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The electrical properties of human skin in

a To
the range of the applied voltages between . Abstract
0.2 and 60 V are modeled theoretically ~ Introduction
and measured experimentally. Two ~ Materials & Methods
. + Results
parallel electric current pathways are + Discussion

considered: one crossing lipid-corneocyte + References

matrix and the other going through skin
appendages. The appendageal ducts are

modeled as long tubes with distributed electrical parameters. For both transport systems, equations taking
into account the electroporation of lipid lamella in the case the lipid-corneocyte matrix or the walls of the
appendageal ducts in the case of the skin appendages are derived. Numerical solutions of these nonlinear
equations are compared with published data and the results of our own experiments. The current-time
response of the skin during the application of rectangular pulses of different voltage amplitudes show a
profound similarity with the same characteristics in model and plasma membrane electroporation. A
comparison of the theory and the experiment shows that a significant (up to three orders of magnitude)
drop of skin resistance due to electrotreatment can be explained by electroporation of different
substructures of stratum corneum. At relatively low voltages (U < 30 V) this drop of skin resistance can
be attributed to electroporation of the appendageal ducts. At higher voltages (U > 30 V), electroporation
of the lipid-corneocyte matrix leads to an additional drop of skin resistance. These theoretical findings are
in a good agreement with the experimental results and literature data.

» INTRODUCTION

Drug delivery through human skin has a number of potential advantages relative to other means of
administration. The difficulty with transdermal drug delivery is that the outermost layer of the skin
(stratum corneum, SC) is a formidable barrier to the transport of hydrophilic or ionized species.
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Therefore, the enhancement of transdermal flux for these species is of great a To

medical importance. It has been shown (for references, see Burnette, 1989) that ~« Abstract

he application of an electric field is an effective enhancer of charged molecule . ppooo & o

the application of an electric field is an effective enhancer of charged molecule  _ nraierials & Methods
transfer through the skin. For this reason, knowledge of the electrical properties + Results

of the skin is valuable. At applied voltages of less than 1 V the current density is ~ -2iscussion

+ References
described by the Nernst-Planck electrodiffusion equation (Lakshminarayanaiah,

1984). In the absence of concentration gradients, the current-voltage dependence
of skin is linear, in accordance with experimental data. In this case, the electric field provides a driving
force for ion migration without creating new pathways. The situation changes markedly, however, at
higher voltage. For example, at a potential difference of a few volts the current-voltage dependence
becomes nonlinear (Kasting and Bowman, 1990a,b; Inada et al., 1994). Under these conditions a steady-
state potential (at constant current) develops with significant lag time, and the system acquires some
features of irreversibility. This behavior cannot be described by electrodiffusion theory. Rather, it was
interpreted in terms of either interfacial nonlinear reactions or electroporation (Kasting and Bowman,
1990a,b; Inada et al., 1994).

The SC consists of a lipid-corneocyte matrix crossed by skin appendages (e.g., sweat glands and hair
follicles; Fig. 1). The lipid matrix subsystem includes ~70-100 bilayers in sequence (Elias et al., 1977;
Odland, 1983; Elias, 1983; Madison et al., 1987). Hence, a transdermal voltage of ~1 V results in a
potential drop across each bilayer of ~10 mV, a value too small for electroporation in planar lipid bilayers
(Abidor et al., 1979; Benz et al., 1979). The skin appendages also carry current. Direct, high-resolution
measurements using vibrating potentiometric microelectrodes (Cullander and Guy, 1991; Cullander,
1992) and scanning electrochemical and video microscopy (Scott et al., 1993) have shown that
appendages are associated with regions of high current density. The edges of these ducts (or macropores)
are lined by two layers of epithelial cells (Odland, 1983). At a voltage near 1 V, the potential drop across
each epithelial cell membrane lining the macropore duct is ~250 mV, sufficient for electroporation. This
electric field could, therefore, create new pathways in the appendageal macropore walls. Even more
dramatic effects were described at applied potentials up to several hundred volts (Prausnitz et al., 1993;
Pliquett et al., 1995; Bommannan, 199). In these studies it was shown that skin resistance decreased by
1000-fold during a very short (<10 ps) time interval. The primary resistance drop occurred at voltages of
less than 70 V. Prausnitz et al. (1993) and Pliquett et al. (1995) attribute this change in skin resistance to
electroporation of the multilamellar bilayer membranes of the SC. A quantitative theoretical study
(Chizmadzhev et al., 1995) focused on the domain of high voltages and electroporation of SC lipids.

FIGURE 1 A schematic representation of the structure of human
skin.
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Here we investigate the effect of moderate voltages (U<60V). The main objective of the study is to
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elucidate the role of appendages in the electrical properties of skin. As a first step, a quantitative theory of
electroporation of skin appendages is developed and applied to the analysis of published experimental
data (Kasting and Bowman, 1990a,bs; Inada et al., 1994) obtained around 1V applied potential. The
experimental results obtained at higher voltages (10V<U<60V) are compared with theoretical predictions.

THEORETICAL

Consider a skin sample immersed in an electrolyte solution. The electric current flowing across the skin
can be measured after the application of a rectangular voltage pulse applied between two electrodes on
either side of the skin. It is believed that there are two parallel current pathways through the skin
(Monteiro-Riviere, 1994; Potts et al., 1992=; Oh et al., 1993), one crossing the lipid-corneocyte matrix
(m) of the SC, and the other going through appendages (a). An equivalent electrical scheme of this system
is shown in Fig. 2. All of the elements in the scheme are explained below.

FIGURE 2 The equivalent electrical scheme of an outermost layer of skin. (a)

[; : An integral scheme where R, R, and R . are the resistances of bulk solution,
q_f skin, and measuring resistor, correspondingly; C is skin capacitance. (b) More
. ] specified scheme, where two parallel pathways are shown. R _ and C__ refer to

lipid-corneocyte matrix, and R, and C, refer to appendages.
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Lipid-corneocyte matrix pathway (m)

From an electrostatic point of view, the m-subsystem of the SC can be considered as a dielectric with a
resistance (R ) of ~10° ohms cm? and a capacitance (C ) of ~0.03 pE/cm? (Oh et al., 1993; Edelberg,

1971) (Fig. 2 b). If the m-layer is considered to be a homogeneous medium of 15-20 pm thickness, an
average dielectric permittivity € of 700 is obtained. This value is unreasonable, and this homogeneous
model is therefore not valid (DeNuzzio and Berner, 1990). Alternatively, we should take into account the
fact that corneocytes contain water and small ions resulting in an equipotential domain within these
compartments. Thus, the potential drop across the SC should occur predominantly across the lipid
domains between the corneocytes. This lipid domain can be described as parallel resistors and capacitors
in series through the SC. There are on average 15-20 corneocyte layers in the SC, each separated by lipid
domains of ~0.05 pm thickness (Holbrook and Odland, 1974®; Swartzendruber et al., 1989,
Swartzendruber et al., 1987m). Thus, the effective thickness of this nonconducting layer is ~1 pm

(20 x 0.05 pm), yielding an effective dielectric constant of 15-20. This value is intermediate between that
for lipids (~2-3) and water (~80) and is reasonable for hydrated lipid bilayers. This estimate suggests that
the voltage drop is concentrated across lipid bilayers that are oriented normal to the electric field.

