informa

Drug Development and Industrial Pharmacy, 2009; 35(10): 1201-1209 Fealth
ealthcare

ORIGINAL ARTICLE

The influence of porosity changes in human epidermal
membrane during iontophoresis on the permeability
enhancement of a model peptide
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Abstract

Purpose: We tested the hypothesis that the increases in the porosity of the skin during iontophoresis
would not significantly increase the transport of peptides due to the small size of electrically induced
pores. To investigate this mechanistically, we used human epidermal membrane under constant volt-
age conditions, applying the Nernst-Planck equation to the transport of a small ionic solute, tetraethyl-
ammonium bromide (TEAB), and a model peptide, luteinizing hormone releasing hormone. Methods:
Steady-state flux of the drugs was determined under passive conditions and also during iontophoresis
using constant DC voltages applied across side-by-side diffusion cells. Electrical conductance measure-
ments were used to monitor the porosity changes that occur during electrical field application. Results:
Porosity increases observed in the membrane substantially increased the permeability enhancement of
the small ionic solute TEAB. The permeability enhancement was well described by Nernst-Planck model
predictions after porosity changes in the membrane were taken into account. Enhancement of luteinizing
hormone releasing hormone under identical conditions was much less than TEAB. The porosity increases
induced by iontophoresis had little or no effect on the permeability enhancement of the larger molecule.
Conclusions: These findings closely parallel those reports that have found electrically induced pores to
be significantly smaller than preexisting pores in the human epidermal membrane. The data obtained
also support the view that iontophoresis-induced pores, alone, may provide limited benefit for macro-
molecule transport across the skin.

Key words: Hindered pore theory; human epidermal membrane; luteinizing hormone releasing hormone;
Nernst-Planck model; skin porosity; transdermal drug delivery

degradation in the gastrointestinal tract and first pass
effect has potential for controlling release profiles,
and rapid cessation of therapy is easily performed?.
In addition, the noninvasive nature of transdermal

Introduction

Many new peptide and protein drugs continue to be
developed by the biotechnology industry. Such mole-

cules are very promising therapeutically due to their
specificity and potency. However, widespread devel-
opment of such medicines is impeded by their special
drug characteristics including challenging delivery
requirements. In this respect, transdermal delivery
has several potential benefits for peptide administra-
tion over currently employed methods'. Delivering
compounds across the skin bypasses the proteolytic

delivery improves patient acceptability relative to the
current practice of administering these compounds
via injection3. However, despite the recent interest in
the field of transdermal peptide delivery, the skin is
well recognized as an excellent barrier to peptide
molecules that are generally large and hydrophilic*.
Numerous efforts to increase the permeability of the
skin barrier have been reported®. The large majority
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of literature in this area focuses on the use of chemi-
cal penetration enhancers and electrically assisted
transdermal delivery. Recently, we also investigated
the potential of combining chemical permeation
enhancers with iontophoresis to increase the delivery
of a model peptide®. As such, one of the most promis-
ing methods in terms of peptide delivery is ionto-
phoresis. The fundamental concepts of iontophoresis
have been well described in the literature’. A small
electrical potential (<10 V) is applied across the skin
as a driving force to increase drug permeation. Three
main mechanisms can promote drug delivery in ion-
tophoresis. First, charged species, contained within
an electrolyte solution, move down their electromo-
tive gradient across the stratum corneum. Second, an
electroosmotic solvent flow occurs across the skin
and assists in the delivery of some solutes during
electrical field application®. Third, iontophoresis
assists permeation by inducing structural changes in
the skin during the application of moderate electrical
potential gradients (>1 V)°. These structural alterations
appear to resemble the formation of new pathways
similar to those created during electroporation® !,
Electroporation of the stratum corneum requires
much larger voltages (>50 V) to create new pores in
the lipid bilayers of the intercellular matrix'*'3, How-
ever, the presence of shunt pathways with much less
lipid bilayer resistance has given rise to the idea of
pores forming in the lining of appendages termed
‘macropores’ ¥4, Recent thermodynamic investiga-
tions into the nature of induced pores have reported
that the size of these pathways appears to be smaller
than the preexisting pores (10A versus 204, respec-
tively)'®. The similar size of the voltage-induced path-
ways in the skin and peptide molecules may mean
that iontophoretic permeation enhancement will be
significantly restricted through these new pathways.
To date no investigations designed to address this
issue using large solutes have been reported. In these
studies, we employ a peptide, luteinizing hormone
releasing hormone (LHRH), a well-characterized mole-
cule used in multiple in vitro and in vivo studies!5-20,
Moreover, we use constant voltage iontophoresis
across human skin?!. This approach allows us to
employ the modified Nernst-Planck equation to probe
permeability of various solutes on a mechanistic
level?1-23,

