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Electroporation, also known as electropermeabilization (EP), occurs when a cell's transmembrane potential exceeds a critical
threshold under the influence of an electric field, corresponding to a limit value of the electric field intensity. EP depends on the
distribution of the electric field, which in turn depends on and, here, determines the material's electrical properties. Some critical
electric field strengths act as a “switch” for the EP, which is, to some extent, reversible. This paper aims, through numerical
experiments, to unveil the effects of the electric field on the poration of an organic substance (lavender) and the thermal stability
of the EP cell. The substance is assumed to be a continuous medium with electric-field-dependent material properties.

1. INTRODUCTION

In process engineering, solid-liquid extraction is a mass
transfer phenomenon driven by the difference in chemical
potential between the solid matrix and the solvent. The process
can be described as a combination of molecular diffusion, pore
diffusion, and convection, being influenced by parameters such
as concentration gradient, diffusion coefficient, cell membrane
permeability, and solvent properties (polarity, viscosity, surface
tension). Traditionally, extraction was accelerated by increasing
temperature or mechanical methods, but these methods posed
the risk of degrading thermosensitive compounds and losing
volatile compounds. The appearance of membrane pores alters
the system's (cell’s) structure and electrical properties [1,2].

Poration or permeabilization refers to the formation of
membrane micropores that increase in diameter until they
stabilize as absorbent pores. Pore formation increases the
permeability of the cell membrane, allowing impermeable
substances to cross the membrane barrier. Thus, extracellular
compounds can access the cell interior, and intracellular
components can leave the cell and even cause cell death through
loss of homeostasis [1-3]. Fields such as medicine, chemistry,
and nutrition are already using this technique to improve or even
replace traditional methods.

Electroporation (EP) has multiple promising applications in
biotechnology, including modifying the permeability of cell
membranes by applying an electric field. Among the primary
applications are the genetic transformation of microorganisms
(electro-transformation), which enables the introduction of
foreign DNA into cells to produce valuable biomolecules, such
as enzymes or hormones. EP is also used to inactivate
microorganisms, being effective for decontaminating
wastewater or pasteurizing food without affecting their quality.
Another important application is the extraction of biomolecules
(electroextraction), where electroporation facilitates the
recovery of DNA, proteins, and lipids from microorganisms
without the use of aggressive chemicals. The technique is also
applied in industrial processes such as biomass drying, reducing
energy consumption, and accelerating the process. The
integration of electroporation into microfluidic systems opens
new possibilities in small-scale cellular manipulation and
analysis [3,4].

2. MODELLING THE EP PROCESS

EP is a dynamic regime problem, non-stationary diffusion,
described by the laws of the electromagnetic field. Under the

given conditions, at the working frequency, the displacement
electric current is negligibly small compared to the conduction
electric current density. Therefore, the mathematical model of the
EP in a pulsed electric field is described by

rotE = _Z_t' Faraday’s law, (1)
div] =0, electric charge conservation, (2)
rotH=] +J,; magnetic circuit law, 3)
divB = 0, magnetic flux law, 4)

] = o(E)E,
B = poH, constitutive laws. (5)

D = ¢(E)E,

where E [V/m] is the electric field strength, B [T] is the
magnetic flux density, J [A/m?] is the conduction electric
current density, J¢——o0D/Ot is the displacement current
density, o(E) [S/m] is the electrical conductivity, D [C/m?]
is the electric flux density, H [A/m] is the magnetic field
strength, po [H/m] is the magnetic permeability, and & [F/m]
is the electrical permittivity.

The electrical permittivity and electrical conductivity are
assumed to be invariant here, but they depend on the phase
of the organic matter — permeabilized or not. There is a
threshold electric field intensity (electric potential gradient),
Ecitic, above which the electrical conductivity jumps.

Under these conditions, at the working frequency, the Jgq
is negligibly small compared to the J, so that the
mathematical model of the EP in a pulsed electric field,
described by eq. (1) to eq. (5), is given by

—v- (s‘;—Vt) — V- [o(=VV)WV] = 0, (6)

E=-VV, 7

where V' [V] is the electric potential, E [V/m] is the strength of
the electric field, and o(E) [S/m] is the electrical conductivity.

