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ABSTRACT The electrical properties of human skin in the range of the applied voltages between 0.2 and 60 V are modeled
theoretically and measured experimentally. Two parallel electric current pathways are considered: one crossing lipid-
corneocyte 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 potentiahot be described by electrodiffusion theory. Rather, it was
advantages relative to other means of administration. Thenterpreted in terms of either interfacial nonlinear reactions
difficulty with transdermal drug delivery is that the outer- or electroporation (Kasting and Bowman, 1990a,b; Inada et
most layer of the skin (stratum corneum, SC) is a formidableal., 1994).

barrier to the transport of hydrophilic or ionized species. The SC consists of a lipid-corneocyte matrix crossed by
Therefore, the enhancement of transdermal flux for thesgkin appendages (e.g., sweat glands and hair follicles; Fig.
species is of great medical importance. It has been showm). The lipid matrix subsystem includes70—100 bilayers
(for references, see Burnette, 1989) that the application of, sequence (Elias et al., 1977; Odland, 1983; Elias, 1983;
an electric field is an effective enhancer of charged moleyagison et al., 1987). Hence, a transdermal voltage- bf
cule transfer through the skin. For this reason, knowledge o, resyits in a potential drop across each bilayer-d0 mV,

the electrical properties of the skin is valuable. At appliedy \a1ue too small for electroporation in planar lipid bilayers
voltages of less thral V the current density is described by (Abidor et al., 1979; Benz et al., 1979). The skin append-
the Nernst-PIanck electrodiffusion equation (Lakshminarayéges also carry current. Direct, high-resolution measure-
anaiah, 1984). In the absence of cpngeqtratlon gradients, “?ﬁents using vibrating potentiometric microelectrodes (Cul-
current-voltage dependence of skin is linear, in accordancEinder and Guy, 1991; Cullander, 1992) and scanning
V\{ith exper imental data._ln this case, the electric fjeld PrO°jectrochemical r;md vid'eo microscc;py (Scott et al., 1993)
vides a driving force for ion migration without creating new have shown that appendages are associated with regions of

E?tgévra\)//sl.ta-rge sgtruzggg (iZag?Zs ggaﬁ;?lﬁ}ff?;ec\;egf gﬁigh current density. The edges of these ducts (or macro-
g ge. Pie, P yores) are lined by two layers of epithelial cells (Odland,

few volts the current-voltage dependence becomes nonlir .
ear (Kasting and Bowman, 1990a,b: Inada et al., 1994)+983)- Ata voltage near 1V, the potential drop across each
Under these conditions a steady-state potential (at constaﬁp'the"al cell membrane lining the macropore duct250

current) develops with significant lag time, and the systen{“v' sufficient for electroporation._ This electric field could,
acquires some features of irreversibility. This behavior cantherefore, create new pathways in the appendageal macro-
pore walls. Even more dramatic effects were described at

applied potentials up to several hundred volts (Prausnitz et
al., 1993; Pliquett et al., 1995; Bommannan, 1994). In these
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FIGURE 1 A schematic representation of the structure of human skin. Rm
Unm Cm l
multilamellar bilayer membranes of the SC. A quantitative Rs =;=Ca oy, U
theoretical study (Chizmadzhev et al., 1995) focused on the
domain of high voltages and electroporation of SC lipids. Re
Here we investigate the effect of moderate voltagéss( -
60 V). The main objective of the study is to elucidate the " +
role of appendages in the electrical properties of skin. As a ¢ Ve
first step, a quantitative theory of electroporation of skin vy

appendages is developed and applied to the analysis of

published experimental data (Kasting and Bowman, _ _

1990a,b; Inada et al., 1994) obtained amunV applied FI_GURE 2 _The equivalent electrical scheme of an outer_most layer of
! . . ! skin. @) An integral scheme wherB,, R, andR. are the resistances of

potential. The experimental results obtained at higher volty solution, skin, and measuring resistor, correspondin@lyis skin

ages (10 V< U < 60 V) are compared with theoretical capacitance.bj More specified scheme, where two parallel pathways are
predictions. shown.R,, andC,,, refer to lipid-corneocyte matrix, ari@, andC, refer to
appendages.

THEORETICAL

Consider a skin sample immersed in an electrolyte solutionof ~10° ohms cnf and a capacitanc€f,) of ~0.03uF/cn?

The electric current flowing across the skin can be measure©h et al., 1993; Edelberg, 1971) (Figb If the m-layer

after the application of a rectangular voltage pulse applieds considered to be a homogeneous medium of 15420
between two electrodes on either side of the skin. It isthickness, an average dielectric permittiviéyof 700 is
believed that there are two parallel current pathwaybtained. This value is unreasonable, and this homogeneous
through the skin (Monteiro-Riviere, 1994; Potts et al., 1992;model is therefore not valid (DeNuzzio and Berner, 1990).
Oh et al., 1993), one crossing the lipid-corneocyte matrixAlternatively, we should take into account the fact that
(m) of the SC, and the other going through appendages (aforneocytes contain water and small ions resulting in an
An equivalent electrical scheme of this system is shown irequipotential domain within these compartments. Thus, the
Fig. 2. All of the elements in the scheme are explainedpotential drop across the SC should occur predominantly
below. 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 do-
From an electrostatic point of view, the m-subsystem of themains of~0.05um thickness (Holbrook and Odland, 1974;
SC can be considered as a dielectric with a resistaRge ( Swartzendruber et al., 1989; Swartzendruber et al., 1987).