The SC matrix resistance (R_) and capacitance (C ) introduced in this way are frequency independent. If
the charging time (1) of C_ is small compared with the time of the experiment, the equivalent scheme of

the SC can be reduced to a simple voltage divider that includes four resistors in sequence, the bulk (R,),
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epidermal (R,), measurement (R ), and matrix (R, ) resistances. It will be shown that = _ is less than 1 ps,

whereas the typical time resolution of the measuring device used here is ~20 ps. Instead of the first three
resistors, which are voltage independent, we introduce R, = R, + R, + R_ (Fig. 2 b). There is good reason,

however, to assume that R  is voltage dependent due to electroporation of the SC, where the applied

potential induces electropores in the lipid bilayers.

The mechanism of formation and electroinduced accumulation of pores in a lipid bilayer is now well
understood. Due to lateral thermal fluctuations of lipid molecules, hydrophobic pores are spontaneously
formed in the membrane (see inset 1 in Fig. 3). The probability of the appearance of a hydrophobic pore is
determined by the dependence of the pore energy on its radius (Glaser et al., 1988m). It is clear that
exposure of lipid hydrophobic tails into a polar media (water) results in an increase of the pore energy
with increasing radius, as illustrated by curve 1 in Fig. 3. When the radius (p) of the pore exceeds the
some critical value p*, a reorientation of the lipid molecules at the edge converts the pore into a
hydrophilic one with the headgroups lining the pore walls (Fig. 3, curve 2). It is clear that the hydrophilic
pore energy should increase at small radius (Fig. 3, dotted branch of curve 2). Unfortunately, the precise
dependence of the hydrophilic pore energy on small values of the radius is unknown, and the theoretical
description is semiquantitative. The most important feature of the resulting energy curve in Fig. 3,
however, is the existence of an energy minimum at relatively small radius p_. (estimated to be ~1 nm)

and an energy barrier at p* (~0.4 nm), which has to be overcome for hydrophilic pore formation (Glaser et
al., 1988=). When the energy barrier and the minimum energy are sufficiently high, the population of the
pores in the corresponding potential well is low. However, it has been shown (Abidor et al., 1979,
Pastushenko et al., 1979®) that the application of external electric field significantly reduces the height of

the barrier and lowers the minimum (Fig. 3), resulting in the accumulation of metastable hydrophilic
pores in the potential well.

FIGURE 3 Energy of an electropore in a single lipid bilayer
versus its radius. The hydrophobic (1) and hydrophilic (2) pores
are displayed in the inset. The pore radius p* corresponds to a
structural rearrangement of the pore edge, and the hydrophobic
pore is converted to a hydrophilic one. Pores accumulated in the
local minimum p . determine the electrical conductivity of the

1, hyckophobic pore 2 hydrophilic pore

membrane. The electric field application (1' and 2' curves)
reduces the potential barrier at p* and, hence, increases pore
population in the potential well p . as well as the membrane

LA Pooe radius
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The height of the energy barrier at p* is equal to (Glaser et al., 1988=1)

2 SR TN | I
7P [Ew — Em )EpLL
WU, ps) = W0, ps) — ——5——— (1)

where W(0, p*) is the height of the energy barrier in the absence of an electric field, ¢  and ¢_ are
dielectric constants of water and the membrane, respectively, ¢, is the electric constant, U, is potential

drop across a single membrane, and d is the bilayer thickness. The second term in the right-hand part of
Eq. 1 corresponds to a decrease of the electric free energy of a membrane due to a replacement of lipid
material with water as a result of the cylindrical pore formation.


http://www.biophysj.org/cgi/content/full/74/2/843#E1
http://www.biophysj.org/cgi/content-nw/full/74/2/843/F3
http://www.biophysj.org/cgi/content/full/74/2/843/F3
http://www.biophysj.org/cgi/content/full/74/2/843#F3
http://www.biophysj.org/cgi/content/full/74/2/843#F3
http://www.biophysj.org/cgi/content/full/74/2/843#F3
http://www.biophysj.org/cgi/content/full/74/2/843#F3
http://www.biophysj.org/cgi/content/full/74/2/843#F3
http://www.biophysj.org/cgi/content/full/74/2/843#F3
http://www.biophysj.org/cgi/content/full/74/2/843#F2
http://www.biophysj.org/cgi/content/full/74/2/843#B18
http://www.biophysj.org/cgi/content/full/74/2/843#B18
http://www.biophysj.org/cgi/content/full/74/2/843#B1
http://www.biophysj.org/cgi/content/full/74/2/843#B30
http://www.biophysj.org/cgi/content/full/74/2/843/F3
http://www.biophysj.org/cgi/content/full/74/2/843#B18

According to the classical theory of the rates of activated processes, the rate K, of hydrophilic pore

formation in a single bilayer can be calculated as

g ~ WL, p+)
1= 5P KT

] = Kyexplay U7) ()

where

ko Y o[ W0, ps) 7p% (Ew — em)eo
17 5 &P P K 2dkT

and v is the frequency of lateral fluctuations of lipid molecules, whereas a;, is the area per lipid molecule.

The subscript 1 attributes the corresponding variable to a single bilayer. For planar membranes in
electrolyte solution the values of K, and«, are 103 s-1 cm-2 and 4.8 V-2, respectively (Glaser et al., 1988

=).

To apply this theory to the case of the m-subsystem of SC we assume that pore formation in each bilayer
is an independent process that is governed by a potential drop U, = U_/m, where U__ is the voltage drop

on the lipid-corneocyte matrix, and m is the number of bilayers. This approximation is appropriate when
the pore radii are small (p < d) and the pore density does not exceed 108 cm-2 (Weaver and Chizmadzhev,
1996m=).

When an applied potential induces electropores, the conductance of the m-subsystem (G_) is determined

by the density (N) of electropores in each bilayer and the number of the bilayers (m) in sequence:

Ng

Gm =, ©

where g is the conductance of a single electropore. The kinetics of hydrophilic pore formation is
described by the equation (Pastushenko et al., 1979®; Chizmadzhev and Pastushenko, 1988=)

dN 3 N
H—Ki{ﬂplmU,]—N—o} (4)
with the initial condition N(t = 0) = N,. Here U_ is the voltage drop across the lipid-corneocyte matrix

with m bilayers in series. The subscript 1 of e, attributes this quantity to a single bilayer.

