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Electrorheological Modeling of the Permeabilization of the Stratum
Corneum: Theory and Experiment

P. Pawlowski, S. A. Gallo, P. G. Johnson, and S. W. Hui
Biophysics Department, Roswell Park Cancer Institute, Buffalo, New York 14263 USA

ABSTRACT Experimentally observed changes in the conductivity of skin under the influence of a pulsing electric field were
theoretically analyzed on the basis of a proposed electrorheological model of the stratum corneum (SC). The dependence of
relative changes in conductivity on the amplitude of electric field and timelike parameters of applied pulses or pulse trains
have been mathematically described. Statistical characteristics of phenomena of transient and long-term electroporation of
SC were taken into consideration. The time-dependent decreases of skin resistance depicted by the models were fitted to
experimental data for transient and long-term skin permeabilization by electric pulses. The results show two characteristic
times and two spectra of characteristic energies for transient and long-term permeabilizations. The rheological parameters
derived from the fittings agreed with those reported elsewhere for biological membranes.

INTRODUCTION

The permeabilization of the skin by applying short, highwhich equals the difference between the isotropic part of
voltage electrical pulses (electroporation) has great potentiahechanical stresses on the membrane surface and the stress
in enhancing drug delivery. The electrical resistance of thén the direction perpendicular to the membrane, dominates
skin is dominated by the stratum corneum (SC), which, inin the low frequency range of oscillations. It results in the
its electrical property, is similar to multilamellar lipid mem- extensil deformation of the membrane, which means the
branes (Chizmadzhev et al., 1995). There have been eéhange in the area of the membrane or the corresponding
number of successful experiments to permeabilize the skiopposite change in its thickness without change in its vol-
by electroporation. Several theoretical approaches to theme (Needham and Hochmuth, 1989). Extensil deformation
problem of electric permeabilization of artificial or biolog- can lead to transient or permanent destabilization of the
ical membranes have been reported. These studies oftenembrane, manifesting itself by electroporation or elec-
consider the electric polarization energy as the major factotrodestruction (Pawlowski et al., 1993).
in generating membrane pores (Sugar and Neumann, 1984;In a recent report, electric pulses were applied to porcine
Weaver and Powell, 1989; Barnett and Weaver, 1991skins to permeabilize them electrically (Gallo et al., 1997).
Weaver, 1994). There are also a few models based ohwas found that, under certain conditions, the skin could be
electrocompression force consideration (Chang, 1989%ermeabilized transiently by a single pulse, or long-term
Crowley, 1973; Zimmermann et al., 1977, 1990; Needhanpermeabilization could be achieved by using a train of
and Hochmuth, 1989; Stenger et al., 1991). It becomesigher voltage pulses. In this paper we apply the viscoelastic
obvious later in this paper that, when considering time-membrane model to quantitatively describe the deformation
dependent responses of electroporation, the membrane vigf the SC by the applied electric pulses. We propose two
coelastic extensil deformation must be taken into accountparallel rheological models to describe viscoelastic defor-
Therefore, the electrocompression force approach is importanations of the SC in an electric field. In this way we can
The mechanical response of the membrane to the actioanalyze the transient (reversible) and long-term (irrevers-
of stress, as well as its quantitative characteristics, is strictlyble) permeabilization of the SC by low frequency pulsing
related to the rheological properties of the membrane. In aelectric fields. We found that the relative change in conduc-
external electric field, biological membranes are subjectedivity may be described as an analytical function of the
to different types of induced mechanical stress. The form omplitude of the electric field and timelike parameters of
stress depends on the electric and geometric parameters @fplied pulses or pulse trains. Electroporation may then be
the system, leading to the domination of either the sheaquantitated in terms of the changes in total skin conductivity
(Pawlowski and Fikus, 1991) or the extensil stressas a function of deformation, or of stress and time. The
(Pawlowski and Fikus, 1993). The latter type of stressstatistical nature of the permeabilization energy is revealed
in the analysis of deformation with electroporation. Finally,
the theoretical model is applied to interpret experimental
results.
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skin conductivity as a result of the applied extensil stress that may statiswhich equals
tically reach the range of pore-forming energy.

