Pore Induction in Human Epidermal Membrane during Low to Moderate
Voltage lontophoresis: A Study Using AC lontophoresis

S. KeviN Li,* ABDEL-HALIM GHANEM, KENDALL D. PecK, AND WIiLLIAM |. HIGUCHI

Contribution from Department of Pharmaceutics and Pharmaceutical Chemistry, University of Utah, Salt Lake City, Utah 84112.

Received August 13, 1998. Accepted for publication December 18, 1998.

Abstract O The present study aimed to investigate new pore induction
as a flux-enhancing mechanism in human epidermal membrane (HEM)
with low to moderate voltage electric fields. The extent of pore induction
and the effective pore sizes of these induced pores were to be
assessed using a low frequency (12.5 Hz) low to moderate voltage
(2.0 to 4.0 V) square-wave alternating current (ac) “passive” permeation
method (ac iontophoresis). This ac approach was to allow for inducing
and sustaining a state of pore induction in HEM while permitting no
significant transport enhancement via electroosmosis; thus, transport
enhancement entirely due to new pore induction (enhanced passive
permeation) was to be assessed without any contributions from
electroosmosis. Good proportionality between the increase in HEM
permeability and its electrical conductance was found with the “passive”
transport data obtained during square-wave ac iontophoresis using
urea as the model permeant. Typically, at 3.0 to 4.0 V, HEM
conductance increases (and permeability increases) ranged from
around 3- to 30-fold. These results appear to be the first direct evidence
that new pore induction in HEM is a significant flux enhancing
mechanism under moderate voltage conditions. The extents of pore
induction in HEM under low frequency moderate voltage (2.0 to 3.0
V) ac, pulsed direct current (dc), and continuous dc were also
compared. The extents of pore induction from square-wave ac and
pulsed dc were generally of the same order of magnitude but
somewhat less than that observed during continuous dc iontophoresis
at the same applied voltage and duration, suggesting less extent of
pore induction with reversing polarity or when a brief delay is provided
between pulses to allow for membrane depolarization. The average
effective pore sizes calculated for the induced pores from the
experimental data with urea and mannitol as probe permeants and
the hindered transport theory were 12 + 2 A, which are of the same
order of magnitude as those of preexisting pores determined from
conventional passive diffusion experiments.

Introduction

Previous studies have provided insights regarding ion-
tophoretic transdermal transport mechanisms of ionic and
polar compounds with human epidermal membrane (HEM).
It has been shown that the alteration of HEM barrier
properties during low to moderate voltage iontophoresis is
consistent with the induction of new pores (or new path-
ways) with the observed increase in HEM electrical con-
ductance correlating with the increase in HEM permeabil-
ity.! The occurrence of pore induction during low to
moderate voltage iontophoresis was hypothesized in even
earlier studies,?5 but other explanations for the decrease
in electrical resistance and the increase in permeability
during iontophoresis could not be justifiably excluded.>°
Also, some recent reports have continued to take the view
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that significant new pore induction in HEM can occur only
at high voltages and that (at conventional voltages em-
ployed in iontophoresis) “iontophoresis primarily involves
electrically driven transport through fixed pathways across
the stratum corneum?”.10-12

In a recent study with HEM, the size of the pores induced
during low to moderate voltage iontophoresis was esti-
mated with neutral permeants in electroosmosis experi-
ments.t® However, because electroosmosis depends on the
sign and magnitude of the pore surface charge density, pore
size estimation based on these data are considered to be
compromised by possible variable pore surface charge
density in HEM.

As will be shown, square-wave ac iontophoresis can be
used as a tool in characterizing the barrier properties of
human skin during iontophoresis and pore induction. A
method based on ac iontophoresis may be employed to
study the state of pore induction in the absence of flux
enhancement from electroosmosis and from electrophoresis.
Particularly, the characteristics of the pores induced in
HEM during iontophoresis (pulsed dc, square-wave ac, and/
or continuous dc) may be investigated with this ac ionto-
phoresis strategy regardless of possible pore surface charge
distributions because transport enhancement due to pore
induction can be isolated from the additional enhancement
due to electroosmosis and electrophoresis.

The present study aimed to investigate pore induction
as a flux-enhancing mechanism during low to moderate
applied voltage iontophoresis with HEM. An ac “passive”
permeation method (i.e., square-wave ac iontophoresis) was
to be developed and used to quantify the extent of pore
induction and the effective size of the pores induced. The
effects of square-wave ac and pulsed dc on the barrier
properties of HEM were also to be compared with continu-
ous dc iontophoresis.

Experimental Section

Materials—Radiolabeled [*Clurea and [*H]mannitol were
purchased from New England Nuclear (Boston, MA) and American
Radiolabeled Chemicals (St. Louis, MO). Human epidermal mem-
brane (HEM) was supplied by TheraTech Inc. (Salt Lake City, UT).
HEM was prepared by heat separation* with human skin (from
the back, abdomen, or thigh) obtained from Ohio Valley Tissue
and Skin Bank (Cincinnati, OH) and was frozen immediately for
later used. Millipore GVWP filters (0.22 um pore diameter) were
purchased from Millipore Corporation (Bedford, MA). Phosphate-
buffered saline (PBS) at 0.1 M ionic strength and pH 7.4 containing
0.02% sodium azide was prepared by reagent grade chemicals and
distilled deionized water.