The voltage drop across the SC is

L 1

U = TGare ™ O R R )

and U is the applied voltage. Using Egs. 3 and 5, it is convenient to rewrite Eq. 4 in the following form:
dGm _ [ ( u )2  Gm
at TP T Gn/G GS, (6)

with the initial condition G_(t=0) =G mo’ where G mO =Nyg/m, K =K;g/m,anda_ = ocl/m2. In the

derivation of Eq. 6, and in accordance with an accepted approximation (Glaser et al., 1988=), we assumed
that the single pore conductance g is independent of U, . The electrical current density I is then defined as
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GmGy

I=Us.+a (7)

The results of a numerical solution to Eq. 6 will be shown and compared with the experimental data in the
Discussion.

Appendageal pathway (a)

The appendageal duct is modeled by a semi-infinite cylindrical tube with a radius r filled with an
electrolyte of specific conductance o. This tube crosses the SC, which is considered a dielectric separating
two compartments (Fig. 4). The x axis is directed along the tube with the origin at the SC boundary and a
layer of epithelial cells lining the duct. Consistent with morphological evidence, it is assumed that the
epithelial lining of the macropore duct consists of two cell layers (Berridge and Oschmann, 1972;

Odland, 1983m). The upper surface of the SC has the coordinate x = h. The wall of the tube is

then formed by SC in the upper region (\—[h < X < 0), and the epithelial cell layer in the lower

region (x > 0). In the upper region (h < x < 0), the tube wall is nonconductive. Below the SC
(x> 0), the tube wall is characterized by a specific capacitance (C, ) and a potential-induced

(electroporation) conductance (G, = gN/m), where N is the electropore density in a single plasma

membrane, g is the conductance of a single electropore, and m is the number of plasma membranes in the
tube wall. In the lower electrolyte solution the electric potential is chosen to be zero, whereas in the top
solution it is determined by the experimental protocol. The potential distribution along x can be found
from the balance equation for electric current averaged over the tube cross section

dip  oOr 92 @
LAY ﬁ — Gy (8)
with initial and boundary conditions
leo=0, @ lyseo=0, and R | —u
@ k=0 v P lx—ee , an P — E x=0 (9)

The last condition is a consequence of zero wall conductance in the upper, SC-lined region (

h < x < 0). We neglect the potential drop across the resistance R, + R, which is small in comparison with
the applied voltage (U).

2 FIGURE 4 Appendageal duct modeled as a tube of radius r. Tube

KU (or macropore) wall (w) is formed by (presumably) two layers of
epithelial cells. In an entering region (h), tube walls being formed
of lipid-corneocyte matrix are nonpermeable for electric current.

P

g=0

T
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The electropore density (N) is determined by the balance equation (Eq. 4), which after transformation
yields an equation for the macropore wall conductance (G, (¢)) similar to Eq. 6

Gy
ot

Gy
@ (10)

= Kw EIP[“W'ZF‘I} -
with the initial condition G (t = 0) = GWO, where e = ocl/mz, K, = K;g/m. The parameters K , and « , are
similar to K, and & introduced in Eq. 6 except that the number of bilayers in the macropore wall (m = 4)

differs from that for the lipid-corneocyte subsystem (m == 70).

The current density across the skin sample is

It) = U_—R:?;.tt}. (11)

where R, = h/nmr?e is the total resistance per unit area at the entrance of the appendageal macropores, n is
the surface density of the macropores, and ¢ (¢) = ®|_ _ . This expression includes both conductive and

capacitive currents. However, for sufficiently long time, the capacitive component is small and the
appendageal resistance (R_(t))can be calculated:

_ [§l _ Ep
R = 1y = T po/u (12)

Equations 8 and 10 are nonlinear and can only be solved numerically. The results are presented in the
Discussion and compared with experimental data.

For steady state, the nonlinear Eqs. 8 and 10 can be reduced to

dfp  2Gh¢

Py expl ctw ) (13)

The first integration gives a transcendental equation for the steady-state value of the potential ®,(U) at the

opening of entrance region (x = 0)

U—gpy=h 2G5 expl oz — 1 14
00 =hy[ =y eplaweg) (14)

which was solved numerically using the Newton method. With that result, the current-voltage dependence
and skin resistance were found using Eqgs. 11 and 12. The results and a comparison with our and other
published data (Kasting and Bowman, 1990a®,b®; Inada et al., 1994m) are presented in the Discussion. At
high voltages Eq. 14 can be simplified, and its solution is written as

~ (imE !"‘w'-’”)”z
PO\ a RV 26D (15)

For the asymptotic behavior of the macropore resistance (R,), we obtain from Egs. 12 and 15
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Ra(U) = Ry - (1+ @o/U) (16)

One may conclude from Eq. 15 that the potential () increases less than the applied potential U (actually,
P~ In'2U). As a consequence, the ratio ®,/U tends to zero, and the macropore resistance saturates at a

value near the total resistance for the macropore opening (R, & R, .).

Consider the potential distribution along the tube in the absence of electroporation. In this case, the
potential inside the tube (?(x, 1)) is described by Eq. 8, with G = Gw0 = a constant. At steady state Eq. 8
reduces to Eq. 17, for all positions within the tube:

o _ 269
M o

@, x=0, 17)

According to this equation, the potential decays exponentially along the tube as

plx) = poe*/" (18)
with a characteristic length

I|I T
L= ﬁ (19)

Here ¢, =%|,__ ,, which is a simple function of the applied potential U:

L
o T+h/L (20)

» MATERIALS AND METHODS

Skin preparation - To
4 Abstract
The established methods for skin sample preparation (described, for example, in 4 Introduction

Prausnitz et al., 1993w}, and Pliquett et al., 1995s)) were used. Human skin was ~ _ Il\z/[ezt:lrt 'Sals & Methods

obtained from the upper thoracic area of males and females within 24 h + Discussion

postmortem (usually 6-10 h). Full-thickness sections (1-2 mm in thickness) were ~ References
used in all experiments as thinner epidermal sections may result in damage to

skin appendages such as hair follicles and sweat glands. The skin was stored (dermis down) in petri dishes
on filters wetted by the nutrient Dulbecco's modified Eagle's medium at 4°C and 95% relative humidity
for several days before use. After 7-10 days of storage, many of the samples had low resistance compared
with initial values. Therefore, experiments were performed only with samples stored less than 5 days. Just
before the experiment, the subcutaneous fat was gently scraped from a 1-cm? piece of skin. The samples
were clamped between two half-cells, each containing 0.15 M NaCl, and were left for 2 h at room
temperature (25 £ 1°C) to achieve a stable resistance value. Only samples with a resistance greater than
10 k& cm? were used. To avoid scatter of the experimental data arising from variation in the initial skin
resistance, most measurements were made on the same sample.

