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Abstract

Electroporation is an approach used to enhance transdermal transport of large molecules in which the skin is exposed to a series of
electric pulses. Electroporation temporarily destabilizes the structure of the outer skin layer, the stratum corneum, by creating micro-
scopic pores through which agents, which ordinarily are unable to pass into the skin, are able to pass through this outer barrier. Long
duration electroporation pulses can cause localized temperature rises which result in thermotropic phase transitions within the lipid
bilayer matrix of the stratum corneum. Chemical agents applied to the skin can reduce the lipid phase transition temperatures. This paper
studies the benefits of the combination of the chemical enhancer, terpene d-limonene with low voltage electroporation pulses in order to
further aid in electroporation pore development resulting from fluidization of the lipid structures within the stratum corneum. A tran-
sient finite volume model is developed in which the thermal and electrical behavior associated with electroporation of in vivo human skin
is analyzed and lipid phase transition is represented by a melting process. The Nernst–Planck model is used to represent the electropho-
retic-assisted transport of large charged molecules through the skin. The results show that the lower lipid phase transition temperatures
associated with the topical application of chemical enhancers to the skin allow for increased solute delivery and solute penetration of the
skin reaching radial locations much further than in the untreated case. Solute transport solutions of both cases exhibit local accumulation
of concentrations below the stratum corneum – epidermis interface which exceed concentration values initially contained within the
applicator gel.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The thin (10–20 lm) outermost layer of the skin, the
stratum corneum (SC), acts as a barrier inhibiting transder-
mal drug delivery. The SC is composed of flat dead cell
shells, called corneocytes, which are interconnected by a
lipid lamellar bilayer structure in a crystalline-gel phase.
The barrier function of the SC is primarily associated with
this lamellar lipid structure in the extracellular space of the
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SC [1,2]. Electroporation has been shown to greatly
increase the success of transdermal delivery of large mole-
cules [3–5]. During skin electroporation, the skin is exposed
to a series of intense electric pulses in order to change the
structure of the SC by creating microscopic aqueous pores
[6–8]. The breakdown of the SC barrier function allows for
increased molecular transport and radically reduces the
electrical resistance of the skin [6,9–12]. Although the pri-
mary effects of electroporation are these microscopic tran-
sient pores, under certain pulse parameters, secondary
effects occur resulting from Joule heating and the associ-
ated highly localized regions of elevated temperatures. At
temperatures around 70 �C the SC lipid lamellar structure
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is compromised [13–17] and subsequently the barrier
function of the SC is dramatically reduced [14,18]. It is
recognized that localized Joule heating associated with
electroporation is likely to contribute to increased perme-
ability of the SC by lipid chain melting [4,19–22]. In
[4,19] in vitro studies show that for moderate voltage, long
duration pulses, electroporation pores originate within
existing trans-SC appendageal pathways (sweat glands or
hair follicles) and it is postulated that large current densi-
ties within the pore result in localized Joule heating and
temperature rises sufficient to cause lipid phase transitions
within the surrounding SC. Further in vitro experiments
show that the effective pore radius of the localized trans-
port region (LTR) is proportional to pulse duration which
is associated with Joule heating [20]. Evidence of lipid
phase change brought on by localized Joule heating is also
presented in [21] where correlations between mass perme-
ability of the SC and local temperature rise above lipid
phase transition are established.

The skin barrier property has also been shown to be
overcome by chemical penetration enhancers which act to
destabilize the transport hindrance by interacting with the
SC bilayer structure resulting in increased passive diffusion
fluxes [23]. One class of chemical enhancers, terpenes,
which are found in some plant oils, have been shown to
decrease the temperatures at which SC lipids experience
phase transition [16] and increase transdermal mass flux
during iontophoresis (a very low voltage electro-assisted
transport method) [24]. Chemical enhancers have been
used in conjunction with electroporation experimentally
in order to prolong the recovery of the electroporated SC
bilayers [4].

