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The effects of applied voltage and the duration of application upon
human epidermal membrane (HEM) alterations and recovery were
investigated. All experiments were conducted using a two-chamber
diffusion cell with constant DC voltage (250—-4000 mV) applied over
a predetermined period, and HEM changes were monitored by mea-
suring the electrical resistance before and after voltage termination.
The key findings were that the rate of decrease in resistance was
strongly dependent upon the applied voltage, the reversible recov-
ery times were dependent upon both the magnitude and the duration
of the applied field (frequently were several orders of magnitude
greater than times for attaining significant resistance reduction), and
reversible recovery times were much longer when lower voltages
were applied for longer times to attain the same decrease in electri-
cal resistance than for higher voltages at short times. These findings
closely parallel those obtained on electrical breakdown/recovery of
bilayer membranes (electroporation). The second part of this work
examined the hypothesis that decreases in HEM electrical resis-
tance induced by the applied voltage are accompanied by propor-
tional increases in HEM permeability. A study was designed to test
this hypothesis involving a four-stage protocol with HEM: passive
transport, 250-mV iontophoresis, 2000-mV iontophoresis for 10 min,
then back to 250-mV iontophoresis. The data obtained strongly sup-
port the view that the HEM alterations induced by the electric field
result in pore formation and in the expected changes in HEM per-
meability.

KEY WORDS: iontophoresis; skin alteration and recovery; human
skin; electroporation; permeability.

INTRODUCTION

In previous studies, human epidermal membrane
(HEM) alterations caused by electric fields were investi-
gated using a limited number of voltage settings with a four-
electrode potentiostat system (1-4). It was found that HEM
may undergo continuous membrane alterations at a high ap-
plied voltage (1000 mV) but not at 250 mV or lower. These
changes appeared to be completely reversible over time once
the field was removed. As these voltage-induced effects ap-
peared to be decreases in electrical resistance accompanied
by proportional flux enhancement of both ionic permeants
(iontophoresis) and polar, nonionic solutes (electroosmosis),
the results suggested that these effects were primarily elec-
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tric field induced pore formation (2,3). Clearly, these findings
point to the need for more quantitative studies, as this phe-
nomenon may be important for the iontophoretic delivery of
both charged and uncharged drug molecules.

It is now generally accepted that reversible electrical
breakdown of cell and model lipid membranes is based on
the formation of pores (electroporation), including pore
modification (i.e., growth/expansion of a preexisting pore).
Several investigators have presented the results of theoreti-
cal and experimental studies of reversible electrical break-
down of planar lipid bilayers, cell membranes, and erythro-
cytes (5~19). Of particular interest, Glaser et al. and Cher-
nomordik et al. (5—7) have obtained data with model bilayers
supporting the view that (a) the rate of the pore creation
(membrane conductivity) depends on the applied voltage and
(b) an increase in the duration of applied voltage leads to an
increase in the number of pores and increases in pore radii.

In the present study, the effects of applied voltage and
its duration on the alteration and recovery of HEM were
further investigated with the thought that there may be a
parallel between the results of Glaser et al. and Cherno-
mordik et al. (5-7) and those with HEM. Membrane resis-
tance measurements were used to monitor continuously
membrane alteration induced by the electric field and during
its recovery after voltage termination. Also, as the second
portion of this study, iontophoresis and electroosmosis ex-
periments were designed and carried out to examine quan-
titatively the hypothesis that the field-induced alterations in
HEM are consistent with the induction of pores, resulting in
the proportional enhancement of mass transport of ions and
neutral permeants.

MATERIALS AND METHODS

Materials

Phosphate-buffered saline (PBS), 0.1 M ionic strength,
pH 7.5, was used in all experiments. Sodium azide (0.02%)
was added to the buffer as a bacteriostatic agent. Chemicals
were reagent grade and used as received. Human skin was
obtained from Ohio Valley Tissue and Skin Bank (Cincin-
nati, OH). The HEM was obtained as described in the pre-
vious study (2). The range of electrical resistances of the
HEM was 12-120 kQ - cm?.

Transport studies were conducted with the following
permeants: [1-*H]mannitol (sp act, 25.0 Ci/mmol; radio-
chemical purity, 99%) and [1-'*Cltetracthylammonium bro-
mide (TEAB; sp act, 3.0 mCi/mmol; radiochemical purity,
99%) obtained from New England Nuclear Corporation,
Boston, MA.

Methods

All experiments were conducted with the four-electrode
potentiostat system (JAS Instrumental Systems, Inc., Salt
Lake City, UT), which has been described previously in de-
tail (1-4). This system is able to maintain a constant known
voltage drop across a membrane positioned between the do-
nor and the acceptor chambers of a two-chamber diffusion
cell.
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Membrane Alteration/Recovery Studies. First, to stabi-
lize the HEM mounted in the cell, HEM was equilibrated for
3 days in the PBS buffer at 37°C. A constant HEM resistance
was thus established before starting an experiment. All ex-
periments were conducted at 37°C and consisted of two
stages. In Stage I, a fixed DC voltage (250-4000 mV) was
applied for a predetermined duration (10 sec to 60 min). Dur-
ing this period, the current was continuously monitored us-
ing a recorder (Houston Instrument, Austin, TX) and an
oscilloscope with storage function (Tektronix Holland, NV,
Heerenveen, The Netherlands). At the end of Stage I, the
voltage was turned off and each chamber was flushed and
refilled with fresh PBS. In Stage II (a period of 480 min
directly after the termination of voltage drop), the current
was measured at predetermined time intervals by applying a
voltage drop of 250 mV and the membrane resistance was
calculated according to Ohm’s law.