The electrical properties are introduced by material laws
eq. (5), as local quantities, functions of space and time. A
biological material medium (e.g., a volume of lavender
leaves) can be analyzed at the scale of the “application” itself
as a continuous, heterogeneous medium, whose properties
are correlated (equivalent, effective, mediated) with the
material properties of the cells, treated in turn as continuous,
heterogeneous media.

If “fine” processes (e.g., membrane’s permeabilization)
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are treatable at the cellular level, then the processes at the
“technological” scale are approached at the global level,
without distinguishing cells — they are entities at a different
scale (different order of magnitude). Regardless of the
approach, the ET analysis requires knowledge of the material
properties, obtained through physical or numerical
experiments (numerical modeling).

The organic material’s properties, considered here as a
continuous medium, are established by interpreting,
explaining, and evaluating the phenomena that occur at the
cellular level during the EP process.

2.1 HOMOGENEOUS PROPERTIES OF THE VOLUME
LEVEL OF ORGANIC MATERIAL

The behavior of a volume of organic material in an electric
field EP (in conditions where the component cells and their
environments cannot be distinguished) can be analyzed by
considering the electrical polarization processes at the interfaces
between the constituent phases, characterized by different
electrical properties (permittivity and electrical conductivity).
This phenomenon can be described by analogy with a Maxwell
capacitance system [5]. Modeling of material properties at the
level of a continuous environment, from nanomaterials to
biological systems such as cells or soils, where interfaces
separate regions with distinct electrical characteristics, can be
achieved using a Maxwell-Wagner model [6-9], which may
provide effective values for properties

£p—Em
€eff = Em [1 + 2(p£p+28m]/[

CiEmOiEm+omep

el )

sp+2£m

oy == ©)
where @ is the volume fraction of inclusions (lavender cells),
€n 1s the permittivity of the surrounding medium
(technological fluid, e.g., water), and €, is the permittivity of
the inclusion (cell, particle). Table 1 presents values (order
of magnitude) of these properties for lavender tissue, as a

function of the working frequency, before and after EP.

Table 1

EP parameters, orders of magnitude, bulk properties,
and Maxwell-Wagner estimates [10-12].

Intracellular space, &, | 102107 | 10...10* | 10'.1 | 1010

The changes in electrical properties after EP are also more
pronounced in the Maxwell-Wagner model, because the
formation of pores in cell membranes can significantly
change the dielectric properties of the tissue. For a plane
armature cylindrical capacitor working cell, with the spacing
between armatures d = 50 mm, the cell diameter D = 40 mm.
The rectangular pulses (PWM) have a frequency of 1 kHz, &,
=80 (e.g., Table 2), and the critical voltage is

B
Ueriie ~ A&, (2), (10)
where 4 = 15 kV is a material constant, o = 0.3, = 0.8 are
empirically established exponents.

The “threshold” value Eitc, for a two-electrode device,
can be established, in the sense of the order of magnitude, by
dividing the voltage drop between the electrodes by the
distance between them, Ecitic = Ukitic/d, where ULisic 1S the
breakdown voltage. Depending on the working conditions,
Eciisic = function(o,g, frequency, temperature) ~300 kV/m.

At the cellular level, EP leads to the formation of
transmembrane pores (aqueous channels through lipid
membranes), thereby significantly reducing the membrane's
electrical resistivity. EP can be reversible, the pores can close,
and the membrane can return to its initial state. In these
circumstances, electrical conductivity is a nonlinear function
of the electric field intensity. In the permeabilized state, the
dependence on the working frequency is weaker, especially
for lower frequencies. Typically, the applied signal (pulse) has
an amplitude in the range 1000 V/em — O(1) kV/cm, duration
O(ms) — O(ms), pulses/second, and the waveform can be
rectangular, decreasing exponential, for example [16]. Table 3
summarizes the electrical properties of lavender (continuous
medium) used in the modeling of the EP process used in the
modeling presented below.

