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Electroporation, the creation of transient, enhanced membrane per-
meability using short duration (microseconds to millisecond) elec-
trical pulses, can be used to increase transdermal drug delivery. The
effect of an (electroporative) electric pulse (1000 V, =5 msec) on
the iontophoretic transport of LHRH through human skin was stud-
ied in vitro. Fluxes achieved with and without a pulse under different
current densities (0- 4 mA/cm?) were compared. The results indi-
cated that the application of a single pulse prior to iontophoresis
consistently yielded higher fluxes (5—10 times the corresponding
iontophoretic flux). For example, at 0.5 mA/cm? fluxes were
0.27+0.08 and 1.62+0.05 wg/hr/cm? without and with the puise, re-
spectively. At each current density studied, the LHRH flux de-
creased after iontophoresis, approaching pre-treatment values. The
results show that electroporation can significantly and reversibly
increase the flux of LHRH through human skin. These results also
indicate the therapeutic utility of using electroporation for enhanced
transdermal transport.

KEY WORDS: transdermal drug delivery; LHRH; iontophoresis;
electroporation; electropermeabilization; electrotransport.

INTRODUCTION

Drug delivery through the skin targeted to the systemic
circulation—transdermal drug delivery (TDD)—has be-
come a viable, attractive dosage form as evidenced by the
success of some of the recent products (e.g., nicotine
patches for smoking cessation, estradiol and other hormone
replacement transdermal systems). Using iontophoresis (the
movement of charged molecules through the skin due to a
low-voltage electrical driving force), increased transport,
compared to passive transdermal transport, of large molec-
ular weight (> 800 daltons) compounds such as LHRH (1-
4), TRH (5) and insulin (6-9), as well as small molecular
weight compounds (lidocaine, etc.) (10,11) has been re-
ported. However, iontophoretic delivery of therapeutic lev-
els of large molecular weight compounds, such as peptides,
still remains elusive primarily due to the impermeable nature
of skin and the consequent inability to deliver therapeuti-
cally meaningful doses in humans.

Electroporation (also sometimes called electropermea-
bilization) has been used extensively in cell biology for many
years to transport large molecular weight compounds (e.g.,
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DNA) into the cell interiors (12). For DNA transfection into
cells, a suspension containing the DNA and cells is placed in
a cuvette containing two electrodes connected to a voltage
source that provides a potential difference of about 1000 V
(field=1000 V/cm) across the electrodes. The condition typ-
ically results in a transmembrane potential (about 1 V) that
lasts between psec—msec. The mechanism underlying elec-
troporation in artificial lipid bilayer membranes and lipo-
somes has also been studied, and it has been hypothesized
that the lipid bilayers are reversibly permeabilized by the
formation of transient pores (13-17).

There have been many attempts to locate the permeabil-
ity barrier in skin (18-24). It has been shown that a) pulsed
electric fields reversibly permeabilize cell membranes which
are predominantly bilayer lipids, and thereby facilitate the
flux of large molecules, and b) multilamellar lipid domains of
the SC are rate limiting for TDD. By combining these two
observations, we have shown earlier that use of one electric
pulse can increase skin permeability for large molecules (25).

Our objective for this paper was to examine whether
electroporation increased skin permeability, by measuring
drug flux under an iontophoretic driving force following the
application of a single electrical pulse. Reversibly-increased
membrane permeability is considered to be one of the hall-
marks of electroporation. Hence, to assess reversibility, the
passive flux was measured immediately before and for sev-
eral hours after electroporation.

In this report, we compare LHRH transport under an
iontophoretic driving force through electroporated and non-
electroporated skin. We have used LHRH as an illustrative
example for the following reasons: a) it is a large molecular
weight (1182 daltons) compound, b) it is charged (+ 1 at pH
7.4) and c) there are literature reports which describe the
iontophoretic delivery of LHRH (1,3,26,27), which enables
us to compare our results with those of others. Furthermore,
successful demonstration of the usefulness of electropora-
tion in TDD of LHRH can then be extended to the delivery
of other large molecular weight peptides.