Lipid-corneocyte matrix pathway (m)
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Thus, the effective thickness of this nonconducting layer igeorientation of the lipid molecules at the edge converts the
~1 pm (20 X 0.05 um), yielding an effective dielectric pore into a hydrophilic one with the headgroups lining the
constant of 15-20. This value is intermediate between thgbore walls (Fig. 3, curve 2). It is clear that the hydrophilic
for lipids (~2-3) and water £80) and is reasonable for pore energy should increase at small radius (Fig. 3, dotted
hydrated lipid bilayers. This estimate suggests that the voltbranch of curve 2). Unfortunately, the precise dependence
age drop is concentrated across lipid bilayers that are orief the hydrophilic pore energy on small values of the radius
ented normal to the electric field. is unknown, and the theoretical description is semiquanti-
The SC matrix resistanceR() and capacitanceC{,) tative. The most important feature of the resulting energy
introduced in this way are frequency independent. If thecurve in Fig. 3, however, is the existence of an energy
charging time £,,)) of C,,, is small compared with the time of minimum at relatively small radiug,,;, (estimated to be-1
the experiment, the equivalent scheme of the SC can bem) and an energy barrier gt (~0.4 nm), which has to be
reduced to a simple voltage divider that includes four resisovercome for hydrophilic pore formation (Glaser et al.,
tors in sequence, the bullRY(), epidermal R, measure- 1988). When the energy barrier and the minimum energy
ment R.), and matrix R,) resistances. It will be shown that are sufficiently high, the population of the pores in the
Ty IS less than Jus, whereas the typical time resolution of corresponding potential well is low. However, it has been
the measuring device used here~20 us. Instead of the shown (Abidor et al., 1979; Pastushenko et al., 1979) that
first three resistors, which are voltage independent, wehe application of external electric field significantly re-
introduceR, = R, + R, + R, (Fig. 2 b). There is good duces the height of the barrier and lowers the minimum
reason, however, to assume thy is voltage dependent (Fig. 3), resulting in the accumulation of metastable hydro-
due to electroporation of the SC, where the applied potentigbhilic pores in the potential well.
induces electropores in the lipid bilayers. The height of the energy barrier git is equal to (Glaser
The mechanism of formation and electroinduced accuet al., 1988)
mulation of pores in a lipid bilayer is now well understood. ) 5
Due to lateral thermal fluctuations of lipid molecules, hy- W(U, p,) = WO, p.) — mpi(€w — €m)€U1 1)
drophobic pores are spontaneously formed in the membrane T T 2d
(see insetfl in Fig. 3). The probability of the appearance of ) i o
a hydrophobic pore is determined by the dependence of théhere W0, p*) is the height of the energy barrier in the

pore energy on its radius (Glaser et al., 1988). It is clear thaf0Sence of an electric field, and e, are dielectric con-
exposure of lipid hydrophobic tails into a polar media Stants of water and the membrane, respectivejyis the

(water) results in an increase of the pore energy with inl€Ctric constant, is potential drop across a single mem-
creasing radius, as illustrated by curve 1 in Fig. 3. When th&rane, andlis the bilayer thickness. The second term in the

radius p) of the pore exceeds the some critical vajifea 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.

1. hydrophobic pore hydrophilic pore According to the classical theory of the rates of activated
m m '=§ % processes, the rat€, of hydrophilic pore formation in a
Eﬁm W : single bilayer can be calculated as
\ I
N v WU, p.)
\ ‘\ ”1 2 K, = go ex —T = KleXF((IlU%) (2)
3 \ AN | ‘
T |\ A\
g ' () where
A
NS = Vo WMOpI] ol enleo
v 2 17 % KT | “*7 20kT

andv is the frequency of lateral fluctuations of lipid mole-

cules, whereas, is the area per lipid molecule. The sub-

script 1 attributes the corresponding variable to a single

bilayer. For planar membranes in electrolyte solution the
—1 A2 2

FIGURE 3 Energy of an electropore in a single lipid bilayer versus its Values ofK; anda, are 1¢ st cm ?and 4.8 V' ?, respec-

radius. The hydrophobid} and hydrophilic 2) pores are displayed in the tively (Glaser et al., 1988).

inset. The pore radiug* corresponds to a structural rearrangement of the  Tg apply this theory to the case of the m-subsystem of SC

pore edge, and the hydrophobic pore is converted to a hydrophilic oneue assume that pore formation in each bilayer is an inde-

Pores accumulated in the local minimupp,, determine the electrical ndent pr that i verned b tential df
conductivity of the membrane. The electric field applicatidn &nd 2’ pendent process that IS governed by a potential tpp-

curves) reduces the potential barrier @t and, hence, increases pore U"‘/m’ WhereL'Jm is the voltage d'I’Op on the'lipid-corr?eocyte
population in the potential wefl,,;, as well as the membrane conductivity. matrix, andmis the number of bilayers. This approximation

el

min Pore radius
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is appropriate when the pore radii are smalK{ d) and the
pore density does not exceed®Xfin 2 (Weaver and Chiz-
madzhev, 1996). h

When an applied potential induces electropores, the con-
ductance of the m-subsyster®,() is determined by the
density (\) of electropores in each bilayer and the number
of the bilayers ifn) in sequence:

Ng
=m Q)

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 Pas-
tushenko, 1988) 4

Gn
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gt =~ Kl{exdalul] - N} (4)

0 FIGURE 4 Appendageal duct modeled as a tube of radiugube (or
with the initial condition N(t = 0) = N,. HereU,, is the macropore) WaII_ (w) is_formed by (presumgbly) two Iaye_rs‘ of epithelial
voltage drop across the Iipid-corneocyte matrix with cells:ln an entering region (h),tube'walls being formed of lipid-corneocyte
bilayers in series. The subscript 1 of, attributes this matrix are nonpermeable for electric current.
guantity to a single bilayer.

