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The transdermal iontophoretic delivery of the reproductive peptide
hormone, luteinizing hormone releasing hormone (LHRH) is inves-
tigated in the isolated perfused porcine skin flap model (IPPSF).
LHRH is delivered twice in a single flap experiment in efforts to
identify factors inherent to iontophoretic delivery that might effect
the drug flux of a subsequent iontophoretic episode. Initial ionto-
phoretic delivery of LHRH is quite reproducible; however, subse-
quent iontophoretic episodes result in widely divergent fluxes
thought to be caused by iontophoretic influences on the skin. Ion-
tophoretic application of a drug on a previous active site, enhances
the flux during the second application. A mass balance study is
performed to explain these findings. By iontophoretically delivering
1'% labelled LHRH in the isolated perfused porcine skin flap model,
the entire iontophoretic dose is identified and quantified. A drug
depot is identified in the skin underlying the electrode which is
approximately two times as large as the entire mass of drug deliv-
ered systemically.

KEY WORDS: iontophoresis; peptide; LHRH; transdermal deliv-
ery.

INTRODUCTION

Peptide drugs, which are not orally active and cannot be
percutaneously delivered passively, may be ideally suited to
iontophoretic delivery. Peptides have been iontophoretically
delivered both in vitro (1-3) and in vivo (4-7). The goals for
iontophoresis vary depending on whether it is used as a sys-
temic or topical delivery system. As the former, the achieve-
ment of reproducible therapeutic blood concentrations is
critical; however, used topically, the goal is to confine drug
to the skin. The fate of drug once it has entered the skin is
largely unknown. The actual physiochemical mechanism of
iontophoresis remains unclear and the route by which com-
pounds pass through the skin under iontophoretic influence
is currently under investigation (8). In addition, it is unclear
how iontophoretic current effects skin biology, physiology,
and metabolism. Before iontophoresis can be regarded as a
routine alternative drug delivery system, many of these un-
knowns need to be addressed.

Previous studies in our laboratory demonstrated the
ability to deliver luteinizing hormone releasing hormone
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(LHRH) by iontophoresis in the isolated perfused porcine
skin flap (IPPSF) and to predict in vivo fluxes in pigs (9). The
current study further investigates the anodal iontophoretic
delivery of LHRH in the IPPSF by specifically addressing
potential skin and flux effects of a second iontophoretic dos-
ing, an area that has received scant attention. This study also
addresses the fate of a compound once it has entered the
skin. By iontophoretically delivering 1'?° labelled LHRH in
the IPPSF model, the fate of the entire iontophoretic dose
can be accounted for via mass balance.

MATERIALS AND METHODS

The IPPSF model has been described in detail else-
where (10,11). The active and indifferent electrodes were
circular 1 cm? (skin contact area), Porex® silver screen sand-
wiches. Isoelectric focussing and capillary zone electropho-
resis studies performed in our laboratory and that of Becton
Dickinson Research Center suggest LHRH (1182.3 MW) is
highly positively charged and electrophoretically mobile at
physiological pH (12). In non-radiolabelled protocols, a 1
mg/ml LHRH solution in 154 mM NaCl and 10 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (pH 6.0) was
placed in the active positive electrode. LHRH-I'*® (specific
activity approximately 8 pg/60000 cpm) was synthesized us-
ing an iodogen reaction (13) and fractions elluted with 50 mM
TRIS buffer. The dosing solution for radioactive flaps con-
tained 10% undiluted LHRH-1'%> and 90% nonradiolabelled
LHRH dosing solution (1.127 mg/ml LHRH in 154 mM NaCl
10 mM MES) with the pH of the final solution adjusted to 6.0
with 0.25 N HCI. Due to the high specific activity of the
radioactive solution, a negligible amount of LHRH-1'*® was
added resulting in a LHRH concentration of 1 mg/ml in the
final dosing solution. The indifferent electrode in all exper-
iments contained a 50% saturated NaCl/water solution (15.9
g/100 ml).

