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In this paper, we discuss some of the primary experimental factors
that should be considered when interpreting and implementing the
published results of skin electroporation studies concerning meas-
urements of mass transport across the stratum corneum (SC) in
the Franz cell. It is explained that the pulse magnitude should
always be considered in the context of pulse shape and that trans-
port measurements should always be presented in the context of
the trans-SC potential difference (instead of the voltage between
the electrodes). The condition of the SC prior to the application of
the long-duration pulse strongly influences the evolution of the
local transport region (LTR). This is quantified in a simple analyt-
ical investigation of the conditions that affect the thermodynamic
response of the skin. [DOI: 10.1115/1.4031767]
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1 Introduction

The skin’s outermost layer, the SC, has an exceptionally low
permeability to mass transfer and represents a formidable obstacle
to the transdermal delivery of drugs. In order to increase the SC’s
permeability to molecular transport, both passive enhancement
methods (which are chemically based) and active enhancement
methods (which rely on an imposed physical force) have been
extensively researched [1,2]. One of the active methods used

to increase transdermal molecular delivery is electroporation.
Electroporation of the skin uses intense electric pulses, which dis-
rupt the multilamellar lipid bilayer structure of the SC thereby
reducing the skin’s resistance to molecular transport [3,4]. Depend-
ing on the electric pulse characteristics, the effects of this disruption
can be observed to last from only a short period of microseconds up
to several hours [5–8]. Longer lasting disruption of the skin’s resist-
ance allows for much enhanced transdermal diffusion.

The increase in the skin’s permeability to transdermal delivery
following skin electroporation is highly dependent on the electric
pulse characteristics (i.e., amplitude, duration, spacing, and num-
ber). The field is in general agreement that there are different
physical mechanisms responsible for these increases in skin per-
meability according to two primary pulsing regimes [4]:

(i) Short-duration high-intensity pulses result in an altered SC
that is highly perforated with cell-sized aqueous pathways.
These pathways are initiated as a result of the molecular
scale interaction between the applied electric field and the
dipole of individual water molecules that are located adja-
cent to the head groups of the lipid composition of the cell
membranes within the first few microseconds of exposure
to the electric field [9]. Pulses in this regime are referred to
as “high voltage” (HV) pulses.

(ii) Long-duration low-intensity pulses occur on much longer
timescales (up to hundreds of milliseconds) and result in
regions of increased permeability within the SC, which are
relatively large (up to hundreds of micrometer) but that
occur at a much lower density (number of pathways per lat-
eral SC surface area) [4,8]. These regions are referred to as
LTRs. The development of the LTR is believed to be ther-
mally related and associated with the thermal disruption of
the SC lipid microstructure: within a temperature range
around 60�70 �C, the SC lipid crystal structure experiences
a fluidizing phase transition [10]. Long-duration pulses can
result in resistive Joule heating, which has been documented
under certain experimental pulse conditions to cause local-
ized temperature rises of over 60 �C [7,11,12]. The pulses in
this category are referred to as “low-voltage” (LV) pulses.

Even small variations in the experimental conditions can
strongly influence the physics that result in these permeability
increases. In this paper, we discuss some of the primary experi-
mental factors that should be considered when interpreting and
implementing the published results of skin electroporation studies.
It is a discussion on already published work in the field by other
authors as well as experimental and theoretical work by the
authors of this paper and includes an analytical analysis of the
LTR evolution.

In Sec. 2, a brief review is provided of studies implementing
the most common pulse shapes (square wave (SW) or exponen-
tially decaying (ED)) used in skin electroporation experiments.
Studies of different pulse shapes report their results using identical
jargon. The potential pitfalls of misinterpreting this identical lan-
guage are discussed.

Franz diffusion cells are the standard experimental setup to
measure the effect of electroporation on transdermal transport.
The transport measured by the Franz cell setup is at the tissue
level and not the cellular level. Because the system is very sensi-
tive to the experimental parameters used, care should be taken
when interpreting the results of experiments using this technology.
This is discussed in detail in Sec. 3.

Finally, in Sec. 4, a simple analytical model is developed that
can be used to highlight the sensitivity of the rate of LTR evolu-
tion on experimental parameters.