For simplicity, we assume that each “locally macroscopic” horizontal RIC = Sb/Sh- (8)
slice of the SC (Fig. 1) consists of a layer of nhonconducting viscoelastic
membranes, randomly perforated by a system of naturally occurring con- We assume that there are two distinct types of membrane regions “f
ducting routes (appendageal routes, natural defects of the SC), and ad “s.” The region of type “f” responds relatively rapidly and reversibly

underlying layer of nonviscous conducting liquid. to stress, as depicted by the viscoelastic rheological model 1 (m.r. 1 in Fig.
In the absence of electropores, the electric resistadBg) Of such a  2). The region of type “s” responds relatively slowly and irreversibly to the
slice of SC equals action of stress, as depicted by the viscoelastic rheological model 2 (m.r. 2
in Fig. 2). The initial, unperforated membrane aga= S, — S,) in each
dR, = (pdZS)[an(S/S) + (1 — ap)], 1) slice can be written as a sum:
where p is the specific resistivity of the conducting liquid within the Sh=S+8S, (9)

conducting routes and the underlying laydz s the total thickness of the
slice,§, is the area of the slic&, is the total cross section area of naturally where S and S, are areas of the two types (' and “s”) of membrane
occurring conducting routes, angl, is the fractional thickness of the o455 |n the case of electroporation, the total conducting area of pores
nonconducting viscoelastic “membrane” layer in the total thickness of theCem be calculated as
slice (@, = 1).

In the case of electroporation of the membrane layer, the electric —

. . , = K + Kk , 10
resistancedR) of such a slice equals S = KPS <P (10)

_ _ wherep; andp; are the probabilities of electroporation, ardand k¢ are

dR (pdﬂS)){am[S)/(Sh + SJ)] +1- an), (2) the ratios of characteristic time of pore closing to characteristic time of
wheres, is the total cross section area of conducting pores. pore opening |.n' regions *f” and _s, _respepnvely. .

In the case when, = 1, §, < S, andS, < S, Eqs. 1 and 2 can be The probability of electroporation in a given region can be calculated as
written in the form me ' ' ' the probability that the energy density produced by the action of the electric

field exceeds a critical (enough for the formation of pore) valeg The

dR. = (0dZS)a ’ 3 probabilitiesp; and p, in the “f” and “s” regions, respectively, may be
R (p S)an(S/S) ) expressed mathematically by calculating the integrals:

dR= (pdZS) [ S/(S, + )] (4) re

Assuming that all slices of SC are electrically identical, it is possible to Pr = gf(x)dx (11)
obtain resistivitiedR, andR for the entire SC of thicknedd: —o
Ro = an(pHIS), (5) "

R= an(pHI(S, + )] (6) s = f 0:(xdlx (12)

If we define conductivitiesr, ando, whereo, = 1/R, ando = 1/R, by
using Egs. 5 and 6 we can write the relative increase in conductivity, (RIC)where Ae; and Ae; are applied energy densities due to the action of the

defined as electric field, andy(x) andgy(x) are densities of probability that the critical
value Ag, falls in the range betweenandx + dx for regions “f” and “s,”
RIC = (o — gy)loy, (7)  respectively.
stratum @L
corneum
living

FIGURE 1 Electrorheological model of SC. The hor- epidermis
izontal slice of the SCupper lef} consists of a layer of

nonconducting viscoelastic membrana), (randomly
perforated by a system of conducting natural roug} (
and electrically induced pore§j, and a layer of con-
ducting nonviscous liquidd). The meaning of the sym-
bols is explained in the text.
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whereAV is the voltage difference between electrodes on the surface of the
skin, it is easy to obtain, for = 7,

m.r. 1 Ky mr. 2 Ks
L1 TW], T
X1
Tt g RIC = k(S/S) J gi(x)dx (22)

FIGURE 2 Rheological models of different membrane regions. ModelsWhere

m.r. 1 and m.r. 2 represent viscoelastic properties of " and “s” regions, =~ 2 2
respectively. Springs model elasticity, dashpots model viscosity, and thér = [(Ef Vf)/(4Kf(amH) )]{1 - eXF{_(T/tf)]}(AV) . (23)
comb models irreversible response of these regions. Kgrk are area
elastic moduli of the membrane ang, n, are area viscosities of the
membrane in regions “f” and “s” respectively.

