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Abstract

The electroporation phenomenon is not yet fully understood. In particular, it remains unclear
why cell membrane permeability, as indicated by impedance measurements, continues to
increase during electric field exposure and why elevated permeability persists long after the field
has been removed. This study conducts a numerical investigation to determine whether Joule
heating, which is expected to be intense within the pores formed during electroporation, can
produce temperature increases sufficient to locally affect the structural integrity of the cell
membrane, potentially serving as a contributing mechanism. To achieve this, an electroporated
cell membrane patch containing one or more pores was modelled using the finite element
method. The study first simulated the dynamic temperature increase resulting from the
application of a 100 us square electric pulse. Subsequently, static temperature distributions,
corresponding to permanent field exposures, were analysed as a function of pore size, geometry,
and density to explore their influence on temperature elevation. The results indicate that the
temperature increases are minimal (< 0.1 K) and negligible with respect to membrane disruption,
suggesting that Joule heating within pores is very unlikely to contribute to the electroporation
phenomenon.

1. Introduction

Electroporation, also termed electropermeabilization, is a biophysical phenomenon in which the
application of electric fields transiently increases the permeability of the cell membrane. Based
on previous experimental measurements and theoretical and numerical studies ™, the most
widely accepted mechanism underlying the electric field induced increases in membrane
permeability is the transient formation of nanometer-sized aqueous pores in the lipid bilayer
due to the elevated transmembrane voltage during electric field exposure.

It is believed that pores are generated at the onset of electric pulse with most closing
immediately upon pulse cessation with transient closure time, while a small portion of these
pores remain open for hundreds of seconds after pulse >®8. However, current models for pore
formation, growth, and annihilation exhibit limitations when researchers attempt to explain the
slow increase in permeability during electroporation and the post-pulse molecular uptake %,
Specifically, during exposure to a sequence of electric pulses, the cell membrane exhibits a
gradual rise in permeability during and with each subsequent pulse, following a rapid increase
at the onset of the first pulse 14, Additionally, molecular transport experiments indicate that
molecular uptake does not immediately cease after the electric field ends, but continues at a
slower rate. Over time, the permeability gradually returns to its original value, and molecular
uptake eventually ceases 101516,

Efforts have been made to explore explanations other than pore formation for the permeability
increase induced by electric fields. One of the possible mechanisms discussed in previous studies
is lipids peroxidation. Results from a molecular dynamic simulation study by Rems et. al. in 2018
indicate that hydroperoxide lipid derivatives can only account for the lowest values of
permeability and conductivity measured experimentally. This suggests that oxidized membrane
lesions may contribute to ionic transport after the closure of pores but they cannot be the only
mechanism 7.

Taking into account these observations, and particularly the continued increase in membrane
permeability during electric field exposure as indicated by impedance measurements!!, we
considered the possibility that Joule heating, which is expected to be especially intense within
the pores formed during electroporation, may produce localized temperature elevations



sufficient to compromise the structural integrity of the cell membrane, thereby potentially
contributing to the electroporation pehnomenon. This conjecture would be supported by
observations obtained, at a larger scale, in the context of skin electroporation. Researchers of
skin electroporation found pm-sized regions of increased permeability with low-voltage long-
duration pulses applied and attributed the permeability increase to the lipid phase transition
due to Joule heating induced local temperature elevating (i.e., over 65 °C) in Stratum Corneum
(SC) 1820,

To assess the validity of our conjecture, we have conducted a numerical study. In this numerical
study, we built a 3D model to simulate the Joule heating and thermal conduction in a patch of
electroporated cell membrane. We firstly analyzed the dynamic temperature increase
throughout the entire electric field. Subsequently, since cylindrical pores formed under an
electric field initially exhibit an arc-shaped profile with a narrow central pathway-and because
these pores typically develop asymmetrically at the anode and cathode poles 02124 _we
conducted static simulations to examine the temperature increase under different pore sizes,
geometries, and densities.

