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amijan Miklavčič a,4, Nataša Pavšelj a,∗

University of Ljubljana, Faculty of Electrical Engineering, Tržaška 25, SI-1000 Ljubljana, Slovenia
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a b s t r a c t

Electroporation can be used as an active enhancement method for intra- and transdermal drug deliv-
ery. Differences in response of skin to electric pulses depend on their amplitude, duration and number
and have been a point of interest in the past. While protocols consisting of the same repetitive, mostly
exponentially decaying pulses have been used before, this study is focused on comparing different com-
binations of square wave short high voltage (HV) and longer low voltage (LV) electroporation pulses.
Our in vitro experimental results show that longer LV pulses significantly increase subsequent passive
transport of calcein through dermatomed pig skin, while short HV pulses alone result in negligible calcein
passive transdermal transport. Surprisingly, when the long LV pulses are preceded by short duration HV
pulses, the total calcein transported is reduced significantly. This result is explained using a theoretical
quare wave pulses
ranz diffusion cells
umerical model

physics based model of individual local transport region (LTR) evolution during the applied LV pulse.
The theoretical model shows that HV pulses alter the structure of the stratum corneum in such a way
that when the LV pulses are applied, insufficient thermal energy is generated to initiate LTR expansion.
Together, the experimental results and theoretical predictions show that the total pulse energy alone
cannot account for total solute transport: that the order of the types of pulses administered must also be

open
considered. Our findings

. Introduction

In the past decades, the topic of intra- and transdermal drug
elivery has become a field of biomedical research with rapid
evelopment. The success of this delivery route, however, depends
n the ability of the drug to permeate the skin barrier in suf-
cient quantities to achieve its desired pharmacological effect.

odification of skin permeability to increase transdermal delivery

as been achieved by passive (penetration enhancers, liposomes,
anoparticles, patch technology) and active methods of enhance-
ent (electroporation, iontophoresis, microneedles, ultrasound,

Abbreviations: SC, stratum corneum; LTR, local transport region; HV, high volt-
ge; LV, low voltage.
∗ Corresponding author. Tel.: +386 1 4768 765; fax: +386 1 4264 658.
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a direction for further improvement of the method using new protocols.
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laser radiation). While passive methods are based on the formu-
lation and chemical approaches, active employ physical force to
overcome the skin barrier and/or provide a driving force on the
drug (Williams, 2004; Zorec et al., 2013).

Electroporation is a well established and widely used method
able to transiently create aqueous pores in phospholipid bilayers
of cell membranes, using electric pulses of high voltage and short
duration. It has also successfully been used to enhance skin per-
meability for molecules with different lipophilicity and size (small
molecules, proteins, peptides and oligonucleotides), including bio-
pharmaceuticals with molecular weight greater than 7 kDa (Denet
et al., 2004; Denet and Préat, 2003). In addition, electroporation can
also be used for applications where, after intradermal injection, the
therapeutic molecules need to be inserted in the viable skin cells,
or for gene transfection (André et al., 2008; Daugimont et al., 2010;
Pavselj and Préat, 2005; Zibert et al., 2011). Transdermal trans-
port after skin electroporation depends on the shape, amplitude,
duration and the number of the electric pulses. When comparing
different pulse protocols, pulse length and amplitude are the most

influential factors in electroporation-based applications. Namely,
to achieve the transmembrane voltage required for cell mem-
brane permeabilization, a high enough pulse amplitude is essential.
On the other hand, longer pulses are necessary to ensure higher
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http://www.elsevier.com/locate/ijpharm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2013.09.020&domain=pdf
mailto:barbara.zorec@fe.uni-lj.si
mailto:sid.becker@canterbury.ac.nz
mailto:matej.rebersek@fe.uni-lj.si
mailto:damijan.miklavcic@fe.uni-lj.si
mailto:natasa.pavselj@fe.uni-lj.si
dx.doi.org/10.1016/j.ijpharm.2013.09.020


l of Ph

c
h

s
i
P
1
w
t
a
v
i
d
m
o
2
T
a
w
e
P

r
a
S
f
(
T
p
l
t
t
s
t
d
l
2
e

A
(
a
S
o
p
p
e
R
t
o
p
g
v
m
d
p
D
e
b
c

s
p
o
e
t

B. Zorec et al. / International Journa

umulative pulse energy, crucial for electrophoretic or resistive
eating effects when needed.

It has been shown that molecular and ionic transport across the
kin exposed to a number of high voltage pulses is highly local-
zed in sites termed local transport regions (LTRs) (Pliquett, 1999;
liquett and Gusbeth, 2004; Vanbever et al., 1999; Weaver et al.,
999). The size of the LTRs depends on cumulative pulse duration,
hile pulse amplitude dictates their density. The expert opinions in

he field are in general agreement that there are different responses
ccording to two primary pulsing regimes: short duration-high
oltage (HV) pulses result in an altered stratum corneum (SC) that
s perforated with micrometer-sized aqueous pathways while long
uration low voltage (LV) pulses result in regions of increased per-
eability within the SC that are relatively large (up to hundreds

f �m) and long lasting (Denet et al., 2004; Pliquett et al., 1996,
005, 2008; Pliquett and Gusbeth, 2004; Vanbever et al., 1999).
he structural alterations associated with the short pulse regime
re accompanied by an increase in SC conductivity, which occurs
ithin less than ∼10 �s, when the voltage drop across the SC

xceeds certain critical value (above ∼50 V) (Denet et al., 2004;
liquett et al., 2008; Pliquett and Gusbeth, 2004).