Transport/lontophoresis Studies. Experiments were
designed to examine the hypothesis that the electric field-
induced alterations in HEM are interpretable as reversible
pore formation: that changes in electrical resistance are ac-
companied by proportional changes in the HEM permeabil-
ity. Dual permeants (**C-TEAB and *H-mannitol) were em-
ployed in a four-stage protocol to minimize the effects of
skin-to-skin variability. Quadruplicate runs, each with a dif-
ferent and preselected HEM, were carried out through all
stages. In the experimental setup, the anode and the cathode
were in the donor and receiver chamber, respectively, with 5
mL PBS buffer in both chambers. To begin an experiment,
appropriate levels of radiolabeled mannitol and TEAB
(10,000-15,000 dpm/10 pL) were pipetted from their respec-
tive solutions into the donor chamber. All experiments with
radiolabeled compounds were conducted with trace amounts
of the permeants in the donor chamber, so that the ionic
strengths of the donor and receiver were practically identi-
cal. Stage I was a passive transport experiment carried out
by taking a 1-mL sample from the receiver chamber at pre-
determined time intervals and replacing it with 1 mL of fresh
PBS. This basic sampling procedure was also followed at
predetermined time intervals in Stages II-IV. In Stage II, a
voltage drop of 250 mV was applied across the membrane
over a 2-hr period. The current was continuously monitored,
while samples were taken from the receiver chamber. At the
end of Stage II, the voltage was turned off and the receiver
chamber was flushed and refilled with fresh buffer solution.
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In Stage III (immediately after Stage II), a voltage drop of
2000 mV was applied for 10 min, the current monitored, and
the sample taking resumed. At the end of Stage III, the volt-
age was reduced to 250 mV and maintained for 12 hr (Stage
1V), while again monitoring current and sampling from the
receiver chamber.

The samples taken during all four stages were mixed
with 10 mL of scintillation cocktail (Opti-Fluor, Packard In-
strument Co.) and were assayed using a Beckman liquid
scintillation counter, Model LS-7500. The data were plotted
as (0, the cumulative disintegrations per minute transported
into the receiver compartment per cross-sectional area
(0.678 cm?) for diffusion, as a function of time, ¢. The drug
permeation flux, J, for mannitol and that for the tetraethyl-
ammonium ion were calculated from

Y
7= M

where dQ/dt is the slope of the 1—Q plot. In the case of
nonlinear t—Q plots, we calculated the J values from the
slope of successive data points.

RESULTS AND DISCUSSION

Electric Field-Induced HEM Alteration and Recovery Studies

HEM changes occurring during electric field application
(Stage I) and recovery afterward (Stage II) monitored by
resistance measurements were determined over a range of
applied voltages (250 to 4000 mV) for three applied voltage
durations: 60 min, 10 min, and 10 sec. The results are pre-
sented in Figs. 1-3. Recovery was followed in each case to
480 min after voltage termination. Each Stage 1/Stage II pair
run was with a different HEM. The ordinate in all cases
refers to the percent of the zero-time resistance value.

The key findings of the data in Figs. 1-3 are as follows:
membrane alteration (i.e., reduction in resistance) during
Stage I was found to be strongly dependent on the applied
voltage. There appeared to be a threshold voltage (~250 mV)
below which there was little or no decrease in resistance
with time. Above this threshold voltage, the resistance de-
creases were dependent on both the magnitude and the du-
ration of the applied voltage. The recovery behavior after the
electric field was turned off (i.e., Stage II) was found to be
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Fig. 1. Resistance profiles for HEM during application of voltage and during recov-
ery. Voltage application period of 60 min: (@) 250 mV; (A) 500 mV; ({J) 750 mV; (A)

1000 mV; (M) 1500 mV; (O) 2000 mV.
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Fig. 2. Resistance profiles for HEM during application of voltage and during re-
covery. Voltage application period of 10 min: (@) 500 mV; (A) 1000 mV; (OJ) 1500
mV; (A) 2000 mV; (B) 2500 mV; (O) 3000 mV.

dependent upon both the magnitude and the duration of the
applied voltage. When the duration of the applied voltage
(Stage I) was 60 min, at low voltages (<750 mV), there was
rapid and complete recovery. For higher voltages, however,
the recovery was only partial (see Stage II in Fig. 1). As the
duration of applied voltage was shortened, the recovery was
found to be both more rapid and more complete. It is shown
in Fig. 2 that recovery was rapid and complete for 2000 mV
applied for 10 min, but for 2000 mV applied for 60 min, the
recovery was only about 40% at 480 min (Fig. 1). When the
duration of Stage I was only 10 sec, the recovery was even
more rapid and more complete (Fig. 3): even at the highest
applied voltage of 4000 mV, there was full recovery in 100
min, while when the Stage I duration was 10 min, at 2500 and
3000 mV, the recoveries were not complete at 480 min.

