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From Cell to Tissue Properties—Modeling Skin
Electroporation With Pore and Local Transport
Region Formation

Janja Dermol-Cerne

Abstract—Current models of tissue electroporation either
describe tissue with its bulk properties or include cell level
properties, but model only a few cells of simple shapes in
low-volume fractions or are in two dimensions. We con-
structed a three-dimensional model of realistically shaped
cells in realistic volume fractions. By using a ‘unit cell’
model, the equivalent dielectric properties of whole tis-
sue could be calculated. We calculated the dielectric prop-
erties of electroporated skin. We modeled electroporation
of single cells by pore formation on keratinocytes and on
the papillary dermis which gave dielectric properties of the
electroporated epidermis and papillary dermis. During skin
electroporation, local transport regions are formed in the
stratum corneum. We modeled local transport regions and
increase in their radii or density which affected the dielec-
tric properties of the stratum corneum. The final model of
skin electroporation accurately describes measured electric
current and voltage drop on the skin during electroporation
with long low-voltage pulses. The model also accurately de-
scribes voltage drop on the skin during electroporation with
short high-voltage pulses. However, our results indicate that
during application of short high-voltage pulses additional
processes may occur which increase the electric current.
Our model connects the processes occurring at the level of
cell membranes (pore formation), at the level of a skin layer
(formation of local transport region in the stratum corneum)
with the tissue (skin layers) and even level of organs (skin).
Using a similar approach, electroporation of any tissue can
be modeled, if the morphology of the tissue is known.

Index Terms—Franz diffusion cell, local transport region,
multiscale approach, numerical modeling, pore formation,
skin electroporation.

|. INTRODUCTION

LECTROPORATION is a physical way of disturbing cell
membrane with the application of short, high-voltage
pulses leading to increase in its permeability to different
molecules (reversible electroporation) and to achieve cell death
(IRE - irreversible electroporation) [1], [2]. Electroporation or
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pulsed electric field treatment is used in biotechnology [3], food-
processing [4], [S] and medicine [6], e.g., gene electrotransfer
[71, [8], DNA vaccination [9], [10], transdermal drug delivery
[11], [12], IRE as an ablation technique [13], [14] and elec-
trochemotherapy [15], [16].

Transdermal drug delivery is easy to conduct, non-invasive,
quick and it avoids gastro-intestinal degradation. Skin is also
a barrier not many drugs can penetrate, and various enhance-
ment methods are used to improve drug delivery, electropo-
ration being one of them [12]. However, skin electroporation
is a complex phenomenon and still not well understood. It is
believed that electric pulses cause the formation of regions of
an increased electrical conductivity through which the trans-
port occurs — i.e., local transport regions (LTRs). The density
of the LTRs increases with increasing voltage while their size
increases with increasing pulse duration [17]-[22].

Models of tissue electroporation enhance our understanding
as they offer a concise description using mathematical and
physical laws. The current tissue models are of two types — they
model tissue as a bulk [23]-[26] while only few model tissues’
microscopic structure [27]-[31]. The bulk tissue models
describe the electric field distribution as a function of tissue
properties, applied voltage and the geometry of the electrodes
but assume that the tissue is homogeneous. For each tissue type,
the critical electric field for electroporation or cell death must be
experimentally determined or described with statistical models
[32]-[34]. The models with included microstructure are in 2D or
3D. The 2D models include sampling the tissue with Cartesian
transport lattices [30], [31], [35], describing it with the equiva-
lent circuit [36], [37], or modeling it with the Voronoi network
[29]. The 2D models disregard the geometry of the cells and
cannot model different cell density which significantly alters
the equivalent dielectric properties, the induced transmembrane
voltage and electroporation [38]. In 3D, tissue was modeled as an
infinite lattice [39], [40] or randomly distributed spherical cells
of different sizes [28]. The volume fraction maximally achiev-
able by face-centered cube or hexagonal close-packed lattices
is 77% which is lower than the volume fractions we encounter
in most tissues (e.g., 83% in the epidermis, 91% in the stratum
corneum, 85% in the muscle tissue, 80% in the hypodermis
[41]). Furthermore, cells were not of realistic shapes although it
was shown that cell shapes also affects the dielectric properties
[42]. An improvement was a model of spinach leaf which also
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included the size and shape of the cells; however, only a small
part was modeled [27], and a generalization to the whole leaf
is questionable. The model by Huclova et al. [42] also models
single cells but offers a more realistic description since cells can
be of different shapes, sizes, and densities. Moreover, also tissue
heterogeneity and anisotropy can be described which most of
the current models cannot. The dielectric properties of cells are
generalized to tissues as their equivalent dielectric properties.
Numerical calculation is reduced to tissue level, and much larger
geometry than a single cell can be modeled. The latter model
describes the behaviour of cells in the linear range but has a po-
tential to include also nonlinear behaviour, i.e., electroporation.