Each electrode fit snugly into polyethylene rings (12 mm
ID, 23 mm OD, 1/16") that were placed on the skin’s surface
such that the solution contained could not contaminate other
areas. A polyvinylchloride foam circular adhesive was ap-
plied to the top of the ring and electrode to prevent evapo-
rative loss from the electrode. In all experiments, a portable
power supply (WPI stimulus isolator model A360, New Ha-
ven, Ct) was used to deliver a constant current of 0.2 mA (0.2
mA/cm? current density).

Repeated Iontophoresis

After a one hour acclimation period, each of the har-
vested skin flaps received one of two protocols designed to
investigate skin site effects on iontophoretic delivery. In
each protocol a 3 h 0.2 mA/cm? direct current was applied
followed by a 2 h passive period. A new electrode is then
used to apply a 2 h 0.2 mA/cm?® second iontophoretic period
followed by a 1 h washout during which there was no cur-
rent. In one protocol, the new electrode used during the
second iontophoretic episode was placed on the same skin
site used in the first iontophoretic period. In the paired flap,
a new electrode was moved to a new area of skin for the
second period. In both protocols, a third ring and cover con-
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taining an unstimulated dry electrode was applied to the flap
for control measures. This insured that all skin sites were
equally hydrated (due to occlusion of the skin) and physi-
cally manipulated prior to the second active period.

Radiolabelled Flaps

Radiolabelled flaps received a 3 h, 0.2 mA/cm? active
period followed by a 2 h passive period during which there
was no current. At this point, the experiment was terminated
and the entire flap and electrode assembly analyzed for
LHRH-I'*. Prior to skin analysis, the flap’s surface was
cleaned of any radioactivity (swab) and the stratum corneum
removed by 12 tape strippings (strip) (Scotch 3M Magic
Tape). The skin directly beneath the positive electrode was
removed, embedded, and quenched in liquid nitrogen for
serial sectioning as previously described (14). The entire flap
was then frozen in liquid nitrogen and completely dissected
for LHRH analysis.

Saline Flaps

The initial electrode in each saline flap experiment was
dosed with non-radioactive LHRH solution. A 3 h 0.2 mA/
cm? current followed by a 2 h passive period (no current) was
applied. The active electrode was then replaced by a new
electrode which contained the saline vehicle. The current
was reapplied for one hour followed by a second passive
period.

Venous perfusate samples were collected half-hourly
throughout all experiments except during the second active
period of saline flaps during which samples were taken every
6 min for the first half hour. Collected samples were imme-
diately placed at —20°C until assayed. Voltage, media flow
and perfusion pressure were recorded. At the termination of
nonradiolabelled experiments, skin samples were taken from
beneath each electrode and processed for light microscopy
as previously described (15).

LHRH Radioimmunoassay

LHRH was quantified in IPPSF perfusate using a single
antibody ethanol extraction radioimmunoassay (9). All sam-
ples were run in triplicate. Assay sensitivity ranged between
0.6 to 1 pg/tube at 90% binding (B/Bo). Intra- and interassay
coefficient of variation were 8.2 and 16.5% at 48 pg/tube and
10.9 and 8.3% at 10.6 pg/tube.

Statistics

Areas under the flux curves were calculated using SAS
(Statistical Analysis System, Cary, NC) via trapezoidal sum-
mation and were compared using a Student’s ¢ test. The first
active periods of 23 experiments in which a new electrode
was used to deliver a 3 h 0.2 mA/cm? current have been
grouped and the flux data pooled since identical conditions
were used. Comparisons made to the first active period are
compared to these pooled data.

RESULTS

Previous studies performed in our laboratory (9) have
shown that no LHRH enters the perfusate under passive

1001

conditions at the level of detection of the assay used. In
contrast, LHRH flux was shown to rise rapidly after current
was applied and quickly fall to baseline following removal of
current.

The mean * one standard error LHRH flux profile for
23 flaps in which the first 5 h of the experimental protocol is
identical to the protocols in this study is shown by a solid
bold line in Figure 1. The average maximum flux is 8.6 ng/
min/cm?® and an average of 1.1 pg + 0.7 pg (corresponding to
0.7% of the dose) is delivered over the 5 h active period.
There is little variation in the flux profile for this period.

