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Purposes. (1) To evauate the feasibility of transdermal delivery of
macromolecules by skin electroporation. (2) To assess the influence
of the molecular weight of the permeant on transport and examine
whether there exists a “cut-off” value of molecular weight. (3) To
localize the transport pathways of the macromolecules in the skin.
Methods. FITC-dextran (FD) of increasing molecular weight (4.4, 12
and 38 kDa) were used as model macromolecules to study the extent
of transport across hairless rats skin in vitro and to localize their
distribution in the skin by confocal scanning laser microscopy.
Results. Electroporation enhanced the transport of the macromol ecules
as compared to passive diffusion. The transdermal delivery by skin
electroporation of FITC and FD 4.4 was equivaent whereas transport
of higher molecular weight FD was lower but significant. FITC and FD
38 were observed in the epidermis both around and in the keratinocytes.
Conclusions. Transdermal and topical delivery of macromolecules of
at least 40 kDa can be achieved by skin electroporation.

KEY WORDS: electroporation; transdermal drug delivery; macro-
molecules; FITC-dextrans, topical drug delivery.

INTRODUCTION

While biotechnology produced macromolecules such as
proteins or nucleic acids show great therapeutic promise, their
delivery can be a significant impediment. They generaly have
low oral bioavailability, and often have short biological half-
times. For chronic diseases, new methods of delivery should
be developed to address these problems.

Transdermal drug delivery is an useful aternative to con-
ventional routes of administration such as oral or injectable
routes. It avoids degradation in the gastrointestinal tract and first
pass hepatic metabolism. Transdermal administration allows
steady or time varying controlled delivery and improves patient
compliance. However, very few drugs can be administered
transdermally due to the low permeability of the skin. For
charged or polar molecules and for macromolecules, delivery
of therapeutic quantities across the skin is difficult. Chemical
and physical approaches to increase transdermal transport have
been explored to enhance skin permeability and expand the
range of drugs which can be delivered transdermally (1-3).

Recently, the intermittent application of short (e.g., msec)
high voltage (e.g., 100 to 1000 V) pulses, i.e., electroporation,
has been shown to increase the transport of molecules across
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skin by several orders of magnitude (4-5). Although the molec-
ular mechanism by which electric fields interact with lipid
bilayersisstill incompletely understood, it isgenerally accepted
that the application of an el ectric pulse createstransient aqueous
pathways within the lipid bilayers including the stratum cor-
neum (4-6). Skin electroporation has been shown to be an
effective method for delivering transdermally dyes (calcein,
sulforhodamin), drugs (metoprolol, fentanyl, LHRH) and mac-
romolecules (heparin, oligonucleotides) through the skin
(4,5,7-11). Furthermore, electroporation also alows control on
the transdermal flux (4,5,7,11).

Transdermal delivery of peptides (<6 kDa) can be
enhanced by skin electroporation (8). Transdermal transport of
heparin (12 kDa) was increased in vitro by skin electroporation
to potential therapeutic rates (9). Transdermal and topical deliv-
ery of oligonucleotides (5 kDa) can also be enhanced by skin
electroporation (10-12). Moreover, high voltage pulses are
known to transport macromolecules across cell membrane.
Electroporation (also called electropermeabilisation) is a very
efficient method for DNA transfection. Besides its extensive
usefor DNA transfectionin cellsin culture, in vivo electropora-
tioninthe presence of DNA plasmid caninduce gene expression
in severa organs (13).

If macromolecules delivery by high voltage pulses has
been reported, the influence of the molecular weight on delivery
by skin electroporation has never been systematically investi-
gated. The aims of this study were: 1) to evaluate the feasibility
of transdermal delivery of macromolecules by skin electropora-
tion, 2) to assess the influence of the molecular weight of the
permeant, and examine whether there exists a “ cut-off” value
of molecular weight for drug delivery by electroporation, 3) to
localize the transport pathways of the macromolecules in the
skin. A series of FITC-dextran of increasing molecular weight
(4.4 kDa, 12 kDa and 38 kDa) (FD 4.4, FD 12 and FD 38)
were used as model macromolecules because these fluorescent
permeants allow both the quantification of transdermal transport
by fluorescence spectroscopy and the localisation in the skin
by fluorescence microscopy.