The response of the skin in the long low voltage (LV) pulse
egime occurs at much longer timescales (up to hundreds of ms)
nd is associated with the development of “large” regions of altered
C. These long duration induced local transport regions (LTR) are
ormed in the sites of the so-called stratum corneum “defects”
Pliquett, 1999) that are expanded by resistive (Joule) heating.
hese large regions can originate as groupings of several of smaller
athways which expand to length scales of hundreds of �m. The

arge region of affected SC that results from this expansion is
ermed “local transport region” (LTR) because within this region
he permeability is several orders of magnitude higher than in the
urrounding unaltered SC. The development of the LTR is believed
o be associated with resistive – Joule – heating which has been
ocumented under certain experimental pulse conditions to cause

ocalized temperature rises of over 60 ◦C (Pliquett et al., 1995, 2005,
008; Pliquett and Gusbeth, 2000, 2004; Prausnitz, 1996; Vanbever
t al., 1999).

The use of electric pulses on skin is not a new research topic.
number of studies have been performed, using both theoretical

Pavselj and Miklavcic, 2008; Pavšelj and Miklavčič, 2008, 2011)
nd experimental approach to explain the mechanisms involved.
ince different parameters of electric pulses exert different effects
n the stratum corneum, finding an optimal protocol has been a
oint of interest in the past. Earlier (and most) experiments were
erformed using repetitive exponentially decaying pulses (Pliquett
t al., 1996, 2005; Pliquett and Gusbeth, 2000; Prausnitz et al., 1993;
egnier et al., 1999; Vanbever et al., 1998, 1999) of different ampli-
udes, durations and numbers, for two reasons: (i) the technology
f capacitor-discharge devices delivering exponentially decaying
ulses is much simpler than the technology behind square wave
enerators and (ii) the long low voltage tail of such pulses pro-
ides the electrophoretic part of the pulse, and is responsible for
ost of Joule heating, adding further to the success of transdermal

elivery. On the other hand, to achieve better control of protocol
arameters, square wave pulses are preferred (Denet et al., 2003;
enet and Préat, 2003; Dujardin et al., 2001, 2002). Again, differ-
nt amplitudes, durations and number of square wave pulses have
een used for transdermal delivery, albeit always with protocols
omposed of a number of one same type of pulses.

In our study we experiment with different combinations of
quare wave short high voltage (HV) and long low voltage (LV)

ulses, focusing primarily on the order of pulses. The importance
f the order of different types of pulses has been shown before in
lectroporation-based applications (Pavlin et al., 2010). However,
o our knowledge, experiments that vary the sequence of different
armaceutics 457 (2013) 214–223 215

types of square wave pulses have not been done so far in stud-
ies that use electroporation to enhance transdermal delivery. The
influence of pulsing protocol on calcein transdermal delivery asso-
ciated with electroporation is investigated by using a combination
of experimental observation and theoretical modeling. We begin
with the experimental component of the study in which the total
solute transported across the SC is measured for different pulse
protocols in vitro. The second part is a theoretical description of the
LTR development and its link to the observed experimental results,
giving new insights into the mechanisms involved in skin elec-
troporation. The authors have developed thermodynamic based
models that directly relate the internal energy of the SC lipids to
the degree of disorganization of the SC microstructure, linking it
to molecular transport (Becker, 2011, 2012; Becker and Kuznetsov,
2007, 2008).

2. Materials and methods

2.1. In vitro experiments

2.1.1. General experimental setup
Vertical glass Franz diffusion cells were used to study molecular

transport through excised and dermatomed pig skin. The tempera-
ture of the chamber was regulated at 37 ◦C by water circulation.
A piece of porcine dermatomed skin was placed between two
compartments with the stratum corneum facing the donor com-
partment. The area of skin available for diffusion was 0.785 cm2.
The receiver compartment (3.1 ml) was filled with PBS (pH 7.4,
150 mM), in order to maintain a constant pH and the osmolarity
as well as to match ion concentration to that of human body. The
donor compartment contained 1 ml of calcein solution (0.1 mM)
in phosphate buffer (pH 6.5, 100 mM). For pulse delivery we used
a unipolar square wave pulse generator Cliniporator (Igea, Italy).
The pulses were delivered into the donor and the receiver com-
partment through 1 mm diameter platinum wire electrodes ending
with a plate that is placed 0.2 cm away from the skin in donor
compartment and 0.5 cm in the receiver compartment. As cal-
cein is negatively charged, negative electrode was placed in donor
and positive electrode in receiver compartment. When the skin is
exposed to sufficiently intense electric pulses, its outer barrier, the
stratum corneum undergoes a “breakdown” in its barrier proper-
ties due to local alteration of the microstructure of the stratum
corneum lipids. The extent of the size of these alterations can vary
by several orders of magnitude from the single pore (∼10 nm) up
to a larger local transport region (LTR) (∼100 �m). Differences in
response to electric pulses depend on pulse amplitude, duration
and number. In order to study these differences, we experimented
with both: short high voltage (HV) and long low voltage (LV) pulses,
varying pulse number and order. Generally accepted postulation is
that: (a) short, HV pulses (hundreds of �s) will result in the cre-
ation of small cell-level permeation pathways through the stratum
corneum and (b) longer (hundreds of ms), low amplitude pulses
will expand these pathways into the much larger LTRs, as well as
provide some driving force for a charged solute before subsequent
passive diffusion. The parameters of the HV pulses were: 500 V,
500 �s duration, 500 �s spacing between pulses (when applicable).
Further, the parameters of LV pulses were: 45 V, 250 ms duration,
100 ms pulse spacing (when applicable). When HV pulses were fol-
lowed by LV pulses, no delay between the HV and the LV part of the
protocol was used. Pulse protocols and experimental conditions of
the study are summarized in Table 1:
2.1.2. Chemicals and sample preparation
Calcein and sodium chloride were purchased from Sigma–

Aldrich (St. Louis, MO, USA), while potassium chloride, di-sodium
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Table 1
Pulse protocols and experimental conditions of the study.

