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Abstract

Skin electroporation has recently been shown to increase transdermal transport of small-size drugs as well as considerably
larger molecules by up to 4 orders of magnitude in vitro. Nevertheless, no in vivo studies have proven that high-voltage
pulses can induce therapeutic plasma levels of drug. The aim of the present report was precisely to study the potential of skin
electroporation in transdermal delivery of fentanyl in vivo. Fentanyl was transdermally delivered to hairless rats using
high-voltage pulsing. Following the administration, the pharmacokinetics and pharmacodynamics were assessed. Significant
fentanyl plasma concentrations were rapidly achieved using skin electroporation. Immediately after the 5 min pulsing,
fentanyl plasma levels reached one third of the maximal plasma concentration of |30 ng/ml, the peak occurring 30 min after
the electroporation. Deep analgesia and supraspinal effects were achieved, antinociception lasting for an hour. The
magnitude of the effects was, however, dependent on the electrical parameters of the pulses.  1998 Elsevier Science B.V.
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1. Introduction fentanyl has been developed for the management of
moderate to severe chronic pain [2–6]. After place-

Recent reports have documented the value of non- ment of a fentanyl transdermal system (Duragesic ),
invasive administration routes of potent opioids, mean serum concentration increases during the first
including transdermal delivery [1–6], iontophoresis 14 h before reaching a plateau [3]. However, pain
[7–9], oral transmucosal delivery [10,11], and nasal treatment may require rapid and pulsed administra-
delivery [12]. These systems have been studied for tion of analgesic drugs. Opioid iontophoresis reduces
their use in providing preoperative sedation and the lag time to approximately half an hour and
anxiolysis in pediatric patients [11], as well as allows modulation of the rate of drug release by
analgesia for post-operative [2,5] and breakthrough controlling the intensity and duration of current
cancer pain [5,6]. application [7–9]. Oral transmucosal fentanyl citrate

More specifically, passive transdermal delivery of (Fentanyl Oralet ) is a non-invasive dosage form of
fentanyl used to provide children and adults with

* sedation, anxiolysis and analgesia [10,11]. The ac-Corresponding author. Tel.: 132 2 7647320; fax: 132 2
7647398; e-mail: preat@farg.ucl.ac.be tion is rapid (the peak in plasma concentration
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occurred after 20 min) and short (2 h) [10]. Intranas- 2. Materials and methods
al sufentanil was studied for pre-operative sedation.
The sedation was rapid in onset (10 min) but of

2.1. Animals and chemicals
limited duration (1 h) [12].

Several in vitro studies have demonstrated the
Hairless male rats, 2 months old, weighing 220–

usefulness of high-voltage electric field pulses in
310 g were housed in standard cages at room

transdermal drug delivery: transdermal transport of
temperature on a 12-h light and 12-h dark cycle

small-size drugs as well as considerably larger
(Iops mutant from Iffa Credo, France). Standard

molecules increases by up to four orders of mag-
laboratory food (A04, UAR-France) and water were

nitude, onset times for transport and lag times to
given ad libitum. Fentanyl citrate was purchased

reach steady-state fluxes decrease to minutes [13–
from Janssen Pharmaceutica. Salts for buffer prepa-

16]. Experimental [13–16] and theoretical [17,18]
ration were analytical grade (Union Chimique Belge,

evidence suggests these flux increases are caused by
Drogenbos, Belgium).

transient changes in skin microstructure by a mecha-
nism involving electroporation of stratum corneum
lipid bilayers. Electroporation involves the creation 2.2. Treatments of the rats
of transient aqueous pathways in lipid bilayers by the
application of a short high-voltage electric field A fold of abdominal skin of the rat was clamped
pulse. into a clip. The clip was composed of two compart-

Our previous reports evaluated the potential of ments each containing a polyurethane hydrophilic
2electroporation in fentanyl transdermal delivery in foam of 1 cm thickness and 133 cm surface. A