MATERIALS

Skin

Full thickness human cadaver skin was obtained frozen
from skin banks. Epidermis, which was the membrane used
for all flux experiments, was heat-separated from full thick-
ness skin. To separate the epidermis, a piece of full thickness
skin with no obvious holes was soaked in water at 60°C for
one minute and the epidermis teased off. The heat-separated
epidermis was then stored frozen until the start of the ex-
periment when it was checked visually for holes and obvious
leaks. Epidermis from the same skin donor at contiguous
anatomical sites was used in all experiments, thereby mini-
mizing potential inter-donor variability.

Diffusion Cells

Side-by-side diffusion cells with two electrode ports in
each half cell were used (LGA, Berkeley, CA). The donor
and receiver compartments each had a volume of 3 ml and a
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transport area of 0.78 cm?. The two outermost ports were 6
cm apart and the two inner ports were 3 ¢cm apart.

Donor and Receiver Solutions

Isotonic phosphate buffered saline (PBS) was prepared
by dissolving the salt (Dulbecco’s PBS, GIBCO Laborato-
ries, Life Tech, Inc., Grand Island, NY) in nanopure water.
The pH was adjusted to 7.4 by adding NaOH or HCl. LHRH
[pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,] (human,
synthetic) was obtained as its acetate salt (Sigma Chemical
Co., St Louis, MO) and was used as received. KCI (Sigma
Chemical Co., St Louis, MO) solutions were made by dis-
solving the salt in nanopure water. *H-labeled LHRH (pGlu-
His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,) was purchased
from NEN (NEN Research Products, DE). Donor solutions
were prepared by dissolving 2.5 mg of LHRH in 1 ml of PBS.
This solution was spiked with a known amount of *H-labeled
LHRH to yield specific activities of about 5 wCi/ml.

Electrodes

Silver wires were used as anodes. Ag/AgCl cathodes
were made by electrochemically depositing a AgCl layer on
a thin silver wire (0.1 mm dia, Aldrich Chemical Co., Mil-
waukee, WI). [For electroplating, a 5 cm long Ag wire was
covered with a 3 cm heat shrink tube (Radioshack, CA) leav-
ing one cm of Ag exposed at each end. This was then im-
mersed in 0.5 N KCl and connected to the positive terminal
of a constant current source. The counter electrode (cath-
ode) was another silver wire. The electroplating current
(0.25—4 mA amplitude depending on the current density of
the experiment for which it was to be used) was passed for 12
hours]. Ag/AgCl electrodes were chosen for their electro-
chemical stability and their ability to maintain a constant pH
in aqueous solution.

A constant current power supply (KEPCO, Flushing,
NY) was used to provide the iontophoretic current. A mul-
timeter (Fluke, Everette, WA) was used to measure the
amount of current flowing through the skin.

A GENEPULSER™ (Bio-Rad, Richmond, CA) was
used for generating the exponentially decaying electropora-
tive pulse.

METHODS

All flux experiments were conducted at room tempera-
ture (=20°C). Heat-separated human epidermis was sand-
wiched between two halves of the well-stirred four port dif-
fusion cell. The donor solution (PBS containing labelled (*H)
and unlabelled LHRH) was added to the stratum corneum
side of the diffusion cell (donor chamber) and PBS solution
was added to the receiver chamber. The contents of the re-
ceiver chamber were removed periodically and the amount
of radioactivity was quantified by liquid scintillation count-
ing.

Silver wires, placed 6 cm apart, were used for pulsing
(both anode and cathode); Ag anodes and Ag-AgCl cathodes
were used for iontophoresis. LHRH has a net positive
charge (+ 1) at pH 7.4. Therefore, to ensure electromigra-
tion through the skin, the anode was placed in the donor and
the cathode in the receiver compartment of the diffusion cell.