Parameters

Pulse protocols 3xHV
3xLV
1xHV + 1xLV
3xHV + 1xLV
1xHV + 3xLV
3xHV + 3xLV
(HV + LV)x3
3xLV + 3xHV

HV pulses Amplitude: 500 V
Length: 500 �s
Spacing: 500 �s

LV pulses Amplitude: 45 V
Length: 250 ms
Spacing: 100 ms

Experimental setup Donor: 1 ml calcein (0.1 mM) in phosphate
buffer (pH 6.5, 100 mM)
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Receiver: 3.1 ml PBS (pH 7.4, 150 mM)
Diffusion area: 0.785 cm2

Temperature: 37 ◦C

ydrogen phosphate and potassium dihydrogen phosphate were
urchased from Merck (Darmstadt, Germany). PBS buffer solu-
ion was prepared in bi-distilled water (8 g NaCl, 0.2 g KCl, 1.44 g
a2HPO4, 0.24 g KH2PO4 in 1 l of water), as well as phosphate buffer

olution (7.38 g NaH2PO4, 4.77 g Na2HPO4 in 1 l of water). In order
o mimic physiological conditions, the receiver compartment was
lled with PBS (pH 7.4). After preliminary comparison of different
uffers and their effectiveness in maintaining the pH during the
pplication of long low voltage pulses, we used phosphate buffer
pH 6.5) for the donor solution. This is very important especially in
he donor compartment, where the small volume of the solution

akes pH shifts of the solution more marked. The change in pH
an also change the charge of the molecule thus influencing its flux
hrough the skin.

Fresh pigs’ ears were obtained from slaughter house Farme Ihan
.o.o., Šentjur, Slovenia. We provided all the documentation needed
or working with animal by-products in our laboratories. The skin
as removed from the ears approximately 2 h post-mortem and
ermatomed to 350 �m thickness (TCM 3000 BL, Nouvag®). Skin
amples were stored at −21 ◦C until use.

.1.3. Skin voltage measurements
As the electrodes were not in close contact with skin and the

ulses were delivered into the donor and the receiver solution, only
fraction of the voltage delivered by the pulse generator was estab-

ished across dermatomed skin. This Uskin was measured during the
xperiments with two thin copper wires (diameter: ∼0.3 mm) that
ere placed directly on the skin. One was placed right under the
ermatomed skin and the other one facing the stratum corneum.
he inertness of the measuring electrodes was not crucial for the
xperimental setup and the protocols used, therefore, we used the
heaper and readily available copper electrodes instead of platinum
r Ag/AgCl. Further, to avoid leaking and electric field interference,
easuring electrodes needed to be as thin as possible. Pulses were

elivered through the setup described above (Section 2.1.1). Volta-
es (both Udelivered and Uskin) and electric current were measured
ith LeCroy Oscilloscope (Wavepro 7300A) using differential volt-

ge probes (ADP305, High Voltage Differential Probe, LeCroy) and
urrent probes (AP015, LeCroy).
.1.4. Data analysis
The concentration of calcein in receiver compartment after

ulse delivery was measured using spectrofluorometer (Jasco, FP-
300). This method was used because, due to the inertness of
armaceutics 457 (2013) 214–223

platinum electrodes and low number of pulses used, we assumed
that no electrode byproducts were created during pulse delivery.
At each sampling time, a sample of 300 �l of receiver solution was
taken for concentration measurement and replaced with fresh PBS.
Concentration was calculated accordingly. We monitored the con-
centration of calcein in the receiver solution every hour for 5 h after
pulse delivery. Before and after electroporation we also measured
pH of donor and receiver solutions.

The results were expressed as the mean ± standard error of the
mean (normality test passed in all instances). Statistical tests One
way analysis of variance (One Way ANOVA) were performed on all
results (SigmaStat 3.1, Systat, USA). A 0.05 level of probability was
taken as a level of significance.

2.2. Theoretical work

Our thermodynamic model describes the thermo-electrical
behavior in a small region of the skin sample during long LV pulses.
This region surrounds an evolving LTR that originates within a very
small SC defect whose radius lies in this study within the range:
2.5 �m ≤ RP ≤ 15 �m. These cell-level pathway sizes were expected
either after pulsing with the rather long (500 �s) HV pulses used
in our study or as pre-existing appendage-associated pathways.
Because the computations focus on a single LTR, the computational
domain size is much smaller than the experimental skin sample.
The outer radius of the computational domain (RO) lies within the
range: 50 �m ≤ RO ≤ 500 �m, representing different LTR densities.
Even though this means that the theoretical model could repre-
sent as little as 1/10,000 of the actual experimental skin sample,
the idea is that there exists a distribution of LTRs within the actual
skin sample, each of whose behavior is reflected by the results of
the theoretical model.

For a detailed mathematical description of this theory, the
reader is referred to reference Becker (2012). The concept of this
computational model is that in the regions of the SC where the
electrically-created pathways have been initiated or in the vicinity
of skin appendages, the SC has a much higher effective electrical
conductivity. Thus the electric field (which is evaluated from the
Laplace equation) will be very non-uniform laterally along the SC.
Within the localized region of higher electrical conductivity, the
local electric current density may become sufficiently high to result
in significant local resistive heating. The local temperature is eval-
uated from the heat conduction equation. At lipid phase transition
temperatures around 65 ◦C, any increase in the local lipid internal
energy will result in an aggregation of the local lipid microstructure
(Cornwell et al., 1996). Theoretically then, the LTR region of influ-
ence may be linked directly to the thermal state of the SC lipids. This
is done in references Becker (2011, 2012) and Becker and Kuznetsov
(2007, 2008) using a square shaped enthalpy-temperature curve
that directly relates the degree of the lipids’ lamellar disorganiza-
tion to the local internal energy. This magnitude of lipid disorder
is then related directly to the coefficients: electrical conductivity,
electrophoretic mobility, and diffusion coefficient. The transport is
derived from the modified Nernst–Planck equation which includes
transient electrophoresis and passive diffusion. Even the longest
electroporation pulses are usually only tens to hundreds of ms long
so that the influences of electro-osmosis are negligible compared to
the electrophoretic contribution (Denet et al., 2004; Regnier et al.,
1999; Satkauskas et al., 2005) and have been neglected here, as
well as the contribution of passive diffusion during pulse delivery.
At times between pulses, or after the application of a series of pulses
(e.g. for 5 h after pulse delivery), passive diffusion is the only, and

overall predominant transport mechanism.