2 Pulse Shape

There are two primary pulse shapes that are employed in skin
electroporation experiments. SW pulses use a constant voltage for
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the entire pulse duration in anticipation of a highly controlled and
repetitive pulse protocol. ED pulses have been employed in skin
electroporation experiments partly because the technology of
capacitor-discharge devices required to deliver ED pulses is much
simpler than that required by SW generators [13]. Furthermore,
the long LV decaying tail of the ED pulse can provide an electro-
phoretic contribution to transport and under certain conditions it
can result in Joule heating. The duration of the ED pulse is charac-
terized by the exponential time constant: VðtÞ ¼ VO exp ½�t=s� so
that smaller values of s correspond to more rapidly decaying
pulses. A list of both, experimental and theoretical studies is pro-
vided in Table 1 that summarizes pulse types and their parameters
used in the studies of transdermal molecular delivery reported in
the literature.

As discussed in Sec. 1, the electroporation pulses are catego-
rized as either HV or LV and each category has a different
physics associated with the alteration of the SC barrier: HV
pulses are associated with the disrupt of the lipid microstructure
by a strong electromagnetic force and the LV pulses are associ-
ated with SC lipid thermal phase transition. Generally, the liter-
ature labels the pulse an HV pulse, when the amplitude
between the electrodes is above 500 V (while their duration
is much shorter: hundreds of microseconds) and as LV when
the voltage between electrodes does not exceed 200 V (few to
hundreds of milliseconds).

All studies, whether they use ED or SW pulse shapes, use iden-
tical terminology (HV and LV) to characterize the pulse regime.
When referring to an SW pulse, the label HV or LV corresponds
to the category of pulse amplitude during the entire duration of

the pulse. However, when referring to an ED pulse, the pulse label
HV or LV refers only to the initial pulse amplitude. Consider that
the ED pulse inherently comprises a short but higher voltage com-
ponent at the beginning and that this is followed by a lower ampli-
tude decaying tail. The distinction between these can be seen in
Fig. 1 in which both pulse shapes are superimposed for typical
HV pulses (Fig. 1(a)) and for LV pulses (Fig. 1(b); note that the
time scales differ by three orders of magnitude).

Note the potential discrepancy of using the same language (LV
or HV) to characterize a pulsing regime for both SW and ED pulse
shapes. Consider first Fig. 1(a) depicting the HV pulse. Clearly
the entirety of the SW pulse shape lies only in the HV region.
However, note that the tail of the ED pulse continues for a much
longer time at a lower voltage. Thus, it is feasible (and likely) that
the tail of the HV ED pulse could initiate physics that are nor-
mally only associated with pulses labeled LV. At early times, the
decaying pulse initiates the high density distribution of cell-sized
pathways through the SC, which is a purely electrical phenom-
enon. At later pulsing times, the same pulse causes microscale
heating within these pathways that lead to the lipid thermal phase
transition. While these two effects are traditionally attributed to
two different pulse regimes, the pulse has been categorized as an
HV pulse.

In contrast, in the LV range (Fig. 1(b)), the pulse shape may
play a lesser role in LTR evolution (as long as the initial voltage
of the ED pulse is not of a magnitude sufficient to cause the
creation of new small aqueous pathways by electroporation). This
is because the LTR growth is believed to result from the lipid ther-
mal response to the local temperature rise which is proportional to

Table 1 Pulse types and parameters used in the studies of transdermal molecular delivery

Study Protocols

References Type of studya Pulse typeb
Pulse parameters or parameter ranges
(number of pulses/voltagec/durationd)

Prausnitz et al. [14] TDD, EXP, in vitro, in vivo ED 720/Uskin: 50–500 V/s: 1–1.3 ms
Pliquett et al. [8] Skin changes, EXP, in vitro ED up to 60/Uskin: up to 150 V/s: 1.1 ms
Vanbever and Pr�eat [15] TDD, EXP, in vitro ED 5/24–250 V/s: 620 ms (changing voltage)

5/100 V/s: 78–711 ms (changing duration)
Pliquett and Weaver [5] TDD, skin changes, EXP, in vitro ED 15–180/Uskin: up to 200 V/s: 1.1 ms
Gallo et al. [16] Skin changes, EXP, in vitro SW Up to several hundred/U: 5–500 V/Dt: 1–10 ms
Vanbever et al. [17] EXP, in vivo, safety study ED 15/U: 100 V/s: 500 ms

