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Abstract

The techniques of iontophoresis and electroporation can be used to enhance topical and transdermal drug delivery.
Iontophoresis applies a small low voltage (typically 10 V or less) continuous constant current (typically 0.5 mA/cm?
or less) to push a charged drug into skin or other tissue. In contrast, electroporation applies a high voltage (typically,
> 100 V) pulse for a very short (us-ms) duration to permeabilize the skin. This electric assistance of drug delivery
across skin will expand the scope of transdermal delivery to hydrophilic macromolecules such as the drugs of
biotechnology. These two techniques differ in several aspects such as the mode of application and pathways of
transport but can be used together for effective drug delivery. Iontophoresis is already used clinically in physical
therapy clinics and is close to commercialization for development of a systemic delivery patch with miniaturized
circuits and similar in overall size to a passive patch. The use of electroporation for drug delivery is relatively new
and is being actively researched. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Use of electricity to increase penetration of
electrically charged molecules through different
membranes of our body, a process known as
iontophoresis, is known for long time. Biomedical
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applications of iontophoresis have been around
for several decades (Chien and Banga, 1989). In
contrast, the use of electroporation for transder-
mal or topical delivery was only suggested about
5 years ago (Prausnitz et al., 1993), though elec-
troporation as a science has about 25 years of
history (Tsong, 1991). A recent text provides de-
tailed information on the use of iontophoresis and
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electroporation for electrically-assisted delivery of
drugs into or across the skin (Banga, 1998). Ion-
tophoresis utilizes a small amount of electric cur-
rent to push the drug through the skin. In
contrast, electroporation, sometimes also termed
‘electropermeabilization’ involves changes in
membranes of cells or artificial planar bilayer
membranes which occur when large transmem-
brane voltages are applied. The changes in the
membrane involve structural rearrangement and
conductance changes leading to temporary loss of
semipermeability of cell membranes suggesting
formation of pores. These changes can lead to ion
leakage, escape of metabolites, and increased up-
take by cells of drugs and DNA (Tsong, 1991;
Weaver, 1993). These two electric enhancement
techniques expand the scope of transdermal deliv-
ery to hydrophilic macromolecules (Banga and
Prausnitz, 1998) and are discussed in more details
in this review.

2. Iontophoresis

Iontophoresis uses an electrode of the same
polarity as the charge on the drug to drive ionic
(charged) drugs into the body (Green et al., 1993;
Singh and Maibach, 1994; Singh and Bhatia,
1996). The potential of this technique is recently
being rediscovered for transdermal systemic deliv-
ery of ionic drugs including peptides and oligonu-
cleotides which are normally difficult to
administer except by parenteral route. The tech-
nique has been observed to enhance the transder-
mal permeation of ionic drugs several-fold, and
this can expand the horizon of transdermal con-
trolled drug delivery for systemic medication. Be-
sides the typical advantages of transdermal
delivery, iontophoresis presents a unique opportu-
nity to provide programmable drug delivery. This
is because the drug is delivered in proportion to
the current, which can be readily adjusted. Such
dependance on current may also make drug ab-
sorption via iontophoresis less dependent on bio-
logical variables, unlike most other drug delivery
systems. Also, patient compliance can be im-
proved by including electronic means to remind
patients to replace the dose when required. The

dose can also be titrated for individual patients by
adjusting the current. Iontophoretic devices for
systemic delivery are currently under development
and they are predicted to be on the market prior
to the year 2000 (Green, 1996b). The size of the
dosage will be the size of a traditional ‘transder-
mal patch’, with miniaturized circuitry and button
cells. Prototypes have been developed and may be
of the disposable or reusable type. In reusable
systems, the drug may be contained in a hydrogel
pad, which can be replaced as required. For dis-
posable systems, perhaps the microprocessor can
be removed and transferred to another patch, to
keep costs low. Commercial development of this
technology is discussed later in this review.

3. Electroporation

Electroporation involves the application of a
high voltage pulse for a very short duration and
could work alone or in conjunction with ion-
tophoresis. Electroporation is best known as a
physical transfection method in which cells are
exposed to a brief electrical pulse, thereby open-
ing pores in the cell membrane, allowing DNA or
other macromolecules to enter the cell (Treco and
Selden, 1995; Weaver, 1995). The technique of
electroporation is normally used on the unilamel-
lar phospholipid bilayers of cell membranes.
However, it has been demonstrated that electro-
poration of skin is feasible, even though the stra-
tum corneum contains multilamellar, intercellular
lipid bilayers with few phospholipids and no liv-
ing cells (Prausnitz et al., 1993). The electrical
behavior of human epidermal membrane as a
function of the magnitude and duration of ap-
plied voltage closely parallels the electrical break-
down/recovery of bilayer membranes seen during
electroporation (Inada et al., 1994). The approxi-
mately 100 multilamellar bilayers of the stratum
corneum need about 100 V pulses for electropora-
tion, or about 1 V per bilayer (Weaver and Chiz-
madzhev, 1996). While iontophoresis involves the
use of relatively low transdermal voltages (<« 100
V), electroporation of skin takes place at high
transdermal voltages ( ~ 100 V or more). There is
considerable indirect evidence that high voltage
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pulses cause changes in the skin structure (Ed-
wards et al., 1995; Prausnitz, 1996b). The use
of electroporation in conjunction with ion-
tophoresis can expand the scope of transdermal
delivery to larger molecules such as therapeutic
proteins and oligonucleotides. While ion-
tophoresis acts primarily on the drug, electro-
poration acts on the skin with some driving
force on the drug during a pulse (Prausnitz et
al., 1993). It has been shown that application
of continuous low voltage resulted in a calcein
flux three orders of magnitude smaller than
pulsing at high voltage under ‘electrophoreti-
cally equivalent’ conditions, suggesting that
structural changes induced in the skin by puls-
ing contribute more significantly than the direct
electrophoretic force acting on the drug (Praus-
nitz et al., 1993). However, iontophoresis will
have secondary effects on the skin just like
electroporation would also apply direct electro-
motive force on the drug during the brief pulse
period. This may be particularly true for the
thin cell lining of the sweat ducts which might
be electroporated with low voltages as are used
in iontophoresis. Besides the model compounds
calcein, sulforhodamine, and caffeine, other
drugs which have been investigated for trans-
dermal delivery by electroporation include fen-
tanyl (Vanbever et al, 1996), metoprolol
(Vanbever et al., 1994), flurbiprofen (Cruz et
al., 1997), cyclosporin (Wang et al., 1997), hep-
arin (Prausnitz et al., 1995), oligonucleotides
(Zewert et al., 1995; Brand et al.,, 1998), and
genes (Zhang et al., 1997). Results with many
of these drugs have been less dramatic than
those seen with model compounds. While stud-
ies with model compounds have given excellent
mechanistic insights, the magnitude of flux en-
hancement observed may not happen for all
drugs; thus each drug needs to be studied as a
separate case.