The skin is modeled as a donor-compartment/skin/receiver-
compartment composite system whose thermo-electrical property
values are listed in Table 2. Dermatomed skin used in experiments
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Table 2
Physical and geometrical parameters of the model.

Solution SC Epidermis Dermis

Thickness (�m)
Dnr 12940

20 50 300Rcvr 39306
Thermal conductivity (W/mK) 0.6 0.2 0.209 0.293
Density (kg/m3) 1000 1500 1110 1116
Heat capacity (J/kg K) 4180 3600 3600 3800
Electrical conductivity (S/m) 1 1 × 10−4 (SC-U) 5 × 10−2 (SC-M) 0.1 0.15

Electrophoretic mobility (m2/V s) 1.5 × 10−8
1 × 10−15 (SC-U)

1 × 10−9 1 × 10−9
1 × 10−10 (SC-M)

Diffusion coefficient (m2/s) 1.5 × 10−10
1 × 10−16 (SC-U)

2 × 10−11 2 × 10−11
1 × 10−16 (SC-M)

N vary depending on SC condition. Values associated with SC-U correspond to unaltered SC,
v ion: these are the maximum values within the LTR.
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Fig. 1. Voltage and electric current during 3xHV pulse protocol. Upper panel: the

during the LV pulses.
Some of the results of the total calcein concentration in the

receiver compartment for 5 h of passive diffusion after pulse deliv-
ery are shown in Fig. 3. For clarity, only some of the protocols are
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otes: SC electrical conductivity, electrophoretic mobility, and diffusion coefficient
alues associated with SC-M correspond to those of the SC at full lipid phase transit

as modeled as a layered structure, consisting of the stratum
orneum, the epidermis and some dermis. The described geom-
try was not static, as the transport pathways were dynamically
xpanding during pulses (LTR expansion for temperatures above
5◦, see above). In this way, the model also describes changes in
tratum corneum conductivity, leading to changed electric field dis-
ribution in the tissue (electrically, this layered structure is a voltage
ivider). Namely, these changes during pulse delivery affect both,
TR expansion due to resistive heating, as well as electrophoretic
orce, and need to be accounted for. We did, however, omit elec-
rical conductivity changes of epidermal and dermal layer in the

odel, but since these changes are much smaller than those in
he stratum corneum, the error thus introduced is small. Geomet-
ic parameters used in this model were taken as representative of
orcine ear skin from reference Jacobi et al. (2007). The SC electrical
onductivity values listed in Table 2 have been chosen to represent
he two order of magnitude increase in electrical conductivity with
ipid restructuring as suggested in Pliquett (1999). Electrical con-
uctivity values of the epidermis and dermis were representative
f values published in Miklavčič et al. (2006). Thermodynamic val-
es shown in Table 2 are taken from previous studies that model
he composite nature of the skin (Becker, 2011, 2012; Becker and
uznetsov, 2007, 2008). The transport coefficients of calcein are
onservative and have been chosen based on interpretation of
ublished work (Zador et al., 2008). Within the SC, the transport
oefficients are modeled to undergo several order of magnitude
ncreases. This reflects the dramatic increases in permeability asso-
iated with the development of the LTR.

. Results and discussion

.1. Experimental data

As the pulses are delivered to skin in Franz diffusion cells
ia the buffered donor and receiver solution, we first examined
hat percentage of the delivered voltage is established across
ermatomed skin during HV and during LV pulses alone. Signals
ecorded with oscilloscope during 3xHV and 3xLV protocols are
hown in Figs. 1 and 2, respectively: upper panels denote the volt-
ge delivered with Cliniporator into the solution (gray line), and
he voltage measured across skin (black line); electric current is
hown in the bottom panels. Please note very different time scales
n Figs. 1 and 2: the difference in length between the long LV pulses
nd the short HV pulses is three orders of magnitude. The differ-
nce in amplitude, however, is only one order of magnitude. Before
nd after pulse delivery, pH was measured in both, the donor and

he receiver solutions. For the pulse parameters used, we observed
o changes in pH value.

As depicted in Figs. 1 and 2, the voltage measured across skin
Uskin) is slowly decreasing during pulse delivery while, at the same
voltage delivered with pulse generator (gray), voltage measured across skin (black);
bottom panel: the electric current. Note very different time scales when comparing
this figure to Fig. 2.

time, the electric current is increasing. This suggests an increase in
overall skin conductivity. If we compare the magnitude of these
changes during 3xHV protocol (Fig. 1) to the changes during 3xLV
protocol (Fig. 2), we can observe higher increase in conductivity
Fig. 2. Voltage and electric current during 3xLV pulse protocol. Upper panel: the
voltage delivered with pulse generator (gray), voltage measured across skin (black);
bottom panel: the electric current. Note very different time scales when comparing
this figure to Fig. 1.
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ig. 3. Comparison of different pulse protocols and their effect on skin and subse-
uent passive calcein delivery through the skin. The concentration of calcein in the
eceiver compartment was measured for 5 h following pulse delivery (at time zero).

ncluded. The concentrations of calcein at 5 h after pulse delivery
or all pulse protocols used are given in Table 3. Firstly, the con-
rol without any applied pulses results in negligible transfer. This
s expected due to the formidable barrier that SC represents for

olecular transport of even relatively small molecules. Also, cal-
ein in free solution has a small associated diffusion coefficient
Milanova et al., 2011; Stenekes et al., 2000; Zhao, 2008). Fur-
her, calcein concentration for 5 h after 3xHV protocol is very low,
howing nearly negligible improvement from the case without any
ulses delivered. This seems to imply that our 3xHV pulses have a
egligible influence on subsequent calcein delivery by passive dif-

usion. Recalling that the SC structural alterations associated with
he short HV pulses result only in small, cell-level pathways, this
s not surprising. Consider now the striking contrast in the trans-
ort response to the low voltage pulses (3xLV protocol). Here we
ee a significant quantity of calcein transported through the skin by
assive diffusion after the longer, low voltage pulses, with almost
onstant rate of transport sustained over the 5 h of testing. This
s consistent with a very large increase in SC permeability that is
nticipated in the creation of “large” LTRs that are associated with
ong LV pulses.