2vitro with hairless rat skin [19–21]. The influence of platinum electrode of 0.532 cm (99.99% purity,
the electrical factors and the mechanistic aspects Aldrich Chemie, Belgium) was at the outer surface
involved in drug transport were systematically in- of each foam. Cathode and anode sides were soaked
vestigated. Fentanyl transdermal permeation was with an acidic solution of fentanyl (400 mg/ml in
strongly promoted by electric pulses as compared to citrate buffer 0.01 M at pH 5), or with the drug-free
passive diffusion through untreated skin. Moreover, buffer. The electrodes were connected either to the
the control of the quantity of drug transported electroporation device Easyject Plus (Equibio Ltd.,
through the skin was achieved by controlling the Kent, UK) for skin electroporation, or to a constant
voltage, duration, number of pulses and drug con- current source for iontophoresis (custom-built de-
centration [19,20]. The mechanisms of drug transport vice). Easyject Plus delivers exponential-decay elec-
involved electrophoresis and diffusion through skin tric field pulses of variable voltage and duration. The
highly permeabilized by electroporation [21]. pulse duration is defined as the length of time

Although fairly extensive work on skin electropo- between the beginning of the pulse (maximum
ration has already been performed in vitro, high- voltage) and the time when the voltage reaches 37%
voltage pulses have never been demonstrated to of its maximal value. During a pulse, electrical
provide transdermal delivery of drug at therapeutic behavior was measured with an oscilloscope (model
rates in vivo. We therefore investigated the potential 54602B, Hewlett-Packard). The voltage applied ac-
of electroporation in fentanyl transdermal delivery in ross the electrodes of the clip was measured directly.
vivo. In vivo assays were performed in hairless rats The corresponding peak current was calculated using
to assess the pharmacokinetics and pharmacodynam- Ohm’s law by measuring the voltage across a
ics of fentanyl delivered by high-voltage pulses, and sampling resistor (5 V) in series with the clip. Pulses
in comparison by iontophoresis or subcutaneous of 100 V — 500 ms, 250 V — 200 ms or 500 V —
injection. The pharmacological evaluation included 1.3 ms were used, reported voltages being voltages
the measurement of the analgesic effect along with applied across the electrodes. The total electric
an evaluation of the supraspinal side effects on pinna charge transferred by a pulsing protocol was calcu-
and cornea reflexes and on skeletal muscle tone lated by multiplying the peak current, pulse duration
[7,22–24]. and number; the total charge transferred during an
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iontophoresis protocol was calculated by multiplying mechanical stimulation with the blunt metal rod and
current times the duration of application [16]. was also scored from 0 (normal reflex) to 3 (absence

Subcutaneous injections were carried out with of any motor response). Muscular tone was de-
freshly prepared solutions of fentanyl citrate (8 mg/ termined by hand and visually. The scores given for
ml) as an aqueous solution in NaCl 0.9%. overall skeletal muscle tone ranged from 0 (normal

For pharmacodynamic evaluation, skin electropo- tone) to 3 (lead pipe rigidity); scores 1 and 2
ration or iontophoresis were applied to non-anes- represent weakly and moderately increased tone,
thetized rats kept motionless in a restraining cage. respectively. In untreated control animals, a score
High-voltage pulsing caused sensation and slight .1 never occurred for the pinna and cornea reflexes
muscle twitches in the rats [25]. Therefore, at the and for muscle tone. A score of 3 was used as the
beginning of the pharmacokinetic studies, rats were criterion of significant blockade of the pinna and
briefly anesthetized by ether breathing for the 5 min cornea reflexes and of significant induction of muscle
of pulse application. rigidity [22,23].