As all of the data (i.e., the alteration/recovery runs) in
Figs. 1-3 were obtained with different HEMs, it was decided
to conduct an experiment involving successive alteration/
recovery runs for a single HEM with the duration of an
applied voltage of 1000 mV in the successive runs increasing
as 10 sec, 1 min, 10 min, and 60 min. The results of this
experiment are presented in Fig. 4, and the data show that
there were no apparent ‘‘memory’’ effects and the consec-
utive runs demonstrated a relatively high degree of repro-
ducibility.

It may be gleaned from Figs. 1-3 that the recovery be-
havior (Stage II) was not a single-valued function of the per-
centage resistance at the instant of termination of the applied
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field. For example, recovery for 1500 mV applied for 60 min
(filled squares in Fig. 1) did not show full recovery (at 480
min), while 4000 mV applied for 10 sec showed rapid recov-
ery (open circles in Fig. 3); in both cases, the percentage
resistance values at the beginning of Stage II were about the
same (i.e., ~30%). The same may be said when 2500 mV for
10 min (filled squares in Fig. 2) is compared to 4000 mV at 10
sec (open circles in Fig. 3). These results suggest that when
a lower voltage applied for a longer time gave the same per-
centage resistance reduction as a higher voltage applied for a
shorter time, the latter recovered more quickly and more
completely.

To examine this point, the experiments presented in Fig.
5 were carried out. These data clearly show that, when a
high voltage (3000 mV) applied for a shorter time (30 sec)
attained the same resistance reduction (to about 40%) as a
lower voltage (1000 mV) applied for a longer time (40-50
min), the recovery patterns for the two cases were quite
different. In the former, the rate of recovery was found to be
much faster than in the latter.

Table I provides additional data and further insight re-
garding this behavior. Here experiments conducted at 3000
and 1000 mV for different voltage application periods are
compared, and the t5,, (the time for 50% recovery) was
estimated for each situation. Again, it is seen (as in Fig. 5)
that the recoveries for high-voltage/short-time cases were
much faster than those for the lower-voltage/longer-time
cases. Additionally, it is interesting to note that, for the
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Fig. 3. Resistance profiles for HEM during application of voltage and during recov-
ery. Voltage application period of 10 sec: (@) 500 mV; (A) 1000 mV; (0J) 2000 mV;

(A) 3000 mV; (O) 4000 mV.
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Fig. 4. Resistance profiles involving successive alteration and recovery experi-
ments with a single HEM at various durations by an applied voltage of 1000 mV: (@)
10 sec; (A) 1 min; (O) 10 min; {(O) 60 min. Each experiment was performed con-

secutively after 100% recovery.

shortest duration case (Experiment III), the #54, values for
Condition A and Condition B differed by a factor of 4 to 8,
while for the longer duration case (Experiments I and II), the
tsoo, Values differed by about 100-fold or more.

It should be instructive to compare these results (Figs.
1-5 and Table I) with those of Glaser et al. (5) and Cherno-
mordik et al. (6,7). In their studies of the reversible electrical
breakdown of lipid bilayer membranes, these investigators
found electrical breakdown and recovery behavior qualita-
tively very similar to those reported here with HEM: first,
the rate of increase in conductance was strongly dependent
upon the applied voltage; second, the reversible recovery
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times were frequently many orders of magnitude greater
than the times for attaining significant electrical breakdown;
and third (and importantly), recovery times were much
longer when lower voltages were applied for longer times to
attain the same electrical conductance before recovery.
These findings from the studies by Glaser ef al. and Cher-
nomordik et al. are remarkably similar to the present HEM
results and therefore suggest that similar mechanisms are at
play in the two situations, as discussed later.

It is worthwhile to mention here, while transdermal
electroporation has been viewed by some authors (see, e.g.,
Refs. 19 and 25) as occurring only with ‘‘ultrashort™ (a few
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Fig. 5. Resistance profiles in alteration and recovery experiment: short duration at
3000 mV (a) and longer duration at 1000 mV (b). The percentage resistance at the end
of Stage I is nearly the same in all cases. Each symbol presents a different HEM.
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Table 1. Time Required for 50% Recovery (f5,,) After Voltage Ter-
mination in the Alteration/Recovery Experiments with the Short and
Longer Voltage Durations®

Condition A: Condition B:

3000 mV 1000 mV
% Resistance
Membrane Duration #5, Duration fs, at the end
M) (sec) (min) (min) (min) of Stage I