General Experimental Setup—lontophoresis studies were
carried out in a side-by-side two-chamber diffusion cell (diffusional
surface area of around 0.8 cm? and chamber volume of 2 or 4 mL)
using a four-electrode potentiostat system (JAS Instrumental
Systems, Inc., Salt Lake City, UT) as described previously!® and
a waveform programmer (JJ 1276, JAS Instrument Systems, Inc.,
Belmont, NC) at 37 °C. The counter electrodes were Ag—AgCl.
Unless otherwise specified, dc iontophoresis was conducted with
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Figure 1—Representative waveform diagrams. (A) 2.0 V 12.5 Hz square-wave ac iontophoresis, (B) 2.0 V continuous dc iontophoresis, (C) superposition of a
1.0 V dc and 12.5 Hz 3.0 V square-wave ac iontophoresis, (D) 2.0 V pulsed dc iontophoresis with 2 ms delay.

the anode in the donor chamber and cathode in the receiver
chamber. The electrical conductance of the membrane was moni-
tored by an oscilloscope (Model 2211, Tektronix Inc., Beaverton,
OR). Initial electrical conductance was determined by applying a
100 mV potential drop across the membrane. In each transport
experiment, the receiver and donor chambers were filled with PBS
and PBS premixed with tracer levels of radiolabeled permeants.
An appropriate amount of receiver solution sample (1 mL sample
for the 2 mL diffusion cells and 1 or 2 mL for the 4 mL diffusion
cells) was withdrawn at predetermined time intervals and replaced
with fresh PBS, and a 10 «L donor sample was also withdrawn at
the same time. These samples were mixed with 10 mL of
scintillation cocktail (Ultima Gold, Packard, Meriden, CT) and
assayed in a liquid scintillation counter. The apparent perme-
ability coefficients (P) in each experiment were calculated by:

d

O
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where A is the membrane surface area, t is time, Q is the amount
of permeant transported into the receiver chamber, and Cp is the
concentration of permeant in the donor chamber. The pH of the
solutions in the donor and receiver chambers was checked after
each iontophoresis run.

Nuclepore Membrane Studies—Nuclepore membranes (poly-
carbonate membrane, 7.5 nm pore radius, 0.001 porosity) were
used (the control) to examine the “passive” permeation technique
(i.e., square-wave ac iontophoresis) before applying the method
to HEM. An assembly of 50 Nuclepore membranes (Nuclepore
Corp., Pleasanton, CA) was mounted between the two side-by-side
diffusion half-cells. These studies were divided into two stages with
mannitol as the permeant. Stage | was passive permeation. In
stage 11, one of the following protocols was carried out: square-
wave ac iontophoresis (amplitude of 1.0 or 2.0 V and frequency
ranging from 1.25 to 50 Hz), continuous 0.5 V dc iontophoresis, or
a protocol of superposition of 12.5 Hz 2.0 V ac and 0.5 V continuous
dc iontophoresis. The duration of the ac transport experiments
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was around 3 to 5 h. Representative waveforms are shown in
Figure 1. Radiolabeled [*H]mannitol was the model permeant in
the experiments.

HEM Electrical Resistance Studies—Prior to carrying out
the HEM permeant transport studies, a set of experiments were
conducted to assess the extent of pore induction in HEM under
the low frequency (12.5 Hz) ac voltage regimens and to compare
the results to continuous dc and pulsed dc regimens. See General
Experimental Setup. HEM supported with a Millipore filter® was
mounted between the two half-cells of the diffusion cell. HEM was
allowed to equilibrate in PBS at 37 °C for 12 to 40 h until its
conductance became essentially constant with time before the
experiments. The purpose of incubating HEM in PBS was to
establish a steady baseline (an essentially constant HEM conduc-
tance with time, determined with 100 mV) for comparison studies;
changes in HEM electrical conductance are generally observed in
the first 10 h (sometimes up to 20 h) of the incubation even though
HEM conductance usually does not change by more than a factor
of 2 (usually decreases and sometimes increases) during this
period. It has been shown that after this equilibration phase, the
barrier properties of HEM can remain stable for up to 5—7 days.!¢
After this equilibration phase, the following protocol of consecutive
runs with a given HEM was employed: 2.0 V 12.5 Hz square-
wave ac (which is alternating 40 ms pulses) for 10 s; 2.0 V 40 ms
square-wave dc pulses with 1, 2, or 3 ms delay between pulses for
10 s; continuous 2.0 V dc for 10 s; then returning back to 2.0 V
12.5 Hz ac for 10 s. Other similar protocols were also employed
with the first and last runs always the same to ensure reversibility/
reproducibility in a given set of consecutive runs with a single
HEM. Similar experiments were carried out with 3.0 V instead
of 2.0 V. HEM electrical resistance was monitored by measuring
the current!” with the oscilloscope throughout the sequence of
runs.

HEM Transport Studies—For the iontophoresis/transport
studies with HEM, the same experimental setup was used (as
above). The receiver and donor chambers were filled with PBS and
PBS premixed with trace amounts of the radiolabeled [*H]mannitol



and/or [Clurea. Mannitol and urea were chosen as the model
permeants in the present study because they have well-character-
ized diffusion properties and are polar nonelectrolytes that es-
sentially transport across the stratum corneum via the pore
pathways.1418 The apparent permeability coefficients for HEM
were calculated with eq 1. The present HEM investigation was
divided into three levels of analyses (studies A, B, and C). In study
A, the effective radii of the pores induced during square-wave ac
iontophoresis were deduced and compared with those of the
preexisting pores. In study B, a 1 min 4.0 V prepulse was provided
before the square-wave ac run to better match the extent of pore
induction to that with continuous dc iontophoresis because the
extent of pore induction under continuous dc iontophoresis was
generally found to be somewhat higher than that under the same
voltage ac iontophoresis (see HEM Electrical Resistance Studies
in the Results section and Pulsed and Continuous lontophoresis
in the Discussion section). The objective of study C was to examine
whether the pores induced under square-wave ac iontophoresis
are similar to those induced under continuous dc iontophoresis.