Bommannan, Tamada, Leung, and Potts

The experimental protocol involved measuring the passive
flux for two hours. A single electroporative pulse was then
applied, followed by 30 minutes of iontophoresis after which
the LHRH concentration in the receiver was again mea-
sured. Finally, the passive flux was measured for another
two hours to monitor recovery. Hence, the receiver fluid was
emptied at 1, 2, 2.5, 3.5 and 4.5 hours after the start of the
experiment; whenever the receiver compartment was emp-
tied, it was refilled with fresh PBS. Electroporation was
achieved using an exponentially decaying electric pulse with
an initial amplitude of 1000 V and a time constant, T, of 5 *
1 msec. The time constant equals RC, where R is the load
resistance (skin + solution) and C is the capacitance which
could be set on the GENEPULSER. Skin resistance de-
clines dramatically during the electroporative pulse and,
hence, it is difficult to control T, if the skin resistance (load)
dictates 1. Therefore, during the pulsing, a 200 ) resistor was
connected in parallel to the diffusion cell. Hence, the net
resistance was = 200 £} (since the load [skin + solution] was
> 200 Q) and the capacitance on the GENEPULSER was set
to 25 wF providing T = 5§ msec. Following the electroporative
pulse, the skin was exposed to 30 minutes of continuous DC
at current densities from 0 to 4 mA/cm?®. A fresh piece of skin
was used at each current density. For the corresponding ion-
tophoretic experiments, an identical procedure was used ex-
cept for the omission of the electroporative pulse.

Statistical analysis of the flux data was done using Stu-
dent’s t-test.

RESULTS

The iontophoretic transport of LHRH at 0.5 mA/cm?
with and without an electrical pulse is shown in Figure 1.
Prior to electrical treatment, the passive transport was about
0.05 pg/cm?/hr for both pulsed and non-pulsed samples. The
application of an iontophoretic current for 30 minutes re-
sulted in a five-fold increase in LHRH flux (0.27 + .08 g/
cm?/hr; mean = SD, n = 3) relative to passive transport. By
contrast, the application of a single pulse prior to ionto-
phoresis resulted in an average flux of 1.62 + 0.05 pg/cm?/hr
(mean * SD; n=3). Following cessation of iontophoresis,
the passive flux of LHRH decreased to 0.23 = 0.1 (mean =+
SD; n=3) and 0.10 = 0.3 (mean = SD; n=3) pg/cm%hr with
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Figure 1: Iontophoretic transport of LHRH at 0.5 mA/cm? with and
without an electrical pulse. The passive fluxes before and after the
current treatment are also shown (0-2, 2.5—4.5 hrs). Key: O—ion-
tophoresis; @—pulse + iontophoresis; mean = SD.
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Figure 2: (a) The iontophoretic LHRH flux (mean) — before (1 -2 hrs), during (2—2.5 hrs) and after (2.5—4.5 hrs) iontophoretic
treatment—shown as a function of current density. (b) Effect of an electrical pulse on the iontophoretic LHRH flux (mean) — before (1
-2 hrs), during (2-——2.5 hrs) and after (2.5—4.5 hrs) electrical treatment—shown as a function of current density.

and without a pulse. Thus, the application of a single elec-
troporative pulse resulted in the reversibly-enhanced ionto-
phoretic transport of intact LHRH through human skin at a
rate which was more than 30-fold greater than passive and
five-fold greater than iontophoresis alone.

The experimental protocol was repeated at current den-
sities ranging from 0 to 4 mA/cm?. The results obtained with-
out and with a pulse are shown in Figures 2a and 2b, respec-
tively. In the absence of an iontophoretic current, the pas-
sive flux of LHRH was 0.02 = 0.0 (mean = SD; n=3) pg/
cm?/hr prior to pulsing. During the 30 minutes inmmediately
after pulsing, however, the passive flux increased more than
three-fold to an average value of 0.07 = 0.01 pg/cm’/hr
(mean * SD; n=3), and then decreased to 0.04 = 0.01 pg/
cm?hr (mean + SD; n=3) during the following two hours.
At all current densities studied, the application of a single
electroporative pulse resulted in a statistically significant
LHRH flux enhancement relative to iontophoresis alone. Fi-
nally, at each current density studied, the LHRH flux de-
creased after iontophoresis, approaching pre-treatment val-
ues. The flux obtained after pulsing, however, was consis-
tently higher.