The purpose of this study was to investigate the
hypothesis that increases in the porosity of the Human
epidermal membrane (HEM) will not significantly
increase the transport of peptides due to the small size of
electrically induced pores. Specifically, we compared the
permeability enhancement of LHRH to the enhance-
ment of a small ionic solute tetraethylammonium bro-
mide (TEAB) under the same experimental conditions.

Model development and experimental
strategy

Constant voltage iontophoresis allows easy application
of the Nernst-Planck equation for electrochemical
transport phenomena. The modified Nernst-Planck
equation (Equation 1) provides a general framework for
mechanistic iontophoresis transport studies!"!>24, The
applied model expresses iontophoretic transport in
terms of the passive diffusion, migration driven by elec-
tric field, and electroosmotic flow contributions'!.

]A'(;“::_

HD[dc CzF dv
dx

—+ E:IiWUC , (1)

gas

where ¢ is the electrical potential across the membrane,
F is the Faraday constant, Ry, is the gas constant, T is
the temperature, v is the average velocity of the convec-
tive solvent flow, ¢ is the combined porosity and tortu-
osity factor of the membrane, Cis the concentration, x is
the position in the membrane, z is the charge number,
D is the diffusion coefficient of the permeant, H and W
are hindered transport factors, and J is the flux of the
species in one dimension.

Certain limitations arise when attempting to apply
this theory to the experimental protocols that were used
here. First, LHRH molecular size is close to that of the
pore size estimates; therefore it is necessary to account
for steric interactions between the solute and the
membrane using the hindered pore theory'®. Hindered
transport factors are used to account for the differences
in the size of the model solutes relative to the pore
dimensions. In effect, the hindrance factors reduce the
free diffusion coefficient of a solute to the diffusion
coefficient of the molecule in a cylindrical pore. An
extensive review of the hindered pore theory can be
found in the literature?®. Our experimental strategy
incorporated the hindered pore theory by calculating
the Stokes radii of the solutes. Molecular weight gives
an indication of relative sizes of molecules, but it is of
limited use in predictions for transport studies. In the
case of large molecules, molecular weight values do
not convey information on the hydrodynamic proper-
ties of solutes. These type of molecules often
experience intramolecular bonding and form complex
tertiary structures that may not follow molecular
weight to molecular volume correlations used for
smaller molecules®®. Therefore, for transport studies,
size estimates from the diffusion coefficient and Stokes
radius are preferred>’.

The Nernst-Planck equation (Equation 1) can be
integrated to yield permeability enhancement ratios (E)
for a particular solute. These are useful because they



allow easy comparison between two different types of
molecules. In effect, they are simply the ratio of ionto-
phoresis flux and passive flux (Equation 2):

E= ]ionto . (2)

J passive

Schematically, the enhancement ratio calculated
from the Nernst-Planck model can be separated out
into the following components contributing to overall
enhancement (Equation 3)

E=E

ionto

+ Eelectroosmosis . (3)

Thus, dominant effects predicted by the model are the
direct electrical field effect and electroosmosis forces'!.