As part of study A, some preliminary experiments were per-
formed with urea as the only probe permeant. These experiments
with urea alone were aimed to establish a HEM permeability vs
resistance correlation for square-wave ac iontophoresis. The main
experiments in study A were done using urea and mannitol as
dual permeants to permit estimating the effective radii of the
induced pores. Study A involved three stages. Stage | was a passive
permeation run. Stage Il was 2.0 V 12.5 Hz square-wave ac and
3.0 V 12,5 Hz square-wave ac iontophoresis when urea was
involved alone and when urea and mannitol were the dual
permeants, respectively. The duration of stage Il ranged from 2
to 5 h depending on the electrical resistance of HEM (around 2 h
for the lower resistance and around 5 h for the higher resistance
HEM samples). Stage |1l was a passive permeation run carried
out again after the iontophoresis run when the electrical resistance
of HEM became constant with time.

Study B also involved three stages. Stage | was passive
transport run. Stage Il was 4.0 V dc iontophoresis for 1 min
(prepulse) followed by a square-wave ac iontophoresis run (3.0 or
4.0 V at 12.5 Hz) for a duration ranging from 1.5 to 6 h. Again,
stage 111 was a passive permeation experiment after iontophoresis
when the electrical resistance of HEM became constant with time.

Study C involved five stages. Stage | was a passive permeation
run. Stage Il was continuous dc iontophoresis (2.0 or 3.0 V;
duration of around 0.5 to 1.5 h). Immediately after the continuous
dc iontophoresis, stage Il was square-wave ac iontophoresis (3.0
or 4.0 V at 12.5 Hz; around 2 to 6 h) following a 4.0 V dc 1 min
prepulse. In stage 1V, square-wave ac iontophoresis (3.0 or 4.0 V
at 12.5 Hz) was superimposed over 1.0 V continuous dc for a
duration ranging from around 1.5 to 3 h. The various waveforms
used in stages II, 111, and 1V are illustrated in Figure 1. Stage V
was a passive permeation run after the electrical resistance of
HEM became constant with time.

Theory and Effective Pore Radius Calculation—Methods
of estimating the effective pore radii for the pore pathway in HEM
have been described previously for passive permeation!® and
iontophoresis!® using the hindered transport theory. Briefly, the
steady-state iontophoretic flux (Jay) for a nonionic permeant
through HEM can be described by a convective transport model
derived from the modified Nernst—Planck theory:13

3. — CpeWr
A1 — exp[—Wr(AX)/(HD)]

@)

where ¢ is the combined porosity and tortuosity factor for the
membrane, v is the average velocity of the convective solvent flow,
H and W are the hindered transport factors for passive diffusion
and for transport due to the convective solvent flow induced by
electroosmosis, Ax is the effective membrane thickness, Cp has
been previously defined in eq 1, and D is the permeant diffusion
coefficient taken from the literature.’® Assuming a single pore size
(radius, Rp) and a cylindrical pore geometry in the membrane, the
hindrance factor for Brownian diffusion (H) and the hindrance
factor for pressure-induced parabolic convective solvent flow (W)
can be expressed by:1®

H(L) = (1 — 2)*(1 — 2.1044 + 2.09° — 0.9481°)  (3)

W) = (1 — %2 — (1 — )1 - %&2 - 0.163/13) @)

when the ratio of solute radius to pore radius (r/Ry) is small (i.e.
A =rIRp < 0.4). The hydration radii (Stokes—Einstein radii, r) of
the permeants can be obtained from the literature.'®

At the convection limit (convective flow transport > passive
diffusion), eq 2 reduces to:

Jpp = EWrCp (5)
In the case of passive diffusion, the appropriate relation is:

DCpeH
‘]passive = AX (6)

Fluxes for nonionic permeants with square-wave ac iontophore-
sis in the present study are expected to be well approximated by
eq 6, because the electroosmosis contribution to the flux is expected
to be negligible at the ac frequencies used (see Nuclepore Mem-
brane Studies in the Results section and the last paragraph in
HEM Transport Studies in the Discussion section). In this situ-
ation, the effective pore radii for HEM can be estimated from the
ratio of urea and mannitol fluxes with eq 6 as in the passive
diffusion experiments:
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where the subscripts m and u represent the probe permeants
mannitol and urea, respectively. The limitations of eqs 5—7 and
the uncertainties of estimating the effective pore radii have been
previously discussed.318

The electrical resistance of HEM (R) in PBS is expected to be
proportional to its thickness and inversely proportional to its
effective porosity:

AX
RO P (8)

From egs 6 and 8 and taking logarithms,
logP=—-logR + ¢ 9)

where ¢ is a constant. Equation 9 shows that the electrical
resistance of HEM can be expressed as a function of its perme-
ability for the conducting ions. A plot of the logarithm of the
permeant permeability coefficient of a membrane vs the logarithm
of membrane electrical resistance yielding a slope of — 1.0 would
therefore suggest similar transport pathways for the permeant and
the conducting ions across the membrane under the specified
experimental conditions.