MATERIALS AND METHODS

Chemicals

Fluorescein isothiocyanate (FITC) (isomer |; MW 389,4)
and Fluorescein isothiocyanate-dextran (FD) with average
molecular weights of 4400 (FD 4.4), 12000 (FD 12) and 38260
(FD 38) respectively were bought from Sigma Chemical Com-
pany (Saint-Louis, MO, USA). The FITC labelling ranged from
0,011 to 0,05 mole FITC/mol glucose. The salts used to prepare
the buffers (for analysis) were obtained from UCB (Drogenbos,
Belgium). Glucose (analytical grade) was bought from Merck-
Belgado (Overijse, Belgium). Ultrapure water was used to pre-
pare al agueous solutions.

In Vitro Model of Permeant Transport

The experimental protocol for transdermal delivery has
been described previously. Vertical diffusion cells made of two
compartments separated by a freshly excised abdominal skin
of 2—3 month-old hairless male rat (mutant lops rat hairless;
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Iffa Credo, St Germain les Arbreles, France) (3 cm?) were
used. The donor compartment (1,5 ml) contained the permeant
solution (FITC (250 wM) or FD (250 wM)) in HEPES buffer
(0,04 M) at pH 7. Thereceiver solution (7,5 ml) wasaphosphate
buffer pH 7,4 (0,024 M) made isotonic with glucose. The
receiver was thermoregulated at 37°C and continuously stirred
magnetically. Pt electrodes (1 cm?) were used, the cathode being
placed in the donor compartment and the anode in the receiver
compartment. The interelectrode distance was 1 cm (5,7).

Electroporation

The electrodes were connected to Easyject Plus (Equibio
Ltd., Kent, England), or PulseAgile Model PA-4000 (CytoPulse
Sciences, Columbia, USA), equipmentsused for el ectroporating
bacterial and other cell membranes.

Easyject Plusdeliversexponentially decaying (ED) capaci-
tive discharge pulses. The pulse time constant is the length of
time between the beginning of the pulse (maximum voltage)
and the time when the voltage reaches 37% of its maximal
value. Thispulselengthismeasured by Easyject Plus. It depends
on the electrical circuit resistance (composed of the shunt resis-
tance of Easyject Plus and of the apparent resistance of the
diffusion chamber) and the capacity of the electroporation appa-
ratus: pulse time = resistance X capacity. 10 pulses of 150 V
were generated with a 2310 () resistance and a 450 p.F capacity
to get a pulse time constant of approx 150 msec. The pulses
were separated by 30 sec (5,7,11).

Pulse Agile produces square wave (SW) pulses. To transfer
the same amount of charges, 891 pulses of 150 V with a pulse
time 1.68 msec separated by 0.125 sec were used (SW S). We
have also used 10 pulses of 150 V, with a pulse time 150 msec
separated by 30 sec (SW L). Pulse voltage, pulse time and
current were controlled with an oscilloscope (Hewlett Packard
54602B, USA) placed in parallel. The amount of charges trans-
fered and energy applied were calculated as previously
described (7,11,14). The transdermal voltages were approxi-
mately 30% of the applied voltage.

M easurement of the Extent of Transport

After skin electroporation, samples (0,4 ml) were taken
from the receiver compartment at regular intervals for 6 h and
were replaced with an equal volume of the receiver solution
(5,7). The fluorescence in each sample was measured by lumi-
nescence spectrometer (Perkin Elmer Ltd. LS50B, Bea-
consfield, Buckinghamshire, England). The ratio of the
cumulative quantities detected in the receptor compartment to
the membrane area was plotted as a function of time. The flux
was calculated by linear regression. Even though it was very
low, the “quenching” phenomenon or the fluorescence extinc-
tion of the different molecules was taken in account during the
6 h of the experiment.