The voltage drop across the SC is (=h = x = 0), and the epithelial cell layer in the lower
region & > 0). In the upper region{h = x = 0), the tube

1 : .
Un=+—~~, Where G=-————, (5) Wwallisnonconductive. Below the S& ¢ 0), the tube wall
"1+ GG " RTR+R is characterized by a specific capacitan€g)(and a poten-
and U is the applied voltage. Using Egs. 3 and 5, it is idl-induced (electroporation) conductandg,(= gN'm),
convenient to rewrite Eq. 4 in the following form: whereN is the electropore density in a single plasma mem-

braneg is the conductance of a single electropore, and
dG, U 1 Gn the number of plasma membranes in the tube wall. In the
Tdr ~ Km)€XR e\ GG/ | G, ©®  Jower electrolyte solution the electric potential is chosen to
] o N be zero, whereas in the top solution it is determined by the
with the initial conditionG,(t = 0) = G2, where G2, =

e experimental protocol. The potential distribution aloxg
Nog/m, K., = K,g/m, ande,,, = a,/n?. In the derivation of

, i 1P can be found from the balance equation for electric current
Eq. 6, and in accordance with an accepted approxmaﬂogveraged over the tube cross section

(Glaser et al., 1988), we assumed that the single pore

conductance is independent ol .. The electrical current aﬁ _ CLFGiP _G 8
densityl is then defined as ot 2 ox? w® ®)
L= U GG, - with initial and boundary conditions

UG, + G ()

Je
The results of a numerical solution to Eq. 6 will be shown ¢h0=0, ¢k..=0, and (‘P B hax>|x‘° =u

and compared with the experimental data in the Discussion. o
The last condition is a consequence of zero wall conduc-

tance in the upper, SC-lined regiorlif = x = 0). We
Appendageal pathway (a) neglect the potential drop across the resistaRger R,
which is small in comparison with the applied voltadé).(
The electropore densityNj is determined by the balance
equation (Eq. 4), which after transformation yields an equa-

gIElon for the macropore wall conductandg,((t)) similar to

The appendageal duct is modeled by a semi-infinite cylin
drical tube with a radiug filled with an electrolyte of
specific conductance. This tube crosses the SC, which is
considered a dielectric separating two compartments (Fi
4). Thex axis is directed along the tube with the origin at the a-

SC boundary and a layer of epithelial cells lining the duct. Gy,

Consistent with morphological evidence, it is assumed that T Kw[exp(aw@z)—Go} (10)
the epithelial lining of the macropore duct consists of two v

cell layers (Berridge and Oschmann, 1972; Odland, 1983)with the initial conditionG,(t = 0) = GO, whereq,, =
The upper surface of the SC has the coordimate—h. The  ay/n?, K,, = K,g/m. The parameterk,, ande,, are similar
wall of the tube is then formed by SC in the upper regionto K,, ande,,, introduced in Eq. 6 except that the number of
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bilayers in the macropore walf(= 4) differs from that for  positions within the tube:
the lipid-corneocyte subsysterm (= 70).

i i i e 2G),
The current density across the skin sample is aﬁ;’ =g x= 0, 17)
_U- @olt)
I(t) = TR, (11) According to this equation, the potential decays exponen-

tially along the tube as
whereR, = h/nmr?c is the total resistance per unit area at L
the entrance of the appendageal macroparesthe surface @(X) = @ (18)

d'ens'lty of the macropores,'aﬁbg(t) = ¢, —o This expres- with a characteristic length
sion includes both conductive and capacitive currents. How-

ever, for sufficiently long time, the capacitive component is ro
small and the appendageal resistanRgt))can be calcu- = \2c0 (29)
lated: W

R, Hereg, = ¢l — o, Which is a simple function of the applied

U 0=«
RO =10 = 1= ou0/U (12)  potentialu:

U
Equations 8 and 10 are nonlinear and can only be solved Q©o= 7" (20)
) : . . 1+ h/L
numerically. The results are presented in the Discussion and
compared with experimental data.
For steady state, the nonlinear Egs. 8 and 10 can bgiaATERIALS AND METHODS
reduced to
Skin preparation
d’¢  2Gle . . . .
D eXF(anoz) (13) The established methods for skin sample preparation (described, for ex-
dx of ample, in Prausnitz et al., 1993, and Pliquett et al., 1995) were used.

] ) ) ) ] Human skin was obtained from the upper thoracic area of males and
The first integration gives a transcendental equation for th@males within 24 h postmortem (usually 6—10 h). Full-thickness sections

steady-sta’[e value of the potentiﬂj(u) at the opening of (-2 mm in thickness) were used in all experiments as thinner epidermal
entrance regionx( — 0) 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
260 wetted by the nutrient Dulbecco’s modified Eagle’s medium at 4°C and
_ — / Yo Ay 2 — 1 95% relative humidity for several days before use. After 7-10 days of
U= h o, of Vex“aW(PO) 1 (14) storage, many of the samples had low resistance compared with initial
values. Therefore, experiments were performed only with samples stored
which was solved numerically using the Newton method.less than 5 days. Just before the experiment, the subcutaneous fat was
With that result, the current-voltage dependence and skifiéntly scraped from a 1-chpiece of skin. The samples were clamped

resistance were found using Egs. 11 and 12. The results aﬁ)@tween two half-cells, eacoh containi_ng 0.15 M NacCl, _and were left for 2 h

. . . . at room temperature (25 1°C) to achieve a stable resistance value. Only
a comparison with our and other published data (Kastingamples with a resistance greater than tda? were used. To avoid
and Bowman, 1990a,b; Inada et al., 1994) are presented Heatter of the experimental data arising from variation in the initial skin
the Discussion. At high voltages Eq. 14 can be simplified resistance, most measurements were made on the same sample.

and its solution is written as

2 U lyor\”? Cell design
o= —Inﬁ o0 (15) _ : - . .
Oy ZGW The design of the experimental cell was similar to that described previously

(Prausnitz et al., 1993; Pliquett et al., 1995), with the skin sample immersed
For the asymptotic behavior of the macropore resistance an electrolyte solution between electrodes and the electric field applied

(Ra), we obtain from Egs. 12 and 15 normal to the skin surface. The measuring cell consisted of two Teflon
half-cells, with an exposed skin area of 0.12%cmhe volumes of the
R(U) = R,* (1 + ¢/U) (16) half-cells were 5 and 10 ml. Three electrodes were immersed in each

half-cell: two planar Ag/AgCI (with a width of 8 mm and thickness of 1

One may conclude from Eq. 15 that the potentia!))( mm) and one Pd electrpde (with a width of 8 mm and a thicknesg of 0.3