Results

Nuclepore Membrane Studies—The studies with Nu-
clepore membrane (Figure 2) served to validate the instru-
mentation (i.e., the four electrode potentiostat system and
the waveform programmer) and provided a baseline for the
transport studies with HEM. The resistance of an assembly
of 50 Nuclepore membranes was found to be essentially
the same over the range of applied voltage conditions and
the frequency range in the present study (data not shown).
The plateau value of the current observed on the oscil-
loscope display after a brief (within 1 ms) transient period
was used to calculate the electrical resistance (the resis-
tance portion of a parallel capacitance and resistance model
circuit?9), Results for mannitol transport with square-wave
ac iontophoresis (ranging from 1.25 to 50 Hz), continuous
dc iontophoresis (0.5 V), and square-wave ac (2.0 V at 12.5
Hz) superimposed with continuous dc iontophoresis (0.5 V)
are summarized in Figure 2. As can be seen, the mannitol

Journal of Pharmaceutical Sciences / 421
Vol. 88, No. 4, April 1999



Flux Ratio (iontophoretic flux divided by passive flux)

1 = e sl _,_N —r
1oV 20V oV 20V 20V 05V Superposition of

50Hzac. 50Hzac. 125Hzac. 125Hzac. 125Hzac. Continuous dc. 20V 125 Hzac. and
0.5 V continuous d.c.

Protocol
Figure 2—Mannitol flux ratios (iontophoretic flux divided by passive flux) during
square-wave ac iontophoresis, continuous dc iontophoresis, and superposition
of 12.5 Hz square-wave ac and continuous dc iontophoresis for an assembly
of 50 Nuclepore membranes are plotted against the respective experimental
protocols. Each bar represents the mean and standard deviation of n > 3.

fluxes with square-wave ac iontophoresis at the voltage
conditions in the present study and at frequency ranging
from 1.25 to 50 Hz were essentially the same as the fluxes
in passive diffusion, in good agreement with predictions
based on eq 6 as discussed earlier. This demonstrates that,
at sufficiently high frequencies (=1.25 Hz in the case of
the present Nuclepore membrane) under the applied volt-
age conditions and duration studied, ac iontophoresis does
not enhance the transport of permeants across membranes.
The results in Figure 2 represent the concept underpinning
the HEM studies in the next section.

The flux enhancement with 0.5 V continuous dc super-
imposed with square-wave ac (2.0 V at 12.5 Hz) was
essentially the same as that with 0.5 V continuous dc
iontophoresis. The fluxes with 0.5 V continuous dc ionto-
phoresis were more than 7 times higher than those with
square-wave ac iontophoresis and passive diffusion; the
enhancement factor determined in the present 0.5 V
continuous dc iontophoresis experiments is consistent with
previous results.?!

HEM Electrical Resistance Studies—Figure 3 sum-
marizes the results of the experiments designed to compare
the extent of pore induction in HEM during 12.5 Hz ac and
pulsed dc iontophoresis with continuous dc iontophoresis.
A total of 19 HEM samples were involved in this study,
with each sample taken successively through several 10 s
runs as described in the Experimental section. Figure 4
shows representative results of consecutive experimental
runs with a HEM sample. As can be seen in Figure 3, the
increases in the electrical conductance with 12.5 Hz ac and
with pulsed dc were generally less than (Student’s t-test
of 95% confidence level), but of the same order of magnitude
of that observed with continuous dc at the same applied
voltages (2.0 or 3.0 V). In general, the increase in the
electrical conductance with 12.5 Hz ac was around 75% of
that with continuous dc. In these experiments, as the delay
time between pulses was increased, the pore induction
approached that found with 12.5 Hz ac.

HEM Transport Studies—Typical examples of trans-
port enhancement results of studies A and C are presented
in Figures 5 and 6, respectively. Figure 5 gives data of urea
flux and electrical conductance for stage Il of study A,
where 3.0 V 12.5 Hz square-wave ac was applied for
approximately 250 min. As can be seen here, both the
electrical resistance and the corresponding flux generally
attained near plateau values within 1 h, the plateaus
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Figure 3—Effects of square-wave ac and pulsed dc iontophoresis on the
barrier properties of HEM relative to those of continuous dc at 2.0 V (open
bar) and 3.0 V (striped bar). The changes in HEM conductance under different
protocols divided by the changes in conductance during continuous dc
iontophoresis (for individual HEM samples) were plotted against different
protocols. Changes in conductance were determined by conductance (i.e.,
1/R (1/kL)) at 10 s into the iontophoresis run minus the conductance before
the iontophoresis run. Abbreviations: ac, 12.5 Hz square-wave ac iontophore-
sis; pdc, 40 ms square-wave pulsed dc iontophoresis with a brief delay
(numbers, ms, in brackets) between each pulse. Each data bar represents
the mean + 95% confidence interval (n = 3).
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Figure 4—Representative data from a 2.0 V HEM resistance study with a
single HEM. The initial electrical resistance of this HEM sample was 71 k2
cm?. The HEM electrical resistance just before an iontophoresis run (original
or after recovery from the preceding run) was 72 + 3 k@2 cm? (mean + SD,
ranging from 68 to 75 k€2 cm?). The changes in HEM electrical conductance
(changes in 1/R from before to the end of the iontophoresis run) are plotted
against the different iontophoresis protocols from left to right in the order in
which they were carried out. Abbreviations: ac, 12.5 Hz square-wave ac
iontophoresis; dc, continuous dc iontophoresis; pdc, 40 ms square-wave pulsed
dc iontophoresis with a brief delay (numbers, ms, in brackets) between each
pulse.