Table 3
Electrical properties of electropermeabilized lavender [16].

Information

100 mS/m to 1000 mS/m or more.

- can increase by 2 - 3 orders of magnitude compared
to intact tissue.

- depends on the pulse parameters (voltage, duration,

Property
Electrical conductivity, ¢

frequency).
Frequency Ui TKV & Eref G [S/m] Gep [S/m] Relative permittivity, 10 - 30.
[kHz] e [KV] in general M-W in general M-W dielectric constant, & | - reduced capacitive effects at the membrane level.
Before electropermeabilization (bEP) (decreases due to membrane | 20 - 100.
<1 2.5...3.5 100...200 104...105 | 0.01...0.1 0.001...0.01 alteration) | - increased power dissipation through ionic transport.
1...1000 3.4 50...100 103...104 0.1...1 0.01...0,1
> 1000 4..5 20...50 102...103 1...10 0.1...1
After electropermeabilization (aEP) 3. NUMERICAL MODELING OF
<1 12535 [ 1020 [103..104 [ 1.0 T 0f.f ELECTROPERMEABILISATION
1...1000 3.4 5...10 102...103 10...100 1...10
> 1000 4.5 2.5 10..102 | 10...100 L..10 Next, two fundamental stages of electropermeabilization

The Maxwell-Wagner model produces lower conductivity
and higher permittivity than those obtained, for example,
experimentally, because the model considers the complex
dielectric structure of biological materials, including cell
membranes and intracellular and extracellular media.

Table 2

Electrical permittivity and electrical conductivity at an EP cell level.
The cell is considered a continuous, homogeneous medium in parts.
EP at 1 kHz (lavender) [13-15].

o[Sm] | e G [Sm] | €
Before EP After EP
Cell membrane, &, 107...10° 10%...10° 10°...10* 10'...10?
Cell wall, & 10°...10° 10...50 10%...10* 10...50
Cell cytoplasm, & 102...10" 10%...10* 107...1 10%...10*
Essential oil, &rue 107°...107 2.5 107°...107 2.5

are analyzed: the permeabilization process, carried out in the
presence of an electric field, and the pore-closure stage,
which occurs upon suppression of the electric field. The
computational domain represents a volume of biological
mass, assumed to be a heterogeneous medium, homogeneous
within portions, corresponding to the two phases:
permeabilized and non-permeabilized [17]. The working cell
is a vessel equipped with a pair of electrodes.

The EP cell pre-sizing is performed for the distance
between electrodes d = 16 mm, PWM rectangular voltage
wave, V=6V (Euiic = V/d = 375 V/m), PWM period 5 ms,
pulse duration 50 us, Ginitiat = 0.01 S/m (initial state, non-
permeabilized), Gmax = 0.2 S/m (final state, permeabilized).
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3.1 THE ELECTRICAL CONDUCTIVITY IN THE
ELECTROPERMEABILIZATION PROCESS

The evolution of the EP process oscillates, with different
poration (fast process) and sealing (slow process) speeds,
between material permeabilization, during the “on” period of
the PWM signal, if the local threshold condition E > Ecysic 1S
met, and pore closure, during the “off” period of the PWM
signal wave, when the threshold condition is no longer met.
To model this effect, the electrical conductivity is defined by
the ordinary differential equation (ODE),

do _ [kopen (Umax - G)O(E - Ecrtic) -
ot —kciose (0 = Oinitiar)

; )

where kopen is the pore formation rate (0.1 s, kesose is the pore
reclosing rate (0.05 s*), and © is the Heaviside function.
It is assumed that the dynamics of this process are local,
governed solely by the local electric field gradient, with no
diffusion.