Examination of the results presented in Figures 2a and
2b show a current-dependent increase in LHRH flux during
iontophoresis for both non-pulsed and pulsed samples. The
iontophoretic flux versus current density data are plotted in
Figure 3. These results show a non-linear increase in LHRH
flux with increasing current for both pulsed and non-puised
protocols. In all cases, however, the LHRH flux obtained
after pulsing was significantly greater (p < 0.01) than that
obtained in the absence of a pulse.

DISCUSSION

LHRH flux through human skin in vitro was measured
before, during and after the application of direct current (0.5

mA/cm? for 30 min), either with or without (Figure 1) a single
exponential electrical pulse (5 msec time constant, 1000V
initial amplitude), applied at the initiation of the DC treat-
ment. Prior to electrical treatment, the passive flux of
LHRH was about 0.05 pg/cm*hr for both pulsed and non-
pulsed samples. The application of DC (iontophoresis) for 30
min resulted in a significant increase in LHRH flux (0.27
wg/cm?/hr) relative to passive delivery. The concentration of
LHRH in the donor was 2.5 mg/ml, and, therefore, the ‘“‘ap-
parent permeability coefficient’” (P = flux divided by donor
concentration) was 1 X 107* cm/hr. A comparison with
other experimental values (see Table I) shows that similar P

50
"
S e -
B
) 30
=
E!
<9 20
E 10 1
(|3 oo s s s s | | JNSSENS SENN SENE SUNL S SEL AN SR
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Current Density (mA/cm"Z)

Figure 3: Iontophoretic flux of LHRH (mean += SD) shows non-
linear increase with current density with (@) and without (O) a
pulse. p < 0.01 for all current densities (except 3.0 mA/cm?, p < 0.2)
when flux with and without pulse are compared.
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Table I. Comparison of Values Reported in the Literature for the ‘* Apparent Permeability
Coefficient’” for LHRH lontophoretic Transport Through Skin

Donor Current
P concn. density
Reference (cm/hr) (mg/mi) (mA/cm?) Skin type
Miller et al. (4) 4 x 1073 3.6 0.3 Hairless mouse skin
Heit et al. (1) 2 x 1074 1 0.2 Porcine skin flap
Srinivasan et al. (3) 2 x 1073 S mg/ml 0.125-0.25 Vv Ethanol pre-treated
(2 hr) human skin
This work 1 x10°° 2.5 0.25-0.5 Human epidermis

values were obtained for the iontophoretic transport of
LHRH through human skin and pig skin flap. These results
demonstrate that while iontophoretic conditions were ap-
plied for only 30 minutes in our studies, the permeability
coefficient obtained is comparable to steady-state values re-
ported by others.

The same experimental protocol was repeated over a
range of current densities from 0 to 4 mA/cm?. The results
obtained at each current density, either in the absence (Fig-
ure 2a) or presence (Figure 2b) of an electrical pulse, are
qualitatively the same as the results obtained at 0.5 mA/cm?
(Figure 1). An average passive flux (prior to electrical treat-
ment) of 0.057 pg/cm?hr (SD = 0.038; n = 76) was obtained
for all samples evaluated. The passive flux of the LHRH
analog leupron acetate was measured through human skin by
several investigators. Lu et al. (26) found LHRH transport in
human skin that was below the limits of HPLC detection.
This value increased to 2.2 x 10~* cm/hr when 10% urea
was used as an enhancer. Srinivasan et al. (3) found that the
passive transport was below their limits of detection, sug-
gesting P < 4 X 10~° cm/hr. When the skin was pretreated
with ethanol for two hours, however, these investigators cal-
culated P = 6 X 10™* cm/hr. Thus, the passive transport of
LHRH through human skin is very small, and the results
presented here suggest an apparent permeability coefficient
of about 105 cm/hr. The apparent permeability coefficient
calculated from our experimental results is 10-fold less than
values obtained with enhancers.