In the field of skin electroporation, only a few models exist
[20], [43]-[48] and they mostly belong to the group of bulk
tissue models and for the values of dielectric properties of sep-
arate layers take rough approximations or even model several
layers with the same values. The values of the dielectric proper-
ties of the electroporated layers are also rough approximations
[44]. Some models include the formation of the local transport
regions [43], [46], [48] but are focused only on the stratum
corneum and do not include pore formation in the membranes
of the cells in lower layers. In the equivalent circuit of the skin
[47], the information on the geometry of the cells is lost, and
the resistance of the elements is determined by experimental
measurements which vary between systems.

Our aim was thus to start from the microscopic scale to obtain
a bulk model of skin electroporation. We started with the model
by Huclova er al. [41] which has several advantages (possibil-
ity to model real shapes and densities of cells, heterogeneity
and anisotropy). We modeled the change in dielectric parame-
ters of skin during electroporation and validated our model with
current-voltage measurements. We modeled pore formation in
cell membranes and local transport region formation in the stra-
tum corneum. We modeled the skin’s dielectric properties after
two protocols which varied in voltage and pulse duration — long
low-voltage pulses (LV protocol) and short high-voltage pulses
(HV protocol) [49]. We achieved good agreement with measure-
ments of LV protocol by including LTR formation in the stratum
corneum, change in electrical conductivity of the deeper skin
layers due to cell membrane electroporation and electrode po-
larisation. During HV protocol the modeled voltage drop on the
skin matched the measurements well; however, the current devi-
ated for 50%. Also, the modeled density of the LTRs in the HV
protocol was much higher than the experimentally determined
values, which indicates that during the HV protocol additional
processes may occur which are not yet identified and were thus
not included in our model. The advantage of our approach is
that it is not limited only to skin electroporation, but electropo-
ration of any tissue can be modeled provided the geometric and
dielectric properties of cells constituting the tissue are known.

II. METHODS

A. Experimental Work

For fitting and validation of our model, we used experimental
results from [49]. In short, 350 pm thick dermatomed porcine
ear skin was put between the donor and receiver chamber of the

Franz diffusion cell. Porcine ear skin is similar to the human
skin regarding layers’ thickness, number of hairs, their size and
extension depth [50]. Two Pt electrodes were positioned 0.2 cm
above and 0.5 cm below the skin. Long low-voltage (3 x 45V
pulses of 250 ms duration, 100 ms pause — LV protocol) or
short high-voltage pulses (3 x 500V pulses of 500 us dura-
tion, 500 us pause — HV protocol) were delivered to the skin.
The delivered voltage, the voltage on the skin and current were
measured.

According to the model [41], the dermatomed skin consists
of four layers: the stratum corneum, the epidermis, the papillary
dermis, and the upper vessel plexus.

B. Construction of the Model

The model of the skin before electroporation was constructed
according to [41]. The modeling in our study aimed to add elec-
troporation to the model by Huclova et al. The main steps in
our ‘upgraded’ model are described by Fig. 1. We manually
changed (i.e., optimized) the parameters in the local transport
region model and the electroporation in a unit cell model. We
obtained equivalent dielectric properties of separate layers and
introduced them into the Franz diffusion cell model. We applied
voltage to the Franz diffusion cell model and calculated the
electric current and the voltage drop on the skin. We compared
the simulated values with the measured ones and changed the
parameters in the local transport region model and electropora-
tion in a unit cell model until the measured and simulated values
matched. Values of dielectric and geometric parameters, used in
the final model, are referred to as ‘optimized values’ although
they could be only a local optimal values and not global.

The numerical calculations were done in Comsol Multi-
physics (v5.3, Stockholm, Sweden) in 3D unless noted oth-
erwise. All models were remeshed until there was a negligible
difference in the modeled voltage drop on the skin with further
remeshing. In all models, electric currents physics was used
which calculates the electric potential in a subdomain by

-V (6VV) — VjweVV =0 (1
where o denotes the electric conductivity, ¢ the relative permit-
tivity of the subdomain. jw in the frequency domain is equivalent
to time differentiation in the time domain. Cell membrane was
modeled by boundary condition distributed impedance, given by

1
n-J=— (o, + jwe) (V-

dm
where d,,, denotes the membrane thickness, ¢ its dielectric
permittivity, o, its electrical conductivity, V.t is the electric
potential on the exterior side of the boundary, n is the unit vector
normal to the boundary surface, J is the electric current density.

1) The Model of Dielectric Properties Without Electro-
poration: We constructed the model as described in [41]. For
more detail on initial geometric and dielectric properties of the
cells and settings of the numerical solver, we refer the reader to
[41]. The authors modeled full thickness skin and also included
layers which were not included in the dermatomed skin from
our experiments. Initially, we modeled all layers for validation
of our model, but for modeling electroporation, only the stratum

V;'ef) (2)
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Fig. 1. Optimization scheme used in obtaining the parameters of the skin electroporation model. The parameters of the local transport region

model and the electroporation in a unit cell model were changed and introduced into the Franz diffusion cell model. In the Franz diffusion cell model,
we simulated the current through the Franz diffusion cell and voltage drop on the skin. Results of the simulation were compared to the results of the
experiments. We varied the parameters of the models until the simulated and measured values matched.