2.3. Pharmacodynamic study 2.3.3. Experiments
Skin electroporation of fentanyl was carried out

2.3.1. Analgesia assay using different pulse protocols: 15 pulses of 100 V
Rats were tested for nociceptive response by using — 500 ms (group of five rats), or 15 pulses of 250 V

the tail-withdrawal reaction (TWR) method [22,23]. — 200 ms (group of four rats), or 60 pulses of 500 V
The rat was placed in a cylindrical rat holder with its — 1.3 ms (group of four rats). In order to obtain the
tail hanging freely outside the cage. The distal 5 cm shortest treatment, pulses were applied at the shortest
of the tail was immersed in a warm water bath at possible interval; due to the electroporation device
5560.58C and the time for tail withdrawal was limitation, the pulse spacing was then 15 s. A fourth

2measured to the nearest 0.01 s. To minimize tissue group (five rats) underwent a 0.5 mA/cm — 5 min
damage at repeated testing, a cut-off time of 10 s iontophoresis of fentanyl and a fifth (four rats)
was used. A TWR latency .5.00 s and thus, also received 4 mg per 100 g body weight subcutaneous
$10.00 s never occurred in untreated control rats fentanyl. Finally, three groups were controls: (1) the
and were adopted as criteria of mild and deep rat was maintained in the restraining cage during 5
analgesia, respectively [22,23]. min with the clip keeping a skin-fold and the foams

being soaked with the drug-free citrate buffer (con-
2.3.2. Other in vivo effects trol, four rats), (2) same as (1) but with the applica-

The blockade of the cornea and pinna reflexes and tion of the strongest pulses i.e. 15 pulses of 250 V —
muscular tone were scored as indices of supraspinal 200 ms in order to measure a possible analgesic
pharmacologic activity of the opioid [22–24]. Bloc- effect due to pulsing alone (control pulsing, four
kade of the cornea and pinna reflexes are characteris- rats), (3) same as (1) but instead the foam being
tic effects of opioid analgesics at the level of the soaked with the drug solution and for a duration of
tenth and fifth cranial nerves, whereas rigidity proba- 15 min (duration of the longest skin electroporation
bly originates in the striatum and substantia nigra. treatment) in order to evaluate possible fentanyl
Supraspinal effects require approximately two-fold effects due to passive diffusion (control diffusion,
higher doses of fentanyl than antinociception [23]. four rats).
The pinna reflex consisted of a characteristic head Measurements of TWR latency and supraspinal
twitch induced by a gentle mechanical stimulation of side effects were taken before, immediately after,
the inner ear with a blunt metal rod (diameter 1.5 and then every quarter of an hour until 6 h after
mm). The response of the animal was scored from 0 treatment.
(normal reflex) to 3 (absence of any motor response).
Scores 1 and 2 indicate that the reflex was slightly or 2.3.4. Data analysis
markedly attenuated, respectively. The cornea reflex At each experimental condition, the test results
was examined by stimulation of the eye by a gentle of the four or five rats were collected. Data are
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expressed as median (minimum–maximum) (Figs. after and at 6 and 24 h after the electrical treatments
1–4). of the pharmacodynamic study (Table 4). Score 0

For further analysis, TWR latencies were con- was no redness, score 1 was perceptible redness,
verted to percentage of maximal possible effect (% score 2 redness, score 3 high redness, and score 4
MPE) according to the formula: high redness with extension.

postdrug latency 2 predrug latency
]]]]]]]]]]]% MPE 5 .
cut 2 off time (10 s) 2 predrug latency

3. Results
The area under the effect curve (AUEC) from 0 to

2 h was calculated by accumulating % MPE mea- 3.1. Pharmacodynamic study
sured at the discrete time intervals by using the
trapezoidal rule and expressed as percentage of Fentanyl was delivered by skin electroporation
maximal possible AUEC i.e. AUEC for % MPE using 15 pulses of 100 V — 500 ms, or 15 pulses of
equals 100 from 0 to 2 h (Table 1). 250 V — 200 ms, or 60 pulses of 500 V — 1.3 ms.