Case Il is the case when a train of pulses is applied and the long-term
recovery of type “s” regions is measured. Theg& << p.S, and by using
Egs. 8, 10, 12, 14, 18, 20, and approximation 21 it is easy to obtain

The applied energy densitieee; and Ae; can be calculated as RIC™= KS(SJSDJ . “
Ae = v(AS/S), (13) where
Ae, = %(AS/S), (14) Xy = [(ey (4K (a2 HL — exed — (1ML AV
(25)

wherey; and vy, are initial tensions (in N/f), andAS/S and AS/S, are

relative increases of membrane areas caused by the action of the electric RIC may be expressed as a function of applied endegyr Ae,, which

field in regions “f” and “s,” respectively. are linear terms in the Taylor approximations of functions 22 or 24 near
Taking into account rheological models (Fig. 2), relative increases ofAe, = (Aey) or Ae; = (Ag,),, Where(Ae,) is mean value ofAe,,.

membrane areas during the action of pulsing electric field are described by case |,

(see Appendix 1)
RIC = k(S/S) - {0.5 + gi((Aey))
AS/S = (HT)(8/K){1 — exr — (/) ]}, (15) (26)

DML — exd —(a/t) AV —(ae ],
AS/S = (3/KHL— exd (@MU, (16)  oog i case

where §; and & are extensil stresses imposed on the membranes by the RIC' = k(S/S) - {0.54— gs(<Aep>s)
action of the electric fieldK; andK are elastic moduli of membranes (for

changes in area}; = n/K; andt, = ndKg n; and ng are viscosities in (A1 — exd—(ta*/ts)]}(AV)z—(Aep>S]}’
regions “f” and “s,” respectivelyr is the width of a single puls€T, is the
period of the pulse electric field; artds time. (27)
After the electric field is switched off, changes in relative area can be
written as follows: where \; = [(ev)/(@Ki(arH)D], As = [(ec¥)/(4K(a,,H)P)], and t5 =
(t/Mt is the cumulative time of action of the electric field pulse train.
AS/S = (7T)(8/K )L — exd — (t/t) ]} Equations 26 and 27 are useful in investigations of characteristic time
7) constantd; andts.
exp[—[(t — ta)/tf]}, If we define two new variableg and ¢’ as
& =1{1—exd—(7t)JHAV)?, (28)
AS/S = (6/KNHL — exd —(#D)(t/)]},  (18)
" ={1-exd —(tYtYTHAV)? 29
wheret, is the cumulative time duration when the applied electric pulse ¢ { d ( a/ S)]}( ) ( )
train is applied to the skin. differentiation of Eqs. 22 and 24 againsand ¢ leads to the results
Extensil stresse8 andg, of the membranes, caused by the action of the
electric field, are described approximately by (see Appendix 2) d RIC/dE = )\f(S/Sh)gf{)\fg}, (30)
8f = ef[AVSJ(amH)]Z, (19) d R|C'/d§' = Ks As(ss/S\)gs{)\sgl}f (31)
8. = GS[AV C/(a H)]2 (20) Equations 30 and 31 can be useful in investigations of densities of prob-
° seamm ' ability g andg..

wheree; ande, are dielectric permitivities for regions “f” and “s,” respec-
tively, andAV. is the voltage difference across the SC.
There are two cases when RIC can be expressed relatively simply. caBESULTS

I is when a single pulset (= T) much shorter than the characteristic . .
response time, of regions of type “s” is applied. Thems, << p,S and by For this study, the experimental data were taken from the

in electroporation of porcine skin experiments were also
AV, ~ 0.5AV, (21)  described in that paper.
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Case | Equation 30 was fitted to differentials of RIC (Fig. @,

e " . . _continuous line)Before evaluation, Eq. 30 was transformed
Single pulse” experiments. Equation 26 suggests that, |f

o . ; nto the form
the variation of the applied pulse voltage during the exper-
iment is neglected, the trend of changes of RIC with pulsed RIC/dE = «(S/S)[1/(2mH) ?lexp{— (& — (&) (2BD)},

length T has the form (36)
RIC = a+ b{1l — exd —(7/t)]}, (32) where

where (&) = (Al A, (37)

a = ki(S/SH0.5— gi({Ae)(Ae)t, (33) B = ail ;. (38)

b = k(S/S)G(AeA((AV)?), (34)  Then(&) = 976.42+ 0.08 V, by = 500 V7, and k(S/

S) = 4 were obtained. The values of the last two parame-

2\ .
and((aV)") is the mean value of the square of the applleciters have no documented statistical significance.

voltage difference.