corneum, epidermis, papillary dermis, and upper vessel plexus
were modeled. Briefly, the skin was divided into separate layers,
based on their morphology. In each layer, a typical biological cell
(i.e., corneocyte, keratinocyte,) or a typical structure (i.e., blood
vessels, collagen fibres) were identified. For the calculation of
equivalent dielectric properties, either analytical or numerical
method was applied. When the particles were embedded in the
extracellular fluid in a low volume fraction (<80%) the ana-
lytical Hanai-Bruggeman equation was used in Matlab R2015b
(Mathworks, USA) which was calculated much faster than the
numerical method. The papillary dermis was modeled as 40 um
spheres in 0.74 volume fraction and the upper vessel plexus
as x-axis oriented cylinders with diameter 50 ym in volume
fraction 0.3. Layers of higher volume fractions were modeled
numerically. A unit cell was constructed for each cell layer. A
biological cell in a unit cell was modeled via the ‘superformula’,
imported into the Comsol and scaled to achieve the correct sizes
and volume fractions. These were (in x-, y- and z-direction with
corresponding volume fraction) for the corneocyte: (40 pm,
40 pm, 0.8 pm, 0.85) and the keratinocyte: (5.97 pm, 5.97 pm,
11.95 pm, 0.8). Several unit cells together could describe the
morphology of the entire layer. Stratum corneum was modeled
with corneocyte, epidermis with keratinocyte and subcutaneous
tissue with adipocyte. In Fig. 2, the corneocyte, the keratinocyte
and the papillary dermis (used with the Krassowska asymptotic
equation) are shown. The opposite boundaries of the unit cell
were exposed to a sinusoidal voltage, and via the admittance, the
frequency dependent dielectric properties were calculated ().
Other outer boundaries were set to insulation. The process was
repeated in all three axes to obtain the dielectric tensor (Z).
From £, the electrical conductivity and relative permittivity
were calculated and inserted in the Franz diffusion cell model
as properties of separate layers. We used the frequency domain
study, the direct PARDISO solver and the physics controlled
mesh with finer or extra fine element size.

2) The Model of Dielectric Properties With Electropora-
tion: We added skin electroporation to the model by Huclova
et al. [41]. We modeled pore formation on the level of single
cells as well as local transport region formation in stratum

Fig.2. The geometry of the (a) corneocyte, (b) keratinocyte. Due to the
symmetry, only one-eighth was modeled. (c) Spheres in papillary dermis
were arranged in the face-centered cubic arrangement and could not be
described by including only one cell in the unit cell. Thus, for unit cell,
we used a geometry which could periodically describe the geometry of
the papillary dermis.

corneum. The pore formation was modeled on the keratinocytes
and papillary dermis. The local transport region formation was
modeled in the stratum corneum. The upper vessel plexus was
assumed not be electroporated.

a) The Model of Pore Formation: Pore formation
was included with Krassowska’s asymptotic equation [51], [52].
We modeled pore formation on the keratinocytes [Fig. 2(b)] and
spheres in the papillary dermis, [Fig. 2(c)]. The Krassowska’s
asymptotic equation cannot be analytically modeled, and thus
we used the papillary dermis unit cell [Fig. 2(c)] and not the
Hanai-Bruggeman equation. Papillary dermis was modeled as
spheres in the face-centered cubic arrangement in volume frac-
tion 0.74. To include Krassowska’s asymptotic equation, we
used the Weak Form Boundary Partial Differential Equation
interface with
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TABLE |
PARAMETERS USED IN UNIT CELL MODEL WITH KRASSOWSKA'S
ASYMPTOTIC EQUATION, THEIR MEANING, VALUE, AND REFERENCE

Symbol Meaning Value Reference

Ee Dielectric permittivity of extracellular space 80 [41]
)

e Electrical conductivity of extracellular space ~ 0.53 [41]
(S/m)

€m Dielectric permittivity of cell membrane (-) 9.4 [41]

Tmo Initial electrical conductivity of cell 106 [41]
membrane (S/m)

€i Dielectric permittivity of the intracellular 50 [41]
space (-)

o Electrical conductivity of intracellular space 0.12 [41]
(S/m)

dm Thickness of the cell membrane (nm) 7 [41]

Vep Electroporation threshold (mV) 258 [52]

« Electroporation parameter (m~2s~ 1) 109 [52]

q Electroporation constant 2.46 [52]

Ny Equilibrium pore density (m~2) 1.5x10°  [52]

R, Pore radius (nm) 0.75 [52]

Viest Resting membrane voltage (mV) —50 [52]

ap Pore electrical conductivity (S/m) 1{; ‘( l’) [52]

Om Electrical conductivity of the electroporated o, 0‘ + [52]
cell membrane (S/m) Oep

where N denotes the density of the pores in the membrane,
and N; in the unelectroporated membrane, I7V the induced
transmembrane voltage, «, g, V;,, describe the characteristics of
the electroporation process [51], [52], and ¢ is time. The pore
formation caused an increase in electrical conductivity of the
cell membrane:
271'1“[2, Opdm