The other main limitation of applying the Nernst-
Planck model for transdermal iontophoresis experiments
is the assumption that membrane barrier properties
remain unchanged during electrical field application.
Under an applied potential of around 1 V or greater, the
porosity of the HEM increases®. At these voltage levels,
the observed enhancement ratios can also be schemati-
cally represented by the contributing components of
permeability enhancement (Equation 4):

Eobserved = (Eionto + Eelectroosmosis ) X EAR ’ (4)

where E,j is the increase in porosity of the membrane
due to the electrical field. E, represents the changeine,
the porosity-tortuosity factor, from the Nernst-Planck
equation (Equation 1). To facilitate comparisons between
the observed E ratio obtained from iontophoretic flux
studies (Equation 4) and the E ratio derived from the
Nernst-Planck model (Equation 3), the membrane
permeability changes that occur during iontophoresis
experiments must be taken into account. Electrical
conductance changes provide a good estimate of
porosity changes®!'!41% Therefore, increases in poros-
ity, Exp, can be estimated by changes in HEM electrical

conductance (G)'°,
G
Epp = —lonto (5)
Gpassive
giving
Emodel XEpr = Eexpected ; (6a)
therefore,
Eexpected = Eobserved . (6b)
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This relationship (Equation 6b) is valid if the porosity
increases provide additional transport pathways for the
solute under investigation. Conductance, being a meas-
ure of the electromobility of the background electrolyte
in the HEM, is more likely to indicate the porosity changes
for ions that are similar in size to sodium and chloride
ions (the primary conducting ions)!!. Therefore, if the
voltage-induced pores, as indicated by conductance
changes, are smaller than the permeant dimensions,
then correcting for porosity will fail to fit the model
predictions to the observed enhancement ratios. This
approach allows the effect of the porosity changes on
the transport of different-sized ions to be analyzed at
moderate iontophoresis voltages.

Methods

Materials

Radiolabeled [*H]LHRH, ['*C]TEAB, and ['*C]sucrose
were obtained from New England Nuclear (Boston, MA,
USA). Phosphate-buffered saline (PBS) (pH 7.4) was
obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Silver wire (99.9% purity) was also obtained from Sigma
Chemical Co. Lengths of silver wire (15 cm) were coiled
and used as electrodes. To obtain a silver chloride elec-
trode, the coiled silver wire was electroplated in 3 M KCL
All other chemicals used were of analytical grade.
Deionized water (resistivity >18 MQ cm) was used to
prepare all solutions. Full-thickness human skin sam-
ples from female abdominal, breast, or lower back skin
were obtained from the International Institute for the
Advancement of Medicine (IIAM; Scranton, PA, USA).

Determination of Stokes radii

The diffusion coefficients (D) of the permeants were
determined using fritted glass diffusion cells as previ-
ously described?’. In our experiments, glass side-by-side
diffusion cells were used and a fritted glass disk (type F,
pore size = 5 um; Ace Glass, Vineland, NJ, USA) was
tightly positioned between the donor and the receptor
compartments. The donor solution for LHRH required
the addition of ‘cold’” LHRH to the trace amounts of
radiolabeled LHRH in solution to minimize the effect of
peptide adsorption to binding sites on the fritted glass
and enabled steady-state permeability coefficients to be
determined. Diffusion coefficients were determined by

using the following equation®”:
p=Lr (7)
Th

where P is the permeability coefficient; ¢, 7, and & are
the porosity, tortuosity of the diffusional pathway, and
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thickness of the membrane, respectively; and D, is the
diffusion coefficient of the permeant. The parameters «,
7, and h were determined by calibrating the system with
sucrose, for which the diffusion constant was taken
from the literature?’. The diffusion coefficient was then
used in the Stokes-Einstein equation to calculate the
Stokes radius, r, of each solute.

kT
6mND’

(8)

where 7 is the solvent viscosity, R is the gas constant, T'is
the absolute temperature, and N is Avogadro’s number.
Results reported by Nikiforovich and Marshall of sev-
eral low-energy LHRH conformers were modeled using
Weblab Viewer Lite®%%, Manipulation of these 3D struc-
tures allowed measurements of distances within the
structure and were compared to our Stokes radius
results.