Equation 32 was preliminarily fitted (see for example,
Fig. 3) to ther-dependence of experimental results takenCase Il
from 21 independent measurements, classified into four . _ . .
groups by the voltages used (0—30, 30—60, 60—80, 110-Pulse train experiments. E_quatlon 27 suggests th{it if we
160 V). Because all preliminary fittings showed that param-negIeCt the variation of applle_d vqltage* during experiments,
etera did not differ significantly from zero, it was assumed the trend of changes of RiGuith time t, has the form

thata = 0 in the final fittings. Then the final values gf= RIC' =a + b'{1 — exg—(t¥t) ]}, (39)
1.66, 1.66, 1.85, and 1.74 ms were obtained. For future
calculation the mean value ¢f = 1.7 ms is taken. where

In the next step, RIC results were plotted against the , B
variable¢ (Fig. 4 A) and differentiated. Differentiation was = k(S/SH0.5~ al(Ae) K Ae)d, (40)
performed by using the linear regrgssion method applied in b’ = k(S/S)A((Ae)IAL(AV)?). (41)
the sequential neighborhoods of five to nine experimental S
points_ In th|s Way mean Va|ues @f and RIC for these S|m|lar|y to case |, Eq 39 was prellmlnarﬂy f|tted (See, fOI’

neighborhoods were also obtained (FigB)4 Finally, coef- ~ €xample, Fig. 5) to théf-dependence of experimental re-
ficients of slope versus mean valuésin neighborhoods Sults taken from 48 independent measurements, classified

were analyzed (Fig. £, points. into five groups by the voltages used (90-130, 170-200,
In the final analysis, the line shape gfin Eq. 30 was 220-250, 260-300, 300-340 V). As computer fittings
assumed to have the form of showed, the parametef did not differ significantly from
, zero. Therefore, it was assumed that= 0 in final fittings.
g() = [12ma?)Jexpl— (x — (Aey))?/(207)}. (35)  The final values ot = 11.8, 7.1, 3.9, 6.5, and 7.4 s were
RIC Range |
10
8 -
6 e

FIGURE 3 Example of a preliminary fitting of
the dependence of RIC arfor case I: single pulse
experiments. Equation 3dlid line) is fitted to
three experimental measurements of RIC in the
110-160 V range. RIC is the relative increase in
conductivity.

T [ms]

Experiment — Theory
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RIC Range |
2
1.5
FIGURE 5 Example of a preliminary fitting of 1+
the dependence of RI®n t* for case II: “pulse
train” experiments. Equation 38dlid line) is fitted
to eight experimental measurements of RiCthe
220-250 V range. RICis the relative increase in 0.5
conductivity.
0 1 | { | 1 |
o 0.5 1 1.5 2 2.5 3
*
t. [s]
Experiment — Theory

obtained. For future calculations, the mean valugef 7s  overlooked. Neglecting this information can lead to incor-
is taken. In the next steps, the RI@sults were plotted rect analysis. Let us consider the energy of a flat piece of
against the variabl€’ (Fig. 6 A) and differentiated. The membrane before pore formation. Increase of mechanical
differentiation procedure was the same as in case |. Measnergy related with its lateral extension in an electric field
values of¢’ and RIC for these neighborhoods were ob- can be calculated ase = (y/K)e, E,2V, where v is the
tained (Fig. 6B). Finally, coefficients of slope versus mean initial tension,K is the area elasticity,, is the membrane
values of ¢ in neighborhoods were analyzed (Fig.&  dielectric permitivity,E,,, is the electric field in the mem-

pointg. . o brane, and V is the volume of the membrane piece. The
In the final analysis, the functiom, in Eq. 31 was increase of polarization energy can be written in the form

assumed to have the form A€’ = (1/2)(e,, — €,)En2V wheree, is a dielectric permi-

0(X) = [127m02) Zlexpl— (X — (A))2(202)} + Geo. tivity of the vacuum. Sincey (in reality equal to twice the

surface tension divided by the membrane thickness) is usu-
ally close toK (Evans and Skalak, 1980) agg — ¢, differs