Ter = Nwrp +2d,,’ @
where r, and o, were the radius and the internal electrical
conductivity of a single pore, respectively, and d,, is the cell
membrane thickness. The values of the parameters are in Table I.
Increasing voltages were applied to the opposite boundaries of
the unit cell in the z-direction. With increasing voltages, the
density of the pores increased and consequently the induced
transmembrane voltage. Dielectric tensor was calculated via the
applied voltage and the current flowing through the unit cell.
In the experiments, the pulses were applied in the z-direction,
and pore formation was therefore primarily in the z-direction.
Electrical conductivity in x- and y-directions and the relative
permittivity in all three directions (x, y, z) were assumed un-
changed and set to the unelectroporated values. We used the
time domain study, the direct PARDISO solver and the physics
controlled mesh with finer or extra fine element size.

b) The Model of the Local Transport Region For-
mation: The effect of electric pulses on the stratum corneum
was modeled via local transport region (LTR) formation. The
LTR was modeled as a cylinder in a unit cell (Fig. 3). We chose
the size of the LTR as stated it [49] and adapted the density by
changing the width and depth of the unit cell. In LV protocol,
the LTR’s diameter was chosen according to [49] and in HV
protocol its density was adapted. Also here, we applied voltage
on opposite boundaries in x- or z-direction, and via the electric

Fig. 3. Geometry of the local transport region (LTR) embedded in the
stratum corneum (SC). The cylinder is the LTR. The outer region is the
SC, unaffected by electric pulses. The image represents the size and
density of the LTR at the end of low-voltage protocol att = 1s (ary was
443 pm and r,y was 90 um).

TABLE Il
GEOMETRIC AND DIELECTRIC PROPERTIES OF THE LOCAL TRANSPORT
REGION AND THE UNELECTROPORATED STRATUM CORNEUM, THEIR
MEANING, VALUE AND REFERENCE

Symbol Meaning Value Reference/method
ELTR Dielectric permittivity ~ x and y: Calculated with a unit
(x,y,z)  ofthe LTR (-) 6.97 x 10%, cell with
2:5.46 x 107 unelectroporated
corneocyte
OLTR Electrical conductivity 0.7 Optimized*
(isotropic) of the LTR (S/m)
e Dielectric permittivity ~ x and y: Calculated with a unit
(x,y,z) ofthe SC (-) 6.97 x 104, cell with
7: 5.46 x 10? unelectroporated
corneocyte
osc Electrical conductivity ~ x and y: Calculated with a unit
(x,y,z)  of the SC (S/m) 1.38 x 1072, cell with
2:2.29 x 107*  unelectroporated
corneocyte
rLV Radius of the LTR Fig. 5(a) [49]
during LV protocol
THV Radius of the LTR 10 [49]
during HV protocol (11m)
arv Length of the unit cell ~ 443 [49]
during LV protocol (pzm)
agy Length of the unit cell 177, 130, Optimized*
during LV protocol (zm) 100, 80, 60,
40, 30 (density in
Fig. 6(a))
hrpTr Height of the LTR (um) 20 The same as the SC
height
hsc Height of the SC (um) 20 [41], [49], [50]

SC denotes stratum corneum and LTR local transport region.
*Optimization was done by comparing measured and simulated current and voltage drop
on the skin.

current calculated the dielectric tensor. Due to the symmetry,
the properties in the x- and y-axis were the same. The geometric
and dielectric properties of the stratum corneum and the LTR
are in Table II. The dielectric properties of the electroporated
stratum corneum were calculated under DC conditions since the
applied pulses in LV and HV protocol were relatively long and
the capacitive properties could be neglected. The size of the local
transport region was taken from [49] and slightly adapted as we
took into account that between pulses the LTRs could partially
reseal which allowed a better description of our experimental
data. We used frequency domain study, the direct PARDISO
solver and the physics-controlled mesh with extra fine element
size.
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Fig. 4. Geometry of the Franz diffusion cell with marked boundary
conditions and geometry. (a) the whole model, (b) zoomed to the area
between the electrodes and (c) zoomed to the skin.

c¢) The Model of Franz Diffusion Cell: The Franz
diffusion cell model was built according to the measurements
and the datain [49]. In Comsol, we used 2D axisymmetric geom-
etry. Although the properties of the skin were anisotropic, there
was only 3% difference in the 2D and 3D calculation. However,
the 3D calculation took approximately 6 hours and the 2D 1
minute. The boundary conditions and the geometric parameters
of the Franz diffusion cell model are marked in Fig. 4. Between
the electrodes, there was skin, immersed in phosphate buffer. On
top of the electrodes, we applied the measured square voltage
pulses. The other boundaries of the electrodes were assigned
contact impedance to model the impedance of the double layer,
formed at the electrode-liquid interface:

1
nedi= o (V=) (52)

medi= (Vi - Vi) (5b)
where p denotes the surface resistance and V; and Vs are the
voltages on each side of the boundary, n is the unit vector normal
to the boundary surface, J is the electric current density. Prop-
erties of the stratum corneum were obtained from the model
of the local transport region, properties of the epidermis from
the unit cell of the keratinocyte and applied Krassowska’s equa-
tion, properties of the papillary dermis from the unit cell of
the spheres in the papillary dermis and applied Krassowska’s
asymptotic equation. We used the physics-controlled mesh with
normal element size, time domain study and a direct MUMPS
solver.

