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Abstract: Electroporation has a specific application in the delivery of drugs into the cells. In addition,
the challenge is to be able to deliver the drugs effectively. The key to the electroporation-based delivery
method is regulated induced transmembrane voltage (ITMV). Recently, with the advent of COVID-19,
there has been an increase in clinical trials on the delivery of DNA plasmids by electroporation. As a
result, the substantial number of laboratory experiments are not feasible, thereby increasing the
dependency on simulation-based research. Simulations of delivery of extracellular material into the cell
depend upon molecular transport modeling in an electroporated cell. In this paper, molecular transport
through a single nanopore is being studied theoretically. The closed-form expression of molecular
transport is used in COMSOL Multiphysics simulation to obtain extracellular concentration variation
as a function of time. Sinusoidal pulses with the varying magnitude of electric field (8kV/cm and 10
kV/cm) and time duration were used to understand pulse parameters' effect on molecular transport. The
simulation results match the empirical result from the literature hence validate the simulation study.
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1. Introduction

Many researchers have extensively studied the impact of the electric field on the
biological cell since the late 1950s. A cell is made up of three parts: cytoplasm (electrolyte)
that contains the nucleus, mitochondria, and other cell organelles, plasma membrane
(insulator/dielectric) that surrounds the cytoplasm to protect it, and extracellular membrane.
Molecular transport into the cell occurs through the plasma membrane, which is generally (in
the absence of an external electric field) non-permeant. The structural change in the cell
membrane due to the application of electric pulses or dc electric fields leads to the formation
of hydrophilic pores in the cell membrane. The phenomenon is called electroporation or
electropermeabilization. The hydrophilic pores in the cell membrane due to electroporation act
as a pathway for transporting molecules into the cell [1-3]. The transient structural changes in
the cell membrane can be attained by exposing a cell to the electric pulses or electric fields [4—
8]. The mechanism leading to electroporation is still not understood clearly [9,10]. However,
the use of electroporation in the domains of medicine and biotechnology such as
electrochemotherapy (ECT) [11], tissue ablation [12], electro-gene transfection (EGT) [13],
insertion of molecules in the cell membrane, electrofusion [14], transdermal delivery of drugs
[15] and food preservation [16,17] have been studied extensively. The experimental data and
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theoretical description of the electroporation are not clearly in agreement with each other. The
various studies have shown that the parameters on which electroporation depends are:
amplitude of electric field (E), number of pulses (N), duration of the pulse (T), and pulse
repetition frequency (PRF) [18]. The amplitude or strength of electric field plays a crucial role
in electroporation because the electroporation occurs above the threshold or critical value of
the applied electric field.

The electroporation phenomenon has been used to study molecular interactions since
1999. Kotnik et al. [3] studied the behavior of a spherical cell exposed to the electric pulse to
analyze the change in the permeability and conductivity of the cell membrane. The post-electric
pulse behavior of the cell membrane was also studied to find the parameters affecting the
stabilization of pores and the relation between transient and long-lived pores. Chiapperino et
al. [19] studied electroporation by exposing cell clusters to electric pulses of high intensity.
The study's objective is to assess the effects associated with cell shape variability, randomness,
conductivity on electric field intensity versus pulse duration behavior. Perrone et al. [20]
developed a macroscopic mathematical model to study mass transfer in electroporated cells.
The author concluded that pores of different sizes are created due to local application of
electrical field, and after the pulse, all the pores get shrunk in size, but the author fails to give
any information about the logarithmic variation of pore density with rotation of the cell.
Jayasooriya et al. [21] demonstrated a simulation of molecular transportation through an
electroporated cell. The author used a 2-dimensional model of a cell placed between two
electrodes with a static electric field for the numerical simulation of molecular transport.
Kaushik et al. [22] demonstrated the cellular uptake of magneto-electric nanoparticles by using
ac-magnetic field simulation. The author performed nano electroporation (NEP) in microglial
(MG) brain cells as a target for nano-neuro-therapeutics. The author further stated that NEP
technique can be adapted as an alternative technique for nanotherapeutics and nano
neurosurgery, where high uptake of nanomedicine is required for effective and timely treatment
of the disease.