The differences between the skin’s response to HV or LV square
ave pulses has been a point of interest in the past (Denet and Préat,

003; Dujardin et al., 2001, 2002). However, of further interest to
his study is the effect that these pulsing protocols have on the skin
hen used in combination with one another. Thus we also com-
ared different combinations of short high voltage (HV) pulses and

onger low voltage (LV) pulses and their effects on skin to enhance
assive transport of calcein through the skin. We anticipated that
combination of HV, followed by LV pulses will work in synergy

nd will result in more transport of the solute through skin than
ither HV or LV alone. The rationale behind this expectation states
hat (a) the short, HV pulses will result in the creation of small
ell-level permeation pathways through the stratum corneum and

b) the longer (hundreds of ms), low amplitude pulses will expand
hese newly created pathways into the much larger LTRs, as well as
rovide some driving force for a charged solute before subsequent
assive diffusion.

able 3
oncentration of calcein in receiver compartment after 5 h of passive diffusion following
iven for all pulse protocols.

Pulse protocol Control 3HV 3HV + 1LV 1HV + 1LV

Mean (�M) 0.00227 0.01111 0.07404 0.08346
St. dev. (�M) 0.00175 0.00595 0.02899 0.02047
armaceutics 457 (2013) 214–223

However, contrary to this expectation, we found that HV pulses
have a negative effect on calcein delivery compared to LV pulses
alone. The transport of calcein through the skin increases with
increasing number of LV and is significantly decreased when pre-
ceded by HV pulses (see Fig. 3 and Table 3).

In order to better understand the phenomena observed when
HV and LV type pulses are used in combination, we look again at
the effects when the pulses are applied separately. The HV pulses
alone result in an increase in electrical conductivity (as suggested
by electric current increase shown in Fig. 1), but negligible increases
in permeability to passive transport of calcein: this implies the
expected small, cell-level pathways through the SC which are large
enough for electric current, but too small for significant passive
diffusion of calcein. The LV pulses alone result in increase in elec-
trical conductivity (inferred from marked electric current increase
in Fig. 2) while also resulting in long term increases in diffusion
related transport of calcein: this is in line with the expansion of
the LTR during the LV pulse. It has to be emphasized that cal-
cein can be transported even through smaller, cell-level pathways,
however, electrically-driven transport (sufficient electrophoresis
or iontophoresis) is needed in this case. To achieve transport with
mostly passive diffusion (as in our case), larger LTRs are needed.
Inside these larger transport pathways, no or little recovery takes
place for hours (even up to days) after pulses, as reported in the
literature (Pliquett, 1999). Experimental results shown on Fig. 3
demonstrate fairly constant rate of passive transport (the slope of
calcein concentration increase over time), suggesting no resealing
during the 5 h of the experiment, which is in line with the reported
findings on LTRs (Pliquett, 1999).

We infer from our experimental data that the small, cell-level
pathways within the SC resulting from the HV pulse somehow
inhibit the formation of the LTR which result from the LV pulse.
This leads to the question: why or how does the existence of densely
distributed small pathways prior to the application of an LV pulse
interfere with the subsequent evolution of the highly permeable
LTRs? The reason for the negative effect of the preceding HV pulses
may be precisely the large number of cell-level pathways created
with the HV pulses. Namely, the large LTRs result from localized
resistive heating during the LV pulse. In order for this resistive
heating to provide sufficient thermal energy to initiate SC lipid ther-
mal phase transitions, a high current density is required. The HV
induced pathways provide many locations of lowered SC electrical
resistivity, so that when the LV pulse is applied, the electric current
is distributed between these many pathways and cannot gener-
ate sufficient resistive heating for LTR evolution, which results in a
lower transdermal delivery.

Changed electric field distribution in skin tissue as a result of
high voltage pulsing has been a point of interest in the past (Pliquett
et al., 2000). In their study, iontophoresis was used for hours as
main mechanism of transdermal delivery after/in-between high
voltage pulsing. The effects on skin of this intermittent high volt-
age pulsing resulted in changed electric field distribution, pertinent
to subsequent electrically-driven transport by iontophoresis. Using
high voltage pulsing may thus lead to a decrease in transder-

mal transport by iontophoresis, depending on the type and charge
of molecule used, as was shown in Pliquett et al. (2000). In our
study we explored another consequence of this changed electric
field distribution in skin after HV pulses, which becomes evident

pulse delivery. Mean calcein concentration and standard deviation of the mean are

3HV + 3LV 1HV + 3LV 3(HV + LV) 3LV + 3HV 3LV

0.12782 0.13210 0.23279 0.27663 0.42141
0.03190 0.02030 0.03942 0.05652 0.04795
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f the first LV pulse (right panels) are in fact the HV pulses.

hen main transport mechanism is passive diffusion: i.e. changed
onditions for resistive heating and LTR expansion. This latter con-
equence exerts an effect directly on skin, rather than on delivered
olecule, so using a different molecule would – in the case of

assive transport after pulsing – yield similar results. Namely,
ost of the electrically-driven transport in our study occurs dur-

ng the 250 ms long LV pulses, the rest is passive diffusion over 5 h
f experiment. We evaluated the contributions of both transport
echanisms numerically (omitted from the manuscript due to the

ength constraints) and have shown, for the pulse protocols and
xperimental conditions used, that the electrophoretic contribu-
ion is much lower than the one from passive diffusion.