Previous models of transdermal electrically assisted
molecular transport focusing on iontophoresis are predom-
inantly one-dimensional, and treat the skin as a homoge-
neous membrane [25–28]. By treating the SC as a
homogeneous membrane any local variations of the electric
field within the SC are neglected, and the radial gradients in
mass flux cannot be represented. By modeling the skin as a
single membrane, variations in axial concentration of sol-
ute deposition are lost. In [29] a theoretical model is devel-
oped in which a high voltage electroporation pulse about
an existing small diameter pore causes temperature rises
which are sufficient to thermally alter the SC’s lipid
structure.

The current study’s purpose is first to develop a two-
dimensional transient model of skin electroporation which
captures thermal pore development and local solute trans-
port. The model emphasizes the coupling of the thermal
and electrical solutions with the SC lipid phase transition.
As the lipid configuration changes from lamellar to
disordered due to local temperature rises, the model
incorporates dramatic drops in electrical and transport
resistance. Then, using this model, the study shows
that combining terpene enhancer with skin electropora-
tion greatly increases the success of transdermal mass
transport.
1.1. Physical model

This paper considers the effects of skin electroporation
in the direct vicinity of an electroporation pore. Typically
in external skin electroporation a section of skin coated
with an applicator gel is pinched between two electrodes
(see Fig. 1a). Computations preformed in this study rely
on symmetry at the axial mid-plane (z = W/2), therefore
only the half domain is modeled. In this study a small sec-
tion of tissue near the center of the electrode is used to rep-
resent the target region. Fig. 1b shows the composite
representation of this configuration consisting of electrodes
(e), gel (g), and skin. The skin model consists of four sec-
tions: SC, epidermis (ED), dermis (DERM), and subcuta-
neous fat (FAT). This model uses a cylindrical domain
with an outer radius RO = 1 mm. Fig. 1c shows a represen-
tation of the SC prior to electroporation in which a pre-
existing pore of radius RP = 5 lm at the axial center passes
through the SC. Prior to electroporation, the lipid structure
connecting the corneocytes of the SC is the lamellar and
uniform. During electroporation a large current density
through the pore causes local temperature rises within the
SC. Fig. 1d shows the lamellar structure in phase transition
and that the effective pore radius, Reff, extends to the region
at which SC lipids are unaffected by the temperature rises.
The axial axis origin begins at the SC–gel interface and is
oriented positive into the skin, while the radial axis origin
is at the center. Table 1 lists the composite thicknesses used
in this model.
1.2. Mathematical model

1.2.1. Thermal energy

In formulating the thermal model, the system is divided
into three sub-domains: composite tissue, applicator gel,
and electrode plate.

To represent the composite tissue domain, the Pennes’
bioheat equation [32] is used along with an additional
source term:

qici
oT
ot
¼ r � ðkirT Þ � xicbðT � T aÞ þ q000i þ QJ ð1Þ

where q is the density, c is the specific heat, k is the thermal
conductivity, T is the temperature, Ta is the arterial tem-
perature, QJ is the Joule heat generated from the induced
electric field, q000 is the metabolic volumetric heat genera-
tion, xm is the non-directional blood flow associated with
perfusion, t is the time. The parameter cb in the perfusion
term is the specific heat of blood, which is assigned a value
of cb = 3800 J/kg K [33]. The subscript i refers to one of the
four composite skin layers: SC, ED, DERM, or FAT.

The gel layer (g), situated between the electrode and the
SC is represented by the transient conduction equation
with an added source term representing Joule heating:

qgcg

oT g

ot
¼ r � ðkgrT gÞ þ QJ ð2Þ



Table 1
Composite material dimensions and properties

SC ED DERM FAT g e

Thickness, d (mm) 0.015 [30] 0.035 [30] 1.1 [31] 1.2 [31] 1 1
Thermal conductivity, k (W/m K) 0.2 [34] 0.209 [35] 0.293 [35] 0.23 [33] 0.6 16
Density, q (kg/m3) 1500 [33] 1110 [33] 1116 [33] 850 [36] 1000 7850
Heat capacity (specific), c (J/kg K) 3600 [36] 3600 [36] 3800 [36] 2300 [36] 4180 450
Perfusion, x (kg/m3 s) 0 0 2.33 [37] 0.545 [37] – –
Metabolic heat generation, q000 (W/m3) 0 0 200 [36] 5 [36] – –
Electrical conductivity, r (S/m) 10�5 [33] (rSC,MELT = 0.001) 0.01 0.015 0.02 [33] 1.5 –
Electrophoretic mobility, m (m2/V s) 10�17 (mSC,MELT = 5 � 10�11) 10�10 2 � 10�10 10�10 10�8 –
Diffusivity, D (m2/s) 10�17 (DSC,MELT = 10�13) 10�12 10�12 10�12 10�9 –

Fig. 1. Physical model description: (a) electroporation skin fold overview, (b) composite skin layers (cylindrical representation), (c) close-up of trans-SC
pre-existing pore with unperturbed lipid configuration, (d) close-up of electroporated SC: lipids undergoing structural phase transition.
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This domain also includes the pre-existing trans-SC pore
which is contained in the central 5 lm radius section of
the SC.

The electrode plate section (e) is represented by the tran-
sient conduction equation:

qece
oT e

ot
¼ r � ðkerT eÞ ð3Þ

where the subscript e refers to electrode plate parameters.
Tissue, electrode and gel property values used are listed
in Table 1.

1.3. Boundary and initial conditions

Initially the temperatures of the composite tissue, and
gel domains are assumed to be equal to the arterial blood
temperature, Ta:
T iðr; z; 0Þ ¼ T a ð4Þ
T gðr; z; 0Þ ¼ T a ð5Þ

The electrodes are added to the model at the onset of the
first electroporation pulse, and unless otherwise specified
are left in contact with the target region for all remaining
computations. Initially electrodes are assumed to have
the same temperature as the surroundings, T1:

T eðr; z; 0Þ ¼ T1 ð6Þ

The outer radial faces of the tissue, gel and electrode do-
mains are assumed thermally insulated:

o

or
T ðR0; z; tÞ ¼ 0 ð7Þ

A convective flux boundary condition is imposed onto the
electrode face exposed to the ambient air:



Table 2
Operational parameter values

Computational domain radius R0 1 mm
Pre-existing pore radius RP 5 lm
Arterial blood temperature Ta 37 �C
Ambient temperature T1 20 �C
Convection coefficient h 15 W/m2 K
Applied voltage Vapp 275 V
Pulse duration sP 200 ms
Pulse interval sS 1 s
Number of pulses delivered NP 4
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q00 ¼ hðT e � T1Þ ¼ �ke

oT e

oz

����
surface

ð8Þ

where q00 is the heat flux convected from the exposed face, h
is the convection coefficient, and T1 is the ambient air
temperature.

Symmetry is applied at the skin fold axial midpoint:

o

oz
T FATðr;W =2; tÞ ¼ 0 ð9Þ

where W is the plate spacing. Table 2 lists further parame-
ter values.

1.4. Electric field power generation

During electroporation the induced electric field causes
a temperature rise due to Joule heating. The power sup-
plied is found as follows. The electric potential is solved
from the Laplace equation:

r � ðrir/Þ ¼ 0 ð10Þ

where / is the electric potential and ri is the composite elec-
trical conductivity, and the subscript i refers to one of the
composite layers: g, SC, ED, DERM, or FAT. This equa-
tion is solved using the boundary condition at the upper
electrode–gel interface, in which the potential is the same
as the applied voltage, Vapp:

/ðr;�dgÞ ¼ V app ð11Þ

where dg is the thickness of the gel section. The second
boundary condition uses symmetry of the system imposing
a potential value equal to half of the applied voltage at the
target region axial middle:

/ðr;W =2Þ ¼ V app=2 ð12Þ

where W is the spacing between electrodes.
In this study a direct current pulse is modeled with an

applied voltage value of Vapp = 275 V.
The outer radial surface of the target region is assumed

electrically insulated:

o

or
/ðR0; zÞ ¼ 0 ð13Þ

The power due to Joule heating is then defined as

QJ ¼ rijr/j2 ð14Þ
Obviously there is no Joule heating outside the target re-
gion or at times during which the electric pulses are not ap-
plied. In [38] it is shown that even at moderate voltages the
capacitive charging time associated with non-Ohmic behav-
ior of the skin is very short and may be neglected at times
greater than 1 ms. This behavior is neglected in this study.
Eq. (10) neglects the influence of the charged molecules of
the solute on the electrical distribution of the large magni-
tude pulse.