Expt I

M-I 30 0.18 40 80 45

M-1I 30 0.20 45 43 43

M-III 30 0.21 50 54 42

M-IV 30 0.37 50 56 40
Expt 11

M-V 10 0.29 34 95 35

M-VI 10 0.31 45 29 32

M-VII 10 0.30 39 63 34

M-VIII 10 0.24 36 30 35
Expt III

M-IX S 0.15 20 0.63 41

M-X 5 0.18 19 1.50 61

M-X1I 5 0.17 24 0.96 59

M-XII 5 0.12 16 0.82 55

“ It is clear that the reversible recovery times (fs5,) are much longer
when lower voltages are applied for longer durations (Condition B)
to attain the same decrease in resistance than with higher voltages
for shorter durations (Condition A).

milliseconds) pulses of high-intensity applied voltage across
the skin, Chernomordik et al. (7) have pointed out that re-
versible pore induction with cell membranes and lipid bilayer
membranes may take place over wide ranges of action times:
e.g., with erythrocyte membranes, short times (microsec-
onds to hundreds of microseconds) at high voltages (500—-
1000 mV) (see, e.g., Refs. 14 and 26) and long times (several
seconds to minutes) at low voltages (150-200 mV) (see, e.g.,
Refs. 27 and 28). We have consequently taken the liberty to
suggest that the term electroporation may be appropriate
even for HEM pore induction at voltages of the order of a
few volts applied over time periods of seconds to tens of
minutes. It should be noted that even with the application of
a few volts across the stratum corneum, the electric field
intensity may be in the kilovolts per centimeter or tens of
kilovolts per centimeter range because of the thinness of the
stratum corneum layer (or the collective thinness of the total
lipid bilayers of the stratum corneum).

Transport/Iontophoresis Studies

This portion of the research was aimed at determining
whether (or not) the decrease in resistance seen in Stage I in
Figs. 1-3 reflects quantitatively proportional increase in the
HEM permeability. Previously (2,3), it had been shown that
HEM alterations induced at 1000 mV for 60- to 120-min du-
rations correlated with proportional increases in both the
iontophoretic flux and the passive permeation. These corre-
lations were, however, somewhat crude and regarded as
semiquantitative, the experiments being the first of their
kind. In the present study, the case of 2000 mV with 10-min
durations was selected for detailed transport/iontophoresis
studies. A shorter (than 10-min)-duration experiment would
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not have been practical as a manual sampling (of the receiver
chamber) procedure for flux determinations was employed.
Also, a higher-voltage (higher than 2000-mV) run with a 10-
min duration may have resulted in unacceptably long recov-
ery times (see Fig. 2); a significantly lower voltage run would
not have given the sufficiently large reduction in resistance
needed for addressing the hypothesis.

Strategy. The design of the study was based upon the
following equation (see Appendix for derivation and detailed
discussion).

_ Ay P; CF,
Ja = Ay, P, CF, Ji @

Here, J, and J, are fluxes for the tetracthylammonium ion,
TEA™, at applied voltages of Ay, and Ais,, respectively. P,
and P, are the TEA™ permeability coefficients for the two
voltage situations, and CF, and CF, are ‘‘correction’ fac-
tors to account for electroosmosis measured via the mannitol
flux. For the present situation, where subscripts 1 and 2 in
Eq. (2) correspond to 250 and 2000 mV, respectively, Eq. (2)
may be written as

_ o ) _Raso CFzs0
Tao0 =8 {Rzooo(t)} {Conoo(I)} o O

All of the terms on the right side of Eq. (3) have been defined
(see the Appendix) and are known or obtainable from the
experiments: R,s, and R,y are the electrical resistances
at 250 and 2000 mV, respectively, and are given in Figs. 7
and 8.

Now, the principal question in this part of the research
is, is the reduction in HEM electrical resistance during the
application of the voltage reflected quantitatively in an in-
crease in the HEM permeability?

Analysis of Experimental Results. First, let us examine
the flux results at 250 mV (Stage II) and compare these to the
passive flux data (Stage I). Typical results (run 1) of trans-
port experiments with TEA* and mannitol during Stage I
(passive) and Stage II (250 mV) are shown in Fig. 6 for Stage
I and in Fig. 7 for Stage II. As shown, the data plots in each
case are essentially linear and the fluxes were calculated for
all experiments from the best-fit slope (dQ/dt) for both stages
using Eq. (1). Membrane resistances monitored during Stage
IT remained essentially constant, as shown in Fig. 7. This
constant resistance behavior is consistent with results in Fig.
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Fig. 6. Representative (run 1) results of [1-'*CJTEA* (O) and
{1-*H]mannitol (A) transport experiments for Stage I (passive).
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Fig. 7. Representative (run 1) results of [1-*CITEA* (O) and

{1-*H]mannitol (A) transport and resistance profile (@) for Stage 11
(250 mV),

1 and all previous work (2,3). Both transport and resistance
data suggest that the HEM is not significantly altered by an
applied field of 250 mV and this voltage is below the thresh-
old voltage for any significant new pore formation. Thus, 250
mV was adopted throughout this study as the chosen refer-
ence in Egs. (2) and (3).