4. Delivery of particulates into the skin
‘Electroincorporation’ is a technique in which

a drug encapsulated in vesicles or particles is
delivered into the skin by applying a pulse

which causes a breakdown of the stratum
corneum (Hofmann, 1995c). The technique in-
volves placing particles on the skin and then
pulsing with electrodes placed directly on top
of the particles. This creates an electric field
which breaks down the stratum corneum by a
yet unknown mechanism. Slight pressure is ap-
plied on the electrode during pulsing. Following
breakdown of the stratum corneum, dielec-
trophoresis and/or pressure is believe to drive
the particles into the skin. Pulsing can be ac-
complished by wusing a ‘meander -electrode’
made by Genetronics (San Diego, CA) which
consists of an array of interweaving electrode
fingers (anode and cathode) coated on a plastic
film backing allowing easy placement of parti-
cles on the skin and under this electrode. This
type of electrode configuration is suitable for
including in a patch or device. Electrodes
shaped like calipers are also available and have
been used to pulse the back skin of hairless
mouse. The particles do not have to be charged
for delivery. Particles of 0.2, 4.0 and 45.0 um
size were shown to be imbedded in hairless
mouse skin when pulsed with three exponential
decay pulses of amplitude 120 V and pulse
length 1.2 ms (Hofmann et al., 1995). Pres-
sured-mediated electroincorporation has also
been used to deliver Lupron Depot® (Leupro-
lide acetate) microspheres into hairless mouse
skin and into human skin xenografted on im-
munodeficient nude mice. For hairless mice, 1.1
million particles were placed on the skin to
provide 100% coverage and resulting efficiency
of delivery was 36%. For human skin graft, 4
million particles were used to provide 300%
coverage which reduced the delivery efficiency
to 4%. If the number of particles on the skin
graft is reduced to provide only monolayer cov-
erage, then delivery efficiency could possibly be
higher (Zhang et al., 1997). Similarly, gold par-
ticles have been used to enhance the transder-
mal delivery of caffeine through full thickness
human cadaver skin via pressure-mediated elec-
troincorporation. In this study, 12 exponential
decay pulses (120 V, 8 ms) were administered
using the meander electrodes (Zhang and Hof-
mann, 1997).
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5. Pathways of transport

Electroporation reversibly permeabilizes lipid
bilayers and possibly involves the creation of
aqueous pathways during the application of an
electric pulse (Fig. 1). The exact mechanism for
electroporation is not clear though the pore mech-
anism is generally believed to be the case (Tomov,
1995). Changes in the behavior of membranes
seen following electroporation such as changes in
electrical or mechanical behavior or those seen in
molecular transport are consistent with the theory
of pore formation. However, these pores have not
been visualized by any microscopic techniques,
presumably due to factors such as their small size
and transient nature. Electroporation is consid-
ered to be a non-thermal phenomena since pore
formation by membrane rearrangement occurs
much before any significant temperature rise takes
place in the pulsing medium (Weaver, 1993).

In contrast, iontophoresis is believed to primar-
ily transport drugs through preexisting pathways
(Cullander, 1992). However, it has also been
shown that changes in the barrier properties of
human epidermal membrane during low to mod-
erate voltage iontophoresis are consistent with the
induction of new pores or new pathways (Inada et
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Fig. 1. A schematic showing the pathways of topical and
transdermal delivery, including electrically assisted delivery by
iontophoresis, electroporation, or electroincorporation (repro-
duced from Banga, 1998 with permission from Taylor &
Francis).

al., 1994). It has long been known that sweat
glands play a role for transport during ion-
tophoresis. An early study showed that pore pat-
terns developed on the skin following
iontophoretic transfer of basic and acidic dyes
and metallic ions (Abramson and Gorin, 1940).
For example, thorough rubbing and washing of
the skin following the iontophoretic delivery of
methylene blue revealed a remarkable pattern of
channels traversed by the dye. The blue dots
observed on the skin were found to be the sites of
the pores of the skin which are the orifices of the
coils of sweat glands, suggesting that the dye
enters the skin via these pores. The pore patterns
persisted for several weeks in many cases. Simi-
larly, fluorescein dye has been shown to penctrate
excised human skin upon applying a current den-
sity of 0.16 mA/cm? and appeared on the dermal
surface as spots at pore sites (Burnette and Ongpi-
pattanakul, 1988). Using special electrodes, it has
been suggested that the dominant pathway for
flow of electric current through skin is through
the sweat ducts. This study used a very thin (0.15
mm diameter) wire which was thin enough to
distinguish between most pores and a very thin
(0.1 um) metal film electrode. The film electrode
was placed on the skin and was permanently
marked by the pathways of current flow so that
dots developed after some seconds at places with
sweat duct units (Grimnes, 1984). It should be
noted that the pore pathway for delivery does not
necessarily imply skin appendages only. Even with
follicular transport, it should be noted that the
final pathway is still intercellular between hair
follicles and epidermal cells (Monteiro-Riviere et
al., 1994).

It has been suggested that even low voltage
iontophoresis may electroporate the epithelial lay-
ers of the skin appendages which in turn allows
transport from appendages to epidermal cells. At
low voltages (< 30 V), the drop in resistance of
skin may be attributed to electroporation of ap-
pendageal ducts. At higher voltages (> 30 V),
electroporation of the skin itself leads to a further
drop in resistance (Chizmadzhev et al., 1998; Hui,
1998). A physical mechanism of activation of skin
appendage macropores under the influence of an
electric field has been considered theoretically and
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described in the literature (Kuzmin et al., 1996). A
direct comparison between the pathways of trans-
port during iontophoresis and electroporation has
been done recently using human cadaver skin or
shed snake skin as the latter does not have any
hair follicles. Using several fluorescent tracers,
‘localized transport regions’ were observed in
both human and shed snake skin by electropora-
tion but only in human skin by iontophoresis.
This confirms that the mechanism of transport is
different for these two electrical enhancement
techniques (Chen et al., 1998) though electropora-
tion may be happening at the level of epithelium
of appendages even during iontophoresis as dis-
cussed earlier.