The application of a single, exponentially-decaying elec-
trical pulse at the onset of iontophoretic treatment led to a
significant enhancement of LHRH flux relative to that ob-
tained in the absence of a pulse, at all currents studied (Fig-
ures 2a and 2b). The flux of any ionic species (J;) with a
charge Z, is dictated by the applied current (i) and a propor-
tionality constant called the transport number (t;) by equa-
tion (1), where F is the Faraday’s constant.

Ji ti N l/Zl -F

O

Therefore, the amount transported is directly proportional to
the charge transferred and governed by the same proportion-
ality constant. The increase in LHRH transport due to an
electrical pulse could, therefore, reflect the additional charge
supplied by the pulse. Immediately after the pulse, the re-
sistance of the skin drops from about 100 to about 1 kOhm-
cm? (data not shown). Similar results have been reported by
Prausnitz et al. (28). Assuming no potential drop across the
solution or electrodes, the application of 1000V for 5 msec
through a 1 kOhm resistor results in the transfer of about 5 x

1073 Coulomb. By contrast, even at the lowest current den-
sity studied (0.25 mA/cm? for 30 minutes), the charge trans-
ferred through the skin is approximately 5 X 10~ ! Coulomb.
Hence, the contribution of the pulse charge to the enhanced
transport of LHRH is, at most, 1%. Moreover, even in the
absence of current, the application of an electrical pulse re-
sulted in a significant increase in LHRH flux. It is likely,
therefore, that the electrical pulse altered the intrinsic trans-
port properties of human skin, regardless of the potential
(electrical or chemical) driving the transport.

Following cessation of the electrical treatment, the pas-
sive flux was measured for both pulsed and non-pulsed sam-
ples. The results show that at all currents studied, the LHRH
flux at two hours after iontophoresis decreased to a value
significantly less than the maximal value obtained during
iontophoresis. The value obtained for both protocols, how-
ever, was greater than the pre-treatment flux. Prausnitz et al.
(28) have reported similar results; they measured calcein
transport through human skin while continuously pulsing the
sample. These investigators found that once the pulsing
ceased, calcein flux decreased substantially over the next
several hours. Thus, enhanced transdermal transport due to
electrical pulsing is reversible on a time scale of hours. How-
ever, it should be noted that the measured post-treatment
passive flux not only reflects transport through an altered
membrane, but also the efflux of the LHRH which had ac-
cumulated in the skin during the current application (see
below).

The ratio of the post-treatment flux to the pre-treatment
value increased as a function of the applied current, regard-
less of pulsing. For example, for the experiments utilizing
iontophoresis alone, the ratio increased from 1.7 at 0.25 mA/
cm? to 50 at 4.0 mA/cm?. The post-treatment flux (flux at 4.5
hrs) for the pulsed protocol was consistently greater (by an
average of about three-fold) than the non-pulsed values at all
currents tested. The difference, however, was only statisti-
cally significant (p < 0.05) at 0.25 and 0.5 mA/cm?. These
results demonstrate that for both protocols, the LHRH flux
decreased following electrical treatment to a value which
was strongly dependent upon the applied current.

The results in Figures 2a and 2b show that LHRH flux
is strongly dependent on the applied current. The LHRH
flux versus current density data obtained at low current den-
sities (< 1.25mA/cm?) are plotted in Figure 4. These data
show a linear dependence of flux upon current as described
by equation 1. Linear regression analysis yielded transport
numbers 4.3 X 107> and 4.5 x 107° in the presence or
absence of a pulse, respectively. Thus, in this current range,
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Figure 4: Data from Figure 3 replotted (mean = SD) to highlight the
linearity at low current densities (< 1.25 mA/cm?).