The duration of the EP process is aligned with the
evolution of the electrical conductivity, whose asymptotic,
exponential behavior is given by

kopentkciose

0(t) = omax + (Cinitial — Omax)e t . (12)

3.3 NUMERICAL MODELING OF THE ELECTRIC
CONDUCTIVITY SHIFT IN EP

The mathematical model of the EP process is given by
eq. (7) and eq. (11), two boundary and initial condition
problems, which are solved simultaneously, numerically,
using the finite element method. The computational domain
is a cross-section through the work cell, considering that a
Cartesian (plane-parallel) model is relevant.

Using geometric and physical symmetry, the model may
be reduced to a quarter, which is representative of the
analysis of the EP process. Figure 1 shows the actual
(reduced) computational domain and the boundary
conditions for the four problems that are integrated
numerically using the finite element method [18].

V=0 T=20°C
. T=20C
V2
av 0 gV 0
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da _ | a
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pe on
- L . ] . o |

Fig. 1 — The boundary conditions that close the mathematical models.

The boundary conditions for the electromagnetic field
problem (7) are established as follows: the electrode surfaces
are of the Dirichlet type, £/ (PWM signal); the enclosure is
grounded. The initial state corresponds to the non-
permeabilized phase, at 20 °C.

To solve the ODE, eq. (12), we use a general flux-
conservative partial differential equation (PDE) model:

a

Lyv (

dif fusion  convection  soyrce
—_ ~ -
cVf - of + Y |+

conservative flux

af +pvf= g (13)

absorbtion

source

where f(x,y.,f) = o(x,f) is the unknown, c=0,a=0,g=0,a =
0, b = 0, and the source term, g = fkopen(Omax—0C)O(E-
Ecritic)—kclose(G—Gim'tial), is a function of j(x,y,t).

The boundary conditions for problem (13) are Dirichlet, /'
= Omax, On the electrode surface (it is assumed that the
adjacent material permeabilizes as soon as the electrode is
activated), and Neumann-type homogeneous elsewhere,
Fig. 1. The initial state of the working volume corresponds
to a non-permeabilized environment.

The model (11), rewritten as (13), is solved at each point
in the computational domain, for each time step. Its
integration is used to update the electrical conductivity used
in solving the electric field problem (7).

3.3 PROCESUAL HEATING MENACE

A phenomenon associated with the presence of an electric
conduction current is the Joule effect, which heats the cell
membrane, favoring the formation of pores. The application
of a pulsating electric field, consisting of pulses or pairs of
pulses ("bursts") at a specific frequency, modifies the cell’s
thermal state. Numerical simulations show that, up to a
certain point, frequency and temperature are directly
proportional, but beyond a specific frequency, the
temperature decreases; therefore, the frequency-temperature
function in the case of electroporation with pairs of pulses is
not monotonic [14].

The presence of an electric current results in heating due to
the Joule effect. In these circumstances, ensuring the thermal
stability of the volume of organic material, within the accepted
biological limits, respectively 25 °C - 37 °C [15].

The analysis of thermal working conditions requires
solving a heat transfer problem for the volume of biological
material considered, here, as a linear, homogeneous, and
isotropic medium, with an internal heat source (Joule effect),
described by the energy equation:

pcy 2o =V - (kVT) +py, (14)
where k£ [W/m-K] is the thermal conductivity, ¢, [J/(kg-K)] is
the specific heat, p [kg/m?] is the mass density, and p; = /2
[W/m?] is the power density (Joule source).

Convective effects (heat transfer by thermal motion) are
neglected due to the presence of a fluid phase, corresponding
to the oil released progressively through the EP.

The boundary conditions are shown in Fig. 1. It is assumed
that the electrodes and the cell wall are in contact with a
thermostat, which maintains the temperature at 20 °C. A
solution is the use of Peltier elements, which can ensure the
removal of the heat produced by the EP. The initial thermal
state is Tinitial = 20 °C.

In the formulation of the numerical model, to properly
represent the transition from a non-permeabilized medium to
a permeabilized medium, which occurs at the level of the
extremely slender, diffuse interface, higher-order finite
elements were used: Lagrange of order IV for the
electromagnetic field problem and Lagrange of order V for
the electrical conductivity problem. For the other models,
second-order Lagrange elements provided accurate results.

