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a b s t r a c t

In this study we consider the physics underlying electroporation which is administered to skin in order to
radically increase transdermal drug delivery. The method involves the application of intense electric
fields to alter the structure of the impermeable outer layer, the stratum corneum. A generally held view
in the field of skin electroporation is that the skin’s drop in resistance (to transport) is proportional to the
total power of the pulses (which may be inferred by the number of pulses administered). Contrary to this
belief, experiments conducted in this study show that the application of high voltage pulses prior to the
application of low voltage pulses result in lower transport than when low voltage pulses alone are
applied (when less total pulse power is administered). In order to reconcile these unexpected experimen-
tal results, a computational model is used to conduct an analysis which shows that the high density dis-
tribution of very small aqueous pathways through the stratum corneum associated with high voltage
pulses is detrimental to the evolution of larger pathways that are associated with low voltage pulses.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Advances in pharmacy and biotechnology have yielded a num-
ber of drugs that have shown promise in achieving good therapeu-
tic results. Current trends show increased interest in the field of
dermal and transdermal drug delivery. However, the skin’s outer
barrier, the stratum corneum (SC), offers the greatest resistance to
molecular transport. Transdermal drug delivery methods focus
on methods of overcoming this barrier function of the SC [1,2]. This
study considers the physics underlying electroporation which
involves the application of intense electric fields to alter the bar-
rier’s microstructure. By exposing the skin to electroporation
pulses, the SC experiences a structural alteration that results in
orders of magnitude increase in molecular diffusivity, electropho-
retic mobility, and electrical conductivity.

The increase in the skin’s permeability to transdermal delivery
after skin electroporation depends on the electric pulse character-
istics (i.e. amplitude, duration, number and frequency). The expert
opinions in the field are in general agreement that there are differ-
ent responses according to two primary pulsing regimes: (i) that
short duration-high intensity pulses result in an altered SC that
is perforated with nano- to micrometer-sized aqueous ‘‘pores’’,
and (ii) that long duration medium intensity pulses result in
regions of increased permeability within the SC that are relatively

large (up to hundreds of lm) but that occur at a much lower
density (number of pathways per SC surface area) than the high
voltage (HV)-created pathways [3–15].

The structural alterations associated with the short pulse
regime are probably related to the initiation of nanoscale aqueous
defects into the SC’s lipid microstructure. Experimental observa-
tions show that when the voltage drop across the SC exceeds some
critical value (above �30 V) the skin experiences a sudden increase
in permeability to molecular transport of up to four orders of mag-
nitude within less than �10 ls [8]. The mechanism associated with
alteration of the SC lipid structure during the HV pulses can be
attributed to the interaction between the water dipole and the
electric field. In molecular dynamics (MD) studies of single bilayer
electroporation it has been shown that it is the polarity of water
(and not the charge of the lipid head groups) that is responsible
for the initiation of pores within the lipid structure [16,17]. The
nanoscale aqueous pathways that are initiated within the first
few ls of exposure to the electric field are a result of the interac-
tion between the applied electric field and individual water mole-
cules that are located at the surface of the SC and within any lipid
structure defects throughout the interior of the SC.

The response of the skin in the long pulse regime occurs at
much longer timescales (up to hundreds of ms) and is associated
with the development of large regions of altered SC (up to hun-
dreds of lm). The large region of affected SC that results from this
expansion is termed the ‘‘Local Transport Region’’ (LTR) because
within this region the permeability to molecular transport is
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several orders of magnitude higher than in the surrounding unal-
tered SC. These LTRs are formed within the sites of the so-called
stratum corneum ‘‘defects’’ [4] which have a higher electrical con-
ductivity than the surrounding SC so that under the application
of the low voltage (LV) electric pulses, the current density within
these defects is high. The development of the LTR is believed to
be associated with resistive (Joule) heating which has been docu-
mented under certain experimental pulse conditions to cause
localized temperature rises of over 60 �C [3,6,9,10,18–21].