1.5. Mass transport

Electrically driven transdermal delivery is negotiated by
the three modes of transport: electrophoresis, electro-
osmosis, and diffusion. Studies focusing on electrically
driven transport of large charged molecules show that elec-
tro-osmotic effects are negligible compared to electrophore-
sis forces [39] (especially for short duration pulses).
Homogenous tissue in vivo electroporation studies show
that electrophoretic forces dominate in the transport of
large molecules [40,41]. In skin electroporation the pulse
parameters are short (compared to iontophoresis), thus
electro-osmosis plays a negligible role, while electrophore-
sis effects are the primary effects in transdermal delivery
of charged molecules [4,5].

The transport of solute through the SC and into the
underlying domain is formulated from the Nernst–Planck
equation [42] as follows:

oC
ot
¼ �r � ðmiCr/Þ � r � ðDirCÞ ð15Þ

where D is the diffusion coefficient, m is the electromobility,
and the subscript i refers to one of the composite layers: g,
SC, ED, DERM, or FAT, and C is the local dimensionless
solute concentration, which is defined by the relation:

C ¼ C�

C0

ð16Þ

where C* is the local solute concentration and C0 is the ini-
tial concentration within the gel layer.

Eq. (15) is solved using the zero flux conditions:

oC
or

����
r¼R0

¼ oC
or

����
r¼0

¼ oC
oz

����
z¼�dg

¼ 0 ð17Þ

The last boundary condition used is justified by the
assumption that, given the short time periods of evaluation
and small magnitude transport parameter values, the solute
is not expected to be transported to the lower computa-
tional boundary:

Cðr;W =2; tÞ ¼ 0 ð18Þ
Initially all the solute is contained within the gel layer:

Cðr; z; 0Þ ¼
1; z < 0

0; z > 0

�
ð19Þ

Exact correlations between electromobility and molecular
weight and charge are not available although in vitro exper-



Table 3
SC lipid enthalpic phase transition data reflecting findings of [16]

Phase change Association Without enhancer
[T1,T2] (�C)

Terpene d-limonene
[T1,T2] (�C)

Without enhancer
DH (J/kg)

Terpene d-limonene
DH (J/kg)

E Fluidization of lamellar lipids [65, 75] [45, 55] 5500 6000
F Fluidization of protein associated lipids [75, 90] [55, 70] 4000 3900
G Denaturation of proteins [90, 110] [70,110] 4700 3100
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imental measurements of DNA movement in tumor tissues
show that electrophoresis increases transport over passive
diffusion by several orders of magnitude, and that trans-
port increases with pulse intensity [39]. In vitro studies also
show that collagen content and structure acts to reduce
electromobility of large molecules in tumor tissue [39,43].
Electrophoresis studies in polyacrylamide and agarose gels
have been conducted to estimate mobility of DNA within
the interstitial spaces of living tissue [44,45]. These studies
show that mobility varies inversely with gel concentration
in the order of magnitude range 10�8–10�9 m2/V s. Diffu-
sion coefficients of DNA have been obtained experimen-
tally in agarose gels and result in a range of values
10�12–10�14 m2/s depending on gel concentration [44]. Dif-
fusion coefficients and electromobility values used in the
current study have been chosen with the findings in mind
and are given in Table 1.
1.6. Lipid phase change