In order to examine the electrical conditions during the
xHV + 3xLV protocol, we again recorded the voltages and the
lectric current during pulse delivery. Signals recorded with the
scilloscope are shown in Fig. 4. Upper panels depict the voltages
elivered into the solution (gray lines), and the voltages measured
cross skin (black line), during the HV (upper left panel) and the
V pulses (upper right panel). Electric current is shown in the bot-
om panels; 3xHV: bottom left and 3xLV: bottom right. Please note
ery different time scales between the left and the right panels: the
ifference in length between the long LV pulses and the short HV
ulses is three orders of magnitude. The shapes and the amplitudes
f the signals during the HV pulses are, as expected, similar to those
n Fig. 1, however, the electrical behavior during the following LV
ulses are markedly different to that seen in Fig. 2. First, the volt-
ge established across skin (Uskin) at the beginning of the first LV
ulse is much lower than during 3xLV pulses alone. This indicates
hat the conductivity of the skin at the beginning of LV pulses is
lready increased; this conductivity increase is caused by preced-
ng HV pulses, as could be expected. The most interesting signal,
owever, is the electric current recorded during the LV pulses fol-

owing the HV pulses (bottom right panel). The electric current is
igher than during the 3xLV pulses alone, which is again due to the

ncreased skin conductivity, however, it does not increase further
uring the LV pulses, as it does during 3xLV pulses alone. This seems
o corroborate our assumption that no significant LTR expansion

ccurs during LV pulses if they are preceded by HV pulses.

To further support the hypothesis that the ordering of the pulses
s important, we reversed the sequence of the pulse combina-
ion, delivering 3xLV pulses first, followed by 3xHV. As expected,
rt HV pulses is three orders of magnitude. What looks like a spike at the beginning

the delivery of the solute was significantly higher when com-
pared to the 3xHV + 3xLV protocol (see Table 3). Also, the fact
that the 3x(HV + LV) protocol yields higher transdermal delivery
than 3xHV + 3xLV, seems to further support this hypothesis. How-
ever, because 3xLV protocol shows further significant increase in
transport enhancement when compared to 3xLV + 3xHV, another
mechanism must be involved. One of the observations we made
during the experiments is the formation of air bubbles on the skin
caused by LV pulses delivered into the solution, which, in combi-
nation with the HV pulses may have a sort of an occlusion effect on
the transport. In regard to this, we would like to point out that two-
compartment Franz diffusion cells are not the ideal in vitro setup to
be used in transdermal delivery studies with electroporation as the
enhancement method. Namely, the electric pulses delivered to the
skin indirectly via the donor and the receiver solution bring along a
number of electro-chemical effects that cannot be easily accounted
for or controlled.

The following section will provide insight into the physics
underlying the response of the skin to HV and LV electric pulses
with a numerical model that links structural alterations of the SC
to increased mass permeability and electrical conductivity, and this
in turn to the (mainly) passive transport of the solute. It will further
substantiate the interpretation of the experimental results in which
it is inferred that LV pulses result in the evolution of the LTR and
that HV pulses create a condition that interferes with the ability of
LV pulses to create the LTR.

3.2. Theoretical explanation of experimental results

The following discussion is intended as an exploration of the
physics underlying the response of the skin to square wave short
HV and long LV pulses (presented in Section 3.1), and should not be
interpreted from the perspective that the model is attempting to
precisely replicate the exact experimental conditions and results.

The region of skin modeled corresponds to the development
and subsequent mass transport through a single LTR. The compu-
tational domain has an outer radius of RO. This region is radially

centered about some small region of size RP within the SC whose
electrical conductivity and mass permeability are orders of magni-
tude higher than that of the surrounding SC. This highly conductive
region is used to represent the presence of an appendageal duct (for
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re associated with a single LTR (initial radius 10 �m) and represent a physical
omain with a lateral area that is 1/400 that of the experiment (RO = 250 �m). Shaded
egions correspond to simulated LV pulses.

arge RP), or the alteration of the SC resulting from the HV pulse
for small RP). The theoretical predictions and discussion describes
ow the condition of the SC prior to the application of the LV pulse

nfluences the development of the LTR and the associated passive
ransport of calcein.

In order to quantify the LTR development during the pulse, the
ffective LTR radius, R+, is introduced. The effective LTR radius is
efined as the minimum radial location within the SC at which
he SC lipids have not experienced any thermal restructuring. This

eans that increases in R+ represent the growth of the LTR’s region
f influence during the applied pulse.

We begin the theoretical description with a discussion of the
heoretical relationship between LTR growth and electrical current
ncreases during the application of an LV pulse train. In this sce-
ario the outer domain radius is RO = 250 �m and the pre-LV pulse
efect radius is RP = 10 �m. These geometries are conservative rep-
esentations of size and distribution density of hairs that are found
n normal porcine ear skin (Jacobi et al., 2007).

Fig. 5 presents the transient behavior of the LTR growth and
he electric current during the applied LV pulses. Note that the
ncreases in electric current reflect the LTR growth. As the LTR
evelops, the local electrical conductivity within the LTR increases,
o that the electric current between electrodes increases as well.
his provides a major point of importance in how we can interpret
he electrical behavior of the experimental results. Theoretically,
he increases in electric current are directly proportional to the
rowth of the LTR. With this in mind, consider again the experi-
ental 3xLV electric current measurements of Fig. 2. If the transient

ncrease of electric current during LV pulses is representative of
he LTR growth/expansion as indicated by Fig. 5, then we can infer
hat the increases in the LV experimental current measurements
hown in Fig. 2 imply LTR expansion. From this we can conclude that
he constant electric current measured during the LV pulses when
receded by HV pulses (Fig. 4) does not indicate subsequent LTR
xpansion, which is in line with the observed calcein concentration
esults.