Ill. RESULTS

After choosing the size [49] [LV protocol — Fig. 5(a)] and
adapting the density [HV protocol — Fig. 6(a)] of the local trans-
port regions (LTRs) we obtained the corresponding equivalent
electrical conductivity [Fig. 5(b) LV protocol and Fig. 6(b) HV
protocol] and relative permittivity [Fig. 5(c) LV protocol and
Fig. 6(c) HV protocol]. Fig. 5 thus shows results for the LV pro-
tocol —in Fig. 5(a) we can see how the radius of the LTR changed

during the treatment, in Fig. 5(b) the change in the equivalent
electrical conductivity and Fig. 5(c) in equivalent relative per-
mittivity in all three directions (x, y, and z). Fig. 6 shows results
for the HV protocol — on Fig. 6(a) we can see how the density of
LTRs changed during the treatment, in Fig. 6(b) the change in
the equivalent electrical conductivity and Fig. 6(c) in equivalent
relative permittivity in all three directions (x, y, and z).

Fig. 7 shows the electrical conductivity of lower layers (papil-
lary dermis and epidermis) as calculated using the Krassowska’s
asymptotic equation. The electrical conductivity varies with dif-
ferent voltages on the boundary of the unit cell. Optimized val-
ues of the electrical conductivity were inserted in the Franz,
diffusion model. Figs. 8 and 9 show the final results of our
model — the simulated values of the voltage on the skin and
the current and are compared with the measured values. In the
LV protocol (Fig. 8) the simulated and measured values of the
voltage drop on the skin [Fig. 8(a)] and the current [Fig. 8(b)]
matched well while in the HV protocol [Fig. 9] the voltage drop
on the skin corresponded well [Fig. 9(a)], but the current did
not [Fig. 9(b)]. The simulated current underestimated the actual
measurement for approximately 50%.

[V. DISCUSSION
A. Experimental Considerations

In the stratum corneum (SC), the local transport regions
(LTRs) were formed. In the epidermis (E) and papillary dermis
(PD), cell electroporation occurred as SC resistance decreased
due to LTR formation, and consequently, electric field increased
also in the lower layers. Electric pulses increase the permeability
of blood vessels and induce vascular lock [55], [56]. However,
we assumed there was no electroporation in the upper vessel
plexus (UVP) as it is a layer of blood vessels and even if we
assumed electroporation to occur there is a lack of experimental
data on its dielectric properties after electroporation.

Change in dielectric properties of tissues can be used to de-
scribe and understand processes happening during electropo-
ration. For assessing skin permeability, electric measurements
were used before [17], [57]-[60]. Dielectric properties can be
measured by dielectric spectroscopy [61], current-voltage mea-
surements during electroporation [62], electric impedance to-
mography [63], and magnetic resonance electric impedance to-
mography [64]. The efficiency of electroporation can be moni-
tored by measurements of the change in electrical conductivity
[25], [65], [66]. When measuring dielectric properties of tissues,
secondary effects can affect measurements — such as swelling
of cells [67], forming of edema [65], loss of ions from the cells
[62], vascular lock [55]. Thus, for the validation of our model,
we used current-voltage measurements during pulse application
when the secondary effects can still be largely neglected.

Skin hydration and the electrical conductivity of the liquid in
which the skin is immersed was shown to have a large effect on
skin impedance [68]. In our experiments, the dermatomed skin
was well hydrated as it was immersed in phosphate buffer. We
took hydration into account by increasing the electrical conduc-
tivity of LTRs to 0.7 S/m. This conductivity is in the same range
as in [43] but is much higher than the electrical conductivity of
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melted lipids (0.05 S/m [49]) which is relevant in the case of
dry skin.

We assumed that the relative permittivity of the epidermis,
papillary dermis and upper vessel plexus do not change due to
electroporation since the applied pulses were long and the capac-
itive component of the layers at low frequencies is approximated

with an open circuit. The change in relative permittivity of the
stratum corneum was based on the change in the geometry of
the LTR.

The buffer used in the donor compartment was phosphate
buffer, and in the receiver, it was phosphate buffered saline.
They varied in the ionic composition and pH, but their electrical
conductivity was the same (1 S/m). For our model, only the
dielectric properties were important, and we modeled liquid in
the donor and receiver compartment as the same buffer.

B. Pore Formation in Keratinocytes and Papillary Dermis

The Krassowska’s asymptotic equation describes how the
density of the pores changes as a function of applied voltage and
time. It is a simplification of a theory of pore formation as it as-
sumes all pores in the cell membrane are of the same size which
is a justified approximation only for short nanosecond pulses.
During longer pulses, the pores start to grow. For inclusion of an
increase in pore radius, creation of stable macropores should be
modeled [69], but the inclusion is computationally demanding.
Therefore, we decided to calculate the change of electrical con-
ductivity in the first few nanoseconds by Krassowska’s asymp-
totic equation. As the sampling period of the current and voltage
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Fig. 8. Measured and simulated (a) voltage on the skin and (b) current
through the system during LV protocol.