representing around an 8-fold increase in conductance
relative to the initial value. Results similar to those in
study A were observed in study B. In the example pre-
sented in Figure 6 (an example of study C), stage Il was
2.0 V dc iontophoresis for around 50 min; stage 111 was
4.0 V dc for 1 min followed by 3.0 V square-wave ac
iontophoresis for 2 h; stage IV was superposition of 1.0 V
dc over 3.0 V 12.5 Hz ac iontophoresis. It is seen in this
example that there was significant pore induction during
stage Il but little or no further change in the state of pore
induction during stages Il and 1V. Also can be noted in



0.30 1

020 n

Conductance (1/kQ/cm”2)
Transport rate for urea (1047 cm/s)

-0.101

0.00 T

Time (minutc)

Figure 5—Representative HEM conductivity data (k€ cm?)~2), closed symbols,
and HEM transport data for urea, open symbols, in study A (stage Il: 3.0 V
12.5 Hz square-wave ac iontophoresis). Data are from skin sample 9.
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Figure 6—Representative HEM conductivity data (k€ cm?)~2), closed symbols,
and HEM transport data for urea, open symbols, in study C (stage II: 2.0 V
dc iontophoresis; stage Ill: 4.0 V 1 min followed by around 2 h 3.0 V square-
wave ac iontophoresis; stage IV: superposition of 1.0 V dc and 3.0 V 12.5
Hz square-wave ac iontophoresis). Symbols: stage II, circles; stage Ill,
triangles; stage 1V, squares. Data are from skin sample 17.

Figure 6 are the relatively constant electrical resistance
values and the corresponding fluxes in stages 11l and IV.
In stage Il, a lag between the increase in transport rate
and the increase in conductance can be seen; this lag was
noted in four of the six HEM samples of study C.

Table 1 shows the HEM electrical resistance decreases
and HEM permeability increases that occurred with the
modest applied 12.5 Hz square-wave ac voltages (stage |1
of studies A and B and stage 111 of study C). HEM electrical
resistance and HEM permeability generally did not change
by more than 25% during the conventional passive diffusion
runs (stage | of studies A, B, and C). During square-wave
ac iontophoresis of 2.0 to 4.0 V (stage 11 of studies A and B
and stage 11 of study C), both the HEM permeability and
the HEM conductance increased by up to around 30-fold
relative to conventional passive diffusion runs (stage | of
studies A, B, and C). Figure 7 is a plot of the Table 1 data,
and it clearly reveals the relationship between the increase
in HEM urea permeability and the increase in HEM
electrical conductance during square-wave ac iontophoresis.

The effective pore radii estimated using the urea and
mannitol flux data and the hindered transport theory in
studies A and B are summarized in Table 2, and those for
study C are in Table 3. The effective pore radii for HEM
deduced in the passive transport experiments are consis-

Table 1—HEM Electrical Resistance (R) and Urea Permeability
Coefficient (P) during 12.5 Hz Square-Wave ac lontophoresis
(stage Il of studies A and B, stage Il of study C) and during

Passive Permeation Runs (stage | of studies A, B, and C)

in Studies A, B, and C

R ratio P ratio
P,stage| R,duringac (R, stagel: (P, during ac
skin R,stagel x10°® iontophoresis R, during iontophoresis:
sample study (kQcm?) (cm/s)  (kQcm?? iontophoresis) P, stage I)
1 A 43 34 14 32 31
2 A 15 12 5.8 25 25
3 A 53 3.6 20 2.7 2.4
4 A 128 0.73 26 5 6
5 A 200 0.62 19 13 12
6 A 14 10.3 33 43 43
7 A 66 21 4.0 16 17
8 A 31 438 37 8 9
9 A 38 48 4.6 8 7
10 B 23 49 6.7 35 44
11 B 15 10.2 2.3 7 6
12 B 22 85 53 36 31
13 B 23 6.4 54 4.2 4.4
14 B 21 8.5 2.8 7 6
15 B 24 5.7 0.9 28 29
16 C 59 24 78 8 9
17 C 39 4.0 7.6 5 6
18 C 22 1.7 35 6 6
19 C 26 74 0.9 28 27
20 C 30 5.1 4.7 7 9
21 C 81 18 3.6 24 25

2 Data taken from near the plateau region after the initial decrease (see
Figures 5 and 6).

100 7
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Figure 7—A correlation between the increase in HEM permeability for urea
and the increase in HEM conductance in studies A, B, and C. The ratios of
passive permeability to permeability during the 12.5 Hz square-wave ac
iontophoresis (“passive” permeation) are plotted against the ratios of electrical
conductance in passive diffusion study to the conductance in the square-
wave ac iontophoresis study.

tent with those determined previously by Peck et al.’® In
Tables 2 and 3, the effective pore radii deduced for the
induced pores under the electric field are seen to be of the
same order of magnitude as those of the preexisting pores
involved in passive diffusion. Results obtained in study B
in which the extent of pore induction was expected to be
increased by a 1 min dc prepulse before the square-wave
ac transport run are similar to those from study A. Also
seen in Table 3 are the generally somewhat smaller
effective pore sizes calculated from the electroosmotic
transport data obtained with continuous dc iontophoresis
(stage 11 of study C; mean + SD =8.5+ 1.4 A, n = 6) when
compared to those of the preexisting pores deduced from
passive transport runs (stage | of studies A, B, and C; mean
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Table 2—Effective Pore Radii Determined for the 12.5 Hz
Square-Wave AC lontophoresis (stage Il) and Passive Permeation
(stages | and ) Runs in Studies A and B

skin protocol? effective pore radius (A)°
sample  study stage Il stage| stagell stage lll
6 A 3Vac 13 10 15
7 A 3Vac 23 8.5 18
8 A 3Vac 13 9 11
9 A 3Vac 15 11 12
10 B 4V dc 1minthen3Vac 19 9.5 12
11 B 4Vdc1minthen3Vac 24 13 17
12 B 4V dc 1minthen3Vac 13 13 13
13 B 4Vdc1minthen4Vac 12 10 11
14 B 4Vdc1minthen4V ac 13 12 13
15 B 4Vdc1minthen4Vac 18 9 125

aStages | and Il were passive diffusion experiments. ® Equation 3 was
used.