. | than the applied oteﬂﬂaﬂactuall ~ mm). The electrodes in each half-cell were parallel, with a distance

mflrzeases €ss pp p_ Y, ¢o between them of~20 mm. Ag/AgCl electrodes were used for the mea-

In*“U). As a consequence, the ratig/U tends to zero, and  syrement of skin resistance and capacitance before and after electrotreat-

the macropore resistance saturates at a value near the tot@nt. Rectangular voltage pulses were applied using the Pd electrodes. A

resistance for the macropore openify & R,.). schematic diagram of the test circuit is shown in Fig. 5. The circuit consists
Consider the potential distribution along the tube in thGOf separate blocks enabling the measurement of the electrical parameters of

b f elect ti In thi th tential i .dboth the cell and skin sample. The electrical characteristics of the skin were
absence of electroporation. In this case, the potential Insi ﬁleasured before, during (0—8 ms), and after pulsing (1-40 min). Before

the tube £(x, 1)) is described by Eq. 8, witls,, = G\?v = a  the experiments, the electrical parameters of the cell without the skin were
constant. At steady state Eq. 8 reduces to Eq. 17, for alheasured.
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resistance of the electrolyte solution and the interfacial
P : 0S1 resistance of the current electrodes. The cell resistance with
: ! » 0.15 M NacCl but without skin was measured after voltage
| pulses ranging in amplitude from 10 to 60 V and during the
LG ] application of a small-amplitude alternating current. The Pd
electrodes were maintained &220 mV versus a normal
0S2 hydrogen electrode fdl h before the experiment to achieve
Re a reversible state. The average value of the cell resista&qye (
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/AgCI (2 and 5) electrodes were used. A

FIGURE 5 Schematic diagram of the experimental setup for skin capacY0ltag€ pulse was applied to the Pd electrodes, and a response

itance and resistance measurements before, during, and after high-voltayéS measured at the Ag/AgCl electrodes. The Ag/AgCI elec-
electrotreatment. LG, low-voltage generator of triangular pulses; HGtrodes were connected to two channels of the oscilloscope OS2
high-voltage generator; PS, four-electrode potentiostat; C, cell with a Ski”(input impedance 1M), and the time-dependent potential was
sample and six1-6) electrodes; OS1 and OS2, oscilloscopes. measured. The results showed that Pd electrode resistance was
less than the error+(25 ()) of the measuredR, value. The
current-voltage characteristic of the cell without skin was lin-
Before and after pulsing ear throughout the total range of applied voltages. Therefore
o ) ) we can conclude that external voltage applied to the cell with
To initiate the experiment, switch K was connected to a four-electrode

potentiostat PS (P84, Institute of Electrochemistry, Moscow, Russia) bya skin sample is divided between the skin and the eleamlyte

two pairs of Ag/AgCl electrodes (electrodes 2-5 in Fig. 5). A low-voltage, solution resistances.

triangular wave form (100 mV, 010* 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 0S1 (C1-114Current response of the skin during a

Minsk, Belorus). The capacitance and resistance of the skin were calcwectangular pulse

lated from the equivalent circuit shown in FigaZising a potentiodynamic

method. After analyses of the prepulse characteristics, the switch K watn Fig. 6, four amperograms(f)) are shown, each obtained
opened. in the course of consecutive rectangular voltage pulses with
U=10V @), U =20V (), U=30V (), andU = 60

V (d) applied to a skin sample with the initial resistance of
1.8 MQ). The time interval between successive points on the
A rectangular voltage pulse (10-60 V amplitude) was applied to the Pccurves is 2Qus. The interpulse interval was long enough so
electrodes (1 and 6) using a generator HG (G5-82, Russia). The beginning 5 skin resistance was restored after the previous voltage
of the voltage pulse was set as zero time. The current in this circuit was .

measured by a voltage drop (t)) on the measuring resistand®. (= 220 pulse (for _more dEtaIIS_’ see below) y Th_e_ (?urrenF responses
(). The signal was recorded in a one channel of the digital oscilloscopdVere monitored for skin samples with initial resistance of
0S2 (Gould 1425, Gould Instruments, Essex, UK), and the total inpuapproximately 100, 150, 200, 300, 500, and 7%Ddnd 1.8
signal (J()) from the control output of the generator HG was recorded in M () using voltage pulses of 5, 10, 15, 20, 30, 40, 50, and 60
another.channeI.AIIoscnlogramswere storedlnacompute_rfor subsequer\y for each sample. Qualitatively, all amperograms were
processing. The current respons$@)) of the system to the input voltage . . . .

can be determined frord (t) and contains information about changes in similar. A comparison of glectrlc current values at 10 and 20
the electrical properties of the skin. In geneil) contains a capacitve ¥ Shows that a twofold increase of the voltage leads to a
current that can be significant at the initial stage of the pulsation. At longersevenfold increase of the current. These results demonstrate
times, however, the capacitive current becomes negligible, and the skighat in this range of voltages the skin behaves as a non-
resistance can be estimated using the values of the measBgjrang cell ohmic, nonlinear system, with a conductance that increases

resistances according to the equivalent circuit shown in Fig, 2 L S
\(,mout the skin capacitan%é:g) a % 2 with increased voltage. At the beginning of a pulse, the

The interpulse interval was chosen long enough so that skin sampi€Urrent dropped to a minimal value and then slowly in-
resistance could be restored. To estimate the extent of skin recovery, thereased. The time to achieve this minimum decreased as the
electrical current was measured in the course of two subsequent voltaq§u|se amplitude increased. Measurementd(f made at
pulses. In addition, the skin resistance was monitored just before and aftq;ery high time resolution (5us) demonstrated that this
each voltage pulse. minimum cannot be detected at 40 or 60 V (data not shown).