15/U: 250 V/s: 200 ms
60/U: 500 V/s: 1.3 ms

Pliquett et al. [18] LTR, EXP, in vitro ED 5–60/Uskin: 20–100 V/s: 1–300 ms
Chizmadzhev et al. [19] EXP, in vitro, THEOR SW 1/U: 10–60 V/Dt: 8 ms
Vanbever et al. [7] TDD, EXP, in vitro ED 240–720/U: 1000–1500 V/s: 1 ms

20/U: 100–400 V/s: 100–300 ms
Pliquett et al. [20] TDD, EXP, in vitro ED 30/USC: 75–90 V/s: 1 ms
Martin et al. [21] LTR, skin changes, THEOR ED 1/USC: 70 V/s: 1–10 ms
Pliquett et al. [22] LTR, EXP, in vitro ED 10/U: 80 V/s: 100 ms

10/U: 105 V/s: 360 ms
Dujardin et al. [23] EXP, in vivo, safety study SW 10/U: 1000 V/Dt: 100 ls

10/U: 335 V/Dt: 5 ms
Denet and Pr�eat [24] TDD, EXP, in vitro SW 10/U: 250–400 V/Dt: 1, 10, 20, 200 ms
Pliquett and Gusbeth [11] Skin changes, EXP, in vitro, THEOR ED 60/Uskin: 100 V/s: 1.1 ms
Pliquett et al. [12] LTR, skin changes, EXP, in vitro EDþSW ED: U: 1000 V/s: 1 ms

ED: U: 100 V/s: 300 ms
SW: up to 1000/U: 10–150 V/Dt: 300 ls

Wong et al. [25] EXP, in vivo, pain assessment SW 60/U: up to 150 V/Dt: up to 1 ms
Zorec et al. [26] TDD, EXP, in vitro, THEOR SW HV: 3/U: 500 V/Dt: 500 ls

LV: 3/U: 45 V/Dt: 250 ms
Blagus et al. [27] TDD, EXP, in vivo, SW 24/U: 70–570 V/Dt: 100 ls

aTDD, transdermal drug delivery; LTR, study of local transport regions; EXP, experiments; and THEOR, theoretical study.
bED, exponentially decaying pulse(s) and SW, square wave pulse(s).
cPulse amplitude is usually reported as voltage between electrodes, however, voltage across skin sample for in vitro experiments is much lower. When
voltage on skin is reported, the amplitude is indicated with either Uskin or USC. For ED pulses, voltage refers to the maximum voltage, at the beginning of
pulse.
dPulse duration for ED pulses is given as exponential decay time constant s; for SW pulses, it is given as the duration of a single pulse (Dt).
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the amount of energy dissipated within the LTR during the pulse.
This is illustrated in Sec. 4 of this paper.

It is possible that the physics associated with the permeability
increase of an HV ED pulse could have components that are
normally associated with both HV and LV pulse types. This
should be contrasted to the SW pulse which can only be either
HV or LV but not both. Special attention should be made to the
pulse shape when interpreting the label of the pulsing regime
(HV or LV).

Having stated the above, it should be noted that in this discus-
sion, the SW pulses are presented in their idealized form. Con-
versely, the pulses delivered with pulse generators always have
nonzero rise and fall times and therefore also include exponential
growth and decay components. However, the duration of these
components is very short in comparison with the usable length of
the pulse. Good SW pulse generators can produce HV pulses with
fall times well below 10 ls (depending on the load) and even
shorter rise times (a few microseconds), which is much shorter
than true ED pulses and can be neglected for the purpose of this
discussion. Still, a frequency analysis of both types of pulses
would show an even more detailed comparison between typical
SW and ED pulses.