6. Theoretical basis of electrotransport

Techniques for electrical enhancement of percu-
taneous absorption, in realistic terms, constitute a
rather complex area with a large number of oper-
ating variables and the results depend on the drug
candidate being studied. Many of the theoretical
equations have been derived based on experimen-
tation with simple ions such as sodium transport
studies, or with model compounds. These equa-
tions may not be applicable to many drugs, espe-
cially to drugs which bind to the skin or for
macromolecules. The situation may be further
complicated for peptide drugs which have the
potential to undergo enzymatic degradation dur-
ing transport through the skin and also undergo
other losses such as by adsorption and self-aggre-
gation. A recent publication (Chizmadzhev et al.,
1998) bridges the gap between theories of ion-
tophoresis and electroporation.

For iontophoresis, the flux (J;) of an ionic
species, i, is given as:

J,=—D;dC;/dx—z; m F C, dE/dx

where z; is the valence of the species i’, m is the
mobility of species ‘I’, F is Faradays constant and
E is the electrostatic potential, and D, is the
diffusivity. This is a fundamental relationship,
called the Nernst—Planck equation, and is widely
used to describe the membrane transport of ions
(Finkelstein and Mauro, 1977). Several more rig-

orous theoretical models have been developed for
iontophoretic delivery, which have been reviewed
and discussed for those interested in a more de-
tailed treatment (Kasting, 1992; Kontturi and
Murtomaki, 1996). A better appreciation of the
meaning of this equation may be achieved by
considering the case of a non-electrolyte, in which
the charge, z=0. In this case, the Nernst—Planck
equation is reduced to:

J= —D dC/dx

which is Fick’s first law of diffusion. On the other
hand, for an ion with an uniform concentration
throughout the system (dC;/dx = 0), the Nernst—
Planck equation becomes:

J=—z;mF C; dE/dx

which is the equation for electrophoresis. The
Nernst—Planck equation may be thus interpreted
as implying that when concentration gradient and
an electric field both exist, the ionic flux is a linear
sum of the fluxes that would arise from each
effect alone. Though the permeability of ionized
drugs through skin is low, it cannot be assumed
to be negligible and thus the potential contribu-
tion of passive flux needs to be considered. If a
voltage difference is applied across a charged
porous membrane, bulk fluid flow, or volume
flow, called electroosmosis occurs in the same
direction as flow of counterions. This flow is not
diffusion and involves a motion of the fluid with-
out concentration gradients (Pikal, 1992). Thus, a
modification to the Nernst—Planck equation is
necessary as follows:

J,= — D, dC,/dx —z; m F C, dE/dx + C, J,

where J, is the velocity of convective flow, i.e.
volume flow per unit time per unit area.

Recently, a single unifying equation has been
described based on an ionic mobility-pore model
which describes a range of determinants of ion-
tophoretic flux (Roberts et al., 1998). For electro-
poration, the steady-state, time-average, one
dimensional solute flux across the stratum
corneum has been expressed by Edwards et al.
(1995) as:

IS>=1T, "Tdt ~ K, (U*>C,
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where J is the solute flux normal to the skin
surface, 7T is the time period of any oscillatory
process, K, is the skin/donor-solution equilibrium
partition coefficient, U* the mean solute velocity
component normal to the skin surface (with (U*)
its time average), and C, the time-independent
solute concentration in the donor compartment.
The equation which characterizes an electropora-
tion pulse is discussed separately in this review.

7. In-vitro electrotransport studies

The factors affecting electrically assisted trans-
dermal drug delivery are summarized in Table 1.
Horizontal or vertical configuration diffusion cells
are typically used for in vitro transdermal electro-
transport studies. The horizontal cell set-up,
sometimes called the two-chambered cell, repre-
sents the so-called infinite dose technique, and
vertical diffusion cells represent the finite dose
technique as small amounts of drug can be placed
on the skin. A commonly used vertical cell is the
Franz cell though other cells similar in design are
also available. The placement of the return elec-
trode is usually in the receptor compartment for
both the designs and may be considered as being
‘inside’ the skin. Any actual device, on the other
hand, will place both electrodes ‘on’ the skin.
Thus, it may be preferable to design cells which
place both electrodes on the same side of the skin
to simulate the in vivo situation. The feasibility of
such a cell design was demonstrated by delivering
morphine and clonidine across full-thickness hair-
less mouse skin. It was shown that significant
lateral transport does not take place in this cell
design (Glikfeld et al., 1988). For evaluation of
commercially available iontophoresis electrodes in
clinical use, the use of a donor chamber is not
required. For such studies, a cell design has been
used which uses two pieces of skin, placing one at
either end of a central receptor compartment. The
reservoir-type electrode filled with drug can then
be placed on one side and a dispersive electrode
on the other side, and samples can be taken from
the central compartment (Bellantone et al., 1986;
Petelenz et al., 1992). This design can potentially
be used for electroporation studies as well.

In vitro release studies may also be required to
assure batch to batch uniformity of product.
These studies may not predict the in vivo delivery
and are only intended to detect any problems or
variations in the product during routine produc-
tion. For instance, crystallization of drug from
solution, its non-homogeneous distribution in
polymer matrix or electronic malfunctions are
likely to be detected by such studies. Synthetic
membranes can be used for such studies. In addi-
tion to in vitro release studies, current profiles
from the controller may be monitored by instru-
mentation such as oscilloscopes to detect any
electronic malfunctions (Green, 1996a).