The solution of the three coupled "physics" — electric field,
eq. (6); the variation of the electrical conductivity as a function
of the electric field strength, eq. (11); the heating, eq. (14) —is
performed simultaneously, using a segregated solver [18]: at
each time step, they are solved successively, iteratively, until
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the convergence criterion is satisfied (relative iteration errors,
0.01, absolute iteration errors, 0.001).

4. NUMERICAL SIMULATION RESULTS

4.1 THE ELECTRIC FIELD

The operating mode is transient; the voltage applied to the
cell terminals is 6 V; the PWM signal used in these
circumstances has a period of 5 ms and an "on" interval of
50 ms. The "off" interval is necessary to restore biological
mass and limit EP heating. The process lasts approximately
5...10 min. The electric field is illustrated in Fig. 2. The

electric-field spectrum shows no significant, perceptible
changes over time.
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Fig. 2 — Numerical simulation results, the electric field strength presented
by field lines and (normalized) vectors (electric field strength), and the
electric potential presented with equipotential—circular cell.

The threshold value of the electric field strength at which
EP occurs is 200 V/m. Figure 5 presents, using a color map
and contour lines, the variation in electrical conductivity
during the EP process at three points in time. The electrical
conductivity, in the initial state (non-permeabilized
material), is 0.001 S/m, and in the final state (permeabilized)
is 0.2 S/m. The transition between the two states occurs at a
"diffuse" interface (spatial region) where the electric field
gradient exceeds the EP Eisic threshold.

4.2 THE ELECTRIC CONDUCTIVITY

The emergence of the transition zone between the two
states, EP and non-EP, can be accentuated by the model's
resolution. Higher-order finite elements (polynomials) were
used for representation, which ensures numerical
(arithmetic) accuracy within the imposed limits.
Clarification of this aspect is the subject of a future stage.

This distribution of electrical conductivity enables the
comparison of numerical results with experimental data
available in the literature, e.g., [21].

ace. sgma. emawys 0.034-3 [5/m| _Comeer: Elecric canducnay (5/ml

t=0.005s.

v+ 0.05¢-1 I5/m]_Cortour Becir condecivey [5/m]

16

t=0.5s.
Fig. 3 — Numerical simulation results, electrical conductivity distribution
(color map). The EP threshold is set to 200 V/m. Values are in S/m.

Correlating the electrical conductivity map (Fig. 3) with
the electric field distribution map (Fig. 2), one can observe
the persistence of an area where, during the simulation, no
permeabilization occurs. In that region, E, within the
numerical modeling parameters, does not exceed the EP
threshold. Of course, the applied voltage can be increased,
but, from our results, it only reduces the non-permeabilized
region, without eliminating it. On the other hand, the electric
conduction current density increases, which causes the
material to overheat — the Joule effect increases with the
square of the current density.

4.3 THE HEAT TRANSFER IN THE
ELECTROPERMEABILIZATION PROCESS

The thermal regime of the cell at # = 0.5 s during the
experiment is shown in Fig. 4. Later, the cell becomes
practically isothermal, with a temperature range of 20 °C—
20.3 °C, suggesting that the provided cooling ensures good
operation. Thermostat devices, such as Peltier coolers, can

be used to exhaust heat from electrodes and the cell, keeping
them at 20 °C.

Fig. 4 — Numerical simulation results, the thermal state of the cell:
isothermals, field lines, and vectors (normalized) for heat flux density
(thermal power) at 1= 0.5s.
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A solution to reduce the regions below the EP threshold
may be to modify the cell, for example, a cell with an
elliptical cross-section.

4.4 THE ELLIPTICAL EP CELL

The threshold electric field strength for EP is 200 V/m
(Fig. 5).

Lyl oy b

Fig. 5 — Numerical simulation results, the electric field represented by field
lines and (normalized) vectors (electric field strength) and
equipotential curves, at £ = 0.5. Elliptical cell.