Cell design

The design of the experimental cell was similar to that described previously (Prausnitz et al., 1993=;
Pliquett et al., 1995m), with the skin sample immersed in an electrolyte solution between electrodes and
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the electric field applied normal to the skin surface. The measuring cell consisted of two Teflon half-cells,
with an exposed skin area of 0.12 cm?. The volumes of the half-cells were 5 and 10 ml. Three electrodes
were immersed in each half-cell: two planar Ag/AgCl (with a width of 8 mm and thickness of 1 mm) and
one Pd electrode (with a width of 8 mm and a thickness of 0.3 mm). The electrodes in each half-cell were
parallel, with a distance between them of ~20 mm. Ag/AgCl electrodes were used for the measurement of
skin resistance and capacitance before and after electrotreatment. Rectangular voltage pulses were applied
using the Pd electrodes. A schematic diagram of the test circuit is shown in Fig. 5. The circuit consists of
separate blocks enabling the measurement of the electrical parameters of both the cell and skin sample.
The electrical characteristics of the skin were measured before, during (0-8 ms), and after pulsing (1-40
min). Before the experiments, the electrical parameters of the cell without the skin were measured.

FIGURE 5 Schematic diagram of the experimental setup for
skin capacitance and resistance measurements before, during, and
after high-voltage electrotreatment. LG, low-voltage generator of
triangular pulses; HG, high-voltage generator; PS, four-electrode
potentiostat; C, cell with a skin sample and six (1-6) electrodes;
OS1 and OS2, oscilloscopes.

SHIN

View larger version (30K):
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Before and after pulsing

To initiate the experiment, switch K was connected to a four-electrode potentiostat PS (P84, Institute of
Electrochemistry, Moscow, Russia) by two pairs of Ag/AgCl electrodes (electrodes 2-5 in Fig. 5). A low-
voltage, triangular wave form (100 mV, 10'-10* Hz) from a generator LG (A-100, Prosser Scientific
Instruments, Ltd, Suffolk, UK) was applied to the input of PS. From the output of PS, the response of the
system (current and voltage) was monitored by a two-channel oscilloscope OS1 (C1-114, Minsk,
Belorus). The capacitance and resistance of the skin were calculated from the equivalent circuit shown in

Fig. 2 a using a potentiodynamic method. After analyses of the prepulse characteristics, the switch K was
opened.

During the pulse (0-8 ms)

A rectangular voltage pulse (10-60 V amplitude) was applied to the Pd electrodes (1 and 6) using a
generator HG (G5-82, Russia). The beginning of the voltage pulse was set as zero time. The current in this
circuit was measured by a voltage drop (U (t)) on the measuring resistance (R = 220 €). The signal was

recorded in a one channel of the digital oscilloscope OS2 (Gould 1425, Gould Instruments, Essex, UK),
and the total input signal (U(t)) from the control output of the generator HG was recorded in another
channel. All oscillograms were stored in a computer for subsequent processing. The current response (I(t))
of the system to the input voltage can be determined from U () and contains information about changes in

the electrical properties of the skin. In general, I(t) contains a capacitive current that can be significant at
the initial stage of the pulsation. At longer times, however, the capacitive current becomes negligible, and
the skin resistance can be estimated using the values of the measuring (R_) and cell (R,) resistances

according to the equivalent circuit shown in Fig. 2 a, without the skin capacitance (C,).
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The interpulse interval was chosen long enough so that skin sample resistance could be restored. To
estimate the extent of skin recovery, the electrical current was measured in the course of two subsequent
voltage pulses. In addition, the skin resistance was monitored just before and after each voltage pulse.

» RESULTS

Cell resistance without skin 4 To

4 Abstract
To calculate the skin resistance (R,) during pulsing, it is necessary to know the ~ « Introduction
. . . . . a Materials & Methods
cell resistance (Ry), including the resistance of the electrolyte solution and the - Results
interfacial resistance of the current electrodes. The cell resistance with 0.15 M~ -Discussion
+ References

NaCl but without skin was measured after voltage pulses ranging in amplitude

from 10 to 60 V and during the application of a small-amplitude alternating
current. The Pd electrodes were maintained at +220 mV versus a normal hydrogen electrode for 1 h
before the experiment to achieve a reversible state. The average value of the cell resistance (R,) obtained

was 275 + 25 @ regardless of the measurement technique. To measure the potential drop across the
solution excluding a possible contribution from the electrodes, two Pd (1 and 6) and two Ag/AgCl (2 and
5) electrodes were used. A voltage pulse was applied to the Pd electrodes, and a response was measured at
the Ag/AgCl electrodes. The Ag/AgCl electrodes were connected to two channels of the oscilloscope OS2
(input impedance 1M#?), and the time-dependent potential was measured. The results showed that Pd
electrode resistance was less than the error (+25 1) of the measured R, value. The current-voltage

characteristic of the cell without skin was linear throughout the total range of applied voltages. Therefore
we can conclude that external voltage applied to the cell with a skin sample is divided between the skin
and the electrolyte solution resistances.

Current response of the skin during a rectangular pulse

In Fig. 6, four amperograms (I(t)) are shown, each obtained in the course of consecutive rectangular
voltage pulses with U= 10V (a), U=20V (b), U= 30V (c¢), and U = 60 V (d) applied to a skin sample
with the initial resistance of 1.8 M. The time interval between successive points on the curves is 20 ps.
The interpulse interval was long enough so that skin resistance was restored after the previous voltage
pulse (for more details, see below). The current responses were monitored for skin samples with initial
resistance of approximately 100, 150, 200, 300, 500, and 750 k£ and 1.8 M#£1 using voltage pulses of