The skin is a complex biological tissue and thus
permeability measurements across skin tend to
have a high variation. Furthermore, the applica-
tion of electric current can change skin permeabil-
ity, thus making delivery more unpredictable in
some cases. In order to avoid these problems,
various synthetic membranes have been tried in
iontophoresis research. However, these mem-
branes may not be predictive of what to expect
with skin precisely because skin is a complex
biological tissue and these membranes are not.
Nevertheless, these membranes could be of some
use in iontophoresis research as the electromotive
force is acting primarily and continuously on the
drug. In contrast, electroporation depends on per-
meabilizing the skin, with direct electromotive
force on the drug being of secondary importance.
Thus, the use of membranes is unlikely to be
predictive of electroporation induced skin perme-
ation. The ideal membrane should be hydropho-
bic to mimic the lipophilic skin barrier and
prevent excessive flow of water. At the same time,
the membrane should also be conductive. This
combination of characteristics is hard to find but
several membranes have been investigated (Banga,
1998). Nucleopore®™ (Nucleopore, Pleasanton, CA,
USA) is a synthetic membrane with essentially
cylindrical, aqueous filled pores (pore radius 75 A;
porosity 0.001). It has a polyvinylpyrrolidone
coated polycarbonate backbone with a net nega-
tive charge and a nominal thickness of 6 pum. It
has been used in iontophoresis research by stack-
ing 50 such membranes together to form a net
negatively charged, random pore network for dif-
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fusion with a resistance of about 1.5 kQ which is
of the same order of magnitude as skin (Sims et
al., 1991; Hoogstraate et al., 1994; Peck et al.,
1996; Li et al., 1997). The enhanced transport of
cations and anions across nucleopore porous
membranes under an applied electric field was
found to be asymmetric, possibly due to the direct
effect of the field and convective solvent flow
(Sims et al., 1991). Thus, it seems the membrane is
somewhat representative of what to expect with
skin since iontophoresis is accompanied by
electroosmosis.

Power supplies commonly used for in vitro
iontophoresis studies can typically power several
transdermal diffusion cells at one time, allowing
several triplicate experiments to run simulta-
neously. Many researchers have used custom built
power supplies and some have published the cir-
cuit diagrams required to build one (Kumar et al.,
1992; Jaw et al., 1995). A constant (D.C.) current
of 0.5 mA/cm? or less should be typically used, as
higher currents are usually not acceptable for
human studies. In constant current iontophoresis,
the voltage drop across skin adjusts to keep the
current constant using a two-electrode system. A
four-electrode system is also described in the liter-
ature and is useful to test the predictions of the
Nernst—Planck equation. In this four-electrode
potentiostat system, the voltage drop across the
skin or membrane is maintained constant and the
current flowing through the skin is monitored.
Since the enhancement due to applied electric field
is directly proportional to the voltage drop, this
system provides additional fundamental informa-
tion for investigations of factors that control ion-
tophoresis (Masada et al., 1989; Li et al., 1997).

Power supplies for electroporation are very dif-
ferent from those designed for iontophoresis.
Electroporation equipment is typically manufac-
tured for genetic manipulation of living cells, and
has been used as such or adapted for transdermal
studies. Commercially available equipment will
come with a chamber which typically is a sealable
cylinder with an electrode plate at each end. These
chambers are typically disposable, presterilized
civets with molded-in aluminum electrodes and
come in different gap sizes, depending on whether
bacteria or mammalian cells need to be electropo-

rated (Hofmann, 1995a; Jones et al., 1996). These
chambers are not required for electroporation of
tissues and will not be discussed here. In such
studies, the nominal field strength, E is related to
the applied voltage, V and the interelectrode gap,
d(E = V/d). Field strengths vary from a few hun-
dred V/em for mammalian cells to many kV/cm
for bacteria. A capacitor is connected to a power
supply to build up an electric charge and is then
discharged after isolating from its charging
source. The current and pulse length obtained
depends on the speed at which the stored energy is
released, which in turn can be controlled by using
resistors (Jones et al., 1996). The voltage output
from electroporation equipment may be in the
form of exponential decay or square wave pulses.
The exponential decay waveform represents com-
plete discharge of the capacitor into a resistor
while square wave pulse is often produced by a
partial discharge of a large capacitor. For an
exponential wave form generator, the voltage of a
capacitor C discharging into a resistor R follows
an exponential decay law:

V="Vyexp (—t/RC)

the pulse length will be characterized by the 1/e
time constant, which is the time required for the
initial voltage to decay to 1/e ~ 1/3rd of the initial
value. This time constant is a product of R and C,
where C is the capacitance of the storage capaci-
tor in the generator and R is the total resistance
into which the capacitor discharges (Hofmann,
1995a). Both waveforms have been successfully
used for electroporation of skin, though it has
been suggested that exponential decay pulses may
be somewhat more effective than square wave
pulses at the same applied energy (Vanbever et al.,
1996). However, not enough studies have been
done to unequivocally establish the superiority of
one pulse waveform over the other. The wave-
forms are determined by the principles of electri-
cal engineering used by the pulser which generally
have to be designed for one waveform only. Un-
like capacitive discharge devices, a microproces-
sor-controlled logic-driven unit can produce
reproducible DC pulse lengths independent of the
conductivity of the solutions bathing the cells
(Jones et al., 1996). Commercially available elec-
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troporation equipment has been discussed re-
cently (Banga, 1998).

8. Chemical enhancement of electrically assisted
delivery

Combined use of chemical and electrical en-
hancement may offer some additional advantages
over using each mode separately (Ganga et al.,
1996). A combination of several penetration en-
hancers with iontophoresis has been investigated
in several studies (Hager et al., 1993; Hirvonen et
al., 1993; Fang et al., 1997). The combined use of
iontophoresis and penetration enhancers may al-
low greater amounts of drug to be delivered than
either technique alone. In a study on transport of
LHRH through porcine epidermis, iontophoresis
was found to synergize with enhancers, such as
10% oleic acid in combination with ethanol and
10% oleic acid in combination with propylene
glycol. FT-IR spectroscopic study showed that the
combination of enhancer and iontophoresis in-
creased the lipid fluidity, suggesting that the syn-
ergism in enhancement could be due to the greater
fluidization of the stratum corneum lipids (Bhatia
et al., 1997b). A somewhat similar observation
was made for the in vitro transport of cholecys-
tokinin-8 through porcine epidermis. Iontophore-
sis was found to further increase the permeability
of the drug through enhancer-pretreated porcine
epidermis in comparison to the control (Bhatia et
al., 1997a).