3 Experimental Setup Considerations

The Franz diffusion cell is the setup of choice in most permea-
tion studies to test the transdermal transport characteristics of
molecules present in different formulations, such as creams, gels,
or encapsulation systems. Diffusion cells consist of two buffer
filled compartments: (1) a donor cell that contains the molecule to
be delivered and (2) a receiver cell from which transport concen-
tration values are measured. These two cells are separated by a
skin sample. Because the transport of the molecule across the skin
may be quantitatively measured, the Franz cell is the most widely
accepted method of experimentally measuring passive transder-
mal diffusion (at the tissue level). However, there are several
characteristics of the Franz diffusion cells with skin electropora-
tion experiments that give rise to concern. In this section, we pres-
ent some limitations of the use of Franz diffusion cells to model
transport in skin electroporation studies that should be considered
in order to avoid drawing erroneous conclusions.

Commercially available diffusion cells are designed for passive
diffusion studies and therefore are often relatively small; the do-
nor and receiver compartments may have an inner diameter of
1–2 cm. This makes fitting the electroporation electrodes onto the
skin particularly challenging. To address this, instead of placing
electrodes directly onto the skin, the electric pulses have been
delivered into the buffer solution: one electrode in the donor solu-
tion and one in the receiver solution [5,7,8,11,12,14,15,18,19,22].
This can present a number of complications when implementing
the results of published work.

The first concerns the interpretation of the magnitude of the
pulse. From an electrical perspective, the buffer solution repre-
sents a non-negligible part of the whole system. It is not unlikely
(as discussed in Ref. [26]) that a large portion of the total deliv-
ered voltage is lost to the resistance in the buffer solution itself: a
much smaller voltage is delivered to the actual skin sample. When
considering the published results of such electroporation studies,
care must be taken not to interpret the voltage applied to the elec-
trodes as the actual voltage delivered across the skin sample Uskin,

which depends strongly on the placement of the electrodes in the
donor and the receiver solution, and is not easily controlled.
Therefore, at the very least, the Uskin needs to be measured, how-
ever, only some authors have actually done it [5,7,8,11,18].

The second complication concerns the electrical properties of
the buffer solution itself. It has been established that the electrical
system is highly sensitive to any minor changes in buffer solution
composition or concentration [24,28,29]. Also, the electric pulses
delivered to the skin indirectly via the donor and the receiver solu-
tion containing abundant ions bring along a number of electro-
chemical reactions that cannot be easily accounted for or
controlled. Electric pulses will inevitably cause electrochemical
reaction in the buffer solution that may influence the electrical
characteristics of the buffer solution. In such a case, the shape of
the electric voltage across the skin may not identically follow that
of the pulse delivered to the electrodes. In this case, it is not only
the magnitude of Uskin that needs to be recorded, but also its shape
on the time interval during the pulse delivery.

Finally, when considering in vivo applications of skin electro-
poration, care must be taken when considering the results of the
in vitro transport studies. This is because the in vitro experimen-
tal setup (electroporation through a Franz cell) differs greatly
from the in vivo application. In an in vivo or clinical application
of skin electroporation, variations of electrode configurations are
used in which all of the electrodes are placed externally on the
skin’s surface [14,16,17,23,25]. The electric field associated with
the Franz cell type setup (where one electrode is placed on the
external side and one electrode is placed on the internal side of
the skin) is unlikely to closely resemble the intended in vivo
case. Because it is this electric field which is responsible for the
creation of small pathways, for their expansion, as well as for
the driving force, transport characteristics of the in vitro studies
may differ greatly from the in vivo application, which they
intend to represent.

4 Simplified Analytical Model of LTR Expansion

In the following discussion, a simple analytical model is devel-
oped to help quantify the influence that the pulse characteristics
and the buffer solution have on the transport associated with
electroporation. This will be done in the context of the temporal
evolution of a thermally induced LTR.

Fig. 1 A comparison between (a) typical HV ED and SW pulses and (b) typical LV ED and
SW pulses. Note that the time scales differ by three orders of magnitude; also, the voltage
scales are not the same for HV and LV.
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Here, we consider a theoretically idealized and much simplified
case representing the heating of a thin annular membrane of very
low electrical conductivity (representing the SC) that is placed in
an electrically conductive medium. The system is depicted in
Fig. 2(a). The membrane (which is traversed by a small cylindri-
cal pore of radius RP) extends to the outer domain boundary, R0,
and has a thickness LSC. We conducted a simple exercise that
investigates how the parameters R0 and RP affect the Joule heating
within the pore, and how they influence the time it takes to heat a
small annular region (DR) surrounding the pore.