5, 10, 15, 20, 30, 40, 50, and 60 V for each sample. Qualitatively, all amperograms were similar. A
comparison of electric current values at 10 and 20 V shows that a twofold increase of the voltage leads to
a sevenfold increase of the current. These results demonstrate that in this range of voltages the skin
behaves as a non-ohmic, nonlinear system, with a conductance that increases with increased voltage. At
the beginning of a pulse, the current dropped to a minimal value and then slowly increased. The time to
achieve this minimum decreased as the pulse amplitude increased. Measurements of I(t) made at very
high time resolution (5 ps) demonstrated that this minimum cannot be detected at 40 or 60 V (data not
shown). This type of current-time behavior is similar to the well known results described in the studies of
reversible electroporation of planar lipid bilayers (Chernomordik et al., 1987&1), where the initial decrease
of I(t) was associated with capacitive current. According to Fig. 6, the capacitive current in skin is
negligible at the times longer than 300 ps for any voltage studied. In this case, the equivalent circuit of the
system can be represented as two consecutive resistors, R and R (Fig. 2, but excluding C ), and the skin

resistance (R.) can be calculated from the equation
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L
Rs Rcm—fﬁb‘l‘ﬁc] (21)

The time-dependent skin resistance (R (¢)) at 1 ms as a function of the applied voltage is shown in Fig. 7.
These results show a 100-fold drop in R, as the voltage was increased from 0 to 30 V, with a fivefold

additional decrease as the voltage was increased to 60 V. The closed circles in Fig. 7 were obtained for the
same skin sample with an initial resistance of 1.8 M# (see closed circles on the ordinate axis). The open
circles correspond to the five samples with lower initial resistances (100-300 k£) and were obtained after
averaging the resistance values at each pulse voltage. The scatter of R_ values at each voltage is less than

the circle diameter in Fig. 7. A comparison of the closed and the open circles in Fig. 7 shows that all
approach a common value at high voltage. Additional experiments with exponential pulses of high
amplitude (102-10 V) have demonstrated that in this voltage range, the skin resistance approaches a
limiting value of ~500-1000 £1, independent of the initial resistance. This behavior is probably due to the
potential-independent resistance of epidermis (R, in series with the resistance of the outermost layer of

the skin, R ). This suggestion is consistent with the results of Pliquett et al. (1995), which show that the

resistance of very thin layers of the skin with the epidermis removed (50 to 70 pm thickness) drops to a

value near 20 €2 after electrotreatment by single voltage pulses of U = 100 V. Hence, pulsation of the SC
alone leads to very low resistance.

; FIGURE 6 The amperograms of a skin sample with initial
' h_,r"'f resistance RSO = 1.8 M#1 obtained during the application of

rectangular pulses of different amplitudes (in V): (a) 10; (b) 20;
(c) 30; (d) 60.

RSP
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o FIGURE 7 Voltage dependence of skin resistance R, measured

{ at 1 ms after the application of the pulse. * and = correspond to
the samples with different initial resistances RSO: * 1.8 M£; o,

., kohm

10 100-300 ks¥; each open circle corresponds to the resistance
averaged over five samples.
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The recovery of the electrical properties of the skin after voltage pulses
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The resistance of different skin samples varies widely. To diminish possible scatter in the data, primary
experiments were performed on the same skin sample by the application of consecutive pulses with
different amplitudes. This experimental protocol requires recovery of the skin electrical properties after
each voltage pulse. For comparatively short pulse-to-pulse time intervals (1-110 ms) the shape of the I(t)
curves measured during two consecutive pulses was chosen as an operative criterion of the recovery. This
was done for different voltages and interpulse pauses (r; p) of 1, 2, 4, 8, 15, 30, 60, and 110 ms. The extent

of the recovery was found to be a function of the pulse amplitude. At 60 V, the current at the beginning of
the second pulse was the same as at the end of the first one (e.g., no recovery), even at Tip = 110ms (Fig. 8

a). Thus, the interval Tip = 110 ms is not sufficient for the recovery process after a strong pulse (60 V). On
the contrary, at 10 V and Tip = 110 ms, significant recovery was observed (Fig. 8 b), but at Tip = 1 ms, no

recovery was detectable at any voltage studied.

FIGURE 8 Current response I(t) of two skin samples with different
RSO after the application of two consecutive pulses of different

amplitude with an interpulse interval of 100 ms: (a) 100 k£, 60 V; (b)
200 k&, 10 V.
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The full recovery time (1) was obtained from the measurement of skin resistance after the pulse (1 min
and later). Skin capacitance (C) measured 1-2 min after the pulse coincided with the initial value for all

pulse amplitudes. In contrast, the skin resistance recovery time (t) varied for pulses of different voltages.

For a sample with an initial resistance of 750 k& at 10 V, complete recovery after an 8-ms pulse took less
than 1 min, whereas recovery after a 30-V pulse took ~30 min (Fig. 9). At 20 V, the recovery time was
approximately 2 min. Therefore, a large increase in the recovery time occurs at ~30 V, the same voltage
where the slope of R (U) changes abruptly. The recovery time depends also on the initial resistance (RSO)

of the skin. For samples with lower R, . was shorter. As an additional test of complete recovery, a

measurement of I(t) was made using two consecutive pulses with a long interpulse pause (40 min). From

the results in Fig. 10 it is clear that the two I(t) curves corresponding to the first and second pulses
coincide, even at high voltages (60 V).
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FIGURE 9 The recovery of skin sample resistance (in percent

1 "'—'—f‘_—_'= ——s relative to the initial value) with RSO = 75 k&1 after
I.r / electrotreatment by single rectangular pulses of 8 ms duration and
Pl / different amplitudes (in V): ¢, 50; =, 35; m, 10.
Ry
'y
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= FIGURE 10 The comparison of two amperograms I(t) obtained
==, | using a skin sample with RSO = 100 k&2 during the application of

two consecutive pulses, U = 60 V, pulse duration = 8 ms, and the
interpulse interval = 40 min. e, first pulse, =, second pulse.

View larger version (16K):
[in this window]
[in a new window]

» DISCUSSION

The possible role of the appendages in the electrical properties of the skin has - To
been repeatedly stated in the literature. Many years ago it was mentioned that a Abstract
. . . . . 4 Introduction
the frequency dispersion of SC capacitance can be exPl.amed l?y this (Ede‘lber.g, + Materials & Methods
1971m). In the same paper, the enhanced SC permeability during the application . Results
of a small potential (iontophoresis) was attributed to electrically induced - Discussion

- Ref
deformation (activation) of appendageal ducts. A possible physical mechanism CEREEs

of the activation was considered quantitatively by Kuzmin et al. (1996)=. By
direct measurement (Cullander and Guy, 1991&; Scott et al., 1993m®) it has been determined that the
primary iontophoretic pathway is associated with skin appendages. At elevated voltages (in the range of a
few volts) the SC demonstrates typical properties of a nonlinear electrical circuit with the time-delayed
response (Kasting and Bowman, 1990am,b=; Inada et al., 1994®). It seems possible that the appendages
could be responsible for such a behavior (Galichenko et al., 1996=).