A chemical enhancer effect for transdermal
electroporation has been shown by high voltage
pulsing in presence of macromolecules. Heparin
has been shown to alter its own transport during
electroporation (Prausnitz et al., 1995) as well as
the transport of other molecules (Vanbever et al.,
1997; Weaver et al., 1997). It has been hypothe-
sized that heparin or other linear macromolecules
(such as DNA) can enter an aqueous pathway
between corneocytes, get trapped, and keep the
pathways open. This resulted in a persistent low
post-pulse electrical resistance of the skin in pres-
ence of heparin ( ~ 300 Q). In absence of heparin,
the post pulse recovery was from the initial post
pulse 400 Q to about 800 Q within 2 h (pre-pulse

skin resistance was about 82 kQ). As a result of
these open pathways, transport of sulforhodamine

(charge = — 1) was increased in presence of hep-
arin. However, the transport of highly charged
(charge = — 4) calcein was decreased, presumably

because of the electrostatic repulsion between the
highly negatively charged calcein and the nega-
tively charged heparin trapped in the aqueous
pathways (Weaver et al., 1997). In a recent study,
several macromolecules such as dextran sulfate,
neutral dextran and poly-lysine were shown to
have an enhancer effect on the electroporation-in-
duced transdermal delivery of mannitol across
freshly excised abdominal hairless rat skin.
Macromolecules with a greater charge and size
were found to be more effective enhancers. The
effect of macromolecules added at the time of
pulsing lasted for several hours after pulsing. It
has been suggested that these enhancers do not
disrupt lipids but rather stabilize the transient
disruptions already induced by electroporation of
skin due to their flexible linear structures entering
the skin. This hypothesis was supported by the
observation that enhancer effect was seen only for
electroporation, and not for passive diffusion or
iontophoresis. Small ions were also used but pro-
vided no enhancement for electroporation (Van-
bever et al., 1997).

9. Biological and safety issues of electrically
assisted delivery

Application of current will typically reduce the
resistance of the skin as a function of time and
current density. This decreased skin resistance
often reflects increased permeability of the skin
due to changes in the skin caused by current flow.
For excised skin, such changes are partially irre-
versible and the resulting permeability change has
been termed as damage factor in the literature.
The post-iontophoresis passive permeability is
thus generally higher than the passive permeabil-
ity before iontophoresis. Since electroporation in-
volves the use of very short pulses, much higher
voltages (as compared to iontophoresis) can be
used without causing sensation. The minimum
current which is required to be applied to the skin
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to evoke a sensation is termed perception
threshold while the minimum to cause a painful
sensation is called pain threshold. For single
pulses with about 90 V across human stratum
corneum, the recovery of the skin resistance has
been shown to be very complete, returning to
about 90% of the pre-pulse value. For higher
voltage pulse (> 130 V), the recovery was typi-
cally less than 50% (Pliquett et al., 1995). The
recovery time for these conditions may be quicker
if full thickness skin is used. Using excised full-
thickness porcine skin, the recovery was shown to
take place almost instantaneously or within the
time required to switch to measuring instrument.
This was claimed to be due to the stratum
corneum being still attached to epidermis and
underlying tissue, and being relaxed unlike the
former study where the stratum corneum was heat
stripped, hydrated, and mounted in a chamber.
The permeabilization was found to depend on the
electrical exposure dose which is the product of
the pulse voltage and cumulative pulsing exposure
time. Skin resistance was observed to drop to 20%
of its pre-pulsing value when pulsed beyond a
critical dosage of 0.4 V-s but recovered rapidly.
When the dose exceeded 200 V-s, the recovery was
slow and incomplete (Gallo et al., 1997).

As the stratum corneum has a much higher
electrical resistance than other parts of the skin,
an electric field applied to the skin will concen-
trate in the non-viable stratum corneum to induce
electroporation. In contrast, the field will be much
lower in the viable tissues, thereby protecting the
already permeable viable parts of the skin (part of
epidermis and all of dermis) and deeper tissues.
The reversibility of permeation following electro-
poration suggests that the technique is not dam-
aging to the skin. The skin toxicology of
electroporation relative to iontophoresis has been
studied using 14 pigs. In the first study using eight
pigs, exponential voltage pulses were applied fol-
lowed by constant current anodal iontophoresis.
The erythema, edema and petechiae were ob-
served under study conditions. Pulses of 0, 250,
500 and 1000 V were applied followed by ion-
tophoresis of 0, 0.2 and 2.0 mA/cm? for 30 min or
10 mA/cm? for 10 min. The results of gross evalu-
ation immediately after or 4 h after treatment are

recorded. The data showed that the erythema
increases immediately after treatment with in-
creasing pulse voltage, but was absent or minimal
after 4 h. It was reported that it disappeared or
reduced within 5 min. The pulse voltage had no
effect on edema or petechiae. Erythema, edema,
and petechiae all increased with increasing current
though the application of a pulse did not increase
the irritation induced by iontophoresis. These
changes were comparable to those seen with ion-
tophoresis alone. In the second study with six
pigs, it was found that at both the gross and light
microscopic level, electroporation does not result
in any skin changes not previously seen with
iontophoresis alone (Riviere et al., 1995).

The skin will respond to any damage to its
barrier by initiating a series of biochemical events
designed to repair the damage and the resulting
level of irritation is reflective of the extent of
perturbation caused by the enhancement mecha-
nism (Guy, 1996). While several isolated literature
reports exist on the adverse effects of application
of current, it should be realized that many of
these early studies were not well controlled in the
sense that the electrochemical changes at elec-
trodes were not controlled to prevent pH shifts or
the pH of the drug formulation itself may be low.
However, transient erythema under the skin
would be considered normal. In human studies
done by us in collaboration with coworkers, an
erythema under the eclectrodes was noted which
resolved within a few hours. A mild tingling sen-
sation was reported as the current was being
ramped up (Panus et al., 1997). Another report
also describes a mild tingling sensation to the
subjects as the current was ramped up to 0.25
mA/cm?, with more tingling perceived under the
anode. The sensation diminished with time of
current application and disappeared in less than
30 min. Recent studies have also shown that the
type and concentration of electrolyte in the for-
mulation affects the irritation response of the skin
to iontophoresis (Kalia and Guy, 1995; Anigbogu
et al., 1997). In a comprehensive study on 30 pigs
in vivo and 112 IPPSFs, alterations in skin were
seen following iontophoretic delivery of lidocaine
hydrochloride. The change was characterized by
light microscopy as the appearance of dark
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basophilic staining nuclei oriented parallel to the
stratum corneum in the stratum granulosum and
spinosum layers. However, the dose-dependent
non-immune mediated epidermal alteration was
considered to have minimum toxicological signifi-
cance (Monteiro-Riviere, 1990). While allergic
contact dermatitis is rare in clinical applications
of iontophoresis, it could develop as all drugs can
potentially be allergenic and the iontophoresis
patch has a relatively complex construction
(Ledger, 1992). A recent case report describes a
cutaneous allergic reaction to iontophoresis of
S-fluorouracil which was reactivated at a distant
site upon a subsequent treatment with ion-
tophoresis (Anderson et al., 1997). Another po-
tential concern may be dose dumping. However,
solid-state circuits are quite reliable and can be set
to avoid the discharge of excessive current in the
remote chance that a circuit failure should hap-
pen. In the event of an adverse reaction, the
device can just be removed since the remaining
dose resides in the patch outside the body (Sage,
1993). Safety features can also be easily built into
the circuitry of iontophoresis devices as is evident
from the numerous patents issued in this area
(Banga, 1998).