Equation 31 was fitted to differentials of RIGFig. 6 C,  |ittle from €, Aeis twice theAe'. It is obvious that energy
continuous ling. Before evaluation, Eq. 31 was transformed of extensil deformation cannot be omitted from energetic
into the form considerations. This is why the present analysis concen-
dRIC'/dE’ = k(S/S)[LI(2mB2)7 trate§ on extens_il deformation. Up fco now_only the ideal
43 elastic deformation has been considered in the proposed
exp{— (& — (£)9%(2BY)} + e, electrocompression models of electroporation. The reason is

that the viscosity for area changes in cellular or artificial

where membranes is very small (Evans and Hochmuth, 1978).
(€)s = (Ae)dAs, (44)  However, if short time impulses or “fatigued” membrane
with the increased viscosity is considered, the viscosity
Bs = adAs, (45)  contribution could be significant (adequate characteristic
_ times could be measurable). Keeping the above remark in
& = k(S Geor (46) mind, we include viscosity into our theoretical consideration.
Then(£,)s = 49802.886+ 0.014 \#, B = (629 + 25)*10" By using the results of our analysis of experimental data,
V3 k(SYS) = 1.41 = 0.06, ande, = (8.964 + it is possible to estimate values of many important physical
0.001)*10 ® V2 were obtained. parameters of the stratum corneum. By assuming that the
SC contains in its entire thickness100 membranes (that
DISCUSSION means puttingy,,H = 10 ° m) and by takinge; = ¢, =

10 2 F/m, y; = K;, vs = K, (Pawlowski et al., 1993) and

In most theoretical considerations of electroporation (seeising Egs. 37 and 44, one may obtele,) = 3- 10" J/n?
Introduction) mechanical forces generated by the pulse fieldnd(Ae,)s = 3 - 10* J/n?. These values of average critical
and their relationship to membrane deformation are ofterenergy density are close to those obtained with a different
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FIGURE 6 Statistical treatment of experimental
data for case II: “pulse train” experiments. The
variable¢’ is defined by Eq. 29. Solid line is the
fitting of Eq. 43. @) Dependence of RICon ¢';
(B) dependence of RICon ¢ (averaged values);
(C) dependence of differentiated RIGn ¢&'.
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method for membranes of single cells (Pawlowski et al.,analysis are kept constant. In general, the values of rheo-

1996). Such results suggest that the proposed electrorhelmgical parametersk, ng of membranes may depend on

logical model deserves further investigation. It also showghe dynamics of stretching and may change with pulse

that the mean value of energy for irreversible permeabilifrequencyf = 1/T (Barnes et al., 1989). For example, the

zation is one order of magnitude higher than that of energylasticity K, may increase and/or the viscosity, may

for reversible permeabilization. With the above assumptionslecrease with increasing frequency. It can cause decrease of

and estimations, Egs. 35, 37, 38, 42, and 44—-46 give quarthe value oft.. At the first approximation, we may assume

titative and graphical (Fig. 7) descriptions of the full spec-thatty/t, = (t5/t(0)) + xf, wheret (0) is the value of, atf =

trum of critical energies. The difference between mear0, andy is the linear coefficient of the Taylor expansion of

values (in Gaussian profiles) of critical energies for electrot, aroundf = 0. With the above assumption, Eq. 39 was

poration in regions “f" and “s” is statistically significant. used to analyze results of frequency dependence of RIC

The constant componemgt, in the function of density of (Fig. 8). By fitting of the modified Eq. 39 as a function of

probability (Eq. 42) suggests a subpopulation in the regionfrequency, the values @&’ = 0 (preliminary fitting),b’ =

of type “s” that is characterized by a relatively wide range2.784 = 0.204, t3/t(0) = 0.2 (estimated by usingf, =

of critical energies. It is an open question how significant is1.25 s,t; = 7 s), andy = 0.029 s were obtained. The last

the contribution of sample-to-sample variability to standardvalue has no statistical significance. It is difficult to discuss

deviations of proposed Gaussian distributions. In othethese results because there are no known data available, but

words, how broad the biological divergence is. it will not be difficult to extend the present analysis when
TakingK; = K, = 10° N/m? (Pawlowski et al., 1993) and there are more time-dependent data of the electroporation of

definitions under Eqgs. 15 and 16, it is simple to calculatethe stratum corneum available in the future.

that regional viscositieg; = 2 - 10° Ns/n? andn, = 7 - 10°

Ns/n?. The value of; is close to the value FONs/n?

reported earlier for erythrocytes (Paulitschke and NashAPPENDIX 1

1993?)’ and the value Cﬁs IS Clos.e to 16 NS/mZ’ which was In the “f"-type region, characterized by parameters of the Voight-Kelvin

obtained for long-term stretching ®. crassamembrane rheological model (m.r. 1, Fig. 2), the relative increase of area of the