+ SD =14 + 4 A, n = 16) and those deduced from the
square-wave ac iontophoresis runs (stage Il of studies A
and B, stage 11l of study C; mean + SD =12+ 2 A, n=
16). The effective radii of the pores induced by an ac electric
field during square-wave ac iontophoresis (stage Il of
studies A and B and stage Il of study C) seem to be
smaller, but only marginally, than those of the preexisting
pores determined in the passive diffusion runs (stage | of
studies A, B, and C). The results (mean + SD=8 + 1 A,
n = 6) from stage IV of study C involving the superposition
of square-wave ac (3.0 or 4.0 V) for pore induction with 1
V continuous dc as the driving force for transport (i.e.,
electroosmosis) were essentially the same as those from
continuous dc iontophoresis alone (stage Il of study C). No
significant differences were observed between the effective
pore radii obtained in the passive permeation runs before
(stage | of studies A to C; mean = SD =14 + 4 A, n = 16)
and after the application of the electric fields (stage 111 of
studies A and B and stage V of study C; mean + SD = 13
+ 2 A, n = 16). It should be noted that the effective pore
radii deduced with continuous dc iontophoresis (stage |1
of study C) are consistent with the results obtained in a
previous study.’® Finally, the recovery of HEM barrier
properties after the application of the electric field in the
ac protocol was observed to be generally faster and more
complete than those after continuous dc iontophoresis (see
Table 4).

Discussion

HEM Transport Studies—The effective pore sizes of
HEM have important implications on the delivery of large
molecules (such as oligonucleotides and polypeptides), and
this has been discussed previously.1318 Recent findings in
the effective pore sizes during low to moderate voltage
iontophoresis with continuous dc electroosmotic transport
may be complicated by possible variable pore surface
charge density in HEM.1® Because HEM transport en-
hancement with ac iontophoresis in the present experi-
ments is basically due to the induction of new pores and
not due to electroosmosis (see Nuclepore Membrane Studies
in the Results section and the last paragraph in this
section), possible pore charge density distributions in HEM
would not affect the deduced effective pore radii with the
ac protocol. Also, the same equation (eq 3) has been used
in the pore radii determination with the ac iontophoresis
data as in the case of the passive transport data; hence,
any uncertainties arising from the use of eq 3 would likely
be essentially the same for the passive and the ac situa-
tions, especially when the pore sizes are essentially the
same. Thus, it is rather safe to conclude that the effective
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pore sizes of the pores induced in the ac experiments are
close to those deduced for the preexisting pores. The
situation is more complicated when the effective pore sizes
deduced from the electroosmotic transport data obtained
during continuous dc iontophoresis (stage Il of study C)
are compared to either those deduced from ac iontophoresis
(stage Il of studies A and B and stage Il of study C) or
those deduced from passive diffusion (stage | of studies A,
B, and C). The smaller effective pore sizes deduced from
the electroosmosis data presented in Table 3 (stages Il and
IV of study C) are likely the result of one or both of two
possible explanations: (a) because of the directionality of
the convective solvent flow during HEM electroosmosis,
clearly negatively charged pores must dominate. However,
there can exist a distribution of negative, positive, and
neutral pores,?? and, conceivably, negatively charged in-
duced pores may possess smaller effective pore sizes than
the neutral and/or positively charged pores; (b) the alterna-
tive explanation is that eq 4 likely has different limitations
(than eq 3) in the calculation of effective pore sizes. These
limitations in the region of 1 = 0.4 have not been well
investigated from the experimental standpoint®® and raise
the question of the magnitude of the actual uncertainty in
the effective pore sizes presented in Tables 3 and 4 where
A values range from around 0.1 to 0.6. Only further
independent studies on the quantitative applicability of eqs
3 and 4 can provide a more quantitative assessment of this
issue. In the meantime, eqs 3 and 4 may be employed as a
first approximation in the range of 1 > 0.4. It is of interest
to note that calculations carried out based on a mathemati-
cally more rigorous approximation of the centerline theory
for 0 < 4 < 1.0 show differences of only 10 to 20% from
those of eqs 3 and 4 at A ~ 0.6.

It is noteworthy that the pore size estimates from stage
Il of study C are essentially the same as those from stage
IV. This together with the resistance data (initial, stage
11, stage 111, and stage IV in Tables 1 and 3) suggest that
pores induced by dc alone (stage Il of study C) have
characteristics similar to those induced by 12.5 Hz ac (stage
1V of study C, where the 3.0 or 4.0 VV ac component prevails
over the 1.0 V dc component with regard to pore induction).