10. Clinical applications of electrotransport

Iontophoresis has been widely used for clinical
dermatological applications for drug delivery
(Sloan and Soltani, 1986; Kassan et al., 1996).
However, electroporation has also been used in
physical therapy, though mostly for ‘transcuta-
neous electrical nerve stimulation’ (TENS). TENS
is commonly used to treat chronic conditions such
as low back pain, arthritis and pain caused by a
variety of neurologic disorders (Prausnitz, 1996a).
The potential use of electroporation for dermato-
logical drug delivery has not been fully exploited
at this point and some applications may be found
as research continues. The use of electroporation
for cancer chemotherapy (electrochemotherapy) is
discussed elsewhere in this review. The rest of this
section briefly discusses the clinical applications of
iontophoresis in physical therapy clinics.

Most of the clinical applications of iontophore-
sis currently used in physical therapy involve the
use of lidocaine and dexamethasone (Costello and
Jeske, 1995). Iontophoresis of dexamethasone, of-
ten in combination with lidocaine is commonly
performed in physical therapy clinics to treat local
inflammatory musculoskeletal conditions such as
bursitis, tendinitis, arthritis, carpal tunnel syn-
drome, tennis elbow, and temporomandibular
joint dysfunction (Bertolucci, 1982; Hasson et al.,
1992; Banta, 1994; Bogner and Banga, 1994; Pel-
lecchia et al., 1994; Liss and Liss, 1995; Li et al.,
1996). Other steroids which have been tested in-
clude hydrocortisone (Wang et al., 1993; Seth et
al., 1994), and prednisolone (James et al., 1986).
However, dexamethasone remains the drug of
choice due to its much greater anti-inflammatory
effect.

The successful use of iontophoresis for local
anesthesia, using lidocaine as the drug of choice,
has been reported in the dental, ENT, oph-
thalmic, and physical medicine literature (Henley,
1991). lontophoresis of lidocaine has been used
for anesthesia in several regions, including exter-
nal ear (Comeau and Brummett, 1978), dermatol-
ogy (Russo et al., 1980), painless injections
(Petelenz et al., 1984), and painless venipuncture
(Zeltzer et al.,, 1991). Potential use of ion-
tophoretic delivery of lidocaine for acute wound
healing has also been investigated (Ernst et al.,
1995). A combination of 2% lidocaine HCIl and
1:100 000 epinephrine is also approved (lonto-
caine®) for dermal iontophoresis with the Phore-
sor System (Iomed, UT, USA). This is the first
drug-iontophoresis device combination to be ap-
proved by the FDA (Guy, 1996; Merino et al.,
1997). This combination can achieve dermal anes-
thesia to depths of up to 1 ¢cm in about 10 min
(NDA No. 20-530 filed by Iomed). The formula-
tion is produced for Tomed by Abbott Laborato-
ries (IL, USA). Epinephrine is a vasoconstrictor
and as it is positively charged, it may be adminis-
tered along with lidocaine under a positive elec-
trode to prolong the anesthetic activity of
lidocaine (Costello and Jeske, 1995). Ion-
tophoretic delivery of non steroidal anti-inflam-
matory agents (NSAIDs) have also been
investigated to avoid adverse GI effects which
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occur in about 10-30% of patients receiving oral
NSAIDs (Panus et al., 1997).

Another clinical use of iontophoresis is in the
treatment of hyperhidrosis, which is a condition
of excessive or abnormal sweating. lontophoresis
of just tap water has been reported to be effective
for hyperhidrosis of palms, soles, and axillae
(Akins et al.,, 1987, Elgart and Fuchs, 1987).
Iontophoretic devices are approved for the diag-
nosis of cystic fibrosis by iontophoresis of pilo-
carpine. Iontophoresis of pilocarpine for about 15
min results in profuse sweating which continues
for about 30 min following the treatment. Sweat
is collected during this period and analyzed for
chloride. The finding of a high sweat chloride
value (above 60 mEq/l), on at least two occasions
along with the presence of clinical features of
cystic fibrosis is consistent with the diagnosis of
the disease. Commercial devices are now available
following several studies which established the
usefulness of the technique (Yeung et al., 1984;
Warwick et al., 1986).

11. Delivery of proteins

The skin, with its accessibility, enormous sur-
face area and possibility for site targeting, offers a
potential means of non-invasive delivery. How-
ever, peptide and protein drugs, being hydrophilic
and macromolecular in nature, do not readily
permeate the skin. Transdermal delivery of pep-
tides may become feasible if assisted by
phonophoresis, chemical enhancers, or electri-
cally. Iontophoretic enhancement provides an-
other benefit for peptide delivery because,
theoretically speaking, the rate of peptide delivery
can be initiated, terminated or accurately con-
trolled/modulated merely by switching the current
on and off or adjusting the current application
parameters, respectively (Chien et al., 1989; Paras-
rampuria and Parasrampuria, 1991; Cullander
and Guy, 1992; Banga, 1996). This would be
especially useful since a pulsatile delivery may be
required for some peptides, as opposed to con-
stant delivery. Also, the skin is relatively low in
proteolytic activity, as compared to other mucosal
routes, thereby reducing degradation at the site of
administration.