This type of current-time behavior is similar to the well
RESULTS known results described in the studies of reversible electro-
poration of planar lipid bilayers (Chernomordik et al.,
1987), where the initial decreasel@f) was associated with
To calculate the skin resistancB) during pulsing, it is  capacitive current. According to Fig. 6, the capacitive cur-
necessary to know the cell resistané®)( including the rentin skin is negligible at the times longer than 3o9for

During the pulse (0-8 ms)

Cell resistance without skin
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FIGURE 6 The amperograms of a skin sample with initial resist&ite= 1.8 M() obtained during the application of rectangular pulses of different
amplitudes (in V): 4) 10; (b) 20; () 30; (d) 60.

any voltage studied. In this case, the equivalent circuit of theshows that all approach a common value at high voltage.
system can be represented as two consecutive resiBprs, Additional experiments with exponential pulses of high ampli-
and R, (Fig. 2, but excludingCy, and the skin resistance tude (16-10° V) have demonstrated that in this voltage range,

(Ry) can be calculated from the equation the skin resistance approaches a limiting value-660-1000
U ), independent of the initial resistance. This behavior is prob-
— _ ably due to the potential-independent resistance of epidermis
R=Ryg~ R+R (21)

(R, in series with the resistance of the outermost layer of the
The time-dependent skin resistande(()) at 1 ms as a skjn, R,). This suggestiqn is consistent with .the results of
function of the applied voltage is shown in Fig. 7. ThesePliduett et al. (1995), which show that the resistance of very
reslts show a 100-fold drop R, as the voltage was increased 1N 1ayers of the skin with the epidermis removed (50 to 70
from O to 30 V, with a fivefold additional decrease as the #M thickness) drops to a value near@fter electrotreatment
voltage was increased to 60 V. The closed circles in Fig. 7Y Single voltage pulses &f = 100 V. Hence, pulsation of the
were obtained for the same skin sample with an initial resisSC @lone leads to very low resistance.
tance of 1.8 M) (see closed circles on the ordinate axis). The
open circles correspond to the five samples with lower initial
resistances (100—-30d % and were obtained after averaging
the resistance values at each pulse voltage. The scatier of
values at each voltage is less than the circle diameter in Fig. The resistance of different skin samples varies widely. To
A comparison of the closed and the open circles in Fig. 7diminish possible scatter in the data, primary experiments

The recovery of the electrical properties of the
skin after voltage pulses
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were performed on the same skin sample by the application 0 4 8 116 120 124
of consecutive pulses with different amplitudes. This exper- .
, ms

imental protocol requires recovery of the skin electrical

properties after _eaCh_ voltage pulse. For comparatively ShoHIGURE 8 Current respondét) of two skin samples with differerRS
pulse-to-pulse time intervals (1-110 ms) the shape of th@ier the application of two consecutive pulses of different amplitude with
I(t) curves measured during two consecutive pulses wasn interpulse interval of 100 msa)(100 k2, 60 V; (b) 200 k2, 10 V.
chosen as an operative criterion of the recovery. This was
done for different voltages and interpulse pausgs 6f 1,
2,4, 8, 15, 30, 60, and 110 ms. The extent of the recoveryest of complete recovery, a measuremeni(fwas made
was found to be a function of the pulse amplitude. At 60 V,using two consecutive pulses with a long interpulse pause
the current at the beginning of the second pulse was th&0 min). From the results in Fig. 10 it is clear that the two
same as at the end of the first one (e.g., no recovery), evelft) curves corresponding to the first and second pulses
atr, = 110ms (Fig. 8). Thus, the intervak,, = 110 ms  coincide, even at high voltages (60 V).
is not sufficient for the recovery process after a strong pulse
(6}0 V) On the contrary, at 10 V .andip = 110 _ms, DISCUSSION
significant recovery was observed (Figbg but atr;, = 1
ms, no recovery was detectable at any voltage studied. The possible role of the appendages in the electrical prop-
The full recovery time £f) was obtained from the mea- erties of the skin has been repeatedly stated in the literature.
surement of skin resistance after the pulse (1 min and laterMany years ago it was mentioned that the frequency dis-
Skin capacitanceGy) measured 1-2 min after the pulse persion of SC capacitance can be explained by this (Edel-
coincided with the initial value for all pulse amplitudes. In berg, 1971). In the same paper, the enhanced SC perme-
contrast, the skin resistance recovery timg ¢aried for  ability during the application of a small potential
pulses of different voltages. For a sample with an initial (iontophoresis) was attributed to electrically induced defor-
resistance of 750® at 10 V, complete recovery after an mation (activation) of appendageal ducts. A possible phys-
8-ms pulse took less than 1 min, whereas recovery after izal mechanism of the activation was considered quantita-
30-V pulse took~30 min (Fig. 9). At 20 V, the recovery tively by Kuzmin et al. (1996). By direct measurement
time was approximately 2 min. Therefore, a large increas€Cullander and Guy, 1991; Scott et al., 1993) it has been
in the recovery time occurs at30 V, the same voltage determined that the primary iontophoretic pathway is asso-
where the slope oR(U) changes abruptly. The recovery ciated with skin appendages. At elevated voltages (in the
time depends also on the initial resistanB8)(of the skin.  range of a few volts) the SC demonstrates typical properties
For samples with loweRS, 7, was shorter. As an additional of a nonlinear electrical circuit with the time-delayed re-
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From a physical point of view the appendageal duct could
be modeled as a long tube with distributed electrical param-
eters. The peculiarity of this duct is that the leakage con-
ductivity 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 of
the nonlinear differential equations (Egs. 8 and 10) for
electric potential ¢) and tube wall conductancesy,; or
electropores density) as a function of timand coordinate
x along the tube. These equations were solved numerically.
To compare the results of calculations with experimental
60 data we should specify all parameter values. According to
morphological data (Odland, 1983), the macropore radius
is ~10—20 um. Near the entrance region of a macropore
(see Fig. 1) the lipid-corneocyte layers of the SC bend and