Figure 6 illustrates the dynamics of electrical
conductivity, presented as a color map and as electrical
conductivity contours.

t=05s.

Fig. 6 — Numerical simulation results, electrical conductivity distribution
(color map). The EP threshold is set to 200 V/m. Values are in S/m—
elliptical cell.

t=05s.

Fig. 7 — The thermal state of the cell: isotherms, field lines, and vectors
(normalized) for heat flux density (thermal power).

A better use of the working space in terms of EP can be
observed. Modifying the cell section to optimize the EP

volume may be a future research direction. The thermal state
of'the cell is shown in Fig. 7. After 0.5 s, the cell is practically
isothermal at 20 °C - 20.8 °C, suggesting that the provided
cooling can ensure good operation.

Another possibility for eliminating areas with an electric
field gradient below the EP threshold may be to rotate the
electrodes relative to the vessel, thereby temporarily
confining areas with low EP potential. In the conceptual
model presented below, the rotation frequency is 1.3 Hz, in
a counterclockwise direction.

4.5 ELECTROPERMEABILIZATION CELL, ROTARY

For the motion modeling, the FEM mesh discretization
technique implemented by [18] is used for the entire cell
(circular section): a new boundary problem is solved, in which
the rotational motion of the electrodes is given as a boundary
condition. For the interior domain, a “freely”” deformable (ALE)
mesh is established, and the cell wall is immobile. This problem
is added to the three (electric field, electrical conductivity, heat
transfer) and solved together with them at each time step using
the same segregated solver approach.

Figure 8 shows the electric field for the rotating cell at
different times. From the initial moment, when the field lines
are symmetrical with respect to the two planes of geometric
symmetry, until = 10 s, when it regains the same appearance,
its structure changes, preserving only the center-symmetry.
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Fig. 8 — The electric field by field lines and (normalized) vectors (electric
field intensity) and equipotential curves—rotating circular cell.

Figure 9 shows the electrical conductivity for the rotating
cell at different times. It can be observed how, progressively,

the still non-permeabilized area is significantly reduced, as
the EP threshold is reached.

t=0,005 s; Gax = 0,001 S/m.

1=0,2 s; Gpmax = 4,98e-3 S/m.
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0,023 S/m.

1=15; Cuax

t=108; Omax = 0,129 S/m.

Fig. 9 — The EP process revealed through the electrical conductivity
dynamics. Rotating circular cell.

The modification and evolution of the shape and structure
of'the electric field spectrum can be explained by considering
the dynamics of the electrical conductivity distribution: the
electrical environment evolves, and the electrical flux
"chooses" the path of better electrical conductivity at each
moment.

5. CONCLUSIONS

This study aimed to evaluate the impact of the EP cell
design — structure, electromagnetic field (EMF), heat transfer,
and matrix properties — electric conductivity and electric
permittivity. It was revealed that “inactive” electric field
regions, where the field is below the critical (threshold) field
required for permeabilization, may delay or prevent
permeabilization. Areas where the permeabilization
conditions persist, and their reduction or suppression, may
lead to more efficient EP cells. An elliptical cross-sectional
cell performs better than a circular one. Motion-controlled EP
enables permeabilization in regions that would otherwise be
left out of the EP.

EP depends on the distribution of the electric field, which
in turn depends on and, here, determines the material's
electrical properties. Some critical value for electric field
strength acts as a “switch” of the EP, which is, to some extent,
reversible. The cell’s thermal state is modulated by the Joule
effect, which cannot be suppressed, but can be maintained
within acceptable limits by PWM regimes with reduced duty
cycles and by active cooling.

The three coupled “physics” — the electric field, the
dynamics of electrical conductivity as a function of the electric
field intensity, and the heating — are solved simultaneously
using a segregated solver. At each time step, they are solved
iteratively until the local and per-time-step convergence
criteria are satisfied. Their characteristic time scales (EMF and
electrical conductivity: fast; heat transfer: slow) are used to
inform the solution strategy.
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