Despite the recognition of a significant role of the appendages in the electrical properties of skin, ion
transport through these pathways was never considered theoretically. From a physical point of view the
appendageal duct could be modeled as a long tube with distributed electrical parameters. The peculiarity
of this duct is that the leakage conductivity of its wall is not constant but is a function of the density of
electric field-induced pores (electropores) in the plasma membrane. This model is described by a system
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of the nonlinear differential equations (Egs. 8 and 10) for electric potential (¥) and tube wall conductance
(G,,s or electropores density) as a function of time ¢ and coordinate x along the tube. These equations were

solved numerically.

To compare the results of calculations with experimental data we should specify all parameter values.
According to morphological data (Odland, 1983®), the macropore radius r is ~10-20 pm. Near the
entrance region of a macropore (see Fig. 1) the lipid-corneocyte layers of the SC bend and stretch along
the x axis (especially in the case of hair follicles). At increasing depth, the SC surrounding a macropore
gradually disappears, leaving only the remaining layers of epithelial cells. The length of the entrance
region h can be estimated roughly as 40-100 pm (Scheuplein, 1967®). It seems reasonable to assume that
electrolyte conductivity inside the macropore is of the same order of magnitude as in the bulk solutions (e
~10-? @-! cm-1). The macropore wall capacitance (C,,) and conductance (Gwo) can be estimated from

typical data for a cell membrane, where C_ is ~10-% F/cm?, and G CO is ~10-*@-! cm-2. Assuming that

beyond the entrance region the tube wall is formed of one to two layers of epithelial cells (Berridge and
Oschmann, 1972=; Odland, 1983=) (corresponding to two to four plasma membranes; m == 2-4), we
obtain C,, (C/m) of ~0.5 x 10-% t0 0.25 x 10-° F/em?, and G,_° (G %/m) of ~0.5 x 10-* t0 0.25 x 10-* Q-

I em-2. Keeping in mind that GW0 = Nog/m (see Eq. 3), the preexisting electropore density (N,) is

estimated to be ~10° cm-2, if the electropore conductance (g) is assumed to be ~10-10 g-! (Glaser et al.,
1988m). The values for electroporation kinetic parameters are based on published data for model
membranes (Glaser et al., 1988%), where «; = 4.8 V-2 and K = 103 s-! cm-2. In our analysis, «_, (ocl/m2)

is approximately 1-0.2 V-2 and K, (Kg/m)is ~10-7 a-1s-1 cm-2. As a large number of these parameters

are only approximately known, we do not attach any great importance to a quantitative agreement
between the theoretical results and experimental data. The explanation of the qualitative features of a
wide spectrum of different experimental data concerning electrical properties of the skin is much more
important.

Potential distribution

Consider a general time-dependent potential distribution taking into account electroporation (Fig. 11).
After the application of voltage U at t = 0, the total potential difference drops instantaneously at the

entrance domain h < x < 0, and hence, ©(0,0) = 0. As aresult of this charging process, ()

increased rapidly. The same is true for the potential ©(x, t) at any x, but with some time delay. This
behavior of the potential ®(x, t) is illustrated in Fig. 11, curves 1-5, where the time is increasing with each
curve number. The steady-state distribution due to electroporation is also shown by curve 6, which can be
compared with the absence of electroporation, shown by curve 0. These results indicate that the tube
resistance decreased due to electroporation. The characteristic length (L) of the potential distribution (no
electroporation, curve 0) can be estimated from Eq. 19 to be ~3 mm, using values of GWO ~~ 0.4 x 10-* Q-

Tem-2, ra2 10-3 cm, and o ~ 10-? @-! cm-". The characteristic time (,) to establish steady state in the
absence of the electroporation can be evaluated from Eq. 8 as

2
T~ 2CxL s (22)
T
The results of a numerical calculation for @ (¢) at U =4 V are shown in Fig. 12. The characteristic time of
©_(t) without electroporation (shown by the dashed curve in Fig. 12) is in the range of milliseconds, in

agreement with the estimation shown in Eq. 22. For electroporation the situation is more complicated.
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One can see from Fig. 12 (solid curve) that there are now two different characteristic times, one for the
fast increase (~0.2 ms) and another for the slow decrease (~10 s) of @ _(¢). It can be seen from Fig. 11 that

at time ¢, the function ¥(x, t) cannot be characterized by a single characteristic length. Rather, it changes
very steeply at small x but much more gradually at greater x. At 2 ms, @ _(¢) becomes close to the value of

~3.9 V, which is a limiting level for @ () at t—co, in the absence of poration (the dashed curve in Fig. 12).
In the case of electroporation, ¥ (t) reached maximum and then decreased to a limiting value near 3 V,

similar to the value obtained by numerical calculations. This behavior is a consequence of the
electroporation dynamics and potential redistribution along the macropore tube.

30 g FIGURE 11 Potential distribution #(x) along a tube at different
) moments of time (in ms) calculated using Egs. 8-10: 0, steady-
30 N state solution without electroporation; 1-6, time-dependent
~ 20l solutions taking into account electroporation: 1, 0.01; 2, 0.1; 3, 1;
= -. 4, 10; 5, 100. The following parameter values were used: «
MOy } w-1 V-2, h=4x10-3cm, r=10-3 cm, ¢ = 10-20-! cm-1,
G'iﬂm" | 6,0=4x10%a-tem-? ¢, =5x10-7Fem-2 K, =4 x10-
X, mm g lem-2s.1
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. FIGURE 12 Time dependence of #(x = 0) after the application
15 | of rectangular voltage step U = 4 V calculated using Egs. 8-10.
o i' The dashed curve corresponds to the absence of electroporation.
D | ' The values of all parameters are the same as in Fig. 11.

& 34}
32 i
£ ~ |

View larger version (22K):
[in this window]
[in a new window]

It is interesting to note a peculiar feature of the function ¢ _(U, t—cc). According to Eq. 15, the potential ©
o(U, t—e0) increased less than U so that the ratio % /U tends to zero. For example, estimating the value of
¢  at maximal voltage used in our experiments (U = 60 V) and the extent of the resistance saturation using
the following set of parameters (e, = 0, 2 V-2, G,=4x 10-° - em-2, 0 = 10-2 9-1 ecm-1,
r=13x10-3 cm, h=8 x 10-> cm, n = 10 cm-?), we obtain ®,_ 2 7.8 V, and ® /U= 0.13 < 1. At this

value of # , the resistance deviates from the limiting value R, by ~13%.

With these results in mind, it is not difficult to calculate current-voltage curves, skin resistance, and
current dynamics in various potential ranges.