Utilization of an area of the flap that was dosed previ-
ously with an active electrode allowed for higher fluxes dur-
ing the second active period (Figure 1, dashed line). Similar
amounts of drug were delivered in both active periods of the
protocol in which a naive skin site was used for each (Figure
1, dotted line). In contrast, the amount delivered in the ac-
tive period utilizing a previously used skin site, was signifi-
cantly greater than that delivered in the first 2 h of the first
active period (p = .06).

The amount and location of LHRH recovered after ion-
tophoretic delivery of radiolabelled compound is demon-
strated in Table 1. On average, greater than 92% of the dose
could be accounted for with the majority of that amount
never entering the skin (in the electrode, swab or ring). Ap-
proximately 1.4% of the dose remained in the skin (stratum
corneum + underlying skin and subcutaneous tissue (SQ) +
surrounding skin) even after a 2 h washout period.

The venous perfusate flux profile for two saline flaps is
shown in Figure 2. LHRH flux begins to increase shortly
after the current is applied and rapidly falls to pretreatment
levels. The application of a second electrode containing no
LHRH causes a small iontophoretic flux which appears to
peak (~1 ng/min/cm?) at 0.5 h after current is reapplied.

Mild histological alterations resembling those previ-
ously described (15) were seen in a small percentage (<<15%)
of active sites. These changes did not correlate to any ex-
perimental protocol and therefore are considered random.
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Figure 1. Transdermal iontophoretic flux of LHRH in the IPPSF
illustrating the effect of delivery at a previously used skin site. The
mean flux + one standard error for 23 flaps in which experimental
conditions were identical over the first 5 h are grouped and repre-
sented by a solid bold line. Significantly more LHRH is delivered in
the dashed protocol between 5-7 h than in the first 2 h of the initial
tontophoretic period (p=0.06).
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Table I. Mass balance tabulation of radiolabelled flaps (mean and
range of 4 flaps).

Location Percent of dose

positive electrode 74.25 (62-82)

negative electrode 0
ring 15.5 (11-22)

electrode assembly 89.75 (84-93)
swab 1.1 (0.4-1.7)

total not in skin 90.85 (85.7-94.2)
stratum corneum (strip) 0.73 (0.2-1.5)
underlying skin 0.35 (0.3-0.4)
surrounding skin 0.25(0.1-0.4)
underlying SQ 0.04 (0.04)
total in skin 1.37 (0.7-2.3)

total recovery 92.2 (86.9-95.2)

DISCUSSION

It is generally thought that the stratum corneum pro-
vides the greatest barrier to transdermal delivery, and that
once these layers are penetrated, compounds move easily
into the dermal circulation. Once a drug has entered the
epidermis and dermis, it is subject to tissue binding and me-
tabolism. At this point, it is unclear whether passive diffu-
sion or electrophoretic movement is responsible for deliver-
ing drug to the vasculature.

Repeated identical iontophoretic conditions should re-
sult in similar drug flux profiles, thus as a control, a new
electrode was placed on a naive skin site in the first and
second active periods of one protocol (Figure 1, dotted line).
In this instance, similar amounts of drug were delivered in
the first 2 h of the first active period as during the second
active period confirming the viability and barrier integrity of
the IPPSF over the entire 8 h experimental protocol.

Using an area of the skin previously used as an active
site generates more flux during a second active period than
when that electrode is placed at an unused portion of skin
(Figure 1, dashed line). This enhanced delivery suggests that
a previous iontophoretic period in some way alters the un-
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Figure 2. Normalized LHRH iontophoretic flux in two flaps in
which a 0.2 mA/cm? direct current was applied from 0-3 h and 5-6
h. An electrode containing saline was used during the second ion-
tophoretic period (5-6 h) (solid lines). The dosing solution was a
nonradiolabelled 1.0 mg/ml LHRH solution in a buffered saline ve-
hicle (see text for composition).
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derlying skin. This alteration may involve the filling of bind-
ing sites in the skin by the first iontophoretic period such that
drug delivered during the second active period is free to pass
through the skin into the vasculature. Alternatively, en-
hanced flux may be the result of mobilization of LHRH
which, during the passive period remains in the skin. When
a new electrode is placed and current is reapplied drug may
be delivered not only from the electrode, but also from tissue
sites that have been ‘‘loaded’ by the first iontophoretic pe-
riod. Enhanced flux is not seen at a previously used active
site however, unless the electrode-skin contact has been dis-
rupted (e.g. lifted and replaced) (unpublished results).