Argus et al. [23] studied the effect of inter pulsed delay time on delivering two different
sized molecules, i.e., Fluorescein-Dextran (FD) conjugates using two-pulse electroporation on
3T3 mouse fibroblast cell. The author concluded that membrane electroporation is a complex
process with short-term and long-term components, which may explain the variation in
membrane resealing times reported earlier.

Novickij V et al. [24] studied the electroporation in cell membrane due to high
frequency (MHz) pulse repetition frequency in place of low-frequency protocols to achieve
better results. In the experiment, the authors exposed Chinese hamster ovary (CHO) cells to 10
pulses of 200ns of strength 10-14 kV/cm. They reported a maximum of 0.82V induced
transmembrane voltage (ITMV) after the third nano-second electric pulse. The experimental
data of the study confirms that continuous electric pulses induce better electroporation than the
sub MHz pulse repetition frequency (PRF) regions. In vivo studies of DNA injection in the
mouse's retina were studied by De Melo J. et al. [25]. The author presented in-vivo
electroporation for effective and speedy insertion of DNA plasmids into neonatal mouse retina.
In this method, DNA solution is injected to localized DNA between the retinal pigmented
epithelium and the mouse's retina. Five square electric pulses each of 80 volts and 50 ms
duration with 950 ms interval between pulses are applied using a tweezer electrode across the
mouse retina for electroporation. In Naptotnik T.B. et al. [26], authors reviewed various
detection methods of plasma membrane electroporation. The reviews included are the transport
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of non-permeant exogenous substances, leakage of cellular components, physical and chemical
methods, total internal reflection fluorescence microscopy (TIRF), di-electrophoresis (DEP),
second harmonic generation (SHG), Fourier transforms infrared spectroscopy (FTIR). In
physical and chemical methods, the passive electric properties of the cell membrane are
measured and used to detect electroporation.

The works on the electroporation studied so far do not explain the electroporation
mechanism and the various parameters affecting it. In this paper, a theoretical model of
molecular transport through a single nanopore into the spherical cell is presented to study the
pulse parameters affecting the electroporation of the cell.

2. Materials and Methods

2.1. Theory and calculations.

Molecular transport through a pore during an applied pulse occurs due to diffusion and
by electrophoretically driven transport. The molecular transport occurs through hydrophilic
pores in the cell membrane caused by electric pulses across the cell [20,27,28]. After the
electric pulse is removed, most of the pores are resealed, but it is found that some of the pores
last seconds to minutes after the pulse is removed [28]. It can be concluded that most of the
molecular transport occurs during an electrical pulse.

The electrical equivalent of a biological cell is an electrolyte (cytoplasm) surrounded
by a dielectric medium (plasma membrane). When a cell is placed in an external electric field,
the dielectric (plasma membrane) is polarized, and the voltage across it, called induced
transmembrane voltage (ITMV), is set up. The cell is placed between electrodes, separated by
a very small distance. The voltage is applied to cross the electrodes to set up an electric field
for the plasma membrane polarization, leading to the cell's electroporation. This arrangement
is known as patch-clamp configuration. The induced transmembrane voltage (ITMV) caused
by this arrangement is constant over the exposed patch [29]. The Schwan steady-state equation
is used to analyze ITMV in a spherical cell [29,30].