The correlation in Figure 7 is consistent with the results
obtained in a previous study! and demonstrates the ap-
propriateness of using the changes in HEM electrical
resistance to represent the increase in accessible porosity/
tortuosity during iontophoresis. The results in Figure 7
accordingly provide the first direct quantitative evidence
of pore induction under the modest voltage conditions. Also,
because the average effective pore sizes of the transport
pathways during ac iontophoresis and the effective sizes
of the preexisting pores are essentially the same (Tables 3
and 4), the increase in HEM permeability and the corre-
sponding increase in HEM conductance (up to around a
30-fold increase) shown in Table 1 and Figure 7 under the
ac conditions can best be interpreted as electric field
induction of new pores in HEM rather than the enlarge-
ment of the preexisting pores.

Another important result of the present study is revealed
in Figure 8. Here, the permeability coefficient (P) for the
12.5 Hz ac iontophoresis runs (square symbols) are plotted
against electrical resistance (R) together with the corre-
sponding conventional passive permeation data obtained
before (circle symbols) and after (triangle symbols) ac
iontophoresis. What is significant is that the passive
permeation data fall upon the same line (slope = —1.0).
This, together with the results in Figure 7, is further
support that HEM transport enhancement under the
present ac conditions is entirely due to enhanced “passive”
permeation resulting from pore induction with negligible
contribution from electroosmosis. The slope of —1.0 is what



Table 3—HEM Electrical Resistance (R) and Effective Pore Radii Determined for DC lontophoresis (stage Il), 12.5 Hz Square-Wave AC
lontophoresis (stage Ill), Superposition of 12.5 Hz Square-Wave AC and DC lontophoresis (stage 1V), and Passive Permeation (stages | and V)

Runs in Study C

skin protocol® effective pore radius (A) R (kQ cm?)d
sample stage Il stage IlI stage IV stage I° stage II° stage lll° stage IV® stage V° stagell stagelll stage IV

16 2Vdc 4Vdclmin, then3Vac superpositionof3VacwithlVdc 10 8 12 7 12 10 7.8 8.2

17 2Vdc 4Vdclmin then3Vac superpositionof3VacwithlVde 11 9 13 8 14 9.6 7.6 8.3

18 2Vdc 4Vdclmin then3Vac superpositionof3VacwithlVdec 12 10 13 8.5 15 41 35 47

19 3Vdc 4Vdclmin, then4Vac superpositionof4VacwithlVdc 13 7 115 7 11 1.0 0.9 0.71
20 3Vdc 4Vdclmin then4Vac superpositionof4VacwithlVde 11 10 18 9 15 6.7 4.7 6.0
21 3Vdc 4Vdclmin, then4Vac superpositionof4VacwithlVdc 10 7 11 7 9 5.0 3.6 32

aStages | and V were passive diffusion experiments. ® Equation 3 was used. ¢ Equation 4 was used. ¢ Average resistance values.

Table 4—Comparison of the Effects of Square-Wave AC and Continuous DC lontophoresis upon the Barrier Properties of HEM in lontophoresis

Transport Studies

12.5 Hz square-wave ac protocol®

continuous dc?

initial resistance of dropin initial resistance dropin
HEM sample (kQ cm?) voltage resistance® recovery’ of HEM sample (kQ cm?) voltage resistance® recovery’
43 2V 69 93 16 2V 89 70
15 2V 60 69 27 2V 98 31
53 2V 63 79 18 2V 73 78
23 4 VI3 Ve 71 92 73 2V 92 53
15 4VI3 Ve 85 70 57 4VI2 Ve 98 40
18 4VI2 ve 95 38
24 4VI4 Ve 96 61 123 4V[2 Ve 98 12
23 4VI4 Ve 76 81

a Duration of iontophoresis was around 2-5 h. ® Data obtained from Li et al.;*® duration of iontophoresis was 50 min. ¢ As percent of initial electrical resistance
(data from the close to plateau region after the initial decrease). ¢ As percent of initial electrical resistance after the iontophoresis run when resistance became
constant with time (after more than 10 h). © First value is the dc voltage of the 1 min prepulse and the second value is the ac voltage (in 12.5 Hz ac iontophoresis)
in the present study or dc voltage (in continuous dc iontophoresis) from a previous study.'®
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Figure 8—A correlation between HEM electrical resistance and its permeability
for urea in studies A, B, and C. Symbols: passive permeation before

iontophoresis, circles; 12.5 Hz square-wave ac iontophoresis (“passive”
permeation), squares; passive permeation after iontophoresis, triangles.

would be expected when the transport pathways for the
conducting ions in PBS during iontophoresis correlate with
both the preexisting and the induced pathways for urea
passive transport in HEM (see eq 9 and ref 13). The results
in Figure 8 are evidence that the electrical current in-
creases that take place during moderate voltage low-
frequency ac iontophoresis is the direct result of pore
induction in the stratum corneum and not due to some
other transient electrical effects®>® such as a complex
potential-dependent energy barrier for transport at the
membrane—solution interface or effects arising from time
dependent membrane polarization, the latter being likely
important only for much shorter time frames (e.g., in the

order of a millisecond?) than that of the present situation.
These findings support the pore induction hypothesis made
in previous studies with applied voltages > 1 V.15