—Measured

— Simulated

— | Medsure
— | Simplate

Voltage (V)
Current (A)

05T TS 725 3 0 05 1 15 2 25 3
Time (s) x10’ Time (s) x10°
(a) (b)

Fig. 9. Measured and simulated (a) voltage on the skin and (b) current
through the system during HV protocol.

measurements was much longer than nanoseconds, we assumed
that the electrical conductivity of the papillary dermis and the
epidermis changed immediately when the pulse was applied.
We calculated the dielectric properties at ¢ = 0s by the Kras-
sowska’s asymptotic equation. To avoid modeling pore growth,
we simplified our model and adapted the bulk electrical con-
ductivity of separate layers at the end of pulse application. The
dielectric properties during pulse application were determined
by interpolation between t = 0s and t = 1's (LV protocol) or
t =2.5ms (HV protocol). The changes in electrical conduc-
tivity of lower layers (papillary dermis and epidermis) had to
be included; otherwise we could not describe the experimental
measurements.

The initial electrical conductivity of the epidermis and pap-
illary dermis was for the LV protocol approximated with
Krassowska’s equation when 0.07 V or 0.08 V were applied to
the unit cell which corresponds to 69 mV or 71 mV of induced
transmembrane voltage for corneocyte and papillary dermis, re-
spectively. The initial electrical conductivity of the epidermis
and papillary dermis was for the HV protocol approximated
with Krassowska’s equation when 3 V were applied to the unit
cell which corresponds to 1.14 V or 1.24 V of induced mem-
brane voltage for corneocyte and papillary dermis, respectively.
The initial theoretical voltage drop at t = Os on the epidermis
and papillary dermis was determined by treating skin as a volt-
age divider (right part of Fig. 10) on which there was a 30 V
[LV protocol — initial peak of Fig. 8(a)] or 180 V [HV protocol
— initial peak on Fig. 9(a)] voltage drop. Taking into account the
geometry (thickness of layers, area 0.785 cm? [49], size of unit
cells and corresponding number of unit cells in z-direction) and

Udel

electrodes
T
RPBS
Uskin
RSC
R,
Ry, =
skin RPD
L RUVP
Ground

Fig. 10.  The equivalent circuit of the Franz diffusion cell. The electrode
polarisation is represented only by resistance. Since we are delivering
relatively long pulses, the capacitance due to a double layer which is in
parallel with Re1ectrodes, COUld be approximated as an open circuit and
thus neglected. Ry, is represented by separate resistances of each
layer. The voltage drop on the skin is thus distributed among Rg¢, Ry,
Rpp and Ryvp, according to the thickness and electric conductivity of
each layer.

initial electrical conductivity of each layer before electropora-
tion in z-direction (SC: 2.29 x 10~* S/m, E: 6.36 x 10~ S/m,
PD: 7.19 x 1072 S/m, UVP: 3.85 x 10" S/m) we calculated
the resistance of each layer and a corresponding voltage drop
on each layer. This calculated voltage drop was then used in the
Krassowska’s asymptotic model.

With HV protocol, the initial theoretical voltage drop on the
epidermis and papillary dermis was 0.4 V, but a good agreement
between measurements and model was achieved with 3 V. The
initial electrical conductivity was thus higher than theoretically
predicted. Higher initial electrical conductivity indicates that
some defects were formed in the stratum corneum quickly and
lower layers were exposed to a higher voltage than predicted.

In HV pulses, the change in electrical conductivity was the
largest during the first pulse, and it changed only slightly dur-
ing the following two pulses. Between pulses, there was some
decrease in electrical conductivity present which indicates re-
sealing of the cell membranes as defects in the stratum corneum
were reported to reseal on a timescale of ms - hours [22].

C. Local Transport Region Formation in the Stratum
Corneum

It was shown that short high-voltage pulses increase the den-
sity of the local transport regions (LTRs) while low-voltage
long pulses increase the size of LTRs by Joule heating and lipid
melting around the pre-existing defects [17]-[22]. The radius
of the LTR during LV protocol increased from 10 pm to 90 pm
and was taken from [49] and the values are within the ranges
reported by [21], [22]. We assumed that LTRs reseal to some
extent between pulses [Fig. 6(a)] although as with the HV pro-
tocol, it is possible that cells in the lower layers resealed as well.
Since the pause during LV protocol was longer than during HV
protocol (100 ms vs 500 ps), we modeled LTR resealing instead
of corneocyte or papillary dermis resealing. The time course
of recovery in skin electroporation ranges from a few ms up to
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several hours [22]. Thus, we assumed that it is possible that LTR
radii slightly decrease during the pause between pulses. Still, this
is only an assumption — the increase in the resistance of the skin
could as well be a consequence of resealing of the pores in the
membranes of the cells in the lower layers. We have added the
resealing in our model, and by doing so, we were able to describe
the measurements of voltage and current more accurately.