Table II summarizes the Stage I and Stage II fluxes and
membrane resistances for all four runs. The average manni-
tol enhancement factor based on the convective solvent
flow, electroosmosis, (U,s,) value of 2.3 and the average
value for the TEA ™ enhancement factor due to both a direct
field effect (Nernst—Planck) and a convective solvent flow
effect (electroosmosis) (E, = K,55 + U,so) of 11.9 are con-
sistent with our previous work with HEM (2,3). Further-
more, 11.9 — 2.3 = 9.6 is in good agreement with the theo-
retically predicted value of 9.4 at 250 mV for a monovalent
ion [based on the direct field effect, Nernst—Planck, without
solvent flow using Eq. (A3) given in the Appendix]. This
points out that the contribution of solvent flow to TEA*
transport enhancement at 250 mV may be about 20% and is
a secondary factor for TEA* iontophoresis with HEM.

The experimental results for Stage I1I (2000 mV, 10 min)
and Stage IV (250 mV, 12 hr) are presented in Fig. 8 for the
representative run 1. In contrast to the Stage II case (Fig. 7),
the transport and the resistance data are nonlinear with time
for both Stage III and Stage IV.

Figure 9 shows the comparisons between experiment
and theory for TEA™ transport during Stage III and Stage IV
for run 1. The experimental TEA™* fluxes were calculated
from the slopes of two successive data points of the cumu-
lative TEA™ transport data presented in Fig. 8. The theo-
retical TEA™ fluxes were calculated according to Eq. (3).

It is seen that the agreement between experiment and
theory is quite satisfactory for run 1 in Fig. 9, strongly sup-
porting the view that the resistance changes induced by ap-
plied electrical fields correlate directly with proportional
changes in the permeability of HEM to ions and polar per-
meants. Figure 10 shows, furthermore, that the factor, R,5y/
R,000(t), is the primary determinant of the field-induced
changes in J,q4, and the factor, CF,s/CF,40(?), is relatively
constant in both Stage III and Stage IV.

Table III summarizes the results for all four runs. In all
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runs, the data indicated essentially full recovery by the end
of Stage IV. It is evident from Table III that experiment and
theory [Eq. (3)] generally agreed well for Stage III. Run 4
and, to same extent, run 2 showed some deviations at very
early times of Stage IV, but the fluxes at later times were in
relatively good agreement with predictions of Eq. (3).

Similarities Regarding Present HEM Results and
Electroporation Behavior Involving Cell and Lipid
Bilayer Membranes

The good agreement between predictions based on Eq.
(3) and experiments (Fig. 9 and Table III) supports the view
that the application of voltage in the range 250 to 2000 mV
results in significant reversible increase in electrical conduc-
tance of HEM accompanied by a proportional increase in
HEM permeability. This result suggests that HEM exhibits
reversible electrical breakdown (with pore formation) similar
to that found with cell membranes and lipid bilayer mem-
branes (electroporation). In view of the potential practical
importance, a comparison of the HEM results with the cell
membrane and lipid bilayer membrane data should be worth-
while. In the following, several aspects of electroporation
conditions/outcomes for two cases are examined and com-
pared.

First, let us consider the possible electrical field
strengths prevailing during electrical breakdown and pore
formation with HEM. Two situations are examined: electri-
cal breakdown and pore formation occurring transepider-
mally (Case A) and via appendageal routes (Case B). First,
for Case A, one notes that the stratum corneum is principally
responsible for the high electrical resistance (the resistance
of the stratum corneum is three to four orders of magnitude
greater than that of tape-stripped skin). Second, the thick-
ness of human stratum corneum is 10—15 pM (see, e.g., Ref.
20) and it is typically composed of 15 to 20 cell layers. Also,
the intercellular lipid regions represent one-tenth to one-
twentieth of the thickness of the stratum corneum (see, e.g.,
Ref. 21); this intercellular lipid region (involving the lipid
envelope surrounding each corneocyte, monolayers, and bi-
layer pairs) is about 20 to 40 nm thick, typically. With the
above information we may do, for Case A, a ‘‘lower-limit”’
estimation and an ‘‘upper-limit”’ estimation of the electric
field strength when 2 V is applied across the skin. For the
upper-limit calculation, we may assume that the corneocyte
interior is much more conductive than the intercellular lipid
region, and the electric field strength, di/dx, is

dildx = (2.0 V)/(0.05 x 1073 cm) = 40 X 10*> V/cm

For the lower-limit estimation, we may assume a uniform
field across the stratum corneum and

dbldx = (2.0 V)/(1.0 x 1072 cm) = 2 X 10° V/ecm

Thus, even the ‘‘worst case’’ (i.e., the lower-limit estima-
tion) yields an electric field value in the kilovolt per centi-
meter range. It is suggested, however, that the corneocyte
region likely would be much more conductive than the in-
tercellular lipid regions (cell envelope and lipid bilayers), and
therefore the upper-limit estimation is likely the better esti-
mate of the electric field strength.