Localisation of FITC or FD in the Skin

Sandard Fluorescence Microscopy

To determine the permeation of the macromolecules into
the skin after el ectroporation, the skin sampleswere snap frozen
in isopentane cooled by liquid nitrogen and kept at —80°C

before sectioning. Cryostat sections, 20 wm thick, were per-
formed perpendicular to the skin surface with a Jung Cryostat.
Sections were mounted without fixation with glycerol:water
(9:1) with 0.002% 33258 Hoechst (W/V) for cell staining. The
cross sections were viewed and photographed with a Leitz
Orthoplan microscope equipped with Orthomat for micropho-
tography. Sectionswere photographed using two different filters
(Nexe = 450490 nm or 340-380 nm), to visualize FITC or
Hoechst 33258, respectively. All photographs were taken with
10X or 25X objectives and exposure time of 30-90 sec (12).

Confocal Laser Scanning Microscopy (CLSM)

CLSM was chosen to localize FITC and FD in the epider-
mal cells as this technique alows localisation of fluorescent
molecules without shrinkage or distortion of the living tissue
(15,16). The skin samples were directly placed in a sample
holder (epidermis upwards) and covered with a coverdlip glass.
The confocal microscope used was a BioRad MRC 1024 confo-
cal unit equipped with an argon-krypton laser and mounted on
a Zeis Axiovert 13SM inverted microscope. The FITC and FD
were detected using a BioRad filter block, which selects the
488 nm laser line to illuminate the specimen, and transmits
emitted light with a wave length in the range 522-535 nm.
Images were acquired with a Zeiss Plan-Neofluor 40X oil
immersion lens. Optical sectioning was performed parallel to
the skin surface (xy planar optical section), at different focal
planes (Z = —2.5to —55 pum), the z axis being perpendicular
to the plane of the skin surface. The skin surface (Z = 0 um)
is defined by the user as the brightest fluorescence image with
a morphology characteristic of the stratum corneum surface.
All images were the average of 3—7 scans, and were obtained
with the same optical aperture, filter block, lens, block level
and scan speed. Different laser intensities were used as function
of the emission intensity (12).

To investigate the autofluorescence properties of the skin,
samples were first investigated with the confocal microscope
in the absence of FITC. The autofluorescence of rat skin was
found to be very low with the confocal settings used in this
study (data not shown).

Stability of the Permeants

To determine whether electrolytic or metabolic degrada-
tion of the FITC labelled dextrans occurred, size exclusion
gel chromatography with a Sephadex G25 column (Pharmacia,
Brussels, Belgium) was used to analyse the FD solutions 1)
before and after exposure to high voltage pulses, 2) after a 6
hours contact with the skin both in the donor and receptor
compartment. 30 fraction of 0.4 ml were collected. The fluores-
cence in the collected fraction was measured as previously
described.

Statistical Analysis

The results are expressed as mean = the standard error
of the mean (sem, n = 3 to 4). The cumulative quantities
detected in the receiver compartment to the membrane area
were compared by one way analysis of variance (Anova). The
fluxes were compared by the student t-test (* p < 0.05 or **
p < 0.01).
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Molecules Flux
(pmol/cm*/h)
FITC 95,86 + 4,94
FD 4,4 108,25 + 16,68
FD 12 18,30 £ 3,39
FD 38 20,52 £ 0,63

time (h)

Fig. 1. Cumulative quantities and fluxes of FITC, FD 4,4, FD 12 and FD 38 detected in
the receptor compartment as afunction of time, after exponentially decaying electroporation
(10 * 150V —-150 msec). donor solution: 250 wM.

RESULTS

Influence of the Molecular Weight on Transport

To evaluate the influence of the molecular weight on the
transdermal delivery by skin electroporation, the transport
across skin of FITC and FITC-dextran of increasing molecular
weight (FD 4.4; FD 12 and FD 38) was quantified.