In general, biological materials are not purely resistive but have
their capacitive or inductive component (reactance, frequency-
dependent part). If the material is exposed to direct current, the
frequency-dependent part—the reactance—plays no role when the
system is in steady state, after all the transients have faded out. It
does, however, dictate the course of the transient of the system.
When using typical DC pulses to enhance transdermal transport
with electroporation, electrical response of skin can be regarded
as quasi-stationary, thus the capacitive effects and the finite
propagation of the electric current in the biological tissue can be
disregarded.

The outer radial boundaries are perfectly insulated (electrically)
in order to represent the case when the SC is homogenously perfo-
rated by these pores. For simplicity, the entire domain has a uni-
form electrical conductivity, r, everywhere except within the
annular region occupied by the membrane ðL1 < z < L1 þ LSC

and RP < r � ROÞ. The membrane electrical conductivity is so
much lower than that of the surrounding medium that it is
assigned a zero value.

The electric field will be approximated as one dimensional
(in z) so that, for this exercise, any radial variations in the
electric potential gradient are neglected. To represent an electric
pulse that is applied to the upper boundary of the domain (at
z ¼ 0), an electric potential of Vðz ¼ 0Þ ¼ VO is imposed. At the
bottom domain boundary, the potential is held at a zero value:
VðL1 þ L2 þ LSCÞ ¼ 0 for all times.

Recall that the evolution of the LTR is a phenomenon associ-
ated with the thermal state of the skin’s microstructure. When
the pulse is applied, the electric current follows the path of least
resistance through the SC: any region traversing the SC that has
a lower electrical resistance (for example, some small defect or
appendageal pore) will experience a high current density. The
electrical resistance in this localized region of high current den-
sity causes localized Joule heating. If the pulse is sufficiently
long, the SC lipids may reach temperatures exceeding those

required for thermal phase transition. The result is a greater per-
meability to mass transport in these regions of altered lipid
microstructure.

We begin by considering the resistive Joule heating that occurs
within the pore ðL1 < z < L1 þ LSC and RP < r � ROÞ. When a
simple one-dimensional approximation is used, this Joule heating
may be represented by

qJ ¼ r

���� @V

@z

����
2

(1)

This heat is responsible for the temperature rise of the membrane
just around the pore that is made up of the small thin-walled cylin-
drical region of thickness DR as depicted in Fig. 2(b). We will
consider the very special (purely theoretical) case in which all the
resistive heating that takes place within the pore is instantly trans-
ferred to the heating of this thin-walled cylinder by making
approximation that

qSCcSC

dT

dt
� VOLSC ¼ qJ � VOLP (2)

where the temperature is represented by T, the time by t, and the
membrane density and specific heat are represented by qSC and
cSC, respectively. The volume encompassed by the pore is

VOLP ¼ pR2
PLSC and the volume of the thin-walled cylindrical

region of the SC is VOLSC ¼ pð2RPDRþ DR2ÞLSC. While this
simple representation clearly neglects the heat transfer in the axial
direction, neglects any thermal gradients within the SC mem-
brane, and neglects the thermal capacitance within the pore, it
does serve to illustrate how the system parameters affect the mini-
mum heating time required to raise the SC lipids by a temperature
difference. This can be accomplished by integrating Eq. (2) over a
time interval Dt. Doing this and rearranging the result, we can
show that the maximum increase in temperature that can occur in
the small cylindrical region during the time interval Dt is

DT ¼ qJ
Dt

qSCcSC

1

2
DR

RP
þ DR2

RP
2

0
B@

1
CA (3)

where the ratio of the volumes VOLP=VOLSC has been reduced to
the term in parentheses. In order to evaluate the Joule heat of
Eq. (3), we must find an expression for the electric field that influ-
ences the Joule heating of Eq. (1).