Preparation of epidermis

HEMs were prepared from full-thickness female
abdominal, breast, or lower back skin. The epidermis
was prepared using the widely described heat treatment
method®®3?, The tissue was stored at —60°C until
required. Membranes to be used in diffusion experi-
ments were allowed to thaw, placed in PBS, and allowed
to hydrate at room temperature overnight. HEM samples
were selected for their integrity using electrical resistance
measurements [made at low potential difference (0.3 V)
applied over short instances] in addition to visual inspec-
tion. Only samples with baseline resistance of greater
than 20 kOhms/cm? were used in the permeability
experiments.

In vitro HEM studies

The general procedure for performing in vitro perme-
ability experiments has been well described in the
literature®®3!, In our study, sheets of HEM were mounted
between the two side-by-side diffusion half cells, stra-
tum corneum side facing the donor compartment. The
diffusion cells were firmly clamped leaving an area
exposed for diffusion of 0.64 cm? The compartment
volumes (3 mL) were each maintained at 37°C and
stirred using small Teflon-coated magnetic bars.

All permeability measurements were performed in
0.1 M PBS solutions at pH 7.4. Iontophoresis treatments
involved applying a constant DC voltage across the
membrane at preselected levels (1, 2, 3, and 4 V) using
Scepter®, a computer-controlled power supply. Regular
sampling from the receptor allowed the calculation of
flux for each permeant. These samples were mixed

thoroughly with 5 mL of liquid scintillation fluid (Ultima
Flo M"", Packard, Meriden, CT, USA) and analyzed in a
Beckman LS5801 scintillation counter for 10 minutes.
The sensitivity of liquid scintillation counting enabled
low concentrations of the radiolabeled permeants to be
present in the donor solution whilst ensuring that there
were no osmotic pressure contributions and solute-solute
interactions were negligible.

During the course of all experiments, including those
without iontophoretic currents applied, electrical con-
ductance measurements of the membranes were moni-
tored. These conductance measurements were utilized
in the estimation of membrane porosity changes that
occur at moderate iontophoretic voltages as outlined in
Model Development and Experimental Strategy.

Data analysis

Distintegrations per minute (DPM) counts measured
for each receptor sample were converted to amounts of
compound using the specific activity, dilution, and
sampling corrections. Plots of cumulative amount, Q,
over time, t, were subsequently constructed. From these,
permeability coefficients (normalized flux), P, for each
solute was determined using the following equation®’

__1 dQ (9)
AAC dt’

where dQ/dt is the steady-state slope of the above-
mentioned plots, A is the diffusional area, and AC is the
concentration difference across the membrane. The
permeability coefficients were then used to calculate
enhancement ratios for each treatment group. Enhance-
ment ratios were calculated by dividing the permeabil-
ity coefficient of the solute resulting from iontophoresis
by the permeability observed during passive conditions:

Piontophoresis ( 1 0)

P

passive

E

observed —

The experimental enhancement ratios, Egperveds
were compared to enhancement ratios calculated using
the modified Nernst-Planck equation (Equation 1),
E hodel- In the model, the contribution of electroosmosis
to a solute flux enhancement is represented by the
Peclet number, Pe!l. The Pe contributions were esti-
mated by incorporating a nonionic solute into the ion-
tophoresis experiments since convective solvent flow
velocity is particularly troublesome to calculate in com-
plex systems such as the HEM®32, Under Ohmic condi-
tions, nonionic solutes will not be influenced by direct
repulsion forces from the electrical field and there-
fore are representative of electroosmosis effects only!,