The transdermal transport of FITC or FD by passive diffu-
sion was below the limit of detection (10712 M) whereas FITC
and FD were detected in the receptor compartment after skin
electroporation, confirming that electroporation enhances sig-
nificantly transdermal delivery. Asshownin Fig. 1, the cumula-
tive amount of FITC and FD 4.4 delivered into the receptor
solution were equivaent (p > 0.05) whereas the extent of
transport of higher molecular weight FD was lower (p < 0.01).
The fluxes were one order of magnitude lower for the FD 12
and FD 38 than FITC and FD 4.4. A “cut-off” limit was not
reached since significant transport occurred. These data show
that transdermal delivery of macromolecules of at least 40 kDa
can be achieved by skin electroporation.

As previously reported, macromolecules such as heparin
or dextran can enhance electroporation-assisted delivery
(9,17,18). It has been hypothesized that these molecules could
be entrapped in the aqueous pathways created by electroporation
therefore inducing a sustained increase in skin permeability
(18). Hence, as for heparin (9), elevated FD transport could
occur after pulsing, explaining why a significant transport of
FD 12 and FD 38 was observed. To check this hypothesis, we
compared the transdermal transport of FITC in the presence or
absence of dextran (MW 12 kDa). The data shown in Fig. 2
demonstrate that the macromolecule dextran enhances FITC
transport.

Influence of the Pulse Form on the Extent of Transport

Both exponentially decaying pulses (ED) and square wave
pulses (SW) have been used for transdermal drug delivery, DNA
transfection or electrochemotherapy (4,5,13,18). Two maintype
of protocols have been used for transdermal drug delivery:
intermittent short (1 ms) high voltage pulses and a few medium
voltage pulses. Previous studies showed that long medium volt-
age ED pulses were more efficient than short high voltage ED

pulses to enhance transdermal drug delivery (14). Other studies
have compared exponentially decaying (ED) pulses and square
wave (SW) pulses applied at equal energy (7,12). Transdermal
delivery was lower for the SW pulses than for ED pulses. In
order to check if the pulse waveform influences the extent of
transport of macromolecules, transdermal delivery of FITC and
FD by ED or SW pulses were compared. As electrophoresisis
the main mechanism involved in transdermal permeation by
skin electroporation, we compared SW and ED using the same
amount of charges transferred by the electroporation protocols
tested (14).

Long square wave pulses (SW L) (10 pulses of 150 V
with a pulse time 150 msec separated by 30 sec), short square
wave (SW S) (891 pulses of 150 V with a pulse time 1,68
msec separated by 0.125 sec) and exponentially decaying (ED)
(10 pulses of 150 V with a pulse time = 150 msec separated
by 30 sec) pulses were applied. They transferred the same
amount of charges (0.63 C) and had the same voltage (150 V).

ED and SW (SW S and SW L) pulses induced the same
transport of FITC (p > 0.05) or FD 12 (p > 0.05) (Fig. 3).
These resultsdemonstrate that when the same amount of charges
is transferred by high voltage pulses, the pulse waveform does
not influence the delivery of macromolecules.

—&— FITC 0.25+dextran '|'
—N— FITC

0 7% T T T T
0 1 2 3 4 5 6
time (h)
Fig. 2. Cumulative quantities of FITC detected in the receptor com-
partment as afunction of time after exponentially decaying electropora-
tion (10 * 150V —150 msec). donor solution: FITC (250 wM) or FITC
(250 wM) + Dextran 12 kDa (250 pwM).
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FITC ED
FITC SW S T
FITC SW L

FD 12 ED
FD 12SW S
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time (h)
Fig. 3: Cumulative quantities of FITC and FD 12 after exponentially
decaying (ED), square wave short (SW S) and square wave long (SW
L) electroporation (ED = 10 * 150V —150 msec separated by 30 sec;
SW S = 891 * 150 V-1.68 msec and separated by 0.125 sec;
SW L = 10 * 150V -150 msec separated by 30 sec).