2. Materials and methods
2.1 Elecctroporated cell membrane patch

To investigate the thermal effects on electropermeabilization resulting from electroporation, we
considered a scenario in which an aqueous pore forms on a cell membrane patch due to
exposure to an electric field, with the field remaining applied (Figure 1 A). This nanometer-sized
patch of the cell membrane can be approximated as flat, despite the actual cell membrane
having a curved shape. To numerically model this scenario, we created a square prism domain
with a sandwich-like structure, where the cell membrane is centrally positioned between the
extracellular space and the cytoplasm. We implemented this model in COMSOL Multiphysics 6.0
using the finite element method to solve the governing equations for electrostatics, Joule
heating, and conductive heat transfer.
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Figure 1 Schematic diagram of electroporated cell membrane with transmembrane voltage of
1V (A) and its 3D geometric implementation (B).

2.2 Boundary conditions

The initial electrical potential of the entire simulation domain was set to 0V, and the outer
surface of the domain was electrically isolated. Transmembrane voltage (TMV) thresholds
ranging from a few hundred millivolts to approximately one volt have been reported to induce
electroporation® %, In this study, we set the top surface of the extracellular medium to 1V for
100 ps duration and the bottom surface of the cytoplasm to 0 in the electric field, resulting in a
TMV of approximately 1 V. This corresponds to the maximum TMV that a cell membrane can



attain due to the short-circuiting effect induced by electroporation, regardless of the external
electric field strength, and therefore represents the condition that induces the greatest Joule
heating of a pore during electroporation 2>-31,

The initial temperature of the domain was set to the normal average human body temperature
(i.e., 37 °C). The outer surface was maintained at a constant temperature of 37 °C. To ensure
that this boundary condition did not artificially reduce the simulated temperature increment
induced by Joule heating, we conducted a sensitivity analysis on the width and height of the
simulation domain. Based on the results, we selected a width of 40 nm for the whole simulation
domain and a thickness of 10 nm for the extracellular media (i.e. the top square prism) and
intracellular media (i.e. the bottom square prism). The thicknesses of the cell membrane layer
(i.e. the middle square prism) was 5 nm. We also performed a mesh sensitivity analysis using the
default mesh settings of COMSOL, ranging from Normal to Extremely Fine. The results showed
that mesh resolution only affected the temperature rise at the onset of the electric pulse and
the temperature drop at the end of the pulse in the time-dependent study of our model, while
having no significant impact on the results of the static study. The final mesh contained
1,395,808 elements with 1,886,703 degrees of freedom for Electrical Potential and Temperature
respectively, under the Extremely Fine mesh setting.

2.3 Pores geometry and density

The “electropore” was modelled as a cylindrical structure with either straight or curved side
across the middle of the cell membrane (Figure 1 B). We assumed the pore radius in the cell
membrane is twice the average pore radius for an artificial membrane (i.e., 0.32 nm) and set it
to 0.64 nm in this study 2. To model different pore geometry, we considered both straight
cylindrical pores and cylindrical pores with arc-shaped sides. For arc-shaped pores, curvature,
defined as the inverse of the arc radius, was used to characterize the degree of bending of the
pore wall. The top and bottom surface radii of the curved cylindrical pore remain aligned with
those of the straight cylindrical pore, ranging from 0.2 nm to 1.4 nm, while the radius at the
midsection of the pore is maintained at 0.2 nm, resulting in curvature values ranging from 0 to
0.316 nm™.

The cell membrane size in the simulation domain was 40 nm x 40 nm with a thickness of 5 nm,
resulting in a pore density of 6.25x10'* 1/m? when a single pore was present. The value is
significantly higher than the experimentally observed pore density of 2.75x10%° 1/m? 32, We
chose this extremely high pore density to critically assess the extreme thermal increment under
such extreme condition. To model different pore densities, we increased the number of pores
on the cell membrane within the simulation domain, maintaining a5 nm spacing between pores.