The E ratio for a nonionic molecule during iontophoresis
is equivalent to its Peclet number®!!. Obtaining this value
allows the calculation of Pe numbers for LHRH and TEAB
using the equation derived by Li et al.3* (Equation 11)

WLHRH H D

sucrose

sucrose ]Pesucrose . (1 1)

Pe = (
LHRH W I D
sucrose** LHRH~LHRH

Results

Solute characteristics

LHRH, TEAB, and sucrose diffusion coefficients are dis-
played in Table 1. Distances across the backbone struc-
ture of low-energy conformers of LHRH, measured
using Labviewer Lite®, and data from Nickovovich and
Marshall ranged from 14.8A to 20.5A%8,

Observed enhancement ratios

The E ratio results from iontophoresis experiments for
both LHRH and TEAB are summarized in Table 2. The
experimental LHRH permeation enhancement ratios,
E pservedr increased as the electrical field strength was
increased, from 2.5-fold enhancement at 1 V to 13.5-fold
enhancement at 4 V (Table 2 and Figure 1). Similarly,
TEAB enhancement ratios were observed to increase as
the electrical field strength increased (Figure 2). How-
ever, the magnitude of TEAB enhancement ratios was

Table 1. Diffusion coefficients and Stokes radii for solutes used.

Molecular Diffusion Stokes
Compound weight coefficient (10® cm?/s)  radius (A)
TEAB? 131 8.7 3.75
LHRH? 1182.5 1.4 23.7
Sucrose® 342 6.98 5.55

2Experimentally determined in this study. PDetermined by fritted
glass experiment?73*,

Table 2. Permeation enhancement ratios.
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Figure 1. Observed enhancement ratios for LHRH, E pcrved-
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Figure 2. Observed enhancement ratios for TEAB, Egpcerveq (8ray
bars), and expected enhancement ratios, Eggpecrear @8 calculated
from Equation (6a) combining the Nernst-Planck model and poros-
ity changes (black bars).

three orders of magnitude greater than the LHRH-
observed enhancement ratios. Identical sucrose ionto-
phoresis experiments were also performed to allow the
estimation of the convective solvent flow component of
iontophoretic permeation enhancement. In accordance
with TEAB and LHRH observations, sucrose perme-
ation enhancement also increased with electrical field
strength (Figure 3).

Observed permeability Porosity Nernst-Planck model Expected enhancement

Permeant  Voltage (volts) enhancement ratios: E poreq®  increases: E\z®  enhancement ratio: Epoqe®  1atio (Bpoqer X Eag): Eexpected”
TEAB 1 181+140 5.3+1.6 40 209.9+63.4

2 1732 + 469 225%4.1 79 1770.8 £322.7

3 6938 £1718 66.9 £20.5 118 7874.1 £2412.8

4 7212+1091 69.0 £38.9 157 10,812.3 +6095.6
LHRH 1 25+04 52+1.3 231 2233 +1638

2 4.0+£3.0 9.4+45 408 3816 + 1827

3 11.0+1.6 25.9+9.2 584 15,133 £ 5358

4 13.5%+5.1 98.81£72.6 761 75,145 £ 55,243

aMean + SD, n > 4. PCalculated from modified Nernst-Planck equation using 304 as effective HEM pore radius.
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Figure 3. Observed enhancement ratios for sucrose, the electroos-
motic flow marker.

Electrical conductance measurements

Electrical conductance changes, E,p, were also measured
to assist in predicting the porosity changes that occur in
the membrane. These are also summarized in Table 1.
Like the E ratios, electrical conductance of the membrane
increased as electrical field strength was increased in both
the LHRH and the TEAB experiments. A maximum
increase in E,p was detected at 4 V for both experiment
groups although the standard deviation was large.