M acromolecules Localization in the Skin

To evaluate the depth of permeation of FITC and FD in
the skin, cryostat sections stained with 33258 Hoechst were
viewed at two wavelengths by standard fluorescence micros-
copy. FITC and FD 38 did not penetrate through the stratum
corneum by passive diffusion. After skin electroporation, FITC
was observed in the epidermis and in the dermis whereas for
FD 38, the fluorescence was mainly recovered in the epidermis
and lessin the dermis (data not shown). Asreported previously,
the transport of FD 38 was |localized in regions (LTRs) (12,20—
22). The transport of FITC was more homogeneous. due to its
hydrophaobicity, FITC could bind to the stratum corneum.

These results confirm that the macromolecules adminis-
tered by electroporation are less transported through the skin
than FITC. However, as reported previously for oligonucleo-
tides (MW 5kDa), the transport of the macromolecules in the
skin is feasible.

CLSM was previously used to visualize the iontophoretic
passage of fluorescent molecules (15) or to study the influence
of molecular weight on iontophoretic transport (16), as well
as to study the localized transport regions (LTRs) after skin
electroporation (12,20-21). CLSM was used to evaluate the
distribution of FITC and FD 38 at the cellular level in the viable
epidermis immediately after electroporation.

FITC was only found at the level of the stratum corneum
after passive diffusion (data not shown). Immediately after
electroporation of intact skin, FITC and FD were detected at
the level of the epidermis (large hexagonal cells) and for FITC,
up to the basal cells (small cells). FITC and FD 38 were seen
in the epidermis both around the cell membranes and in the
cells (Figs. 4 and 5). In contrast to the oligonucleotides (12),
the fluorescence was not found in the nucleus but remained in
the cytosol of the keratinocytes (Figs. 4 and 5). These results
demonstrate that high voltage pulses permeabilize both the
stratum corneum and the keratinocytes and could be used to
deliver topically macromolecules.

Stability of the Fluorescent Permeants

The electrolytic or metabolic degradation of the labelling
of dextran by FITC was controlled with a Sephadex G25 exclu-
sion column. For FITC, the fluorescence was found from the

|
Fig. 4: xy-planar LSCM sections showing the distribution of FITC in
intact skin immediately after electroporation (SW L). & Z = 27 pm.
Scale bar = 50 wm. b: Z = 36 wm. Scale bar = 50 um. c: Z = 51
pm. Scale bar = 50 pm.
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Fig. 5: xy-planar LSCM section showing the distribution of FD 38 in
intact skin immediately after electroporation (ED). & Z = 18 pm.
Scale bar = 50 um. b: Z = 24 pum. Scale bar = 50 pum.

9th fraction with a maximum of fluorescence at the 14th frac-
tion. For the other solutions of FD, the fluorescence was
detected from the 29 fraction to the 4" fraction (data not shown).
The different molecules of FD had the same elution profile
before and after electroporation as well as after prolonged con-
tact with the skin both in the donor compartment and in the
receptor compartment after crossing the skin. No FITC was
eluted demonstrating the resi stance to degradation and theinteg-
rity of the covalent linkage of FITC to FD in the experimental
conditions used.

DISCUSSION AND CONCLUSIONS

The first key issue addressed in this study was to assess
the feasibility of transdermal delivery of macromolecules by
skin electroporation. Due to the great barrier properties of the
skin, delivery of high molecular weight compounds across the
skin was not a realistic option until now (3). However, our
data show that skin electroporation could be a very promising
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dternative for non invasive delivery of macromolecules that
warrants close attention. Transdermal transport of macromole-
cules larger than those previously studied (> 12 kDa) (9-10)
demonstrates that transdermal delivery of macromolecules by
high voltageisfeasible. The reported mechanisms of molecular
transport (6) suggest that the efficiency of electroporation to
enhance macromolecules transport results from its ability to
increase skin permeability by the creation of new pathways and
to drive molecules into the skin by electrophoresis.