2.4 Joule heating and heat transfer

In this study, Joule heating results from the electric field and serves as the only source of
thermal conduction. The electrothermal coupling physics is governed by

aT
pCpr =V KT + Qe (1)

pCp(0T/0t) is the item associated with cumulative temperature, where p is the density of the
material, C,, is the specific heat capacity, T is the spatiotemporal temperature. V - kVT is the
item associated with conductive temperature, where k is the thermal conductivity. Q, is the
heat source, Joule heating, with the differential form of Joule heating, giving the power per unit
volume,



Qe =] E (2)

where J is the current density given by

J=0oE+]. (3)

where o is the electrical conductivity, J, is the external current density source which came
from a boundary potential in our study, and E is the electric field generated by solving the
governing equation,

V-(c—-V$)=0 )

All parameters related to electrical and thermal properties are listed in Table 1. The specific heat
capacity, mass density, and thermal conductivity of the aqueous pore, extracellular medium,
and cytoplasm are assumed to be the same as water, given that the cytoplasm contains over
70% water, while the extracellular medium contains approximately 99% water. The 'electropore’
is filled with a mixture of the extracellular medium and cytoplasm, so its electrical conductivity
is assigned the average of the extracellular and intracellular conductivity values.

Table 1 Electrophysical and thermophysical parameters of each component.

Propert cel Aqueous pore Extracellular Cytoplasm
perty membrane a P medium yiop
Electrical conductivity, . 073 12 1.534 0.5%
S/m

Specific heat capacity, 2000 3536 4180 ° 4180 4180

J/(kg-K)

Density, kg/m? 1100 ¥ 1000 ° 1000 ® 1000°

Thermal conductivity, 0.2 340 06" 06" 06"

W/(m-K)
2 Electrical conductivity of pore is set as the mean value of the sum of extracellular and
intracellular conductivity.
®The marked thermophysical properties are the same as water, these values have been applied
in the skin electroporation simulation *’.

3. Results
3.1 The temperature increment drops within 1 us after the cessation of the electric pulse.

We selected two points to monitor temperature changes: one at the centre of the pore (i.e.,
point a) and another located on the membrane, 1 nm away from the centre in the same
horizontal plane (i.e., point b) (Figure 2 A). Temperature increment at point a shows an
immediate increase from 0 to 0.043 °C within 1 ps as the electrical pulse was applied, and an
immediate decrease to 0 within 1 us after the pulse ended. After the initial drastic rise, the
temperature remains constant. The temperature increment at point b is lower, reaching 0.03 °C.
However, it exhibits the same trend, with a rapid rise at the beginning of the pulse, a sharp
decline at the end, and no significant increase during the electric pulse (Figure 2 B).



A B O 0-067 — Point a

— Point b
0.051

0.041

0.031

0.02

0.00 E—

Temperature Increment (deg

0 20 40 60 80 100 120 140
Time (us)

Figure 2 Dynamic temperature increment during the application of an electric pulse from 20 ps
to 120 ps. (A) The schematic diagram of two chosen monitoring points. (B) The monitored
temperature increments.

3.2 Spatial profiles of temperature elevation as a function of pore size.

Given the rapid onset and decay of temperature increases observed during the 100 ps pulse
(Figure 2 B), we chose to model a worst-case scenario corresponding to very long pulses. All
results presented hereafter are based on steady-state thermal simulations (i.e., assuming field
exposures of infinite duration).

The simulated results of a straight cylindrical pore with radius of 0.64 nm show that the
temperature increment decreases from the centre of the pore to the edge of the cell membrane,
both horizontally and vertically. The centre point of the pore on the middle horizontal cross-
section exhibits the highest temperature increment, 0.042 °C Figure 3 A and C).

With pore radii ranging from 0.2 nm to 1.4 nm, we simulated the temperature increment relative
to the distance from the centre of the pore. Horizontally, the temperature increment decreases
from the highest value (over 0.08 °C) at the centre of the pore to nearly 0 within 10 nm from
the centre. Vertically, the temperature increment decreases from the highest value at the centre
point of the pore to approximately 0 as it moves from the centre to the edge of the cell
membrane. As the pore radius increases, the temperature increment rises correspondingly. The
temperature increments at the centre of the pore were as follows: 0.009 °C for 0.2 nm radius,
0.024 °C for 0.4 nm radius, 0.039 °C for 0.6 nm radius, 0.052 °C for 0.8 nm radius, 0.063 °C for
1.0 nm radius, 0.072 °C for 1.2 nm radius, and 0.08 °C for 1.4 nm radius respectively, with the
highest temperature increment observed for the 1.4 nm radius pore.