Fig. 2 (a) Schematic of the idealized LTR: a section of the SC surrounding the pre-
existing pathway. The SC (thickness LSC) extends to the outer domain boundary, R0, and
is traversed by a small cylindrical pore of radius RP . (b) The expansion of the LTR: the
small thin-walled cylindrical region of thickness DR represents the expansion of the pore
due to the temperature rise.
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Consider that under the one-dimensional approximation, the
total electric current, I, may be represented by an expression that
capitalizes on the electrical resistances of each layer as

I ¼
ðAO

0

�r
dV

dz
dA ¼ DVX

R
¼ VO

L1=rAO þ LSC=rAP þ L2=rAO

(4)

Here, the cross-sectional area of the outer domain is AO ¼ pR2
O

and the cross-sectional area of the pore is AP ¼ pR2
P.

Using an equivalent length to represent the sum of the
distances between the membrane surfaces and the electrodes
(LEQ ¼ L1 þ L2), the electric current may be expressed as

I ¼ r
VO

LEQ=AO þ LSC=AP
(5)

Note that above and below the membrane, the current density is

JO ¼
I

AO
¼ r

VO

LEQ þ LSC R2
O=R2

P

� � (6)

where the term in parentheses is the ratio AO=AP.
Within the pore, the current density is

JP ¼
I

AP
¼ r

VO

LEQ R2
P=R2

O

� �
þ LSC

(7)

where the term in parentheses is the ratio AP=AO. It is interesting
to note that within the pore traversing the SC, the current density
decreases with the ratio R2

P=R2
O, while in regions above and below

the SC, the current density increases with this ratio. It is the cur-
rent density within the pore that is responsible for the resistive
heating.

The gradient of the electric potential within the pore may be
approximated as

@V

@z

����
L1<z<L1þLSC

¼ 1

r
JP ¼

1

r
VO

LEQR2
P=R2

O þ LSC

(8)

Thus, the resistive Joule heating within the pore Eq. (1) can now
be represented as

qJ ¼ r
VO

LEQ

� �2 1

R2
P=R2

O þ LSC=LEQ

� �2
(9)

Substituting the expression of the volumetric heating Eq. (9) into
Eq. (3), the maximum possible temperature for the small region of
SC surrounding the pore during a time period Dt is

DT ¼ rV2
ODt

qSCcSC

1

2
DR

RP
þ DR2

R2
P

 !
R2

P

R2
O

LEQ þ LSC

 !2
(10)

In Sec. 3, concerns were raised regarding the importance of buffer
solution electrical conductivity when Franz cells are used for skin
electroporation studies. Equation (10) can be used directly to
show that the temperature increase of the SC surrounding the
defect is linearly proportional to the buffer electrical conductivity.
Thus, when the buffer electrical conductivity is influenced by the
electric field, the corresponding transient increase of the skin’s
mass permeability associated with the SC lipid structure’s thermal
alteration is influenced proportionally.

In Sec. 2, a discussion was presented that highlighted the differ-
ence between the terms HV and LV that are used in the context of
an SW pulse compared to when they are used in the context of an
ED pulse. During that discussion, it was stated that in certain cir-
cumstances, the physics that result from an ED pulse could have
aspects that are traditionally associated with both HV and LV
pulse types. For example, when the initial voltage of an LV pulse
is in the HV range or when the tail of the exponential HV pulse
lies in the LV range.

When an electroporation pulse (that is considered to be in the
HV regime) is applied to the skin, conductive pathways (pores)
are introduced into the SC. This electroporation of the SC is char-
acterized by the actual size of these pathways (represented in
Eq. (10) by RP) and their density distribution (represented in
Eq. (10) by RO). Subsequent application of the pulse can result
in the Joule heating and the temperature rise of Eq. (10). When
this temperature is significant, lipid thermal phase transition
within the SC region DR around the pore is initiated. This results
in the evolution of the LTR in this region. Equation (10) has been
developed in order to show the influence that the pathway density
and size have on the subsequent temperature rises.