The increase in electrical conductivity of SC during HV pro-
tocol was modeled by an increase in density of the LTRs while
their radii stayed the same (10 ;zm). The modeled density of the
LTR-s was high (up to 1200 LTRs/mm?) in comparison to previ-
ously published studies ([43] and the references therein) (up to
9 LTR/mm?). We tried decreasing the density of the LTRs down
to the reported values, but the modeled voltage on the skin was
2-times higher than measured which indicates that with lower
LTR density the predicted electrical conductivity of the skin is
too low. Even with increasing the electrical conductivity of epi-
dermis and papillary dermis to 1 S/m (electrical conductivity of
the phosphate buffer), the voltage on the skin did not decrease
enough to obtain voltage on the skin that would correspond to
the measured values. This indicates that LTR density is most
probably higher than expected.

D. Measurements and Simulation in the Franz Diffusion
Cell

An equivalent circuit can represent the Franz diffusion cell
(Fig. 10), where Relectrodess Fopps and Ry, denote the resis-
tance of the double layer on the electrodes, phosphate buffer
and skin, respectively. Uy, is the voltage, delivered to the elec-
trodes, and Ugi, the voltage, measured on the skin. The double
layer acts as an additional resistance in parallel to capacitance
[53]. Since our pulses were relatively long, we assumed the ca-
pacitance as an open circuit, and only the resistance Rejectrodes
was included in the equivalent circuit (Fig. 10). This additional
resistance caused a drop of voltage on the electrodes, and the
sample received less voltage than what was delivered to elec-
trodes. In the case of LV protocol, the voltage drop on electrodes
was significant in comparison to the applied voltage and voltage
drop on the skin (around 1 V on the electrodes with delivered
45 V and 12-30 V on the skin). In the case of HV protocol,
the voltage drop on the electrodes did not influence the results
but was included for consistency. Relectrodes, L2rBSs Udel, and
Uskin were known, which means that according to the voltage
divider, Rgyi, is already determined:

Uskin (Relectrodes + RPBS)
Udel - Uskin

Rskin = (6)

The simulated voltage drop on the skin and current through
the system after the LV protocol corresponded well with the
measurements (Fig. 8). The fitting was obtained by adapting
the electrical conductivities of separate layers until a good
agreement was obtained between simulated and measured
values. Taking into account that in LV protocol, the simulated
and measured current match [Fig. 8(b)], our model was thus
additionally validated.

Parallel confuguration Crossed confuguration

Skin sample

Fig. 11.  Position of the measuring Cu electrodes. When in parallel, the
electrodes were not directly one on top of another as they would squeeze
the skin and change the thickness of the skin. When the electrodes were
crossed, there was a preferential path for electric current.

In HV protocol, however, when we achieved a good agree-
ment between simulated and measured voltage drop on the skin,
the simulated and measured current did not match [Fig. 9(b)].
One possibility is additional processes, e.g., introduced by mea-
suring Cu electrodes. Namely, when measuring the voltage drop
on the skin, the Cu electrodes were in contact with skin. The elec-
trodes were put on the skin between the donor and receiver part
of the Franz diffusion chamber in two possible configurations:
parallel and crossed (Fig. 11) (M. Rebersek, personal commu-
nication). Unfortunately, the exact position of the measuring
electrodes was not noted during experiments and is thus not
known. Crossed configuration introduced a preferential path for
electric current since Cu is much more conductive than PBS or
skin. It possible that there was localised heating and discharges
present which caused the current to increase significantly, lo-
cally thus contributing to the overall current measured, but not
causing a detectable voltage drop.

The shape of the voltage and current measurements reflects
the different phenomena occurring during electroporation. The
initial voltage drop and increase in current in the first few mil-
liseconds is due to LTR formation in the stratum corneum. The
emergence of LTRs increases the electric conductivity, but with
increasing the radius of the LTRs, the effect slowly reaches a
plateau. With decreasing resistance of the SC, the electric field
increases in the lower layers of the skin. The prolonged decrease
in voltage and increase in current is due to a slow but constant
increase in the electric conductivity of lower layers due to pore
formation in the cell membranes of the cells in the lower layers,
i.e., electroporation.

From Table III we can see that HV protocol increased the
electrical conductivity of all layers more than the LV protocol.
In LV protocol, the delivered voltage was 45 V, and on the skin,
it was 12 V=30 V (26%—-66% of the delivered voltage). In HV
protocol, the delivered voltage was 500 V, and on the skin, it
was 100 V=180 V (20%—-36% of the delivered voltage), which
is much less than what was delivered to the skin in the LV
protocol.

When electrodes are immersed in liquid, a double layer is
formed at the electrode-liquid interface. The surface resistance
due to the double layer changes with current density, electrode
material, ions in the liquid. Interestingly, although it can sig-
nificantly change the voltage the cells and tissues are exposed
to, it is included only in a few models [70]. We used the values
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TABLE Il
GEOMETRIC AND DIELECTRIC PARAMETERS OF THE FRANZ DIFFUSION CELL
MODEL, THEIR MEANING, VALUE AND REFERENCE