Electroporation of HEM at Low to Moderate Volt-
ages (2 to 4 V), Yes or No—Although the issue of the
sites of pore induction in human skin at low to moderate
voltages is beyond the scope of the present investigation,
possible mechanisms and skin morphology proposed in the
literature423-24 for the increase in skin electrical conduc-
tance observed in the present study may be discussed.
Previously, Inada et al.! hypothesized that the increase in
HEM electrical conductance at 1 to 4 V is similar to the
reversible electrical breakdown found with lipid bilayer
membranes and that pore formation may occur transepi-
dermally or via the cells lining the appendageal ducts. For
transepidermal electrical breakdown, the electric field
across HEM under an applied potential of 2 V for an
average of 15 to 20 corneocyte layers in the stratum
corneum was estimated to be in the order of 40 kV/cm when
the voltage drop was assumed to be concentrated across
the intercellular lipid bilayers rather than the conductive
corneocytes. Thinner portions of the stratum corneum may
experience a higher field strength and thus may dispro-
portionally contribute to electroporation. This calculated
electric field strength (40 kV/cm) is in the order of the
magnitude of, but probably at the lower end of the range
of, field strengths needed to induce electrical breakdown
of lipid bilayer membranes, estimated to be around 50 to
200 kV/cm based on a bilayer thickness of around 10 nm
and a “threshold voltage” of around 50 to 200 mV over
periods of seconds?>26 to minutes.?” The “threshold” voltage
used in the above estimation for membrane electroporation
is strongly dependent on the duration of the applied electric
field and the particular type of the membrane. The view
of reversible breakdown of the epithelial cell bilayers lining
the appendages was offered earlier by Kasting and Bow-
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man® as a possible explanation for the time-dependent,
nonlinear, current—voltage relationship observed in their
skin electrical resistance study. The number of bilayers
involved in this case is much smaller than that of full
thickness stratum corneum, and accordingly the electric
field strengths attainable in the bilayers lining the ap-
pendages could be much greater and much more than
sufficient to induce electroporation. Chizmadzhev et al.2
has come to a similar conclusion in a recent quantitative
examination of this problem. Under applied potentials of
a few volts, Chizmadzhev et al. state that the “time-
dependent, nonlinear current—voltage characteristics of the
skin can be attributed to electroporation” associated with
the epithelial cells lining skin appendages. Their analysis
“confirms skin electroporation at low voltages”, which is
in agreement with the views of Kasting and Bowman®¢ and
Inada et al.! The results in Figures 7 and 8 of the present
study clearly support electroporation at these low to
moderate voltage conditions.

Pulsed and Continuous lontophoresis—Although
pulsed dc iontophoresis transport experiments were not
conducted in the present investigation, the results of the
present HEM electrical resistance study impact upon the
understanding of pulsed dc iontophoresis, and some discus-
sion here is instructive. Pulsed dc iontophoresis has been
an aspect of interest in transdermal iontophoresis partly
because of the possible advantage of less skin irritation
than that with continuous dc iontophoresis?®?° and the
belief by some researchers that it may provide greater
transport enhancement than conventional continuous dc
iontophoresis via mechanisms that are unique in pulsed
iontophoresis.®® Some previous studies have reported that
higher or equal fluxes are observed under continuous dc
iontophoresis relative to pulsed dc iontophoresis,?29:31-32
but other studies have suggested higher transport rates
or greater pharmacological effects under pulsed dc ionto-
phoresis.3334 These differing results demonstrate the need
for more systematic mechanistic studies to compare the
effects of pulsed dc and continuous dc upon the barrier
properties of skin.

Results from the present electrical resistance study can
provide a better understanding of the mechanism(s) of pore
induction in human skin during pulsed and/or continuous
dc iontophoretic enhanced transdermal delivery. A par-
ticular advantage of the protocols used in the present study
has been that of minimizing the influence of skin-to-skin
variabilities. By utilizing the same HEM sample for suc-
cessive experiments, the influence of the variabilities has
been reduced and more meaningful results were obtainable.
The merit of this approach is illustrated by the relatively
small data scatter in Figure 3 (contrast this with the large
variations seen in Table 4 for the effects of pulsed dc and
continuous dc on the barrier properties of HEM).

Because HEM conductance was shown to be directly
proportional to the “passive” permeability of HEM (Figures
7 and 8), the electrical conductance results presented in
Figure 3 suggest that continuous dc iontophoresis generally
induces a greater extent of pore induction than those
observed during pulsed dc and ac iontophoresis at the same
level of applied voltage (2.0 to 3.0 V) and duration. The
present electrical conductance data are consistent with the
study by Yamamoto and Yamamoto.3® The generally larger
extent of pore induction in HEM observed during continu-
ous dc iontophoresis than in pulsed and ac iontophoresis
under the applied voltage conditions in the present study
is believed to be at least in part due to the depolarization/
recovery of the membrane allowed between each ac square-
wave pulse and is consistent with the hypothesis of pore
induction at the bilayer level in HEM. The dc square-wave
pulsed iontophoresis (with a 1, 2, or 3 ms delay between
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each pulse) induced a lesser extent of pore induction than
those by continuous dc (Figure 3) and approached those
by 12.5 Hz square-wave ac; this also supports the hypoth-
esis that depolarization between the pulses (ac or dc) allows
for depolarization/recovery of the membrane during ionto-
phoresis, and hence, lessen the extent of pore induction.
This depolarization/recovery between pulses may also lead
to the observed faster (data not shown) and more complete
(Table 4) recovery of HEM barrier properties after ac and
pulsed dc iontophoresis than those after continuous dc
iontophoresis. It should be noted that the results presented
in Figure 3 are for the particular case of consecutive 10 s
runs, and the differences between continuous dc and pulsed
dc are rather modest. For longer duration and at higher
applied voltages, there may be greater differences between
continuous dc and pulsed dc and/or ac. More work is needed
in this area.
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