100

I

go v o b Lo P stretch along thex axis (especially in the case of hair
follicles). At increasing depth, the SC surrounding a macro-
0 10 20 30 40 50 pore gradually disappears, leaving only the remaining layers
of epithelial cells. The length of the entrance regioran be
t, min. estimated roughly as 40-100m (Scheuplein, 1967). It

seems reasonable to assume that electrolyte conductivity
FIGURE 9 The recovery of skin sample resistance (in percent relative tqnside the macropore is of the same order of magnitude as in
the initial value) with RS = 75_ k) afte_r electrotrea_tment t_)y single the bulk solutions ¢ ~ 10201 Cmfl). The macropore
rectangular pulses of 8 ms duration and different amplitudes (iOy}0; . .
® 35 W 10, wall capacitance(,) and conductanceG) can be esti-
mated from typical data for a cell membrane, whéeis
~10"° F/en?, andG2is ~10 % Q' cm 2. Assuming that
sponse (Kasting and Bowman, 1990a,b; Inada et al., 1994heyond the entrance region the tube wall is formed of one to
It seems possible that the appendages could be responsiltieo layers of epithelial cells (Berridge and Oschmann,
for such a behavior (Galichenko et al., 1996). 1972; Odland, 1983) (corresponding to two to four plasma
Despite the recognition of a significant role of the ap-membranesm ~ 2-4), we obtainC,, (C/m) of ~0.5 X
pendages in the electrical properties of skin, ion transport0 °to 0.25x 10~ ° F/cn?, andGy, (GYm) of ~0.5x 10™*
through these pathways was never considered theoreticalljo 0.25x 10 % Q' cm 2 Keeping in mind thaiGg, =
Nogm (see Eg. 3), the preexisting electropore densgity) (
is estimated to be-10° cm ™2, if the electropore conduc-
32 tance @) is assumed to be 107 °Q) " (Glaser et al., 1988).
The values for electroporation kinetic parameters are based
on published data for model membranes (Glaser et al.,
1988), wherey; = 4.8V ?andK = 1®s * cm™ 2. In our
analysis,a,, (a,/m?) is approximately 1-0.2 V? and K,
(Kg/m)is ~10" " QO *s *cm 2 As alarge 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 explana-
tion of the qualitative features of a wide spectrum of dif-
ferent experimental data concerning electrical properties of
26 |5 the skin is much more important.
p

30

28

I,

Py

| | | | Potential distribution

24
0 2 4 6 8 Consider a general time-dependent potential distribution
taking into account electroporation (Fig. 11). After the
t, ms application of voltagdJ att = 0, the total potential differ-
FIGURE 10 The comparison of two amperograftty obtained using a ence drops instantaneously at the entrance dormdin=
skin sample withRg = 100 K2 during the application of two consecutive x = 0, and hencey(0,0) = 0. As a result of this charging

pulsesU = 60 V, pulse duratior= 8 ms, and the interpulse interval 40 process,eq(t) increased rapidly. The same is true for j[he
min. @, first pulse,O, second pulse. potential o(x, t) at anyx, but with some time delay. This
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4.0 T curve) that there are now two different characteristic times,
e , one for the fast increase-0.2 ms) and another for the slow
3.0 < =3 = decrease~10 s) of ¢, (t). It can be seen from Fig. 11 that
= e g at timet, the functione(x, t) cannot be characterized by a
.20 single characteristic length. Rather, it changes very steeply
< \ at smallx but much more gradually at greaterAt 2 ms,
10 3 ¢,(t) becomes close to the value of3.9 V, which is a
0.0 1 : limiting level for ¢/(t) att—, in the absence of poration

(the dashed curve in Fig. 12). In the case of electroporation,
@o(t) reached maximum and then decreased to a limiting
value near 3 V, similar to the value obtained by numerical

FIGURE 11 Potential distribution(x) along a tube at different moments ~ calculations. This behavior is a consequence of the electro-
of time (in ms) calculated using Eqgs. 8-10: 0, steady-state solution withouporation dynamics and potential redistribution along the

electroporation; 1-6, time-dependent solutions taking into account elecmacropore tube.

3;52?&‘;?; t‘s 2&1;:2'1%%;2‘35 ff’x 1;)(;)753,61;])’0{ :T*‘le()fg’"cﬂf'ggzpf(;i‘TEter It is interesting to note a peculiar feature of the function
Qlem G2 =4x10°501cm2C,=5x 107 Fcm2 K, = ¢o(U, t—=). According to Eq. 15, the potential,(U, t—x)
4xX107 0 tem2sh increased less thad so that the ratiap,/U tends to zero.
For example, estimating the value @f at maximal voltage
used in our experimentdJ(= 60 V) and the extent of the
behavior of the potentiab(x, t) is illustrated in Fig. 11, resistance saturation using the following set of parameters
curves 1-5, where the time is increasing with each curvdea,, = 0,2V % G, =4 X 10°Q  cm? o = 1072
number. The steady-state distribution due to electroporatio® *cm™*,r = 1.3x 10 °cm,h =8 x 10 °cm,n = 10
is also shown by curve 6, which can be compared with th&m™?), we obtaing, ~ 7.8 V, andg/U ~ 0.13 << 1. At
absence of electroporation, shown by curve 0. These resultBis value ofe,, the resistance deviates from the limiting
indicate that the tube resistance decreased due to electropealue R, by ~13%.
ration. The characteristic length)(of the potential distri- With these results in mind, it is not difficult to calculate
bution (no electroporation, curve 0) can be estimated frongurrent-voltage curves, skin resistance, and current dynam-
Eq. 19 to be~3 mm, using values 080, ~ 0.4x 10 *Q~* ics in various potential ranges.
cm? r ~ 103 cm, ando ~ 102 Q"' ecm % The
characteristic time() to establish steady state in the ab-
sence of the electroporation can be evaluated from Eq. 8 d&8omain of comparatively low voltages (U < 4 V)

~-0.04;00 05 1.0 1.5 2.0
X, mm

2C, L2 It is useful to compare the theory described above with
~ ~2ms (22)  published data for the steady state current-voltage charac-
teristics of human skin (Kasting and Bowman, 1990a,b).