30
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LHRH concentration (ng/ml)

Time (min)

Fig. 2. The mean LHRH concentration in the IPPSF perfusate
resulting from (O) one 500 V pulse followed by 30 min of
iontophoresis (0.2 mA/cm?), ([J) three 500-V pulses, each
followed by 10 min of iontophoresis, or (A) 30 min of
iontophoresis alone (reproduced from Riviere et al., 1995 with
permission from Elsevier).

Peptides which have been investigated for ion-
tophoretic delivery include thyrotropin releasing
hormone (Huang and Wu, 1996a), vasopressin
(Banga et al., 1995), and calcitonin (Santi et al.,
1997). The delivery of another peptide, luteinizing
hormone-releasing hormone (LHRH), also known
as gonadotropin-releasing hormone (GnRH), has
been investigated by using both iontophoresis and
electroporation. Electroporation has been shown
to significantly and reversibly increase the flux of
LHRH through human skin. The iontophoretic
delivery flux of LHRH across epidermis separated
from human cadaver skin has been shown to be
enhanced by five- to ten-fold following a single
electroporation pulse. The pulse was an exponen-
tially decaying type with an initial amplitude of
1000 V and a time constant of 54+ 1 ms. At a
current of 0.5 mA/cm?, the flux was 0.27 + 0.08
without the pulse and increased to 1.62 +0.05
pg/h per cm? with the pulse (Bommannan et al.,
1994). The usefulness of electroporation to en-
hance the iontophoretic flux of LHRH has been
verified using the isolated perfused porcine skin
flap (IPPSF) model, a model which closely resem-
bles human clinical use. It was found (Fig. 2) that
the application of a single pulse (500 V, 5 ms)
immediately prior to 30 min of iontophoresis in-
creased the LHRH concentration in the IPPSF
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perfusate by nearly two-fold while application of
a pulse every 10 min resulted in a three-fold
increase (Riviere et al., 1995). By using repeated
applications of the pulse/iontophoresis protocol,
it was shown that electroporation is able to re-
peatedly enhance LHRH transport in a pulsatile
manner relative to iontophoresis thus allowing
pulsatile delivery of therapeutic peptides.

12. TIontophoretic delivery of insulin: fact or
fiction? Can electroporation help?

Transdermal iontophoretic delivery of insulin
for systemic effect has been extensively investi-
gated over the last decade or so (Stephen et al.,
1984; Kari, 1986; Banga and Chien, 1993; Shin
and Lee, 1994; Huang and Wu, 1996b). However,
these studies have not yet conclusively established
the feasibility of delivering intact insulin across
human skin in therapeutically meaningful
amounts. This is because different investigators
have used different methods and there are several
variables to be considered before data can be
interpreted. First and foremost, the molecular
weight of the polypeptide being administered is
not certain. At a molecular weight of about 6000,
insulin would be expected to have sufficient per-
meability under iontophoresis to make the tech-
nology feasible. However, most commercially
available insulin products actually exist in hexam-
eric form, so that we may really be trying to
deliver a protein with a molecular weight of about
36 kDa, which is most likely too high to be within
the scope of iontophoretic delivery. Furthermore,
the p/ of insulin (5.3) falls in the region of skin p/
(4.0 to 6.0). This poses major hurdles to its deliv-
ery. While there is no evidence for precipitation of
insulin in the skin, the formation of a depot upon
iontophoresis of insulin has been suggested by
several investigators. However, the depot effect
could also result simply due to accumulation of
insulin in the less accessible regions of the skin
and its subsequent slow leaching from those re-
gions. The self-association behavior of insulin
may also be implicated in its depot effect. While
insulin circulates in blood in low concentrations
(10-8-10—'"" M) and brings about its biological

effects as a monomer. Thus, insulin exists as a
hexamer as commonly used but its absorption
may require a monomeric form. Using analogs of
insulin or formulations in which insulin exists as
monomer could lead to better absorption from
subcutaneous site. The use of other electrical as-
sistance mechanisms such as electroporation, has
not been investigated to enhance the transdermal
delivery of insulin. Electroporation may have a
potential use to minimize some of the several
problems facing the iontophoretic delivery of in-
sulin. The depot effect observed by several investi-
gators could be a disadvantage for modulation of
delivery or development of a biofeedback system.
However, iontophoresis would still be useful to
load skin tissues with insulin in a non-invasive
manner, for a relatively prolonged release similar
to the long-acting preparations on market. The
combined use of iontophoresis and electropora-
tion may also result in some interesting results.

13. Commercial development

Iontophoresis devices are already commercially
available on the market for delivery of local anes-
thetics and corticosteroids such as Phoresor®Il
(Iomed), Empi® Dupel (Empi, St. Paul, MN,
USA), Life-Tech® Iontophor (Houston, TX,
USA) and Henley Intl. Dynaphor® (Houston,
TX, USA). In addition, devices for iontophoresis
of pilocarpine for diagnosis of cystic fibrosis are
on the market, and these include CF Indicator®
(Scandipharm, Birmingham, AL, USA) and the
system based on Webster sweat inducer with pi-
logel® discs and Macroduct® collector (Wescor,
UT, USA). Several companies are now actively
trying to commercialize miniature patch systems
and are close to the market. A partial list includes
Alza Corporation (USA), Becton Dickinson
(USA), Fournier (France), Hisamitsu (Japan),
and Cygnus (USA). Also, some companies like
Pharma Peptides (France), Sanofi Recherche
(France), and Novartis (Europe/USA) have done
some iontophoresis work. Dermion, a relatively
new subsidiary of IOMED Inc., is also working
on the development of wearable iontophoresis
patches through contracts with pharmaceutical
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companies. IOMED also recently bought the ion-
tophoresis technology of Elan Corporation (Ire-
land). There are hundreds of patents on
iontophoresis between these companies and some
individuals, with majority belonging to Alza and
Becton Dickinson. Much of the activity in the
area is proprietary and will unfold over the next
few years (Banga, 1998).