Differences in measurements between experimen- Because significant voltage drop occurred within
tal conditions were evaluated using the Mann-Whit- solution soaking the foam, transdermal voltages were
ney U-test (P,0.05). only a fraction of voltages applied across the elec-

trodes, this fraction depending on the relative resist-
2.4. Pharmacokinetic study ance of the solution and skin. Skin resistance de-

creased by up to three orders of magnitude during a
In another set of experiments, fentanyl plasma pulse, the greater the voltage the higher the resist-

concentrations were measured after transdermal de- ance drop [16]. Application of 100, 250 and 500 V
livery of fentanyl by the 15 pulses of 100 V — 500 across the electrodes then corresponded to 35, 45 and
ms or by the 15 pulses of 250 V — 200 ms. Plasma 30 V applied across the skin, 300, 150 and 30 V skin

2samples were taken on anticoagulant (ethyl- resistance and to 0.04, 0.1 and 0.3 A/cm peak
enediaminetetraacetate; Sigma Chemical Co., St. current densities, respectively.
Louis, MO) by tail incision immediately (within 1 While the 100 and 250 V protocols are typical
min) after the electroporation treatment (time 5 min of our previous in vitro studies [14,19–21], the 60
after the electroporation started), and at 15 min, 35 500 V pulses are typical of protocols used by others
min, 1 h, 1.5 h, 2 h, 3 h, 4 h, and 6 h after the [13,16,26,27]. Because during pulsing, electropho-
beginning of the electroporation treatment. Plasma resis has been shown to be the main mechanism of
samples were stored at 2208C until analyzed. Fen- molecular transport, fentanyl percutaneous penetra-
tanyl plasma concentrations were determined without tion by high-voltage pulses is expected to depend on
extraction by radioimmunoassay (RIA) (Janssen the total charge transferred by the pulses [13,14,21].
Biotech, Beerse, Belgium) [7]. The limit of detection The 15 pulses of 100 V — 500 ms and the 15 pulses
and accuracy of the assay was 0.1 ng/ml and 6%, of 250 V — 200 ms transferred a similar total charge
respectively. Plasma concentrations were expressed of 0.9 C and 1.1 C, respectively; and the 60 pulses of
as mean6S.E.M. of 8–14 rats (Fig. 5, Table 3). The 500 V — 1.3 ms protocol transferred 0.06 C. A
area under the curve (AUC) was measured by the study of skin tolerance using the same electropora-
trapezoidal rule (Table 3). Fentanyl kinetics were tion protocols has been conducted, allowing to
compared by a two-way analysis of variance evaluate the correlation between transdermal drug
(ANOVA, P,0.05), peak fentanyl plasma concen- transport and skin tolerance [28].
trations (C ), times for peak plasma concentrations No increase in tail-withdrawal reaction (TWR)max

(t ) and AUC with the Student’s t-test (P,0.05). latency was observed in the ‘control’, ‘control puls-max

ing’ and ‘control diffusion’ rats nor was there an
2.5. Skin tolerance effect on the pinna and cornea reflexes and on

muscle tone (U-test P.0.05, Figs. 1–4b, Tables 1
Skin erythema was evaluated visually immediately and 2). In contrast, the 100 V/fentanyl treatment
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Fig. 1. Tail-withdrawal reaction (TWR) latency in the rat vs. time. Fig. 2. Pinna reflex vs. time after the same treatments as in Fig. 1.
(a) (x) After 15 pulses of 100 V — 500 ms, (h) 15 pulses of 250 None of the rats of the control groups had an effect on the pinna
V — 200 ms, or (s) 60 pulses of 500 V — 1.3 ms. Pulse spacing reflex then, only the data from the group control are shown ( ).
was 15 s, then pulse application lasted from time 0 to 5 or to 15
min. Foams at the cathode and anode were soaked with an acidic

effect than the 100 V/fentanyl treatment except thatsolution of fentanyl (400 mg/ml in citrate buffer 0.01 M at pH 5).
2 the TWR latency recovered to control level slightly(b) (n) After an iontophoresis of 0.5 mA/cm lasting from time 0