The transient response of the cell is neglected because the cell membrane charging time
is very short compared to the duration of the applied electric pulse. Therefore, a biological cell
can be modeled as a steady-state. This condition simplifies Maxwell’s equation to Laplace
steady-state equation:

V. (JVV(x, Y, z)) =0

oraV2V(x,y,z) =0

Since 6 (conductivity) # 0

Therefore, V2V (x,y,z) = 0 (1)
The electric field distribution corresponding to the voltage is given by:

E=-Vv )

Rewriting equation (1) in spherical polar coordinates, we have

2 _1d[ ;0v(ree 1 d. ov(r,0,p) 1 [02v(r6,¢)] _
VeV (6, (,0) T r2ar [T or ] + sin @ do [Sln 0 20 ] + sin @ [ o2 =0 )
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Azimuthal symmetry demands that V does not depend on ¢, therefore, equation (3) can be
written as

VIV (r,0) = 1d|,ov(r6) N 1 d . t96V(r, )| 0
D=l T ar singdo|°"" a0 | T
li 2 0V (1,0) 1 i . av(r,6)] _
or r2dr [T‘ ar sin 6 do [Sln o a0 ] =0 (4)

Using the variable separation method, we can write equation (4) into two equations
depending on r and 0, respectively. The solution of these equations gives the value of ITMV
given by:

Vin(ITMV) =~ Er cos 6 (5)

where variables have their usual denotations. In this simulation V,,,(ITMV) is considered to be
1V as it is the minimum voltage required for a cell to be electroporated successfully.

Equation (5) is valid only if no net charges are present in any region of the cell
(extracellular, cell membrane, and intracellular), and the maximal steady-state value of ITMV
is then calculated [5].

The induced transmembrane voltage depends on the strength of the electric field and
the radius of the cell. It is maximum at both poles of the cell. The electric field inside the cell

membrane is given by E = V;’", where d is the thickness of the cell membrane. The strong

electric field is responsible for pore formation.

To model the molecular transport through a pore in COMSOL multiphysics software,
we can use either ““ Transport of dilute of species” or “Transport of concentrated species”
depending upon the initial species concentration.

Transport of diluted physics is based on migration under the electric field and Fick’s
law to evaluate molecular transport. The same has been done by Jayasooryia et al. [21], and
Karal et al. [31]. The equation of Fick’s law is as follows

6C;
Ri=—<-+V. (=D;.VC; — zj U ;. FCi.VV)

where R; is reaction rate of species, C; is the concentration of the molecules, D; is diffusion

coefficient, z; is charge number, u,, ; is the mobility of molecules, V is the electrical potential

in the cell membranes (ITV) [32].
2.2. Simulation.

Molecular transport simulation in electroporated cells is being done with a computer-
based technique to mimic the real-world process. Simulation of molecular transport is done to
demonstrate the effects of electroporation. The simulations were performed in COMSOL
Multiphysics software. All simulations were performed on a PC (3.20 GHz Intel Xenon
Processor, 16 GB RAM), and each of the simulations lasted around 25-30 mins as per the nature
and number of pulses being used. To demonstrate the effect of electroporation, a 2-dimensional
model is constructed with two electrodes, and a spherical cell having a radius of 15um is placed
at the middle of the electrodes. The membrane of the cell is having a thickness of 5nm, and it
consists of a pore having a 20nm radius which represents the average of all the pores. The
geometry of the cell was drawn in AUTOCAD software, and then it was imported into
COMSOL Multiphysics software. The electrodes were drawn using the COMSOL software
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geometry tools, and then the union of geometry is formed. After the union of the geometry is
formed, the entire geometry is portioned into 5 different domains, each representing a particular
cell region as shown in Figures 1 and 2, respectively.
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0

Figure 1. Geometry of the cell and electrode used in the simulation.

Membarne ———|l>| ™

Figure 2. Zoomed view of the nanopore in the membrane.

Each domain in the geometry is assigned custom material, as in Table 1. The initial
concentration of the extracellular space was fixed at 200 mM, and that of intracellular space
(Cytoplasm) was fixed at OmM.

Table 1. Material properties used in the simulation.

