2012.02.007
https://doi.org/10.1016/J.BIOELECHEM.2012.02.007
https://doi.org/10.1529/BIOPHYSJ.106.094235
https://doi.org/10.1529/BIOPHYSJ.106.094235
https://doi.org/10.1039/c3lc50566a
https://doi.org/10.1039/c3lc50566a
https://doi.org/10.1007/978-3-319-32886-7_149
https://doi.org/10.1038/s41598-020-59790-x
https://doi.org/10.1016/J.BIOELECHEM.2008.06.003
https://doi.org/10.1016/J.BIOELECHEM.2008.06.003
https://doi.org/10.5772/22386
https://doi.org/10.5772/22386
https://doi.org/10.1109/MEI.2012.6268438
https://www.sciencedirect.com/topics/engineering/membrane-depolarization
https://www.sciencedirect.com/topics/engineering/membrane-depolarization
https://doi.org/10.1016/S0006-3495(99)76973-0
https://doi.org/10.1016/j.bioelechem.2012.02.007
https://doi.org/10.1016/j.bioelechem.2012.02.007


1 3

 28. Li C et al (2018) Cell electrofusion based on nanosecond/ micro-
second pulsed electric fields. PLoS ONE 13(5):1–14. https:// doi. 
org/ 10. 1371/ journ al. pone. 01971 67

 29. Kandušer M, Ušaj M (2014) Cell electrofusion: past and future 
perspectives for antibody production and cancer cell vaccines. 
Expert Opin Drug Deliv 11(12):1885–1898. https:// doi. org/ 10. 
1517/ 17425 247. 2014. 938632

 30. Usaj M, Flisar K, Miklavcic D, Kanduser M (2013) Electrofusion 
of B16–F1 and CHO cells: the comparison of the pulse first and 
contact first protocols. Bioelectrochemistry 89:34–41. https:// doi. 
org/ 10. 1016/J. BIOEL ECHEM. 2012. 09. 001

 31. Rems L, Ušaj M, Kandušer M, Reberšek M, Miklavčič D, Pucihar 
G (2013) Cell electrofusion using nanosecond electric pulses. Sci 
Rep 3 https:// doi. org/ 10. 1038/ SREP0 3382

 32. Kiesel M, Reuss R, Endter J et al (2006) Swelling-activated path-
ways in human T-lymphocytes studied by cell volumetry and elec-
trorotation. Biophys J 90(12):4720–4729. https:// doi. org/ 10. 1529/ 
bioph ysj. 105. 078725

 33. Davalos RV, Rubinsky B (2008) Temperature considerations dur-
ing irreversible electroporation. Int J Heat Mass Transf 51(23–
24):5617–5622. https:// doi. org/ 10. 1016/J. IJHEA TMASS TRANS 
FER. 2008. 04. 046

 34. Shil P, Bidaye S, Vidyasagar PB (2008) Analysing the effects of 
surface distribution of pores in cell electroporation for a cell mem-
brane containing cholesterol. J Phys D Appl Phys 41(5) https:// 
doi. org/ 10. 1088/ 0022- 3727/ 41/5/ 055502

 35. Ušaj M, Trontelj K, Miklavčič D, Kandušer M (2010) Cell-cell 
electrofusion: optimization of electric field amplitude and hypo-
tonic treatment for mouse melanoma (B16–F1) and Chinese Ham-
ster Ovary (CHO) cells. J Membr Biol 236(1):107–116. https:// 
doi. org/ 10. 1007/ S00232- 010- 9272-3

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

3600 Medical & Biological Engineering & Computing (2022) 60:3585–3600

https://doi.org/10.1371/journal.pone.0197167
https://doi.org/10.1371/journal.pone.0197167
https://doi.org/10.1517/17425247.2014.938632
https://doi.org/10.1517/17425247.2014.938632
https://doi.org/10.1016/J.BIOELECHEM.2012.09.001
https://doi.org/10.1016/J.BIOELECHEM.2012.09.001
https://doi.org/10.1038/SREP03382
https://doi.org/10.1529/biophysj.105.078725
https://doi.org/10.1529/biophysj.105.078725
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2008.04.046
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2008.04.046
https://doi.org/10.1088/0022-3727/41/5/055502
https://doi.org/10.1088/0022-3727/41/5/055502
https://doi.org/10.1007/S00232-010-9272-3
https://doi.org/10.1007/S00232-010-9272-3

	Theoretical analysis for the fluctuation in the electric parameters of the electroporated cells before and during the electrofusion
	Abstract
	1 Introduction
	2 The mathematical model
	2.1 Mathematical model
	2.2 Mathematical equations

	3 Simulation results for each single cell
	3.1 The electroporation parameters for the first small cell (cell B) as a single cell
	3.2 Pore radius for the first small cell (cell B)
	3.3 Transmembrane potential (cell B)
	3.4 Pores density (cell B)
	3.5 The membrane resealing (cell B)
	3.6 Electroporation parameters for the second large cell (cell A)

	4 The electrofusion parameters for the neighboring cells
	5 Conclusion and remark
	References