to 5 min, foams at the cathode and anode were soaked with an later: at time 1.75 h instead of 1.5 h (1.75 h, U-test
acidic solution of fentanyl (400 mg/ml in citrate buffer 0.01 M at P.0.05, Fig. 1a). However globally, % AUEC were
pH 5). (,) After a subcutaneous injection of fentanyl (4 mg/100

equivalent (U-test P.0.05 100 V vs. 250 V, Tableg) was performed at time 0. ( ) After holding the rat in the
1a), and the duration of mild (TWR latency .5.00 s)restraining cage from time 0 to 5 min, foams being soaked with
and deep (TWR latency $10.00 s) analgesia werethe drug-free citrate buffer (control). (1) Same as control but

with the application of the strongest pulses i.e. 15 pulses of 250 V not significantly different (U-test P.0.05 100 V vs.
— 200 ms (control pulsing). (X) Same as control but instead 250 V, Table 1b). The 500 V/fentanyl treatment did
foams being soaked with the drug solution and from time 0 to 15

not induce any increase of TWR latency (U-testmin (control diffusion). Results are presented as median of four or
P.0.05, Fig. 1a, Table 1).five values.

A significant blockade of the pinna and cornea
reflexes were measured for the 100 V and 250

resulted already at the end of its application in an V/fentanyl treatments (U-test P,0.05 vs. control,
increased TWR latency (time 5 min, U-test P,0.05, Fig. 2 and Fig. 3a, Table 2). Significant muscle
Fig. 1a). The antinociceptive effect remained high up rigidity was observed only with the 250 V pulses
to 1.25 h after the beginning of the treatment, (Fig. 4a, Table 2). None of the 500 V/fentanyl-
afterwards it declined to the control level (time 1.5 h, treated rats showed an alteration of the pinna or
U-test P.0.05, Fig. 1a). The 250 V/fentanyl treat- cornea reflexes, or of muscle tone (Fig. 2, Fig. 3 and
ment did not result in a faster or stronger analgesic Fig. 4a, Table 2).
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Fig. 3. Cornea reflex vs. time after the same treatments as in Fig. Fig. 4. Skeletal muscle tone vs. time after the same treatments as
1. None of the rats of the control groups had an effect on the in Fig. 1. None of the rats of the control groups had an effect on
cornea reflex then, only the data from the group control are shown muscle tone then, only the data from the group control are shown
( ). ( ).

For comparison, fentanyl was also delivered to the by skin electroporation and fentanyl delivery by the
rat by iontophoresis. An iontophoresis of 0.5 mA/ parenteral route, fentanyl was subcutaneously in-

2cm was applied for 5 min. This intensity was jected (4 mg/100 g). Five min after the injection, the
chosen as being the maximum iontophoretic current TWR latency was not significantly increased (P.

clinically tolerated by patients, the 5-min duration 0.05, Fig. 1b). Fifteen min after the injection, it was
because it provided the same duration of treatment as increased to the maximum level of 10.00 s (U-test
the 100 and 250 V electroporation treatments. This P,0.05, Fig. 1b, Table 1b). It remained high during
protocol transferred a total charge of 0.45 C. The 30 min and afterwards declined to the control level
TWR latency increased significantly only briefly at (time 1 h, U-test P.0.05, Fig. 1b). Significant
one discrete time point: 30 min after the beginning of blockade of the pinna and cornea reflexes lasted for
the iontophoresis, 40% of the maximal possible about 25 min (Fig. 2 and Fig. 3b, Table 2). No
analgesic effect was achieved (U-test P,0.05, Fig. significant induction of muscle rigidity was observed
1b, Table 1a) however, overall the increase in % at this dose (Fig. 4b, Table 2).
AUEC was not significant (U-test P.0.05, Table
1a). No significant increase was observed in the 3.2. Pharmacokinetic study
scores of the pinna and cornea reflexes nor on
muscle rigidity (Fig. 2, Fig. 3 and Fig. 4b, Table 2). High fentanyl plasma levels were obtained after