Domain of comparatively low voltages (U < 4 V)


http://www.biophysj.org/cgi/content/full/74/2/843#E15
http://www.biophysj.org/cgi/content/full/74/2/843#F11
http://www.biophysj.org/cgi/content/full/74/2/843#E8
http://www.biophysj.org/cgi/content-nw/full/74/2/843/F12
http://www.biophysj.org/cgi/content/full/74/2/843/F12
http://www.biophysj.org/cgi/content/full/74/2/843#E8
http://www.biophysj.org/cgi/content-nw/full/74/2/843/F11
http://www.biophysj.org/cgi/content/full/74/2/843/F11
http://www.biophysj.org/cgi/content/full/74/2/843#F12
http://www.biophysj.org/cgi/content/full/74/2/843#F11
http://www.biophysj.org/cgi/content/full/74/2/843#F12
http://www.biophysj.org/cgi/content/full/74/2/843/F11
http://www.biophysj.org/cgi/content/full/74/2/843/F12

It is useful to compare the theory described above with published data for the steady state current-voltage
characteristics of human skin (Kasting and Bowman, 1990a®,ba1). The current-voltage results in Fig. 13
were obtained by a numerical solution of Egs. 8 and 10. The values of the parameters used in this solution
are presented in the figure legend. It is clear that the experimental data (open circles in Fig. 13) fit well to
the theoretical curve, using reasonable parameter values. The deviation of the current-voltage curve from
linearity arises from nonlinear dependence of the electroporation rate on voltage. The time to achieve

steady state reflects the kinetics of electroporation and propagation of electric potential profile along a
macropore.

5 | — | FIGURE 13 The comparison of theoretical (see Egs. 11-14)
vl s s current-voltage characteristic of skin sample (——) with
_ r experimental data (<) from Kasting and Bowman (1990)=. The
:"; ’ ,/ ' ' values of the parameters (except e = 0.4 V-2 and h = 8.8 x 10-3

E.I,'
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cm) were the same as in Fig. 11.
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From the results presented in Figs. 11 and 12, it is clear that capacitive current is important at short times
(<1 ms) at low potential but is negligible at longer times. Hence, at longer times it is possible to calculate
the dynamics of macropore resistance in time. This is illustrated by the curve in Fig. 14, which was
calculated numerically using Eqs. 8 and 10-12. The values of all parameters are presented in the legend to
Fig. 14. In the figure, the experimental data of Inada et al. (1994)&, obtained at 4 V (closed circles) and
0.5 V (squares), are also shown. The calculated and measured skin resistances decrease sharply at short
times, especially at U > 1V, and slowly saturate at longer times. For U = 0.5V, the skin resistance
remains virtually constant. In Fig. 15, the resistance decay at 10 s during the application of different
voltages (0 < U < 4 V) is presented. The experimental points (closed circles) are taken from Inada et al.
(1994)=, and the curve is a result of theoretical calculations. Although agreement between the theory and

experimental results is generally good, the reason for the slight discrepancy at intermediate voltages is not
clear.

Mi=woo = = = —=| FIGURE 14 Dependence of the specific skin resistance R_ on
0 \ A time at two voltages: 0.5 and 4 V. As 100%, the value of 43.8 k&
e 6 | cm? was chosen. The experimental data at corresponding

voltages (O and <) are taken from Inada et al. (1994)=. The values
b s = 2 8 TEN

. L | of the parameters (except e , = 0.65 V-°) are the same as in Fig.
11.
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As discussed by Kasting and Bowman (1990a®,b®) and Inada et al. (1994)m, the time-dependent,
nonlinear current-voltage characteristics of the skin can be attributed to electroporation. The theoretical
consideration presented here provides a background for the quantitative analysis of the problem and
confirms skin electroporation at low voltages, as stated by those authors. This theoretical analysis also
shows that skin appendages at these voltages are the targets for electroporation.

Domain of higher voltages (10 V < U < 60 V)

The valuable advantage of our experimental data in comparison with published results (Kasting and
Bowman, 1990am,b&; Inada et al., 1994&; Pliquett et al., 1995&) consists in higher time resolution (tens of
microseconds) and a wider range of applied voltages. This gives the ability to monitor both capacitive and
electroporation currents and to investigate the skin structures (lipid-corneocyte matrix or appendages)
where new transport pathways may be created by the applied electric field. The shape of amperograms in
Fig. 6 provides a number of important insights. The initial, rapid decrease in current shown in Fig. 6, a
and b, can be attributed to capacitive charging of the skin. In our experimental system, the characteristic
time () of this process is ~200 ps. There are two parallel ion-transport pathways crossing the outer layer

of the skin, one going across lipid-corneocyte matrix (m) and the other through skin appendages (a; see
Fig. 1). Both pathways have capacitive elements. We can estimate a charging time (7 ) for the m-

subsystem for our experimental conditions. The skin capacitance (C,) measured at 10 kHz was 2 nF, in

agreement with published results (Oh et al., 1993m). As shown in Fig. 2, this value includes two
capacitors in parallel, so C_ should be smaller than 2 nF. The experimental cell and epidermis resistance

(R)is ~1 k&, so thatt = R.C_ = 2 ps. This estimated t_ is ~1% of the measured value (200 ps). Thus,

it is unlikely that the capacitive effect is associated with the lipid-corneocyte matrix. Alternatively,
estimations of 7, according to the appendageal model, obtained by fitting the numerical solution of Egs. 8

and 10 to the measured (at 10 V, RS0 = 750 k£1) amperogram (Fig. 16), results in a good agreement with a

measured value of = near 200 ps. Thus, at low voltage, capacitive current is primarily associated with the
skin appendages.
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At elevated voltages, T s s smaller, and above 40 V it cannot be measured (Fig. 6, c and d). The smaller
experimental value for =_ at high voltage relative to the value predicted by Eq. 22 results from a decrease
in the characteristic length (L) when the macropore wall conductivity (G,,) increased due to
electroporation. Correspondingly, as =, (Eq. 22) is proportional to L2, it also decreases. For example, at a
high degree of electroporation (e.g., high voltage) when L /2 20 pm, we obtain 7, /2 0.15 ps, using for the
resistance the value of so-called spreading resistance (Newman, 1973%), R, /& 1/onr /2 20 k&1. This

estimation is confirmed by rigorous numerical solutions that are similar to that shown in Fig. 16.