Therapeutic administration of macromolecules by skin
electroporation could be clinically useful. Because FD present
linear conformation, their relevance to assess the general deliv-
ery of biotechnology-produced therapeutic macromolecules
should be discussed. The molecular size and the conformation
(e.g., globular vslinear) should betaken in account and extrapo-
lation to proteins or nucleic acids should be, at least in part,
individually evaluated. The efficacy of transport which depends
on the drug physicochemical properties, the formulation and
the electrical parameters (23), the potency of the drug and safety
concerns (24—25) will be the critical issuesto address. Whether
electroporation will be more interesting than other techniques
used to enhance macromolecules delivery (e.g., liposomes or
ultrasound) remains to be investigated (3).

The second key issue addressed for the first time in this
study was the influence of the molecular weight on the extend
of transdermal transport by skin electroporation.

The effect of molecular weight on drug transport was never
systematically investigated and distinguished from influence of
chargesand lipophilicity. Previous reports suggest that transport
of macromoleculesislower than small moleculestransport (26).
However, difference in experimental conditions such as drug
physicochemical properties such as charge (e.g., high charges
of heparin (9) vs low charges of FD), log P, size, conformation
(e.g., linear conformation of FD, oligonucleotides (10) or hepa-
rin (9) vs globular conformation of lactalbumin (R. Vanbever
and J. C. Weaver; personnal communication) which is not effi-
ciently transported) as well as drug concentration applied on
skin (e.g., the elevated concentration of heparin (9) may partly
explain the potentially therapeutic transdermal flux achieved
vs the low concentration of cyclosporin A (27) which was not
delivered at therapeutic rates) did not alow to draw clear-cut
conclusions. Our results indicate that increasing the molecular
weight decreased the permeant delivery. In contrast to ionto-
phoresis(16), amolecular weight “cut off” could not be deduced
from these data.

Hence, transdermal delivery of macromolecules of at least
40 kDacan be achieved by skin electroporation. With the devel -
opment of new biotechnology produced proteins and nucleic
acids, transdermal delivery could be a promising aternative to
avoid parenteral administration. The main limiting factor for
the pharmaceutical devel opment of therapeutic macromolecules
delivery by high voltage pulses will be the bioavailability of
the molecules: too low biocavailability could exclude the use of
this non invasive approach of macromolecules delivery, e.g.,
in our non-optimized standard conditions less than 1% of FD
38 reached the receptor compartment.

The localization of the fluorescent permeants showed that
electroporation allows a penetration of FD 38 in the epidermis
both around the keratinocytes and in their cytosol, confirming
(12) that high voltage pulses permeabilize both the stratum
corneum and the keratinocytes. Whereas FITC stained all the
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surface of the skin, the transport of FD 38 was localized in
“localized transport regions’ as reported previously (21,22).
Theresults show that in addition to transdermal delivery, topical
delivery of macromolecules by electroporation could aso be
enhanced. Besides oligonucleotides (12) or FD 38, molecules
as large as plasmids can be delivered in the keratinocytes open-
ing new possibilities for the therapeutic delivery of proteins,
antigens or nucleic acids in the skin.

In conclusion, this study isthefirst to assess systematically
the influence of the molecular weight of the permeant on trans-
dermal and topical transport by skin el ectroporation. Electropor-
ation enhanced the transport of macromolecules:passively, the
penetration of FD was negligible whereas asignificant transport
and an intracellular penetration of FD were detected after high
voltage pulse application. Transport depended upon molecular
weight: the higher the molecular weight, the lower the transport.
The absence of a 40 kDa “cut-off” and the delivery of the
macromolecule of at least 40 kDa suggest that electroporation
could be wuseful for therapeutic delivery of large
macromolecules.
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