The lipid structure is known to become destabilized at
elevated temperatures. It is generally accepted that there
exist four main endothermic transitions in the SC in the
temperature range 40–130 �C which have been indepen-
dently confirmed by differential scanning calorimetry [13–
17], although evidence exists of additional thermal transi-
tions [46,47]. This paper focuses on three high temperature
transitions of the SC, adopting the convention used in
[46,47], phase changes E, F, and G. The enthalpic peaks
of phase change G occur at temperatures above 90 �C
and have been associated with protein denaturation
[15,16,46]. Secondary lipid melting has been associated
with phase change F at higher temperatures around
80 �C and has been linked to lipid covalently bonded to
corneocytes [15,16]. Of great interest in this paper is phase
change E which has primarily been attributed to the disor-
dering of the lamellar lipid phase [16] and has been docu-
mented in numerous differential scanning calorimetry
studies at endothermic peak temperatures from 65 to
72 �C [47]. Using X-ray diffraction microscopy it has been
shown that the lipid lamellar structure in the SC is evident
up to temperatures about 60 �C and then disappears within
10 �C [2,48]. Polarized light thermal microscopy of lipids
extracted from the SC directly shows an overall fluidization
of lipid structures at 60 �C [46]. Further evidence of lipid
chain melting and increased permeabilization at this phase
change is given in [14,18] where it is shown that the SC
becomes more permeable to water flux abruptly at 70 �C.
Table 3 lists the temperature ranges over which each of
the three phase transitions are represented.

Skin penetration enhancers have been shown to increase
the permeability of the SC by increasing the diffusivity,
probably by disrupting the lipid bilayer of the SC [23]. In
[16] the terpene d-limonene is shown to reduce both E
and F phase transition temperatures by 20 �C. Enthalpic
curves generated by differential scanning calorimetry also
show that using this enhancer broadens the endotherm
associated with phase change G. These findings are
reflected in the enthalpy and phase change temperatures
used in this study and provided in Table 3.

To capture SC lipid phase transition this study bor-
rows from enthalpy methods which were originally
designed to model melting and solidification processes
occurring over a temperature range [49,50]. A rectangu-
lar shaped specific heat vs. temperature curve is used
to model phase transitions as in [51,52]. The heat of
transition is modeled using apparent specific heats as
follows:

cSC;APP ¼ cSC þ cSC;L ð20Þ

where cSC,APP is the apparent SC specific heat, and cSC,L is
the latent specific heat which is represented as

cSC;L ¼
DH PC

T PC2 � T PC1

ð21Þ

where DH is the latent heat, T2 and T1 are the representa-
tive phase change end and beginning temperatures, and the
subscript PC refers to one of the three phase transitions: E,
F, or G. Table 3 lists the values used in computations for
the three SC phase change regions.

In light of the previously discussed SC lipid thermal
behavior and permeability studied, this model uses phase
transition E to model SC lipid melting during which the
fraction of lipid melting is defined as

u ¼ ðH � cSCT Þ
DH E

ð22Þ

where H is the total enthalpy and is defined:

H ¼
Z T E2

T E1

cSC;APP dT ð23Þ

Given the assumed linear endothermic absorption over the
lipid melting region E, the fraction of lipid melt is repre-
sented as
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u ¼
0; T < T 1;E

T�T E;1

T E;2�T E;1
; T E;1 < T < T E;2

1; T E;2 < T

8><
>: ð24Þ

The electrical conductivity of the SC is several orders of
magnitude lower than the underlying composite layers.
The lamellar structure of the bilayer matrix greatly reduces
ionic permeability. With the fluidization the lamellar lipid
extracellular sheets in phase transition E comes increased
SC ionic permeability. Electrical resistance has been shown
to drop by two orders of magnitude in the temperature
range of this phase change [53] which also suggests the bar-
rier function of the SC is compromised in transition E.