Additional conclusions can be drawn from the values of electric current at the minimum of I(t). First
consider the results shown in Fig. 6 a, which corresponds to a skin sample with high initial resistance
(RS0 = 1.8 M#},), at U = 10 V. At the end of the capacitive current (~0.2 ms), the skin resistance can be

estimated as 10 V/50 pA = 200 k&, which is nine times smaller than RSO. This result suggests that the

rapid decrease of I(t) is a superposition of the capacitive and leakage currents, the latter increased due to
electroporation. The rate of electroporation (Eq. 10) is an exponential function of #2. At U = 10V, the
electrical potential near the macropore opening is large enough to cause rapid electroporation in this
region. The rate of pore generation decreases along the x axes due to the potential drop. As shown in Fig.
11 (curves 1-5), the region of the macropore affected by electroporation increases with time. This explains
the gradual increase of I with t illustrated in Fig. 6. Qualitatively, the amperograms shown in Fig. 6 a and
b, are similar to I(t) curves obtained in the studies of reversible electroporation of lipid and cell
membranes (Chernomordik et al., 1983=, 1987®; Glaser et al., 1988®; Tsong, 1991&; Weaver and
Chizmadzhev, 1996=). There are, of course, some differences because the macropore is, in reality, a
system with distributed parameters, whereas our model of a tube with homogeneous properties as a
function of depth is a rather bold simplification.

As mentioned above, the capacitive current at times greater than ~1 ms becomes negligible, and the skin
resistance can be calculated by Eq. 21. The dependence of R_ (¢ = 1 ms) on voltage is presented in Fig. 7,

which shows that R, decreased by over 100-fold from 0 to 30 V, but decreased only about two-fold from

30 to 60 V. The recovery time of skin resistance as a function of voltage also changes significantly at

30 V. These observations suggest a change of the operative small ion transport mode from the appendages
to lipid-corneocyte matrix at ~30 V. At 10 V, the potential drop on each SC bilayer is approximately

100 mV, whereas at 40 V it is ~400 mV, sufficient for effective electroporation. Remember also that the
electroporation rate is an exponential function of the applied potential (see Egs. 6 and 10). At the same
time, however, 10 V is more than sufficient to cause electroporation of the two layers of epithelial cells
lining the appendageal ducts.
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Consider the theoretical resistance-voltage curves (R (U)) for the appendageal and lipid-corneocyte

pathways (shown in Fig. 2 b) obtained as a solution of Egs. 8-10 and 6, respectively. The results of
numerical calculations are shown in Fig. 17, where curve 1 corresponds to the appendageal subsytem,
curve 2 corresponds to the lipid-corneocyte subsytem, and curve 3 corresponds to their superposition. The
calculated appendageal resistance decreased at low voltages and saturated after 20 V. In contrast, the
calculated SC resistance was constant up to 20 V, decreased markedly in the interval between 20 and

30V, and then changes little at higher voltages. At potentials below 20 V, the theoretical lipid-corneocyte
resistance (R ) is much higher than appendageal R, whereas the opposite is true (R, = R_.) above 30 V. A

superposition of these two pathways leads to a good fit to the experimental data. Therefore the electrical
properties of the skin below 20 V are defined by appendages and above 30 V by the lipid-corneocyte
matrix. Within the interval between 20 and 30 V, both pathways are operative. At small voltages (10 V),
the time-dependent current across the skin was described by a theory developed for appendageal
macropores and illustrated in Fig. 16. The fitting of the theory for the lipid-corneocyte pathway with the
data between 30 and 60 V (see Fig. 18) is also satisfactory. The value of the electroporation parameter «
m = 0.02 V-2 chosen here is small compared with the case of appendages, o, = 0.2 V-2, because the

number of bilayers in sequence in the SC is higher.

07 —— -1 FIGURE 17 Skin resistance as function of voltage. Theoretical
" curves are for (1) appendageal pathway; (2) lipid-corneocyte
— pathway; (3) superposition of both pathways. o, experimental data
a have been obtained for skin sample with RSO =0.75 M#2 (see also
o Results for details). The following values of the parameters were

used for pathway 2: e = 0.02 V-2, R =1.3k4, Gmo =6 x 10-7
1 — 9 1.1 2

f-°, K =5x10-7"9-" s-" cm-*. For the appendageal pathway

(1), all of the parameters are the same as in Fig. 16.
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30 FIGURE 18 Time behavior of electric current for skin sample

25 la0e9o®??® ~ | with RSo = 0.75 M#1 at different voltages (in V): (1) 30; (2) 35; (3)

ol 4 40; (4) 50; (5) 60. Solid curves were calculated using Egs. 6 and 7
= = | for the same parameters as in Fig. 17 for the appendageal pathway.

o, experimental data for different voltages (see Results for details).
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The resistance recovery data are also in agreement with consecutive electroporation of two subsystems:
the appendages below 30 V and the lipid-corneocyte matrix above 30 V. The data presented in Fig. 8 show
that just below 30 V the recovery time is less than 1 min, whereas at 10 V it is only a few seconds. Above
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30V, however, a large increase in the recovery time is noted. The lipid-corneocyte subsystem is much
more complicated than the two layers of epithelial cells lining the macropores. Experimental data show
that electrotreament induces structural reorganization of the lipid-corneocyte matrix (Craane-van-
Hinsberg et al., 1995=). Moreover, the SC experiences spontaneous localization of electroporation away
from the appendages (Pliquett et al., 1995m, 1996&]; Zewert et al., 1995=). Hence, it is reasonable to
explain the considerable increase in recovery time by a transition of the electroporation target from the
appendages to the lipid-corneocyte subsystem.

Comparison with results obtained for lipid bilayers (Chernomordik et al., 1983®; Glaser et al., 1988=) and
individual cells (Chernomordik et al., 1987=) shows that electropore resealing time for lipid is in the
range from 10 s up to a few minutes, whereas in cell membranes it increases up to dozens of minutes. The
longer times associated with cell membranes is due to the stabilizing effect of membrane proteins
(Chernomordik et al., 1987&). The data presented in Fig. 9 show that below 30 V the recovery time () is

less than 1 min, and at 10V, it is only a few seconds. At 30 V, however, a large increase of =_occurs.

Structural reorganization of the SC can occur in this region (Craane-van-Hinsberg et al., 1995&), and
therefore, it seems plausible that above 30 V, when the electroporation occurs within the lipid-corneocyte
matrix, the resealing time drastically increases.

In conclusion, our results demonstrate the similarity between the skin and model or cell membrane
behavior under electrotreatment. The amperograms in Fig. 6 demonstrate current-time behavior typical for
the electroporation of lipid bilayers. The skin resistance recovery time is also similar to values for pore
resealing in model and cell membranes. In addition, our results indicate the morphological location of
electric field effects within the skin. Below 30 V appendageal ducts are susceptible to electroporation and
play a key role in the formation of new transdermal pathways for electric current. At higher voltages,
however, the appendageal resistance saturates and electroporation of the lipid-corneocyte matrix develops
to further increase current flow. Thus, the current carrying-pathways within the skin differ at low
(appendages) versus high (lipid-corneocyte matrix) voltage.
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