In order to compare fentanyl transdermal delivery fentanyl delivery using the 15 pulses of 100 V —
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Table 1
Comparison between the treatments in terms of (a) onset time of significant analgesia and corresponding % MPE and, AUC of % MPE vs.
time (0–2 h) expressed as % of maximum possible AUC, and (b) duration of TWR latency .5.0 s or $10.0 s

Treatment Onset AUC % MPE 0–2 h

Time (min) % MPE (%)

(a)
153(100 V — 500 ms) 5 47 (8–100) 51 (46–72)*
153(250 V — 200 ms) 5 100 (36–100) 80 (50–95)*
603(500 V — 1.3 ms) No effect 9 (1–14)

2Iontophoresis 0.5 mA/cm — 5 min 30 40 (33–52) 18 (5–20)
Subcutaneous injection 4 mg/100 g 15 100 (84–100) 53 (32–71)
Controls No effect 9 (27–25)

Treatment Duration (min) of TWR latency

.5.00 s $10.00 s

(b)
153(100 V — 500 ms) 70 (10–75)* 0 (0–55)
153(250 V — 200 ms) 85 (15–115)* 70 (15–100)*
603(500 V — 1.3 ms) 0 (0–0) 0 (0–0)

2Iontophoresis 0.5 mA/cm — 5 min 0 (0–15) 0 (0–0)
Subcutaneous injection 4 mg/100 g 50 (15–75)* 30 (0–55)*
Controls 0 (0–0) 0 (0–0)

Results are presented as median (min–max) of 4–5 values. *P,0.05 vs. control.

500 ms or 15 pulses of 250 V — 200 ms (Fig. 5). different from those following the 100 V pulses
Directly after the 100 and 250 V/fentanyl treatment (ANOVA P.0.05, Fig. 5). Pharmacokinetic vari-
(time 5 min), plasma concentrations reached 1262 ables were equivalent as well (Table 3).
and 1464 ng/ml, respectively (t-test P.0.05 100 V
vs. 250 V, Fig. 5). Fentanyl plasma concentrations 3.3. Skin tolerance
still further increased to reach a peak approximately
half an hour after the treatment. Then, plasma The electric treatments used in this study did not
concentrations slowly decreased. The fentanyl kinet- generally cause visible skin damages. A slight
ics following the 250 V pulses were not statistically erythema was always observed immediately after

Table 2
Comparison between the treatments in terms of duration of significant blockade of the pinna or cornea reflexes, or of significant muscle
rigidity

Treatment Duration (min) of

significant blockade of significant induction of

pinna cornea reflex muscle rigidity

153(100 V — 500 ms) 10 (0–40)* 25 (10–40)* 0 (0–10)
153(250 V — 200 ms) 55 (25–115)* 70 (25–115)* 13 (10–15)*
603(500 V — 1.3 ms) 0 (0–0) 0 (0–0) 0 (0–0)

2Iontophoresis 0.5 mA/cm — 5 min 0 (0–0) 0 (0–0) 0 (0–0)
Subcutaneous injection 4 mg/100 g 28 (15–55)* 23 (15–30)* 0 (0–0)
Controls 0 (0–0) 0 (0–0) 0 (0–0)

Results are presented as median (min–max) of 4–5 values. *P,0.05 vs. control.
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treatment due to skin pinching by the clip (Table 4).
While, the 250 V pulses seemed to slightly increase
this redness, the 100 V and 500 V pulses and the
iontophoresis did not seem to induce erythema by
themselves (Table 4). No oedema, nor burn was
observed [28].