Alza currently has a E-TRANSSM fentanyl
product under development with Janssen Pharma-
ceutica. Currently in Phase III clinical trials, the
product is an on-demand delivery system intended
to allow a patient to manage acute pain by self-ti-
trating the level of fentanyl administered accord-
ing to his or her need. With this system, the onset
for control of pain is almost instantaneous and
research investigations have been published (Ash-
burn et al., 1995). Alza is also working with its
Therapeutic Discovery Corporation (TDC) to de-
velop E-TRANSSM electrotransport delivery of
insulin (Alza 1996 Annual Report). Becton Dick-
inson is developing reusable controllers which can
be connected and removed from the disposable
housing. The controller monitors and controls the
power supplied during use, thus permitting safer
and more reliable operations. It also has the
ability to detect the number of times the patch has
been used, records the date and time of use, and
its microprocessor can detect when drug supply is
exhausted. Once the drug is exhausted, the con-
troller can be rendered unusable to avoid abuse
(Flower, 1996; Flower et al., 1996). The reusable
controller will allow to keep costs down since the
more expensive part of the device can be reused.
Based on the principles of reverse iontophoresis, a
glucose monitoring device (GlucoWatch™) is un-
der development by Cygnus (Redwood City, CA,
USA). The device consists of collection reservoirs,
iontophoresis electrodes and sensor, and will be
useful for continuous glucose monitoring, such as
in neonates or subjects requiring frequent testing
(Azimi et al., 1996). Glucose is extracted from the
body due to electroosmosis induced by reverse
iontophoresis and using a electrochemical reac-
tion linked with a sensor and a control module,
blood glucose levels can be continuously moni-
tored and displayed at the push of a button. The
system can sound an alarm in the event of hypo-

or hyperglycemia. Glucowatch is currently in de-
velopment and clinical trials are expected to com-
mence shortly (ID Weekly Highlights, July 2,
1997, Current Drugs Ltd., London).

In terms of progress towards commercial devel-
opment of electroporation for transdermal deliv-
ery of drugs, the field is in its infancy compared to
the progress made for commercial development of
iontophoresis. Nevertheless electroporation can
expand the scope of iontophoresis to deliver pep-
tides in greater quantities (Potts et al., 1997).
More importantly, electroporation can expand the
scope of transdermal delivery to larger molecules
than what can be delivered by iontophoresis. If
‘electroincorporation’ can be commercialized to
successfully deliver particulates in skin, then no
molecular size limitations would exist to what can
be delivered through the skin. The miniaturization
of technology to develop wearable patches is cur-
rently not feasible for electroporation due to the
need for a capacitor. However, Genetronics has
developed palm sized generator which can deliver
pulses to a medication patch attached to the skin
(Shaw, 1997). Patent activity by several universi-
ties or companies such as the Massachusetts Insti-
tute of Technology (Weaver et al., 1991),
Genetronics (Hofmann, 1995b,c), and others
shows the developing interest in this area. Cygnus
has a patent on the application of a driving force
to assist the delivery of drugs through skin or
tissue which has been -eclectroporated. If ion-
tophoresis and electroporation are compared at
the same total charge delivered, electroporation
appears to be better based on some literature
reports but the safety of these two protocols is not
likely to be same, with iontophoresis conditions
being more acceptable. In a study which com-
pared the transport efficiency of electroporation
and iontophoresis, the transport numbers were in
the same range and were a function of voltage
and current. They did not show any dependance
on pulse length, rate, energy, waveform, or total
charge transferred. The area fraction of skin
available to transport was larger during high
voltage pulsing than during iontophoresis (Praus-
nitz et al., 1996). Unlike iontophoresis, very few
human studies have been done with electropora-
tion. In one recently reported double blind study,
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garlic juice was used as a simple model compound
to demonstrate the feasibility of using electropo-
ration for transdermal delivery. Six pulses (100 V,
10 ms) were delivered on the volar side of each
arm, with some pressure applied during and after
pulsing. The intensity of tongue sensation and
taste was scored by the volunteers, and it was
shown that pulses and some pressure were re-
quired to obtain a positive response (Zhang and
Hofmann, 1997). The electric fields developed in
the tissue during pulsing will have to be character-
ized. Thus, the use of electroporation pulses to
permeabilize the skin and then followed by low
current iontophoresis could be a very useful tech-
nique to achieve high flux levels of a drug without
the skin irritation which would result if high
iontophoresis current is used instead. Also, ion-
tophoresis alone will not be able to deliver large
molecular weight drugs, even if high current is
used.

14. Alternate applications

This review has focussed on electrically assisted
topical and transdermal delivery but the applica-
tions of iontophoresis and electroporation extend
beyond skin delivery. In fact, the main use of
electroporation is for the introduction of DNA
into cells. Ocular iontophoresis has been widely
investigated for delivery of drugs such as gentam-
icin, cefazolin, fluorescein, tobramycin, lidocaine,
epinephrine, timolol maleate, idoxuridine, dexam-
ethasone and others for several potential clinical
applications (Hill et al., 1993; Sarraf and Lee,
1994). Tontophoresis of fluoride has been used for
tooth densensitization (Brough et al., 1985; Gan-
garosa, 1986). Electroporation has been used for a
novel form of cancer treatment, called elec-
trochemotherapy, which has utilized a combina-
tion of electroporation and chemotherapeutic
agents (Dev, 1994; Dev and Hofmann, 1994). The
technique typically involves the systemic adminis-
tration of anticancer drug followed by delivery of
electric field pulses at the site of the cancer. The
rationale for this approach is that many cancer
drugs are very poorly permeable into the tumor
cells and pulsing the tumor site will increase the

uptake of the drug from the systemic circulation
into which the drug has previously been injected
(Dev and Hofmann, 1996). While iontophoresis
can be used to provide baseline levels, electropo-
ration pulses can potentially be applied to provide
rapid boluses. This has been shown to be feasible
for transdermal transport of calcein across human
epidermis. More complex delivery schedules were
also achieved by changing pulse voltage (Praus-
nitz et al., 1994).

15. Conclusion

It should be evident from this review that both
iontophoresis and electroporation hold a lot of
promise for the future of transdermal drug deliv-
ery. These techniques are also likely to expand the
scope of transdermal delivery of drugs to drugs of
biotechnology origin and other hydrophilic
macromolecules. The combined use of ion-
tophoresis and electroporation is likely to yield
useful and interesting data which will intensify the
efforts to more fully explore electroporation as a
means of transdermal drug delivery. The reader
should realize that electrically-assisted delivery of
drugs involves several chemical, biochemical, and
physiological processes and there is overlap in the
mechanisms involved in transport via iontophore-
sis or electroporation. More human clinical data
is however required before the techniques can be
commercialized. It seems that iontophoresis is
close to commercialization while research investi-
gations are intensifying in the electroporation
area.
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