the application of a single pulse prior to iontophoresis causes
a 10-fold increase in the transport number of LHRH (t; ygy)-
The transport number reflects the fraction of the total charge
carried by the ion i, and it can be related to the ionic mobility
of all species in solution through equation 2,

Y arE = CLHRH *ULurg ZLHRH/2 C-U-Z @

where C, U, and Z represent the concentration, mobility and
charge, respectively, of each ionic species. Since the charge
and concentration of other ionic species are held constant in
these experiments, the change in t; gy (due to the applica-
tion of an electrical pulse) must reflect altered ionic mobility
for LHRH relative to that of the other ionic species (primar-
ily Na*, Cl~ and other small ions). In other words, the
application of a single pulse transiently altered the transport
of properties of human skin. Furthermore, as discussed
above, the passive permeability of LHRH through human
skin is also enhanced by pulsing, again consistent with alter-
ation of the intrinsic transport properties of the skin.

" The post-treatment flux results presented here (Figures
1 and 2) and elsewhere (25) suggest that skin electroporation
results in a high permeability state which lasts for hours,
compared with much shorter times (seconds to minutes) in
cell membranes. While this difference could be associated
with longer-lived ‘‘electropores’’ in skin than those found in
cell membranes, it is more likely that the results reflect
LHRH binding to skin during iontophoresis. The subsequent
desorption of peptide may then take many hours. Skin has a
demonstrated reservoir capacity due to iontophoretic deliv-
ery (29), consistent with this hypothesis. The rate of flux
relaxation is not substantially different between pulsed and
non-pulsed experiments, again suggesting that pore resealing
is not rate-limiting. Finally, a mechanism-based analysis of
skin electroporation data suggests that the actual lipid re-
sealing time is on the order of 10 minutes [Chizmadzhev et
al.; in preparation].

The results presented in Figure 3 show a non-linear in-
crease influx with increasing current, especially at high cur-
rents. While conventional transport theories based upon the
Nernst-Planck equation predict that flux should be linear
with current (equations 1 and 2) (30), the entire range of flux
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{J) and current (i) data from Figure 3, however, fits to an
equation in the form J = A i> + B, where A and B are
constants, with r* values for pulsed and non-pulsed experi-
ments of 0.90 and 0.95, respectively. The energy delivered
through a resistor (R) over time (t) is proportional to i°.
Therefore, the excellent fit of J versus i° suggests that flux is
proportional to energy supplied. One possible mechanism by
which electrical energy could influence iontophoretic trans-
port is through Joule heating, similar to a mechanism pro-
posed by other (31,32). Consistent with this model is the high
post-treatment flux seen at high current densities. Regard-
less of the precise mechanism, however, the results pre-
sented here suggest that iontophoretic flux is proportional to
the electrical energy delivered.

The results presented here show that electroporation
can significantly and reversibly increase the flux of LHRH
through human skin. The therapeutic utility of this enhanced
transport is obvious from the data in Figure 1. The thera-
peutically acceptable limit of current for iontophoretic deliv-
ery is about 0.5mA/cm>. The iontophoretic delivery of
LHRH under the experimental conditions described here is
less than 0.3 pg/cm?hr at this current. By contrast, an
LHRH flux greater than 1.5 pg/cm?hr was achieved by the
application of a single pulse to initiate iontophoretic delivery.
An unacceptable current of greater than 2.0 mA/cm® would
be required to deliver the equivalent mass of drug ionto-
phoretically (see Figure 3). Hence, electroporation allows
the enhanced delivery of peptides which cannot be effec-
tively delivered by other transdermal means.

CONCLUSIONS

This study has shown that iontophoretic flux through
electroporated skin is significantly enhanced compared to
flux through non-electroporated skin. The fluxes achieved at
current densities > 1.25 mA/cm? also suggest that membrane
alterations induced by thermal changes can significantly en-
hance fluxes as well as the reversibility of the permeability
changes. The effects of a range of electroporative conditions
(different voltages and pulse widths) and the applicability of
these in vivo need to be studied.
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