Further on this point, Keister and Kasting (23) suggest
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Fig. 8. Representative (run 1) results of [1-'*CJTEA* (O) and [1-*H]mannitol (A)
transport and resistance profile (@) for Stage III (2000 mV) and Stage IV (250 mV).

that, although there may be 15 to 20 cell layers, thinner
portions of the stratum corneum may disproportionately
contribute; therefore, the electric fields for Case A may be
even greater than 40 kV/cm.

With regard to Case B, let us now consider a mechanism
proposed by Kasting and Bowman (22). These investigators
suggest that, if current flow occurs via skin appendages
(sweat ducts and hair follicles), then it is likely that the num-
ber of cell layers and the number of transport-limiting lipid
envelopes involved should be much smaller than those con-
sidered in the Case A calculations. Accordingly, the upper-
limit field strength calculations could be S to 20 times greater
than the 40 kV/cm estimated for Case A.

The reported electric field strengths in electroporation
studies involving cells, cell membranes, and lipid bilayer
membranes vary greatly: e.g., the onset of transport due to
electroporation occurs at less than 1 kV/cm and increases
with increasing field strength, then plateaus at higher field
strengths (>2-5 kV/cm) when using erythrocyte ghosts (16);
similarly, ATP leakage from bacteria increases with increas-
ing field intensity from 2 to 6 kV/cm, then reaches a maxi-
mum plateau (12); and Teissie and Tsong (10) have reported
that electric fields in the range of 20—40 kV/cm applied for
short times (5 to 25 usec) induced sucrose leakage from

phospholipid bilayer vesicles. Chernomordik et al. (6,7) and
Glaser et al. (5), using the voltage-clamp technique, showed
that an applied voltage of 100 mV induced reversible elec-
trical breakdown over time periods of seconds for cell mem-
branes and lipid bilayer membranes. An applied voltage of
100 mV in these experiments may correspond to field
strengths as great as 200 kV/cm (5). These investigators did
not give in their reports the lowest applied voltages neces-
sary for reversible electrical breakdown; relative to this
point, Weaver notes, in a review article (24), that electropo-
ration at low applied voltages (and at long times) ‘‘has not
yet received much attention,’’ but elsewhere (18) he suggests
that ‘‘field strengths of 1.0 kV/cm to 10 kV/cm are typical for
inducing reversible electrical breakdown accompanied by a
tremendous increase in molecular transport across the mem-
branes.”’

Let us next consider the matter of the duration of the
applied voltages pertinent to reversible electrical breakdown
(and pore formation). There has been an opinion expressed
recently (see, e.g., Refs. 19 and 25) that transdermal elec-
troporation differs from transdermal iontophoresis in that,
for electroporation, one is involved with ‘‘ultrashort™
pulses, lasting a few milliseconds, with an intensity of a few
hundred volts, while conventional transdermal iontophoresis

Table II. Steady-State Fluxes of [1-'*C]TEA™* and [1->H]Mannitol in Stage I (Zero Voltage) and Stage II (250 mV) and Their Enhancement
Factors and Membrane Resistances

TEA™ flux Mannitol flux
(dpm/cm?/min) (dpm/cm?/min)
Membrane resistance
Run No. Stage 1 Stage 11 E, factor® Stage 1 Stage 11 U factor? (kQ - cm?)
1 16.1 161 10.0 22.7 4.3 1.9 11.6
2 5.8 721 12.4 5.7 15.6 2.7 17.1
3 3.7 53.7 14.5 3.0 7.2 2.4 28.5
4 0.6 6.5 10.8 1.7 4.0 2.3 59.5
Mean® 11.9 2.3
+SD 1.9 0.3

4 The TEA™ iontophoretic flux enhancement due to both a direct field effect, Nernst—Planck, and a convective solvent flow effect,

electroosmosis.

® The mannitol iontophoretic flux enhancement due to convective solvent flow effect via electroosmosis.
¢ The mean values are consistent with our previous work with HEM (2,3). (E,. — U) = 9.6 is in agreement with the theoretically predicted
value of 9.4 at 250 mV for monovalent ion [based on the direct field effect without solvent flow using Eq. (A3) given in the Appendix].



694

Inada, Ghanem, and Higuchi

Stage III (2000 mV) Stage IV (230 mV)

5000 1000
Z 4000 1 Z 800
E 3000+ Z 600
2 =2
= =
22 E 2. 400
g 2000 )
™ 1000 - 200
0 LS S S R S ] 0~ T T 1
0 2 4 6 8 10 0 200 400 600

Time (min) Time (min)

Fig. 9. Observed (@) and estimated flux profile (O) of [1-"*C]JTEA* for Stage III
(2000 mV) and Stage IV (250 mV). According to Eq. (3), estimation of flux profiles,
Ja000(?) in Stage III and J,54(7) in Stage IV, were made using resistance profiles in
Stage 111, R,00(2), and in Stage IV, R,54(¢), mannitol enhancement profiles in Stage
II1, U,ge0(?), and in Stage IV, U,s0(7), membrane resistance measured in Stage 11,

R,5, and mannitol flux enhancement factor in Stage II, U,s,.