80'10
% — 0.2 nm
2.0.08¢ 0.4nm -
b= —— 0.6 nm
£ 0.061 - 0.8nm
9 / \ —1nm
Q / \
c il / 1.2nm |
° 0.04 / f\ \\\ — L4nm
(€] 5 1Ll NN
T 0.024 SRR
(0] «» NN
o = o e S
g 0.004= = AN —
-10-8 6 4 -2 0 2 4 6 8 10
X-Coordinate (nm)
D o1 " : "
[} ()]
r E [}
C 0.042 = 0.084
b=
[0
£ 0.064
(0]
[3)
£ 0.044
0.02 o
2
@ 0.021
[0}
£
£ 0.001
0 108 6 4 -2 0 2 4 6 8 10

Z-Coordinate (nm)

Figure 3 Temperature increments during electroporation relative to pore size. (A) The
temperature increment distribution on the middle horizontal cross-section of the cell
membrane. (B) The temperature increment of different pore radius from 0.2 nm to 1.4 nm along
a horizontal line from 10 nm on the left to 10 nm on the right of the center point of the pore. (C)
The temperature increment distribution on the middle vertical cross-section of the pore. (D) The
temperature increment of different pore radius from 0.2 nm to 1.4 nm along a vertical line from
10 nm below to 10 nm above the middle point of the pore.

3.3 Curved shape of the pore increases temperature increment.

For both curved and cylindrical pores, the temperature increment increases with the
top/bottom surface radius (Figure 4). At any top/bottom radius, the temperature increment is
higher for cylindrical pores than for curved pores, which rises more steeply, reaching
approximately 0.08 °C for cylindrical pores at a surface radius of 1.4 nm, while it is slightly below
0.06 °C for curved pores at the same radius. Specifically, the temperature increments is 0.009 °C
for both cylinder pore and curved pore at 0.2 radius, 0.024 °C for cylinder pore and 0.022 °C for
curved pore at radius of 0.4 nm, 0.039 °C for cylinder pore and 0.032 °C for curved pore at radius
of 0.6 nm, 0.052 °C for cylinder pore and 0.041 °C for curved pore at radius of 0.8 nm, 0.063 °C
for cylinder pore and 0.048 °C for curved pore at radius of 1.0 nm, 0.072 °C for cylinder pore and
0.054 °C for curved pore at radius of 1.2 nm. All the curved pores have the higher temperature
increment than 0.2-nm radius cylinder pores even though they have the same pore radius of
0.2-nm on the middle horizontal cross-section of the pore, which is aligned with the results of
pore size in the section 3.2.
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Figure 4 Temperature increment for cylinder pore and curved pore. (A) A 3D schematic
representation of a cylinder pore structure with a red dot indicating where the temperature
increment is measured. (B) The temperature increment of the center point in the cylinder pore
and curved pore. The inset at the bottom represents the curved pore with different curvature
transitioning with top/bottom surface radius. The corresponding list of surface radius to
curvature is 0.2 nm: 0, 0.4 nm: 0.0625 1/nm, 0.6 nm: 0.125 1/nm, 0.8 nm: 0.182 1/nm, 1.0 nm:
0.2331/nm, 1.2 nm: 0.2751/nm, 1.4 nm: 0.312 1/nm.

3.4 Pore density increases the temperature increment.

The simulation results from the previous section were performed with pore density
6.25x10'* 1/m?. The temperature increment at the centre point of the pore was 0.041 °C with
this pore density, while the temperature increment increased to 0.045 °C with pore density
1.25x10% 1/m?, 0.048 °C with pore density 1.875x10% 1/m?, and 0.054 °C with pore density
3.125%10% 1/m? (Figure 5). As shown by the results, although the temperature increment rose
significantly with higher pore density, the maximum temperature increment remained below
0.1 °C, even under conditions where the pore-to-pore distance was extremely short compared
to realistic biological setting. What deserves to be noticed from the results is that the
temperature increase in the area between the pores was significant, and the total area of
temperature rise exceeded that of a single pore.
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Figure 5 The temperature increment distribution on cell membrane with different pore density,
(A) 1 pore: 6.25x10'* 1/m?, (B) 2 pores: 1.25x10% 1/m?, (C) 3 pores: 1.875x10®1/m? and (D) 5
pores: 3.125x10% 1/m?2. The area of the cell membrane in the simulation domain is 1600 nm?2,
The vertical and horizontal distances between pores are 5 nm. Numbers below the pores
indicate the largest temperature of the pore.