A third explanation for enhanced flux of a second ion-
tophoretic period could be alteration in the barrier function
of the skin caused by a first iontophoretic episode. Green et
al. have shown iontophoresis pretreatment in some way in-
creases the skin’s permeability to subsequent passive deliv-
ery of a tripeptide (16). Similarly, iontophoretic pretreatment
in this study may have decreased the skin’s barrier to sub-
sequent iontophoretic flux or may have allowed a greater
contribution of passive flux to total flux. No consistent al-
terations in morphology, including those previously de-
scribed (15), were observed to suggest increased permeabil-
ity and the considerably larger molecular size of LHRH as
compared to a tripeptide may have precluded any passive
delivery.

Since iontophoretic delivery is theoretically inversely
related to a compound’s molecular weight, the LHRH-1'%*
concentrations and mass measured within the skin and per-
fusate in the current study may underestimate those
achieved by the delivery of the native compound. Previous
high performance liquid chromatographic analysis of nonra-
dioactive perfusate samples suggest that at least 90% of the
molecules remain intact (unpublished observations in our
laboratory) during iontophoretic transdermal delivery, thus
gamma counting of skin samples should adequately reflect
intact LHRH molecules.

A reservoir effect has been demonstrated for a number
of compounds (5,17). This study clearly demonstrates the
presence of an LHRH depot within the skin underlying and
surrounding the positive electrode corresponding to at least
1.4% of the dose. In contrast, under the experimental con-
ditions of our study, greater than 90% of a dose on average
never entered the skin while only 0.7% of the dose was de-
livered systemically after a 5 h active period. Although al-
terations in the electrode design used may allow for greater
efficiency or absolute flux, the ability to manipulate drug
once it has entered the skin also provides a method for af-
fecting drug flux. If the formation of the depot identified in
this study could be prevented or mobilized once formed,
total drug flux could potentially double. Conversely, if in
some way the drug became unable to access the vasculature
or if the depot could be expanded, higher local skin concen-
trations could be achieved.

In an attempt to determine whether passive diffusion or
electrophoretic force is responsible for drug movements
within the skin and whether the delivery of ‘‘loaded’” drug is
responsible for enhanced flux of repeated iontophoretic ep-
isodes, a saline electrode was used to apply a current at a
previously used active site at a time when drug flux was
known to be negligible. A small LHRH flux was induced
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(Figure 2 (5~6 h)) indicating the ability to ‘‘force’” drug into
the vasculature. However, a comparison of the small amount
delivered (~40 ng) to that amount in the skin at that time
(1.4% of a 161 pg dose or 2250 ng) suggests that greater than
98% of compound in the skin was unavailable to be delivered
by this saline iontophoretic episode. The exact mechanism
of this unavailability requires further investigation.

The small amount delivered during the second active
period of these saline flaps is insufficient to account for the
increased amount of LHRH delivered in the second ionto-
phoretic episode of protocol 5. This suggests that a prior
iontophoretic episode not only delivers a small amount of
initially “‘loaded’” drug but also facilitates the movement of
drug from electrode to blood supply. Thus, if sites for drug
sequestration are saturated by prior drug delivery, drug mol-
ecules being delivered from a second electrode are free to
pass through the skin to access subepidermal blood vessels
resulting in a greater flux. Additionally, alterations in barrier
function caused by prior iontophoresis may allow for greater
flux. A decrease in available binding sites would be indistin-
guishable from a decreased skin barrier in the present exper-
imental design.

In summary, the significant findings of the present study
include the ability to transdermally deliver LHRH, a deca-
peptide hormone, only under iontophoretic conditions, the
enhanced iontophoretic delivery following ‘‘iontophoretic
pretreatment’’, and the identification of a skin depot of this
peptide, a small portion of which can be delivered with a
saline electrode.
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