Domain Material Conductivity(Sm?) | Permittivity(C?N-*m2) | Diffusion Coefficient (m2s)
Electrodes Gold 43 x 10° 6.9 -
Cytoplasm Custom 0.95 87.7 2.07 x 10~°
Cell Membrane Custom 5 x1078 16.8 -
Extracellular Region Custom 0.2 80 2.02 x 10720
Pore Custom 13 1 5x 10714

In this simulation, two different types of physics are used, and both the physics results
are linked together. Electric current physics is used to solve for the Vm and electric field
generated. Transport of diluted species Simulation of molecular transport was done with the
help of transport of diluted species(tds) physics of COMSOL Multiphysics. To model
molecular transport “Migration in electric field” and “dispersion in porous media” were used
as transport mechanisms. Molecular transport from the extracellular region to the intracellular
region is calculated using “Migration in electric field” as an additional transport mechanism.
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The geometry has meshed with free triangular meshing for obtaining a better result.
The spatial and temporal variation in the normalized electric field is calculated by using the
inbuilt parameter ec.normE. The solver solves both the physics one by one in a time-dependent
domain. In time-domain solver configuration, the unit of time is taken secs. The value for time
is 0 to 0.3s, and the range is selected in steps of 0.05s. The value of time is changed according
to the complexity of the solver configuration. Monitoring variables is done using boundary and
domain probes from the “definition” tab of parameters. The concentration of the interior of the
cell is being plotted with time. To further understand the molecular crowding and concentration
gradient space plot of concentration is being created.

3. Results and Discussion

The simulation is performed using different values of the pulsed electric field (PEF).
The simulation was carried out on a single spherical cell with pulses in milliseconds (10ms)
and nano-seconds (10ns), in an electric field ranging from 8kV/cm to 10kV/cm. The simulation
time for molecular transport simulation is 0 — 0.3 seconds. Pores of different sizes are created
at the initial period due to the effect of local transmembrane potential, but when the applied
pulses are removed, all of the pores shrink to small pores having an average pore size of 20nm.
It is assumed that molecular transfer occurs from the outside of the cell to the inside of the cell
after the end of the pulse to the time the pores get resealed.

Immediately after the application of pulse, ITV starts to increase. These increases in
ITV result in structural changes of the membrane, which further results in an increase in
membrane conductivity as per equation-5. The simulation results of molecular transport for
8kV/cm of electric field using 10 ms pulses are shown in Figure 3.

Time=0 s Surface: Electric potential (V) Surface: Concentration (mol/i Time=0.16667 s Surface: Electric potential (V) Surface: Concentration (r
T T T T

T
200
199
198
197
196
195
194
193

5 Um

Time=0.23333 s Surface: Electric potential (V) Surface: Concentration ( Time=0.3 s Surface: Electric potential (V) Surface: Concentration (mo
T T

T T
218
216
214
212
210
208
206
1 204
202
L L 200 n L
S 0 5 Hm 5 0 ) Hm

Figure 3. Intracellular concentration at 8k\//cm using 10ms pulses.
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In Figure 3, it can be seen that there is a gradual increase in concentration in the initial
time, and then the concentration decreases to 198 mol/m? at 0.16 s forming concentration
bands. The concentration again increased to 216 mol/m? at 0.23s and then decreased to below
200 mol/m? at the end of the simulation. This characteristic behavior is due to the creation of
more pores as compared to the formation of smaller pores. The decrease in concentration is
due to the closure of large-sized pores as it survives from one pulse to another.

The simulation results of molecular transport for 8kV/cm of electric field using 10 ns
pulses are shown in Figure 4.
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Figure 4. Intracellular concentration at 8k\V/cm using 10ns pulses.

From Figure 4, it can be seen that the concentration increased in initial times, and it can
also be seen that concentration bands started to form at 0.13s, 0.16s, and 0.23s. The reason for
the concentration bands can be attributed to creating a large number of small-sized membrane
pores. The small-sized membrane pores also result in a decrease in the intracellular molecular
concentration, as evident at 0.3s.

The simulation results of molecular transport for 10 kV/cm of electric field using 10 ms
pulses are shown in Figure 5.
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Figure 5. Intracellular concentration at 10 kV/cm using 10 ms pulses.

From Figure 5, it can be seen that there is a drastic change in concentration from 0s to
0.13s. This can be due to the application of a high electric field which creates more pores at the
initial time, and thus, molecular transport is also higher in the initial time. At 0.13s, we can see
that the concentration reached above 200 mol/m?® to 216 mol/m®.