4. Discussion

The aim of this study was to investigate whether the Joule heating, resulting from the facilitation
of electrical current through “electropores” during electroporation, could contribute to the
increase in cell membrane permeability. To address this, we conducted a series of numerical
simulations to model the thermal behaviour of an electroporated cell membrane patch under
an applied electric field. In a time-dependent sub-study, we analysed the dynamic temperature
increment over time during electric field application. In a static sub-study, we evaluated the
temperature increment in relation to pore size, geometry, and density. The results indicate that
(1) thermal diffusion leads to rapid temperature stabilization, occurring within fractions of a
microsecond during and following the exposure, and (2) the temperature increment positively
correlates with pore radius, curvature, and density. Overall, the findings of this study confirm
that Joule heating induced by electroporation leads to a temperature increase; however, all
observed thermal increments remain within a fraction of 0.1 °C.

A temperature increment of 0.1 °C is sufficiently small to be considered negligible in terms of
its impact on maintaining the physiological functions of a cell**, For the sake of simplicity, the
present study was conducted while neglecting the temperature dependence of ionic
conductivity. However, it should be noted that incorporating this dependence does not alter the
overall conclusions. In our preliminary simulations, the temperature dependence of electrical
conductivity, g, was modelled using the following linear approximation®*,

oc=0y%x(1+0%x(T—Tp)) (5)



Where gy, is the electrical conductivity at Ty, and 3 is the temperature coefficient. Assuming d =
1.7 (1/degC) for all model components, the maximum observed temperature rise was 0.090 °C
for a straight cylindrical pore with 1.4 nm radius.

The specific mechanism of this Joule heating on a patch of electroporated cell membrane
primarily arises from the preferential flow of current through highly conductive pores, which
directs the current toward the electrically resistive lipids bilayer regions surrounding the pores.
This mechanism also partially accounts for Joule heating in skin electroporation, where pore
formation and localized permeability increases occur within um-sized regions of the stratum
corneum. However, the stratum corneum, which has a thickness of 10 to 50 um and consists of
15 to 20 layers of corneocytes that have undergone complete keratinocyte differentiation and
programmed cell death, exhibits different electrical and thermal conduction properties
compared to the membranes of a normal cell ¢, Moreover, due to the markedly different
geometrical scale, heat diffusion plays a fundamentally different role in the thermal dynamics.
This fundamental difference explains the much smaller temperature increase observed at the
pore level in this study, which remains within a fraction of 0.1 °C, in contrast to the substantial
temperature increment of up to 30 °C observed in skin electroporation under prolonged electric
pulses. Once the temperature of lipids bilayer reaches 65 °C, a phase transition is induced,
enhancing permeability of the stratum corneum surrounding the pores #’. Therefore, unlike skin
electroporation, normal cell membrane electroporation does not attribute the increase in
permeability during electroporation to Joule heating resulting from the facilitation of electric
current through “electropores”.

This conclusion is limited to the scale of an electroporated patch of the cell membrane. At this
scale, the small thermal mass facilitates rapid heat dissipation into the surrounding lipid bilayer
and aqueous environment. In this study, the boundary temperature of the membrane patch was
maintained at a constant 37 °C, and the high thermal conductivity of water promoted efficient
heat diffusion, preventing long-term heat accumulation. Our results is also compatible with the
joule heat occurring in channel proteins .

5. Conclusion

The results of this study indicate that Joule heating, resulting from the increased current density
through pores formed during electroporation, leads to local temperature increases in the cell
membrane. However, the observed temperature rise is on the order of a fraction of 0.1°C. Even
though this temperature increase does escalate with pore size, curvature, and density, it
remains insufficient to cause significant alterations to the lipid structure or to induce phase
transitions capable of affecting membrane permeability. This study therefore suggests that Joule
heating in the vicinity of electropores does not play a primary role in the increase of cell
membrane permeability during electroporation.
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