This computational domain (RO = 250 �m) has 1/400th the lat-
ral surface area of the experiment. Thus the theoretical model
redicts a 0.14 A increase in current for the skin sample used in the
xperiment. Fig. 2 shows an increase in current of ∼0.1 A which,
hile not agreeing fully, is comparable to that of the numeri-

al model. While this is encouraging, it is also apparent that the
heoretical model does not exactly capture the physics involved

n experiment. This can be seen in the deviation of the model’s
ransient electric current prediction of Fig. 5 compared to the exper-
mental behavior of Fig. 2. The drastic increase in current of the
xperimental 3xLV protocol during the first pulse with little or no
armaceutics 457 (2013) 214–223

change in current during pulses 2 and 3 is indicative of a large alter-
ation in global electrical conductivity of the sample during pulse 1
which is greatly reduced during pulse 2 and 3. This discrepancy is
due to the simplification in our model that only captures the alter-
ations of the SC and that neglects the conductivity changes of the
rest of the skin (apart from SC).

The central question of this study was motivated by the exper-
imental results presented in Fig. 3 and Table 3 that seem to imply
that when LV pulses are preceded by even a single HV pulse, the
total solute transported by subsequent passive diffusion is dramat-
ically reduced. In the following analysis we will answer: “why does
the application of HV pulses prior to the application of an LV pulse
interfere with the evolution of the highly permeable LTRs?” In order
to understand the physics underlying the reduction in total passive
calcein delivery, we turn the discussion to two important points of
empirical observation involving the response of the SC to HV and
LV pulses (Denet et al., 2004).

(1) When the pulse intensity is decreased and the pulsing time
is increased, the resulting transport regions are more likely to
cluster together in groups. This is to say that the HV pulses will
result in smaller areas of SC alteration (smaller RP).

(2) When pulse amplitude is increased, the density distribution of
pathways is higher. This is to say that HV electroporation pulses
result in more cell-level pathways per cm2 occurring across the
lateral surface of the SC (smaller RO).

The alteration of the SC by the HV pulse is represented in this
study by the condition of the SC prior to the LV pulse.

Consider point (1) first: that the application of the HV pulse(s)
results in defect formations that occupy very small regions of the
SC. In the following discussion, these defects are represented the-
oretically by a pre-existing pathway of radius RP (Here the term
pre-existing refers to prior to the LV pulse application). The goal is to
see what effect the pre-existing pathway size has on the evolution
of the LTR.

The alteration of the SC by the HV pulse(s) is represented by a
pre-existing (to the LV pulse) region within the SC, whose thermo-
electrical properties are modeled to be the same as the donor
solution. In Fig. 6a it is evident that the LTR growth is strongly
dependent on the initial state of the SC. In fact is appears that there
exists a lower limit of pre-existing pathway size for which substan-
tial LTR growth can be initiated. This is evident in the RP = 2.5 �m
case for which the LTR reaches a maximum size and does not
develop further over the duration of the applied pulse. This seems
to imply that there is a critical value of pre-existing pathway radius
that will result in sufficient Joule heating for lipid melting. The pre-
existing pathway size strongly influences the distribution of electric
field which in turn influences the amount of the Joule heat and thus
local temperature rises. Within the pathway, the magnitude of the
current density determines the magnitude of the Joule heat which
in turn induces LTR growth.

The theoretical implications of Fig. 6a are that if the HV-created
pathways are clustered together in localized regions of very small
effective diameter (this is expected for an HV pulse), the LV pulse
cannot deliver sufficient power to induce lipid phase transition
which is a requisite for large LTR formation and subsequent passive
mass transport.

Next we consider the second point of the empirical observa-
tions: that HV electroporation pulses result in more pathways per
cm2 occurring across the lateral surface of the SC. To investigate the

effect that a higher global distribution density of pathways across
the SC has on the evolution of the LTR during the LV pulse, we
consider varying the radial size of the computational domain, RO.
Pathway density is inversely proportional to the square of the outer
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of the receiver cell and may be directly compared to the experi-
mentally observed calcein concentrations of Fig. 3. The theoretical
receiver concentrations after electroporation are plotted in Fig. 7.
These show that the pre-LV condition of the SC strongly influences
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omain radius, R2
O, so that a larger value of RO is representative of

lower distribution density of pathways.
Fig. 6b shows that the LTR evolution during the LV pulse is

trongly affected by the density distribution. In fact it suggests
hat for a given skin sample, there is some minimum value of RO
corresponding to maximum pathway density) below which LTR
volution does not take place. This is again in agreement with the
xperimental results of Fig. 3.

The physical explanation of this phenomenon lies in the consid-
ration of the electric field. Recall that the resistive heating which
s responsible for the LTR initiation results from the high current
ensity in the small pre-existing defect region. When the pathway
ensity is increased, the global distribution of electric current is dis-
ributed among more pre-existing pathways: effectively the total
urrent is divided by the number of pathways. A higher density dis-
ribution of defects results in a lower electric current within each
efect. The calculations used to arrive at Fig. 6b use smaller com-
utational domain sizes to represent higher pathway densities: so
hat there is less total current available for a smaller RO (represent-
ng the higher density distribution of pathways, associated with HV
ulses).