The results of a numerical calculation feg(t) atU = 4V~ The current-voltage results in Fig. 13 were obtained by a
are shown in Fig. 12. The characteristic timegg(t) with- ~ numerical solution of Eqgs. 8 and 10. The values of the
out electroporation (shown by the dashed curve in Fig. 12parameters used in this solution are presented in the figure
is in the range of milliseconds, in agreement with thelegend. It is clear that the experimental data (open circles in
estimation shown in Eq. 22. For electroporation the situafig. 13) fit well to the theoretical curve, using reasonable
tion is more complicated. One can see from Fig. 12 (solidparameter values. The deviation of the current-voltage

-
a ro

40 - . 5 [ o
[e)
38 4 .
= 36 _ sl
& 34 = ot
3.2 ] 1
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O 2 4 6 8 10 0 100 200 300 400
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FIGURE 12 Time dependence af(x = 0) after the application of FIGURE 13 The comparison of theoretical (see Eqgs. 11-14) current-
rectangular voltage stdp = 4 V calculated using Egs. 8—10. The dashed voltage characteristic of skin sample (——) with experimental datg (
curve corresponds to the absence of electroporation. The values of affom Kasting and Bowman (1990). The values of the parameters (except
parameters are the same as in Fig. 11. a,, = 0.4V 2andh = 8.8 X 10" cm) were the same as in Fig. 11.
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curve from linearity arises from nonlinear dependence of 100
the electroporation rate on voltage. The time to achieve 50
steady state reflects the kinetics of electroporation and prop-
agation of electric potential profile along a macropore. . 60
From the results presented in Figs. 11 and 12, it is clear = 40
that capacitive current is important at short time4 (ms) at
low potential but is negligible at longer times. Hence, at 20
longer times it is possible to calculate the dynamics of 0
macropore resistance in time. This is illustrated by the curve 0 1 2 3 4
in Fig. 14, which was calculated numerically using Egs. 8 U, v

and 10-12. The values of all parameters are presented in the
legend to Fig. 14. In the figure, the experimental data ofFIGURE 15 Dependence of the specific skin resistaRg@n applied
Inada et al. (1994), obtained 4 V (closed circles) and 0.5 Vvoltage att = 10s. As 100%, the valuR, = 43.8 K) cn* was chosert,
Vv (squares), are also shown. The calculated and measurgéperlmental data_l frqm Inada et al. (1994). The values of the parameters

. . . . are the same as in Fig. 11.
skin resistances decrease sharply at short times, especially at
U > 1V, and slowly saturate at longer times. Rér= 0.5
V, the skin resistance remains virtually constant. In Fig. 151990a,b; Inada et al., 1994; Pliquett et al., 1995) consists in
the resistance decay at 10 s during the application of difhigher time resolution (tens of microseconds) and a wider
ferent voltages (0= U = 4 V) is presented. The experi- range of applied voltages. This gives the ability to monitor
mental points (closed circles) are taken from Inada et alboth capacitive and electroporation currents and to investi-
(1994), and the curve is a result of theoretical calculationsgate the skin structures (lipid-corneocyte matrix or append-
Although agreement between the theory and experimentages) where new transport pathways may be created by the
results is generally good, the reason for the slight discrepapplied electric field. The shape of amperograms in Fig. 6
ancy at intermediate voltages is not clear. provides a number of important insights. The initial, rapid

As discussed by Kasting and Bowman (1990a,b) andlecrease in current shown in Fig. &, and b, can be
Inada et al. (1994), the time-dependent, nonlinear currentattributed to capacitive charging of the skin. In our experi-
voltage characteristics of the skin can be attributed to elecmental system, the characteristic timeg) (©f this process is
troporation. The theoretical consideration presented here-200 ws. There are two parallel ion-transport pathways
provides a background for the quantitative analysis of thecrossing the outer layer of the skin, one going across lipid-
problem and confirms skin electroporation at low voltages,corneocyte matrix (m) and the other through skin append-
as stated by those authors. This theoretical analysis alsages (a; see Fig. 1). Both pathways have capacitive ele-
shows that skin appendages at these voltages are the targatents. We can estimate a charging time,)( for the
for electroporation. m-subsystem for our experimental conditions. The skin
capacitance@) measured at 10 kHz was 2 nF, in agree-
. . ment with published results (Oh et al., 1993). As shown in
Domain of higher voltages (10V < U < 60 V) Fig. 2, this value includes two capacitors in parallel G
The valuable advantage of our experimental data in comshould be smaller than 2 nF. The experimental cell and
parison with published results (Kasting and Bowman,epidermis resistancdy( is ~1 k(}, so thatr,, ~ RC, ~ 2

ps. This estimated,, is ~1% of the measured value (200
1s). Thus, it is unlikely that the capacitive effect is associ-

100 vomoa T T o o ated with the lipid-corneocyte matrix. Alternatively, estima-
U=0.5 V tions of r, according to the appendageal model, obtained by
80 fitting the numerical solution of Egs. 8 and 10 to the
measured (at 10 ViR2 = 750 k) amperogram (Fig. 16),
» 60 results in a good agreement with a measured valugroar
25 wh 200 us. Thus, at low voltage, capacitive current is primarily
S associated with the skin appendages.
20 - sy At elevated voltagesrs is smaller, and above 40 V it
cannot be measured (Fig. 6,andd). The smaller experi-
g Lot e mental value forrg at high voltage relative to the value
0 2 4 6 8 10 predicted by Eq. 22 results from a decrease in the charac-
t, s teristic length ) when the macropore wall conductivity

(G,)) increased due to electroporation. Correspondingly, as

7, (EQ. 22) is proportional td_?, it also decreases. For
voltages: 0.5 and 4 V. As 100%, the value of 43(B&m? was chosen. The a ( ql )t F?] ?1 d f elect fi high
experimental data at corresponding voltages gnd O) are taken from €xample, at a hig egree ol electroporation (e'g" 9