Nernst-Planck enhancement ratios

The Nernst-Planck model enhancement ratios, E,,qel
were calculated assuming a 30A pore radius for each
solute using methods described in Model Development
and Experimental Strategy (Table 2). The model
enhancement ratios were transformed using Equation
(6a) to obtain Egypeceq, an enhancement ratio that can
be compared to the experimental enhancement ratios.
A summary of Eqpeceq Values for LHRH is shown in
Figure 4. These Eqypecieq Iatios are clearly several orders
of magnitude greater than the observed permeation
enhancement ratios (Figure 1). The expected enhance-
ment ratios, Eqeceqs for TEAB are plotted on Figure 2.

S 140,000
©

2

(0] 1 4
2 05,000
g 2

& & 70,0001
< 3

Sw

8 35,0001
[&]

[0

L% 0 . —— . ‘

1 2 3 4
Voltage applied (volts)
Figure 4. Expected enhancement ratios for LHRH (Egxpected) s

calculated from Equation (6a) combining the Nernst-Planck model
and porosity changes.
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Figure 5. Eqypecieq ratios for LHRH plotted against the respective
enhancement ratios observed during iontophoresis experiments.
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Figure 6. E,y,c (eq ratios for TEAB plotted against the respective
enhancement ratios observed during iontophoresis experiments.

Unlike observations for LHRH, the Egeceq COmpare
well with the observed permeation enhancement ratios,
Egpserved- Figures 5 and 6 are scatter plots of Eqypecied
versus Egpqerveq for LHRH and TEAB, respectively. This
representation facilitates a comparison of the observed
values with the expected model predictions. An identi-
cal match between the model and observations would
be represented by a slope of 1 between this data. For
LHRH, the slope is 5656, demonstrating a large discrep-
ancy between the observed permeation enhancement
and that predicted by the model. Conversely, TEAB
results show a slope of approximately 1.4, representa-
tive of excellent agreement between the data sets.

Discussion

Solute selection and characterization

LHRH is a good example of a peptide that has been well
studied and has good stability>®. Stokes-Einstein meas-
urements demonstrated that LHRH has an approximate
radius of 23A. A molecule with these dimensions was
selected because the effective pore size in the HEM is
reported to be close to this value (20-30A)!"3¢, There-
fore, in studies exploring possible changes in pore size



of the HEM, the transport of LHRH is likely to be a good
marker for such alterations. The LHRH hydrodynamic
radius determined by diffusion studies falls in the same
order of magnitude as the size of low-energy molecular
modeling estimations®. TEAB was the small ionic sol-
ute used for comparison (radius ~4A). This compound
has also been used in transdermal iontophoresis stud-
ies and is well characterized'!°. Our observed LHRH
permeability during iontophoresis ranged from approx-
imately 6 x 107 to 6.4 x 10~ cm/h. The permeability
coefficients of LHRH appear to fit well with those previ-
ously reported®*%’. In vitro LHRH iontophoresis perme-
ability results have been described by Bhatia et al.>’
These studies were performed using skin from various
species under several different experimental treat-
ments. It is important to recognize that skin permeabil-
ity varies considerably between species and significant
variation is even seen within the same patient. Despite these
known differences, iontophoresis permeability coeffi-
cients reported were in the range of 1 x 10°-1x 10~ cm/h
and therefore in agreement with our observations. In pre-
vious investigations, LHRH permeability across human
skin was below the limits of high-performance liquid
chromatography detection®3 whilst in animal studies,
LHRH permeability appeared to be measurable?*%, Our
laboratory used intact human tissue that is generally
reported to have lower permeability relative to animal
skin for many solutes*>*! and therefore necessitated the
use of radioalabeled LHRH and liquid scintillation
counting as an analytical method. Reports of TEAB
permeability coefficients in HEM are also in the litera-
ture (passive permeability from around 5 x 107° to
about 8 x 10~* cm/h)®. These are similar to the passive
permeability coefficients observed for TEAB in this
study (5.9 X 10°-1.2 x 10~* cm/h).