We conclude this discussion with an analysis of transport that
ocuses on the pre-LV pulse condition of the SC. Here we compare
he calcein passive delivery associated with two different scenarios
f SC condition. The first scenario reflects the SC whose lateral sur-
ace is perforated with a high density distribution of very small
athways. The outer domain radius is RO = 100 �m with a pre-
xisting pathway radius of RP = 2.5 �m. This is representative of
he condition of the SC following 3xHV pulses. The second sce-
ario describes the SC in the absence of HV pulses. In this case,
he skin is perforated by moderately large appendage-associated

athways (RP = 10 �m) that are much more sparsely distributed
RO = 100 �m). Beginning with these SC conditions, we consider
he subsequent LTR evolution during the applied LV pulses and
hen calculate the total solute transported with passive diffusion
(R+); (b) Theoretical influence of pathway density on the LTR evolution. Pathway
ions correspond to simulated LV pulses.

through the skin sample for up to 5 h after the application of the LV
pulses. In order to quantify the calcein transported we use the aver-
age receiver calcein concentration: CR. This is defined as the ratio of
total calcein transported into the receiver cell to the total volume
Fig. 7. Theoretical comparison of the calcein delivered through the dermatomed
skin at long post pulse diffusion times. The high density small pathway case
(RO = 100 �m, RP = 2.5 �m) represents the 3xHV + 3xLV pulse protocol. The low
density large pathway case (RO = 250 �m, RP = 10 �m) represents the 3xLV pulse
protocol.
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he effect of the LV pulses on LTR formation. Here we see that the
ase corresponding to the condition of the SC resulting from the
xHV pulses, followed by 3xLV pulses results in calcein concentra-
ion much lower than that of the 3xLV pulses alone. This agrees with
he trends observed in experiment. It should be noted that the lat-
ral surface of the experiment is 0.75 cm2 and the theoretical model
aptures transport about a single LTR. This means that the transport
or the high density distribution case (RO = 100 �m) represents the
ransport through 2500 LTRs and the transport of the low density
istribution case (RO = 250 �m) represents the transport through
00 LTRs.

The total calcein transported, the electrical behavior reflected
n the LTR development, and the understanding of the effects of
V pulses on the SC all provide supporting evidence that admin-

stering HV pulses prior to the LV pulses reduces the total calcein
elivered through dermatomed skin. This is primarily due to the
trong influence that the structural alterations associated with the
V pulses have on the electro-thermal behavior of the SC during

ubsequent LV pulses. Any effect that introduces more pathways of
owered electrical resistance into the SC will result in lowered LTR
volution and thus in less total calcein transport during subsequent
assive diffusion.

. Conclusions

We experimented with different combinations of square wave
hort high voltage (HV) and long low voltage (LV) pulses, focusing
rimarily on the order of pulses. Although a number of studies com-
aring different pulse protocols for transdermal delivery have been
one in the past, the topic of pulse order have not been explored so
ar. It has been shown experimentally that high voltage (HV) pulses
esult in smaller but denser high conductivity pathways across SC,
hile the evolution of larger local transport regions (LTRs) during

onger low voltage (LV) pulses has been shown to be a thermal
henomenon due to resistive heating and phase transition of SC

ipids. Contrary to intuitive expectation – that a combination of
V pulses, followed by LV pulses will work in synergy – our results

how that higher increase in skin permeability and subsequent pas-
ive transdermal delivery can be achieved with LV pulses alone.
ven more, preceding HV pulses seem to have a negative effect on
alcein delivery.

We supplement the measurements of calcein delivery through
ermatomed skin with recordings of voltages and electric current
uring pulse delivery and a thermodynamically based theoretical
escription of the physics underlying the development of LTRs. We
onclude that any influence that acts to increase the density distri-
ution of SC regions of higher electrical conductivity or/and acts to
ecrease the size of these regions of higher electrical conductivity
ill result in the evolution of smaller LTRs. Because the applica-

ion of the short HV pulses has been shown to encourage both of
hese and because the LTRs are associated with a higher permeabil-
ty to mass transport, we explained, theoretically, why delivery is
nhibited when LV pulses are preceded by HV pulses. We have thus
hown that the total pulse energy (depending on pulse amplitude
nd duration) alone cannot account for total solute transport and
hat the order of the types of pulses administered must also be con-
idered when skin electroporation is used to increase transdermal
elivery. To put it simply: electric field distribution, which dictates
onditions for resistive heating and LTR expansion during LV pulses
s altered by preceding HV pulses.

Most experiments performed on skin electroporation for trans-
ermal delivery so far were using exponentially decaying pulses

f different amplitudes, durations and numbers. Both high voltage
nd low voltage pulse protocols are reported, however, we would
ike to stress that, in the case of exponentially decaying pulses,
hese labels have to be understood with reservations and cannot
armaceutics 457 (2013) 214–223

be directly compared to HV and LV labels we use when describing
square wave pulse protocols. Namely, an exponentially decaying
pulse inherently comprises a short but higher voltage component
at the beginning, followed by the long lower amplitude decay of the
delivered voltage. Effectively, this means that most studies done
so far in fact employ either an approximation of different repet-
itive HV + LV protocols (repetitive exponentially decaying pulse
protocols) or true square wave repetitive pulses of either HV or
LV configuration.

Furthermore, not only pulse protocols, but also the experimen-
tal setup plays an important role in treatment outcome and the
interpretation of the results. Because a significant voltage drop
occurs in the solution when using in vitro diffusion cell experi-
mental model for electroporation studies, the transdermal voltage
cannot be directly controlled. For this reason, and to avoid a number
of electro-chemical effects that cannot be easily accounted for or
controlled, as well as to get closer to in vivo conditions, our exper-
iments will be repeated and continued on a different experimental
model.

In conclusion, although considerable effort has been put in the
optimization of pulse protocols for transdermal drug delivery with
electroporation, our study shows that the possibilities for further
improvement of the method using new protocols are far from
being exhausted. Also, the use of theoretical support for expla-
nation of experimental results is crucial as it offers new insights
into the underlying mechanisms and allows for better planning of
future experiments. For easier and better comparison of different
experimental protocols and to achieve better control of protocol
parameters, the use of square wave pulses instead of exponentially
decaying pulse shape is preferred.
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