(Pawlowski et al., 1997). membrane caused by the action of the electric field is described by the
The analysis also yields the weighted areas of regionsgquation

kS + kS, = 5 §, It means that if the other areas do not

respond to the electric field; = «, and the area of natural !

routesS, = (1/100)5,, thenk, and k. equal 0.05. It means AS/S = (lle)j 11— exd —((t = O/t Jx(df/do)de,

that, with these assumptions, our results show that pores -

should close faster than they open. To remove that open/ (A1)

i 0
close time asymmetrﬁh would have to be 17% cﬁD where f; is a function describing the evolution of the extensil stresses

According to Eq. 39, in case I, for the same valuegdf  caused by the action of electric field in the “f’-type membrafis a time
values of RIC should be the same if other parameters ofvariable,t, is the retardation time of region “f,” and/d¢ is symbol for

g/max(g)

FIGURE 7 Spectrum of obtained values of critical en-
ergies for electroporation in regions of type “f" and “s,”
respectivelyg is the density of probability, magj is the
maximal value ofy in a given distribution, ande, is the
critical energy of electroporation. Solid lines are obtained
from transformation of lines in Figs. @ and 6C.
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RIC

5

FIGURE 8 Dependence of RI®n frequency.
RIC' is the relative increase in conductivityjs
the pulse frequency.

o | | | |
0 100 200 300 400
f [Hz]
Experiment — Theory
differential, At any moment of observation= NT + 7, it is easy to show that

. &(E{@[é M-8l (T+ 9l (A2) AS/S = (8/K){{L — exp(r/t) {1 — exp(T/t)}}
i=0 exd(T — D/t){1 —exd —((t+ T — D/T)]}.

where & is the amplitude of extensil stress in the region “®is the (A7)
Heaviside theta function, arT + 7 =< t.

When putting into Eq. Al, it is easy to obtain o
The above general equation, in the case whenT << t = t;, can be

written in the form

AS/S = (5f/Kf)J {1—exd—(t— Dt}

o AS/S = (S/K)(TIT){1 — exd — (t/t) ]} (A8)
N In the case of one pulse,= T andt = 1, Eq. A7 can be simplified to
A D8 —iT] — 8[¢ — (iT + 7)]}de, the well-known form
i=0
AS/S = (6/KN1 — exg —(7/t) ]} A9
(A3) S/S = (8/Ki{ A ()]} (A9)
where$ is the Dirac delta function. In the “s"-type region, characterized by parameters of the Voight-
Integrating formula A3 leads to the equation Kelvin rheological model with an “asymmetric comb” (m.r. 2, Fig. 2), the
relative increase of area of the membrane caused by the action of the
AS/S = (&/K) electric field is described by the equation
(A4)
N t
| e iT = /] - exd ~((t - 'TW]}) AS/S = (1K) J 1 - expi—((t — £ ~ DIYTHAWADAL,
which can be rewritten in the form (A10)

AS/S = (&/Kiexd —((t — n/t)]

where f, is a function describing the evolution of the extensil stresses
(A5) caused by the action of electric field in the “s”-type membranés the

N
. retardation time of region “s,” antlis a parameter describing time with
— exd — (Ut) ]} XexpliT/). “frozen” changes in area due to the blocker.
i=0 When substitutind, in Eq. A10 by
By calculation of the sum of the geometric series in Eq. A5 one can
obtain N
fi=20 O[—IT]—-0[Z— (T + 1]}, All
(AS/S = (3K fexd —((t — D] — exiT— (W) += 8 2{0LE = 1T] - Ol¢ = (T + ] (A1)

{1 — exp (N + DT/ATHL — exp(T/)L.
whered, is the amplitude of extensil stress in the region “s,” and by putting
(A6) t = NT + 7, and calculatingt ast = (N — i) (T — 1) for pulses
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corresponding to the indeix one can obtain can be written as
: 8 = EmEn’- (A27)
AS/S = (84K Ejexd‘““ —i)lty)] When puting
(A12) En = AVod(anH), (A28)
—exd—((N+ 1 —i)lty))}|. where AV, is the voltage difference across SC angH is the total
thickness of the membrane in the direction of electric field, one can obtain
The summation in Eq. A12 leads to the result 8m = €AV (amH) (A29)

AS/S = (3JKH1 — exd—(N + D7t]l. (A13)

By using thet = N + 1 variable, the above equation can be written in the
form
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