Calculation of E,,, 401

The Pe number from Equation (11) was calculated using
the linear relationship between electroosmotic flow and
voltage below 1 V. In this voltage region, Pe is directly
proportional to electrical field strength (Figure 3)3242,
Using this methodology, we avoided any bias intro-
duced into electroosmotic flow transport by the struc-
tural and porosity changes that occur in the membrane
at voltages above 1 V. Once Pe values are known, the
theoretical enhancement ratio was easily calculated
and was compared to observed E ratios corrected for
observed porosity changes.

Porosity effects on solute enhancement

The hypothesis that voltage-induced pores during mod-
erate voltage iontophoresis are too small to provide
additional pathways for macromolecule transport was
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the focus of our studies. By combining porosity change
measurements with permeability enhancement data for
a small and a large solute, we were able to provide
experimental support for this proposal. TEAB permeabil-
ity, Egpserveqr increased dramatically as the porosity of
the membrane, E,p, also increased during iontophoresis
(Table 2). However, porosity increases observed during
LHRH iontophoresis had a much smaller effect on
LHRH permeability enhancement.

To calculate the proportion of TEAB permeability
enhancement resulting from electrically induced
changes in the membrane, the observed permeability
data were compared to the theoretical model (Table 2). It
was apparent that the observed permeability enhance-
ment ratios were in general an order of magnitude
greater than E, 4. predictions when porosity changes
were not taken into account. By incorporating the porosity
changes (E,p) into the Nernst-Planck model predictions,
the expected enhancement ratio, Eegpecreq (€nhance-
ment expected if voltage-induced porosity changes give
rise to new pathways for solute transport), was derived.
For TEAB, excellent agreement of Eecieq With Egpeerved
indicates that the differences between the observed
enhancement ratio and the Nernst-Planck-derived pre-
dictions (Ep.qe) are for the most part explained by
porosity increases (Figure 5). Examination of the LHRH
permeability data shows a large disagreement between
the E pgerveq Tatios and the model enhancement ratios,
E,0del (Table 2). Furthermore, incorporating the poros-
ity correction created an even greater discrepancy
between Ep.veq and the Nernst-Planck model (Table 2,
Figure 6). From these comparisons and in light of TEAB
results, it appears that the electrically induced changes
in the membrane did not influence LHRH enhance-
ment to the same extent observed with TEAB. We can-
not infer from our data that there was any increase in
permeability enhancement of LHRH due to voltage-
induced pathways. However, if LHRH permeability is
enhanced by voltage-induced pathways, the magnitude
of enhancement is considerably smaller than that
observed for TEAB.

Our observations provide experimental support to
studies that have looked at the nature of these voltage-
induced pores'®. These researchers predicted the induced
pathways to be around 10A in radius, much smaller than
the radius of the existing pores (20A). Pores of this size are
unlikely to be of significant benefit in promoting the trans-
port of many protein and peptide drugs that have molecu-
lar dimensions in this order of magnitude.

Conclusions

During moderate voltage iontophoresis the skin poros-
ity increased, as indicated by increases in the electrical
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conductance of the membrane. The porosity increases
promoted the permeability of TEAB, a small ionic sol-
ute. By applying a correction for porosity changes, it was
possible to compare observed permeation enhance-
ment ratios for TEAB to the modified Nernst-Planck
model predictions. Given the use of innately variable
biological membranes, good agreement for TEAB was
achieved. Enhancement of LHRH during moderate volt-
ages was much less than that observed for TEAB. Poros-
ity increases appeared to have insignificant influences
on LHRH permeability. Applying the porosity correction
did not provide agreement between observed enhance-
ment data and the modified Nernst-Planck equation.
Overall, iontophoretic transport of the larger LHRH
molecule was significantly more restricted than the
small ionic solute TEAB. Thus, our hypothesis that
increases in the porosity of the HEM will not signifi-
cantly increase the transport of peptides due to the
small size of electrically induced pores is supported by
this direct and mechanistic analysis in HEM.
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