may involve 3 to 12 V of electricity lasting from minutes to
hours. This viewpoint suggests phenomenologic differences
between the present HEM results (duration in the range of
seconds to hours; see Figs. 1-5) and electroporation data for
cell membranes and lipid bilayer membranes. The facts are
clear, however, that electrical breakdown of erythrocyte
membranes and appreciable increase in permeability were
observed from tens of microseconds to several seconds to
minutes when substantially different ranges of electrical ac-
tions were induced, i.e., at higher electric fields for short
intervals (0.5-1 V, 1-500 wsec; see, e.g., Refs. 14 and 26)
and, conversely, at lower voltages for long periods (0.1-0.2
V, seconds—minutes; see, e.g., Refs. 27 and 28). Cherno-
mordik et al. (6,7) state, ““The qualitative similarity of the
general features and regularities of the breakdown, caused
by the application to the membrane of voltage pulses of dif-
ferent amplitude and duration, indicate that electrical break-
downs, within the wide range of voltage and times of their
application, are common in nature.’’ All this supports the
view that transdermal electroporation likely occurs during
‘‘conventional’’ iontophoresis (i.e., at low voltages applied
for long times) as well as when short-duration (milliseconds),
high-voltage pulses are involved. More work is needed to
determine whether, for HEM, the site(s) or site distributions

Stage III (2000 mV)

10.0 r1.3
8.0 2
=
S F1.0 S
S 607 g
z i
a v r0.s o
10%/7//0 3
0.0 +— T T 0.0

0 2 4 6 8 10
Time (min)

of transdermal electroporation may depend upon the ampli-
tude and duration of the applied voltage.

It is worthwhile to mention at this point that transient
field effects (capacitive current) in the stratum corneum are
important on time scales of the order of tens of microseconds
(29-31). Below 1000 Hz, the impedance is resistive, and a
study in our laboratory (31) and those of Bagniefski and
Burnette (30) show that, above a 1-msec pulse width, ionto-
phoresis is essentially the same as continuous direct current
(when corrected for duty cycle) because transient contribu-
tions are negligible. From this, it follows that even the ear-
liest time points (see, e.g., Fig. 3) correspond to essentially
DC conditions; and the HEM data suggest significant HEM
electroporation having occurred in 2 sec with the application
of 4.0 V.

In summary, the similarities are great between the
present results and the electroporation data of other inves-
tigators. We have shown here that (a) the electric fields es-
timated for the HEM experiments are in the same range as
those employed in electroporation studies of cell membranes
and lipid bilayers and (b) the durations of the applied voltage
in the present studies overlap with those reported in the
studies by Glaser et al. and Chernomordik ef al. (5-7). The
most significant (and striking) similarity between the present

Stage IV (250 myv)
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Fig. 10. Time profiles of R,s¢/R,00 (O) and CF,5/CF o, (@) for Stages 11l and IV. These results
support the view that resistance change (i.e., permeability change), caused by applied voltage
is the main factor which determines the TEA* flux during and after iontophoresis.
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Table III. Comparison Between Experimentally (Expt) and Theo-
retically Estimated (Est) Fluxes of [1-'*CJTEA™ in Stage III at 2000
mV and Stage IV at 250 mV for the Four Runs®

Flux (dpm/cm?min)

Run 1 Run 2 Run 3 Run 4
Time
(min) Expt Est Expt Est Expt Est Expt Est
Stage III
1 1800 1850 338 507 443 484 90 94
3 2990 2970 664 723 710 695 165 156
S 3820 3780 897 929 858 870 211 208
7 4400 4300 1180 1070 929 932 334 304
9 4640 4730 1310 1310 992 993 443 441
Stage IV

2.5 571 5527 270 154 267 206 177 44
7.5 396 399 166 123 190 154 90 32

20 310 308 141 113 125 120 21 21
45 232 231 125 106 91 89 17 16
90 205 205 110 102 83 79 16 15
210 198 198 108 97 66 67 15 14
390 183 182 96 82 60 59 10 12
600 168 169 80 75 51 53 8 10

“ It is seen that the agreement between experiment and theory is
quite satisfactory and supports the view that the resistance
changes induced by applied electrical field directly correlate with
proportional changes in permeability of HEM for ionic permeant
(TEA™Y).

HEM results and the studies by Glaser et al. and Cherno-
mordik et al. is the pattern of (i) the strong dependence of the
rate of increase in conductance upon the applied voltage, (ii)
the reversible recovery times being frequently many orders
of magnitude greater than the electrical breakdown times,
and (iii) the reversible recovery times being much longer
when lower voltages were applied for longer times to attain
the same electrical conductance before recovery. While
more work is needed along the lines of demonstrating per-
meability changes over a wider range of conditions, the
present results cogently demonstrate reversible pore induc-
tion in HEM at modest applied voltages.