Inada et al. (1994). The values of the parameters (exegpt 0.65 V 2) voltage) wherL ~ 20 um, we obtainr, ~ 0.15 us, using
are the same as in Fig. 11. for the resistance the value of so-called spreading resistance

FIGURE 14 Dependence of the specific skin resistdRaan time at two
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0.6 mV, whereas at 40 V it is-400 mV, sufficient for effective
05t electroporation. Remember also that the electroporation rate
o4 b is an exponential function of the applied potential (see Egs.
- 6 and 10). At the same time, however, 10 V is more than
i 0.3 sufficient to cause electroporation of the two layers of
0.2 F epithelial cells lining the appendageal ducts.
0.t Pxepevitvrvdirsesss Consider the theoretical resistance-voltage curRg&)))
0.0 — for the appendageal and lipid-corneocyte pathways (shown
00 02 04 068 08 10 in Fig. 2 b) obtained as a solution of Egs. 8—10 and 6,
t ms respectively. The results of numerical calculations are

shown in Fig. 17, where curve 1 corresponds to the ap-
FIGURE 16 A comparison of theoretical (——) results with experimen- pendageal subsytem, curve 2 corresponds to the lipid-cor-
tal data @) for I(t) atU = 10 V. The following values of the parameters neocyte subsytem, and curve 3 corresponds to their super-
were adoptedu,, = 0.2V % h =7.7x 10 cm,r = 13X 10°°em,  oqjtion The calculated appendageal resistance decreased
C, =10 °Fcm 4 n= 10 cm “ The other parameters are the same as
in Fig. 11. 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 30 V, and then
(Newman, 1973)R,, =~ 1l/omr ~ 20 k(). This estimation is changes little at higher voltages. At potentials below 20 V,
confirmed by rigorous numerical solutions that are similarthe theoretical lipid-corneocyte resistand®, ) is much
to that shown in Fig. 16. higher than appendageRl, whereas the opposite is true
Additional conclusions can be drawn from the values of(R, => R,.) above 30 V. A superposition of these two
electric current at the minimum dft). First consider the pathways leads to a good fit to the experimental data.
results shown in Fig. @&, which corresponds to a skin Therefore the electrical properties of the skin below 20 V
sample with high initial resistanc&? = 1.8 MQ,), atU = are defined by appendages and above 30 V by the lipid-
10 V. At the end of the capacitive current@.2 ms), the corneocyte matrix. Within the interval between 20 and 30
skin resistance can be estimated as 10 \W/80= 200 K2, V, both pathways are operative. At small voltages (10 V),
which is nine times smaller thaR2. This result suggests the time-dependent current across the skin was described by
that the rapid decrease oft) is a superposition of the a theory developed for appendageal macropores and illus-
capacitive and leakage currents, the latter increased due tmated in Fig. 16. The fitting of the theory for the lipid-
electroporation. The rate of electroporation (Eq. 10) is arcorneocyte pathway with the data between 30 and 60 V (see
exponential function ofg?. At U = 10 V, the electrical Fig. 18) is also satisfactory. The value of the electroporation
potential near the macropore opening is large enough tparametery,,, = 0.02 V2 chosen here is small compared
cause rapid electroporation in this region. The rate of poravith the case of appendages, = 0.2 V 2, because the
generation decreases along thexes due to the potential number of bilayers in sequence in the SC is higher.
drop. As shown in Fig. 11 (curves 1-5), the region of the The resistance recovery data are also in agreement with
macropore affected by electroporation increases with timeconsecutive electroporation of two subsystems: the append-
This explains the gradual increaselofvith t illustrated in
Fig. 6. Qualitatively, the amperograms shown in Figa 6
andb, are similar tol(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 104
of depth is a rather bold simplification. : b\@'\
As mentioned above, the capacitive current at times 103 , =
greater thar~1 ms becomes negligible, and the skin resis- 0 10 20 30 40 50 60
tance can be calculated by Eq. 21. The dependende, of U v
(t = 1 ms) on voltage is presented in Fig. 7, which shows '
that R decreased by over 100-fold from O to 30 V, but fGURE 17 skin resistance as function of voltage. Theoretical curves
decreased only about two-fold from 30 to 60 V. The recov-are for () appendageal pathway2)(lipid-corneocyte pathway3j super-
ery time of skin resistance as a function of voltage alsaposition of both pathwaysD), experimental data have been obtained for
changes significantly at 30 V. These observations suggest3in sample withRS = 0.75 MQ (see also Results for details). The
. . following values of the parameters were used for pathway,2= 0.02
change of the opgratlve small ion trapsport mode from thQ/le R=13K,G=6x1070 LK, =5x10°0 s Lcm 2
appendages to lipid-corneocyte matrix-a80 V. At 10 V,  For the appendageal pathwab),(all of the parameters are the same as in
the potential drop on each SC bilayer is approximately 10Gig. 16.

107 ¢




Chizmadzhev et al. Electrical Properties of Skin 855

30 : . addition, our results indicate the morphological location of
e00°00°°7%° °oq ___ electric field effects within the skin. Below 30 V appendageal
25 — 5 ducts are susceptible to electroporation and play a key role in
20 . the formation of new transdermal pathways for electric current.
= SN SR S At higher voltages, however, the appendageal resistance satu-
E 15 IS | rates and electroporation of the lipid-corneocyte matrix devel-
— 0 3. ops to further increase current flow. Thus, the current carrying-
B A EAEEELR R RPN pathways within the skin differ at low (appendages) versus
5 | ﬁ;o'; Mz soo0606d high (lipid-corneocyte matrix) voltage.
0 il L 1
00 02 04 06 08 1.0 We are obliged to U. Pliquett and B. Bommannan for fruitful discussions
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FIGURE 18 Time behavior of electric current for skin sample vitgh=
0.75 MQ) at different voltages (in V):1) 30; (2) 35; (3) 40; (4) 50; (5) 60.
Solid curves were calculated using Eqgs. 6 and 7 for the same parameters
in Fig. 17 for the appendageal pathwéay,. experimental data for different
voltages (see Results for details).
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