To model the increase in electrical conductivity with
lipid restructuring, the local SC effective electrical conduc-
tivity is related to lipid melt fraction by the relations:

r�SC ¼ rSC þ uðrSC;MELT � rSCÞ ð25Þ

where rSC is the normal electrical conductivity, and
rSC,MELT is the electrical conductivity associated with the
SC after full lipid melting. To represent the two order of
magnitude increase in electrical conductivity with lipid
time (

L
2

er
ro

r
no

rm

0 5 10

10-4

10-3

10-2

+

+

+

+

+++++++++++++++ + + + ++++++++++++++++++++

xx x x x

xxxxxxxxxxxxxxxx x x xxxxxxxxxxxxxxxxxxxx

z (mm)

10-2 10-1 100

200

300

0

5E+08

1E+09

Potential φ-Analytical
Potential φ-Numerical
Heating QJ -Analytical
Heating QJ - Numerical

+

xφ (V) QJ (W/m3)

S
C

G
el

D
erm

is

F
at

Fig. 2. Comparisons between numerical code and analytic solution (one-dimen
a vertical line between the electrodes using Vapp = 300 V. (b) Steady state tempe
surface using convection coefficient h = 500 W/m3. Dotted lines separate com
solution comparison with analytical solution.
restructuring as suggested by the results of [53], in this
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Similarly enhanced electrokinetic mobility and diffusion
coefficient of the SC are related to lipid melt fraction by the
relations:

m�SC ¼ mSC þ uðmSC;MELT � mSCÞ ð26Þ

where mSC is the unperturbed mobility of the SC, mSC,MELT

is the mobility associated with the SC after full lipid melt-
ing; in this study a value of mSC,MELT = 5 � 10�11 m2/V s is
used.

D�SC ¼ DSC þ uðDSC;MELT � DSCÞ ð27Þ

where DSC corresponds to the initial diffusion coefficient of
the solute in the SC, DSC,MELT is the diffusion coefficient
associated with the SC after full lipid melting; in this study
a value of DSC,MELT = 10�13 m2/V s is used. The values
used to represent the mass transport coefficients associated
with the fully thermally altered SC have been chosen to
approximate the very resistive conditions a large DNA
molecule would experience within the tortuous route be-
tween the unaltered corneocytes of the SC: the approxi-
mated diffusion and electrophoretic mobility coefficients
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used are much lower than those associated with those of
even the high collagen content tissue of the epidermis.

In [21,54] it is noted that long pulse duration is linked to
increased post-pulse electrical resistance recovery times
(>5 min). In [55] the electric and mass transport barrier
properties of SC regions experiencing lipid thermal phase
transition by electroporation show very long recovery
times (>30 min). SC lipid structural changes associated
with localized Joule heating during electroporation remain
for some time after cooling of the SC [21]. Polarized light
thermal microscopy of SC and extracted lipid samples
heated to 130 �C show that as the SC samples return to
room temperature, the restructuring of the lipids shows evi-
dence of aggregate variation [46]. Because of these findings
and in light of the relatively short time periods that tran-
sience is modeled (4s), upon cooling this study does not
consider lamellar restructuring of the lipid bilayers and
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subsequent electrical recovery. Thus Eq. (24) is evaluated
as

utþ1 ¼
max ut; 0ð Þ; T < T 1;E

max ut;
T�T E;1

T E;2�T E;1

� �
; T E;1 < T < T E;2

1; T E;2 < T

8><
>: ð28Þ

where the superscript t and t + 1 refers to the previous and
current time steps, respectively.

2. Discretization and solution procedure

The computational domain is discretized using a vari-
able cylindrical grid consisting of 34,100 cells. A fully
implicit finite volume approach is used to solve Eqs. (1)–
(3), (10) and (15). Temperature, T, and Joule heat, QJ,
are evaluated at the cell centers while the electric potential,
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/, is evaluated at the cell edges. The driving potential gra-
dient, $/, of the electrophoretic term in Eq. (15) is evalu-
ated at the midpoint of the cell faces. A global 1 ms time
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used between the cell center and the convection boundary
condition (8). The SC specific heats, mobility, diffusion
coefficient, electrical conductivity and lipid melt fractions
of Eqs. (25)–(28) are updated at each time step using the
local temperature solution of the previous time step. Vari-
ables T, /, and C are solved using an implicit point itera-
tive method. Since it is expected that between time steps
dramatic solution changes occur not over the entire solu-
tion domain, but locally within and about the target region
(and within the effective pore radius), a localized conver-
gence measure is used between iterations. The convergence
criterion is defined as e ¼ T pþ1

i;j � T p
i;j

�� �� where p is iteration
and convergence is established when e < 10�5.
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3. Code validation