The simulation results of molecular transport for 10 kV/cm of electric field using 10 ns
pulses is as shown in Figure 6:
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Figure 6. Intracellular concentration at 10 k\V//cm using 10 ns pulses.

From Figure 6, it is seen that there is a drastic change in intracellular concentration in
the initial period of simulation. The concentration reached 194 mol/m? after 0.06s. This rapid
change in concentration is due to the application of a high electric field of nano-second
duration. This applied electric field led to more pores in the boundary of the cell, which created
banding in the concentration gradient as seen in 0.23s. The concentration, however, was
reduced to 195 mol/m3 at 0.3s due to the efflux of molecules from the cell.

To better understand the simulation results, values of probes used in the simulation are
exported to excel. The values of intracellular concentration for different values of electric field
and pulse durations are plotted.

The plot of time vs. intracellular concentration at 8 kV/cm, 10 ms pulsed electric field
is as shown in Figure 7.
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Time (s)

Figure 7. Time vs. intracellular concentration at 8.0kV/cm, 10 ms.

From Figure 7, it can be seen that the maximum molecular transport reached the peak
value of 200 mol/m?® at 0.13s. However, the concentration decreased in the time interval from
0.15s to 0.20s. This characteristic behavior is due to the increased rate of formation of large
pores compared to the formation of small pores with increasing large pores compared to the
formation of small pores with increasing value of the applied electric field. The large-sized
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pores are created due to electric field applications, but these pores tend to decrease intracellular

concentration due to the closure of the pore.

The plot of time vs. intracellular concentration at 8 kVV/cm, 10 ns pulsed electric field

is as shown in Figure 8.
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Figure 8. Time vs. intracellular concentration at 8.0kV/cm, 10 ns.

From Figure 8, it is observed that peak intracellular concentration is higher in this case,
but it is observed that the intracellular concentration values fluctuate after 0.10s and continues
till the end of the simulation. The fluctuation in intracellular concentration results from
applying a high nano-second pulsed electric field, which creates large populations of small
membrane pores that result in the efflux of intracellular molecules and post-pulse

transmembrane transport.

The plot of time vs. intracellular concentration at 10 kV/cm, 10 ms pulsed electric field

is as shown in Figure 9.
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Figure 9. Time vs. intracellular concentration at 10.0kV/cm, 10 ms.

From Figure 9, it is seen that the intracellular concentration was much higher at 0.13s
when compared with other simulation results of millisecond pulsed electric field. From 0.15s
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to 0.20s the concentration decreased because of the creation and expansion of pores, resulting
in molecular transport. The formation of localized concentration bands indicates this result.

The plot of time vs. intracellular concentration at 10 kV/cm, 10 ns pulsed electric field
is as shown in Figure 10.
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Figure 10. Time vs. intracellular concentration at 10.0kV/cm, 10 ns.

From Figure 10 it is evident that intracellular concentration using 10kV/cm nano-
second pulsed electric field is much higher as compared with intracellular concentration using
8kV/cm nano-second pulsed electric field. It can be concluded that nano-second pulses create
enormous small-sized pores in the membrane, which results in expansion of the pore sizes as
it survives from one pulse to another pulse. This increase in pore size results in the formation
of a permanent pore, which results in the efflux of intracellular molecules from the cell,
lowering intracellular concentration.

4. Conclusions

This paper presents a study of molecular transport in electroporated cellular structures.
The pores are being created with the application of the electric field, and the extracellular
molecules start to flow through the pores. The simulation results confirm that using a side
electrode configuration results in more permeable regions, and hence molecular uptake can be
studied quantitatively. Further, this study can also be conducted by taking different molecules
having different sizes and concentrations such that molecular uptake can be studied in a more
advanced way. A more complex cell geometry can be used for a more detailed study of the
effect of nano-second pulse electroporation on the inner cell organelles and molecular uptake
thereof.
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