4. Discussion

This study provides the first in vivo demonstration
that skin electroporation may enhance the transder-
mal transport of a drug at therapeutic rates. Skin
electroporation was shown to rapidly induce signifi-
cant fentanyl plasma levels which were associated to

Fig. 5. Mean fentanyl plasma concentrations (6S.E.M.) vs. time strong analgesic effects: high-voltage pulses rapidly
after 15 pulses of 100 V — 500 ms (x) or, 15 pulses of 250 V —

brought down the remarkable barrier function of the200 ms (h). Pulse spacing was 15 s then, pulse application lasted
skin and fentanyl rapidly entered the systemic circu-from time 0 to 5 min. Foams at the cathode and anode were
lation. The onset of action was reduced to a fewsoaked with an acidic solution of fentanyl (400 mg/ml in citrate

buffer 0.01 M at pH 5) (n58–14). minutes, i.e. as fast as that obtained with a subcuta-
neous injection (Fig. 1, Table 1a).

Pharmacokinetic analysis and pharmacodynamic
Table 3 observations following pulsing were consistent since
Pharmacokinetic variables after fentanyl delivery by skin elec- fentanyl plasma concentrations, and nociceptive and
troporation with 15 pulses of 100 V — 500 ms or 15 pulses of 250

supraspinal scores showed a similar time profileV — 200 ms
(Figs. 1–5). The supraspinal side effects were al-

Variable 100 V pulses 250 V pulses ways of shorter duration than the analgesia, in
C (ng/ml) 3166 3466max agreement with previous results (Table 1b and Table
t (min) 3566 4869max 2) [23]. Both plasma concentrations and pharmaco-21AUC (ng.ml .h) 66614 706160–6 h dynamic effects of fentanyl increased rapidly. One
Foams at the cathode and anode were soaked with an acidic third of the observed maximum fentanyl plasma
solution of fentanyl (400 mg/ml in citrate buffer 0.01 M at pH 5). concentration was already reached at the end of the
Data are mean6S.E.M., n58–14.

100 V or 250 V pulsing, the concentration peak

Table 4
Comparison between the treatments in terms of induced skin erythema: directly, 1, 6 and 24 h after treatment

Treatment Skin redness

Directly 1 h 6 h 24 h

153(100 V — 500 ms) 2 (2–3) 0 (0–1) 0 (0–1) 1 (0–2)
153(250 V — 200 ms) 2 (1–3) 1 (0–2) 1 (0–2) 1 (0–2)
603(500 V — 1.3 ms) 2 (0–3) 0 (0–0) 0 (0–1) 0 (0–0)

2Iontophoresis 0.5 mA/cm — 5 min 2 (0–3) 0 (0–0) 0 (0–0) 0 (0–1)
Control 1 (0–2) 0 (0–0) 0 (0–0) 0 (0–0)
Control diffusion 1 (0–2) 0 (0–0) 0 (0–0) 0 (0–0)
Control pulsing 2 (2–3) 1 (0–2) 1 (0–2) 2 (1–2)

Results are presented as median (min–max) of 4 or 5 values. 0 is no redness, 1 perceptible redness, 2 redness, 3 high redness and, 4 high
redness with extension.
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occurring around 30 min after pulsing. Although two-fold lower than those obtained with the 100 and
pulsing treatments lasted for only 5 min, fentanyl 250 V pulsing (0.2 C/min). However, longer ion-
plasma concentrations increased for about 30 min tophoretic application could strongly enhance fen-
suggesting that pulsing loaded the skin and/or tanyl transport [7,9]. When compared to passive
underlying tissues with fentanyl which progressively transdermal transport, both skin electroporation and
diffused to the systemic circulation thereafter. In iontophoresis are reported to enhance, expedite and
agreement with the pharmacokinetic data, immedi- control fentanyl delivery [7–9,20]. Nevertheless,
ately after pulse application, a respectively mild (100 skin electroporation could have the advantage of still
V — 500 ms) and deep (250 V — 200 ms) analgesia shorter onset of action and shorter electrical treat-
were induced. The antinociceptive effect lasted for ment over iontophoresis (Table 1a). Moreover, en-
about an hour and then quickly disappeared. hanced iontophoretic delivery by the prior applica-