Parameter Meaning Value Reference/
Method
w Radius of the skin sample (cm) 0.5 [49]
hse Height of SC (um) 20 [41], [49], [50]
he Height of E (1m) 100 [41]
hpa Height of PD (um) 140 [41]
Ruvp Height of UVP (pzm) 80 [41]
dy Distance between electrode in the 0.2 [49]
donor solution and skin (cm)
d, Distance between electrode in the 0.5 [49]
receiver solution and skin (cm)
T Temperature of the FDC (°C) 37 [49]
Wplate Radius of the plate on the electrode 3.5 [49]
(mm)
Wep Radius of the electrode (mm) 0.5 [49]
h Height of the FDC (cm) 5.255 Measured
Ps Surface resistance (Qcmz) 3.03 [53]
EPBS Dielectric permittivity of the 80 [52]
PBS(-)
opPBS Electric conductivity of the PBS 1 [49]
(S/m)
el Electric conductivity of the Pt 9.43 x 106 [54]

electrodes (S/m)

esc,rv Dielectric permittivity of the SC Fig. 5(c) Optimized*
(x,y,2z) after LV protocol (-)
osc, v Electric conductivity of the SC Fig. 5(b) Optimized*
(x,y,z) after LV protocol (S/m)
esc, gy Dielectric permittivity of the SC Fig. 6(c) Optimized*
(x,y,2z) after HV protocol (-)
osc v Electrical conductivity of the SC Fig. 6(b) Optimized*
(x,y,z) after HV protocol (S/m)
€E Dielectric permittivity of the E (-)  xand y: The unit-cell
(X, Y, 2) 4.83 x 103, z: model with

1.52 x 10*  keratinocyte
op.rv  Electrical conductivity of the E xand y: Optimized*
(x,y,z) after LV protocol (S/m) 5.82 x 1072,

2:6.36 x 1072

att = 0and

7.69 x 1072

att =1s
op, v  Electrical conductivity of the E xand y: Optimized*
(x,y,z) after HV protocol (S/m) 5.82 x 1072,

z:0.12 at

t = 0and

0.17 at

t=2.5ms
EPD Dielectric permittivity of the PD (-) 1.62 x 10 The Hanai-
(isotropic) Bruggeman

equation

opp,rv Electrical conductivity of the PD 0.086 at Optimized*
(isotropic) after LV protocol (S/m) t = 0,0.096

att=1s
opp, gy Electrical conductivity of the PD 0.13 at ¢ = 0, Optimized*
(isotropic) after HV protocol (S/m) 0.18 at

t=2.5ms
EUV P Dielectric permittivity of the x:4.92 x 10*, The Hanai-
(x,5,z) UVP(-) yand z: Bruggeman

6.40 x 10* , equation
oUv P Electrical conductivity of the UVP  0.42, 0.39, The Hanai-
(X,y,z)  (S/m) 0.39 Bruggeman

equation

(x, y and z) denote the anisotropic properties in Xx-, y- and z-direction. SC denotes stratum
corneum, E epidermis, PD papillary dermis, UVP upper vessel plexus, PBS phosphate
buffer, and FDC the Franz diffusion cell. Dielectric permittivity of material was not relevant
as it did not influence the results since the pulses were relatively long.

*Optimization was done by comparing measured and simulated current and voltage drop
on the skin.

from a study [53] where they used Pt electrodes. However, they
measured resistance in saline instead of phosphate buffer, and
their electrodes were smaller, which could affect the results.
More concerning is that they delivered much lower voltage than
the voltage delivered in our experiments. The chemistry of high
voltage pulses delivered to an electrolyte is still not well under-
stood [71], with few studies focusing on the release of metal
from electrodes [72] and possible reactions happening on or
near the electrodes [73], [74].

The drawback of our model is that there are several com-
binations of parameters which can offer good agreement with
the current and voltage measurements — e.g., we could change
the dynamics of local transport region formation and describe
the exponential decrease of voltage drop on the skin with dif-
ferent dynamics of change of electrical conductivity of lower
layers. We could compensate for the different geometry of the
LTRs with a different electric conductivity of the LTR. The
model, obtained in this study, is not trying to replicate the ex-
perimental results precisely but serves as a proof of principle
how cell level electroporation can be expanded to tissue level
electroporation. For a more precise determination of parame-
ters, more experiments and electrical measurements are needed
as the values of several parameters are currently only estimated
(for example, dielectric properties of separate layers during
electroporation).

The advantage of using our model is that we can use it to
describe any tissue with any resolution we want, we can include
blood vessels, lymphatic system, different types of cells in a tis-
sue etc. The only requirement is that the geometric and dielectric
properties of the tissues’ microstructure are known. When gen-
eralizing the properties to a tissue level, the computations are
quick and enable inclusion of other physical phenomena — for
example, heating or chemical reactions.

V. CONCLUSION

Our model connects the processes occurring at the level of
cell membranes (pore formation), and at the level of a skin layer
(formation of local transport region in the stratum corneum),
with the level of tissue (skin layers) and even level of organs
(skin). It enables description and prediction of changes in dielec-
tric properties of tissue while taking into account microstruc-
ture and processes on a much smaller scale and simultaneously
keeping the computational times reasonable. Not just skin but
any other tissue could be described similarly, as long as its mi-
crostructure is known. Our model thus offers a step forward in
modeling of electroporation at different spatial scales.
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