Based on published empirical data, the conclusion might be
drawn that the skin’s increase in permeability to molecular trans-
port is proportional to the number of pulses administered (regard-
less of pulse type HV or LV). For example in the review by Denet [8]
a compilation of data on the transdermal delivery of Fentanyl (net
charge +1, MW 337 Da) shows that the total delivery increases
with the number of pulses as well as with the pulse amplitude.
This trend has been repeatedly shown in many experimental stud-
ies over the years. The conclusion from this can be drawn that
more electric pulses will result in more transport regardless of
the pulse characteristics. While this may be true for the transder-
mal delivery of solute of low molecular weight, an incorrect con-
clusion may be drawn that the increase in permeability (for all
solutes) is proportional to the total power of the pulses. The
authors of the present work believe that this is a false interpreta-
tion of the data and that one must consider the physics associated
with pulse type in addition to the total power of the applied pulses.

Recently we have conducted experimental electroporation tests
that provide results that are not really in agreement with the gen-
eral view held by the field [22]. In fact the authors have shown that
under certain pulsing protocols, the total transport of solute is
decreased with the addition of more pulses. It is the motivation
of this study to provide a preliminary investigation in which we
consider the underlying physics responsible for LTR evolution
and attempt to reconcile our experimental findings indicating that
when long moderate voltage pulses are preceded by short intense
pulses, the total transport is less compared to the case when long
moderate pulses are administered alone.

2. Experimental results

The computational model presented is used to try to explain the
empirical observations of in vitro experiments on dermatomed por-
cine skin. The experimental component of this paper follows an
identical methodology to that reported previously [22]. The trans-
port of calcein (molecular charge: 4�) was studied in vertical glass

Franz diffusion cells (skin surface available for diffusion:
0.785 cm2), thermo regulated at 37 �C by water circulation. A uni-
polar square wave pulse generator Cliniporator (Igea, Italy) was
used for pulse delivery. The pulses were delivered into the donor
and the receiver compartment through 1 mm diameter platinum
wire electrodes placed 0.2 cm away from the skin in donor com-
partment and 0.5 cm in the receiver compartment. Different com-
binations of high voltage (HV) and low voltage (LV) pulses were
used in the study (see Fig. 1). The parameters of the HV pulses
were: 500 V, 500 ls duration, 500 ls spacing between pulses
(when applicable). Further the parameters of LV pulses were:
45 V, 250 ms duration, 100 ms pulse spacing (when applicable).
Further, only about 30% of the voltage delivered with the pulse
generator into the donor and the receiver solution was established
across dermatomed skin. This skin voltage – Uskin – was measured
during pulse delivery, as well as the electric current through the
sample.

We monitored concentration of calcein in the receiver solution
every hour for five hours of passive diffusion after pulse delivery.
The concentration of calcein was measured with spectrofluorome-
ter (Jasco, FP-6300). One way ANOVA was performed on all results
as a statistical test (SigmaStat 3.1, Systat, USA). A 0.05 level of
probability was taken as a level of significance. The results are
expressed as the mean ± standard error of the mean (normality test
passed in all instances). For further details about the experimental
part of the study, we refer the reader to [22].

In Fig. 1 we present the experimentally obtained total concen-
tration of calcein in the receiver solution, measured every hour
for five hours of passive diffusion after pulse delivery. As expected,
the control without an applied pulse to interfere with the barrier
function of the SC results in negligible calcein concentration at five
hours of passive diffusion after pulse delivery. On the other hand,
only negligible rise in calcein delivery can be observed after
3 � HV pulse protocol, implying that the cell-size pathways
through the SC created by short (500 ls duration) high voltage
(HV) pulses are too small for significant enhancement of subse-
quent transdermal transport. A statistically significant improve-
ment in the passive delivery of calcein following pulse delivery is
accomplished only after longer LV pulses are added to the protocol.
This is consistent with a very large increase in SC permeability that
is anticipated in the creation of large LTRs which are associated
with long LV pulses.

It is important to note that the system response to transport is
very strongly tied to the exact conditions under which the experi-
ments are conducted. Furthermore, the results depicted in Fig. 1
are specific to the delivery of calcein and should not be interpreted

Fig. 1. Comparison of different combinations of short (500 ls) HV (high voltage) and longer (250 ms) LV (low voltage) pulses and their effect on calcein concentration in the
receiver solution for 5 h of passive diffusion after pulse delivery. Pulses were delivered at time zero.
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