Our previous studies performed in vitro with tion of a high-voltage pulse has already been re-
hairless rat skin demonstrated that (1) high-voltage ported in vitro [15].
pulses strongly enhanced transdermal transport of In man, analgesia and respiratory depression dur-
fentanyl, (2) the control of the quantity of drug ing surgery are associated with fentanyl plasma
delivered can be achieved by the choice of the concentrations of 2–5 ng/ml. Post-operative analge-
voltage, duration and number of pulses [20]. The sia is effectively obtained with plasma concentrations
present in vivo study confirms these results: (1) skin ranging from 0.3 and 0.7 ng/ml [30]. The plasma
electroporation of fentanyl induced significant fen- concentrations obtained in the present study were
tanyl plasma levels associated to dramatic an- greater than those usually expected in human
tinociceptive effects, (2) the 15 pulses of 250 V — therapy. However, plasma concentrations in patients
200 ms induced fentanyl pharmacodynamic effects would be likely to be lower and stay elevated longer
slightly stronger than the 15 pulses of 100 V — 500 than those in the rats under similar experimental
ms, while the 60 pulses of 500 V — 1.3 ms failed to conditions because of different pharmacokinetic pa-
induce analgesia. Because the 250 V pulses trans- rameters: larger human vs. rat distribution volume
ferred a slightly larger total charge (1.1 C) than the (V 5180 vs. 1 l), longer human vs. rat distributiond

100 V pulses (0.9 C), the slightly stronger fentanyl in half-life (t 520 vs. 8 min), longer human vs. rat1 / 2a

vivo effects are consistent [13,14,21]. In comparison, elimination half-life (t 5230 vs. 45 min) [30–32].1 / 2b

the 500 V pulses transferred a 17-fold smaller charge In human therapy, the main benefits of skin
(0.06 C), and no fentanyl in vivo effects were electroporation of fentanyl would appear both in
observed indicating no or weak transdermal fluxes. chronic and acute pain management. In chronic pain
Pulsing with 115–270 V transdermal voltage and 1.1 management, skin electroporation could provide (1)
ms pulse duration at 1 pulse /min for 1 h was a dramatic reduction in lag time as compared to
nevertheless reported to allow molecular flux through classical patches allowing a more rapid control of
human epidermis in vitro to reach a steady-state pain [3], (2) if the patch is maintained, a continuous
within minutes [16,29]. Although fentanyl transport delivery through sustained electropermeabilized skin
due to the short 500 V pulses was not pharmacologi- [21], (3) a modulation of the amount of drug
cally relevant in our in vivo study, significant released by controlling the voltage, duration and
passage might occur with increasing the pulse num- number of pulses [20], (4) a pulsed release of drug
ber and rate, drug concentration and/or skin surface according to patient demand [29]. In acute pain
area [19]. management, skin electroporation of fentanyl could

As compared to the 100 or 250 V skin electropora- offer advantages over the other delivery methods. (1)
2tion, the 0.5 mA/cm — 5 min iontophoresis of Skin electroporation could eliminate the discomfort

fentanyl performed here had very brief and weak and the risk of infection associated with the in-
pharmacodynamic effects, and a longer onset of jections, (2) when compared to oral delivery, skin
action (30 min). Although the maximum current electroporation avoids the first pass gastrointestinal

2density tolerated by patients, i.e. 0.5 mA/cm , was and hepatic metabolism and expedites the onset of
chosen, the time-averaged current (0.1 C/min) was analgesia [10], (3) it could adequately replace oral
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transmucosal fentanyl when oral intake is not toler- catholique de Louvain and the Fonds National de la
Recherche Scientifique (FNRS, Belgium). Prof. V.ated (e.g. post-operative or cancer patients) [10,11].

´Preat is Senior Research Associate, FNRS (Bel-Except for a mild erythema in some cases, the
gium).electric pulses used in this study did not cause visible

skin damages (Table 4). This agrees with more
comprehensive investigations of skin after high-volt-
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