APPENDIX

Derivation of Eq. (3)

The Nernst—-Planck equation has been modified to in-
clude a solvent flow velocity term (2—4). For this case, the
flux, J, of a tracer-level permeant having a charge, Z, and an
effective diffusion coefficient, D, through a porous mem-
brane of thickness Ax, is given by

(dC ZFCd¢)
J=-D|—+—7—=—1] =vC

dx T RT dx (Al

where C is the permeant concentration, i is the electric po-
tential at any point x in the membrane, F is the Faraday
constant, R is the gas constant, T is the absolute tempera-
ture, and v is the effective average solvent velocity. The term
vC is a measure of the transport of permeant resulting from
convective solvent flow. An enhancement factor, E, for a
cationic permeant (such as TEA™*) may be defined as the
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ratio of iontophoretic flux (7,,) at an applied voltage Ad
across the membrane to passive flux (J,) and can be obtained
from Eq. (A1) (3,4) as

[ B ol )]

where

ZFAY

K="727

(A3)
K is the ionic transport enhancement factor and involves the
Nernst—Planck direct effect without solvent flow, and

vAx

€ = 7

D (Ad)

Pe is the Peclet number and characterizes the effect of con-
vective solvent flow (via electroosmosis) on the flux of the
permeant, and Ax is the membrane thickness.

Any enhancement in the flux of uncharged solutes can
be assumed to be due to only convective solvent flow, and
the enhancement factor (U) for a nonionic permeant (such as
mannitol) can be obtained by taking the limit as K ap-
proaches 0 (i.e., Z = 0) in Eq. (A2) as described in the
previous study (2):

Pe

V=T"ew Po) (A2

In the case of —K > Pe and U > 1, the following equation is
obtained from Egs. (A2) and (AS5):

E,=-K+U (A6)

E ., is the cationic iontophoretic flux enhancement due to
both a direct field effect and a convective solvent flow effect.

The iontophoretic flux (J,,) for TEA™ when applying a
voltage Ay may be described by

JAw = E+PA¢CD (A7)

where E, is defined by Eq. (A6), P, is the iontophoretic
permeability coefficient, and Cp, is the permeant concentra-
tion in the donor compartment. In the cases where Ay = 250
mV and Ay = 2000 mV, Eq. (A7) gives Egs. (A8) and (A9),
respectively.

Jys0 = (—Kyso + Uspso)P2soCp (A8)
Jzooo = (‘Kzooo + Uzooo)P 2000C1) (A9)

Combining Eqgs. (A8) and (A9) and noting that K,4qy/K>50 =
8, we obtain

_ Paooo(?) CF2s0
Jao0 = 8 - { Prro } {Conoo(t)} Jaso (A10)

where
Kaso
Chysy=|\—F5—"7— (A11)
0 (‘Kzso + Uzso)

and
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CFap00(8) = { (A12)

Koo
—K3000 + Uz000(2)
The K’s are the respective TEA™ transport enhancement
factors based upon the Nernst—-Planck equation without sol-
vent flow and may be theoretically calculated by Eq. (A3)
(3). The U’s are enhancement factors based on electroosmo-
sis (from mannitol flux experiments). P, is assumed to be
time (#) independent and the same as the passive TEA™
permeability coefficient. U,s, is defined by

Jmann, 250

Uzso = (A13)

J mann, passive
where J ... 250 is the mannitol flux at 250 mV and
Jmann, passive 1S the passive (zero-voltage) mannitol flux.
PLo00(?) is assumed to be time dependent. The ‘“‘correction’
factor, CF,q00(f) may be time dependent because U,gno(t)
may be time dependent. U,q0(#) is defined by

U2000(t) _ {Jmann, 2000(t)} {Pmann, passive} (A14)

Jmann, passive Pmann, 2000(t)

where J_ ... 2000(f) is the mannitol flux at 2000 mV, and
P rann, passive @Nd P 5000(f) are the mannitol permeability
coefficients at zero voltage and 2000 mV, respectively.

Now the principal question is, is the reduction in HEM
electrical resistance during the application of the voltage re-
flected quantitatively to the increase in HEM permeability?
This key question is addressed by substituting the following
expression into Eqs. (A10) and (Al14):

Raso Pioo(t) _ Prmann, 2000()
Rop00(8) Pyso

where R,so and R,yy(?) are the electric resistances at 250 and
2000 mV, respectively.

Finally, Eq. (3) (given in the text and repeated here) can
be obtained by combining Egs. (A10)-(A15) to calculate the
theoretical TEA ™ flux as follows:

(AlS)

Pmann, passive

o ) Raso CFzs0
T = 8 {Rzooo(t)} {Conoo(t)} B O

where
Kaso
CFps =
0 _K250 + (J mann, 250/-] mann, passive)
and
CFzo00(0) =

Kao00
_KZOOO + {Jmann, ZOOO(t)/Jmann, passive} {RZOOO(t)/RZSO}

All of the terms on the right side of Eq. (3) have been defined
and are known or obtainable from the experiments: R, and
R0 are from Figs. 7 and 8, and the K’s are calculated from
Eq. (A3). Equation (3) is the main equation for testing the
hypothesis that the decrease in HEM resistance induced by
applied voltage is proportional to the increase in HEM per-
meability as demonstrated in Fig. 9 and Table III.
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