The density of pores per lateral surface area of skin is propor-
tional to the square of the outer domain radius RO. It is clear from
Eq. (10) that the temperature rise increases with RO: the derivative
of the temperature rise with respect to the outer radius,
@=@ROðDTÞ is always positive. This implies that decreasing the
number of pre-existing defects per cm2 skin (increasing the mag-
nitude of the outer radius) will always increase the temperature
rise that contributes to SC lipid phase transition. The temperature
rise, in fact, asymptotically approaches

lim
RP=ROð Þ!0

DT ¼ rV2
ODt

qSCcSC

R2
P

2RPDRþ DR2

� �
1

L2
SC

(11)

A depiction of Eq. (10) is plotted in Fig. 3 for the parameter values
qSC ¼ 1000 kg �m�1, cSC ¼ 3600 J � kg�1 �C�1, Dt ¼ 3� 102 ms,
r ¼ 0:5 S �m�1, VO ¼ 50 V, LEQ ¼ 10 mm, LSC ¼ 10lm, and

Fig. 3 (a) Temperature rise dependence on pore density (inversely proportional to R2
O) and

(b) nonlinearity in the dependence of temperature rise on pore size, RP
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DR ¼ 0:75 lm. The thermophysical property values chosen here
are representative of SC tissue and thickness, and the solution con-
ductivity and the spacing between electrodes have been chosen to
be representative of our own experiments [26]. The effect of the
pore density is plotted in Fig. 3(a) for a pre-existing pore of outer
radius Rp ¼ 1lm. Increases in the outer radius (RO) correspond to
a lower density distribution of pre-existing pores. In Fig. 3(a), the
shaded region corresponds to the temperature range in which the
SC lipids experience thermal phase transition (LTR evolution)
when the experiment is conducted at in vivo conditions (at 37 �C).
The temperature is very sensitive to the density distribution of
pores. Note that this example of the conditions required for LTR
evolution considers temperature increases that, when sustained
over extended periods, can lead to thermal degradation of living
tissue.

The dependence of the temperature rise on the pore size is not
as obvious. Consider that the derivative of required heating time
with respect to pore radius @ðDtÞ=@RP of in Eq. (10) can change
sign. The influence of pre-existing pore size on the temperature
rise is plotted in Fig. 3(b) for RO ¼ 100lm.

The low temperature rises for very small pores are partly
because the total heat generated within the pore is proportional to
the pore volume (which scales with R2

P) and partially due to the
ratio of the volume of the SC cylinder to that of the pore. The
lower temperature rises associated with very large pores are due
to the inverse relationship between current density within the pore
and pore size seen in Eq. (7).

While these results reaffirm the complexity of the dependence
of LTR evolution on the structure of the SC, Eq. (10) also pro-
vides a method to quantify the influence of pore size and pore den-
sity. Establishing this sensitivity to these parameters is important
to the discussion concerning the interpretation of the labels HV
and LV in the context of pulse type.

5 Conclusions

The results of experimental studies characterize the pulsing
regime in terms of the labels HV or LV regardless of pulse shape.
It is possible that a single ED pulse type results in physical
responses traditionally associated with HV type pulses as well as
physical responses traditionally associated with LV pulse types.
This should be contrasted to the SW pulse which results in a
response that is attributed to either HV or LV but not both. In this
case, our recommendation when interpreting the results of experi-
mental studies is that the labels HV and LV always be considered
in terms of the pulse shape.

When electroporation is conducted in Franz diffusion cells,
geometric constraints make it necessary to apply the electric pulse
into the donor and receiver solutions. In this case, the electric
field behavior is very sensitive to the state of the buffer solution’s
electrical characteristics. Furthermore, the actual voltage across
the skin can vary considerably from the voltage delivered to the
electrodes. When interpreting and when presenting the results of
these experiments, it is suggested to always consider the voltage
across the skin sample in addition to the voltage delivered to the
electrodes.

Future work should be done to reconsider the design of diffu-
sion cell geometry in order to more closely match clinical applica-
tions. This could include a much larger donor side cell which
would accommodate both anode and cathode.

Acknowledgment

This research was performed in the scope of LEA EBAM and
was in part financed by the European Regional Development
Fund (Biomedical Engineering Competence Center, Slovenia),
the Slovenian Research Agency (P2-0249), and the New Zealand
Royal Society’s Marsden Fund. A part of this work was carried
out during the Short Term Scientific Missions (applicants:
Barbara Zorec, Reference No. COST-STSM-TD1104-21061 and

Nata�sa Pav�selj, Reference No. COST-STSM-TD1104-21057)
funded by COST TD1104.2

References
[1] Williams, A., 2003, Transdermal and Topical Drug Delivery: From Theory to

Clinical Practice, Pharmaceutical Press, London.
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