To validate the numerical solution, comparisons with
analytic solutions were made. The temperature solution
of the one-dimensional steady form of Eq. (1) was obtained
in the axial z-direction using parameter values: h = 500 W/
m2 K and T1 = 10 �C, and setting a prescribed tempera-
ture at the target region half width T(W/2) = Ta. The
one-dimensional solutions of the electric potential and
Joule heat Eqs. (10) and (14) are obtained along the axial
direction. A SC conductivity value of rSC = 10�5 S/m is
used and the remaining composite tissue conductivity
values are the same as in Table 1. Fig. 2a and b shows
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excellent agreement between computed and analytic solu-
tions. Eq. (15) is solved in a homogenous domain of diffu-
sivity D = 10�8 m2/s with zero applied potential and
boundary conditions:

oC
or

����
r¼0

¼ oC
oz

����
z¼W =2

¼ 0 ð29Þ

Cjr¼R0
¼ Cjz¼0 ¼ 1 ð30Þ

The solution results are compared to the analytic solution
in Fig. 2c which shows the L2 root mean square error
norm. Again excellent agreement between numerical code
and the analytic solution is established.

4. Results and discussion

Solute concentration, electric potential, and thermal
solutions of interest are highly localized within and
about the SC, and therefore solutions are presented at loca-
tions near the SC and not over the entire computational
domain.
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4.1. Single pulse

In order to show the phenomenon associated with the
thermal, electrical, and transport solutions during pore for-
mation, comparisons between cases with the enhancer and
without the enhancer are presented during a single 200 ms
pulse with an applied voltage of 275 V. Pulsation influences
will be presented in later sections. The potential solution in
the half domain at the beginning and end of the pulse is
shown for skin without enhancement (Fig. 3a and b) and
skin treated with the enhancer (Fig. 3c and d). The local
apparent SC electrical conductivity is shown in the small
inserts in which the two r�SC contours shown represent
the electrical conductivity associated with lipid structures
thermally unaltered (10�5 S/m) and the conductivity of
lipid structures that have become completely fluidized
(0.001 S/m). Early in pulse application, at t = 20 ms
(Fig. 3a and c), nearly the entire potential drop of the
domain occurs across the SC. Even at this early time, the
case with the enhancer shows evidence of increased pore
development in the slightly more spread potential drops
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occurring at locations farther away from the pre-existing
pore. Furthermore at this time for the enhanced skin case,
the radial location of highest apparent SC conductivity is
nearly double that of the untreated skin. At the end of
the first pulse (t = 200 ms) the potential solution of the
untreated skin (Fig. 3b) shows remarkably little change
from the earlier solution reflecting that little thermal dis-
ruption of the SC lipid structures has taken place. This is
clearly not the case for the potential solution of the skin
treated with the enhancer in Fig. 3d. The radius of the bor-
der at which the SC conductivity is unaltered is nearly ten
times larger than the untreated case. With this change in
SC electrical property, Fig. 3d shows a drastically reduced
potential drop across the SC (especially in the region of
lipid phase transition). Furthermore, the larger magnitude
potential contours penetrate much lower into the tissue
domain in the case with the enhancer. The electrical solu-
tions reflect the thermal phase transition of the SC lipid
structures, and specifically show that due to the lower
transition temperatures, treating the skin results in a much
larger radius in which the SC experiences electrical
breakdown.

Transient thermal solutions of the 275 V pulse are shown
at representative times for the normal skin in Fig. 4a–c and
for skin treated with the enhancer in Fig. 4d–f. The small
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intervals. Dashed rectangle shows the boundary of the SC. Dotted lines repre
insets show a close-up of the SC in which the lipid melt frac-
tion contours are depicted at low lipid melt fraction
(u = 0.1) and nearly fully fluidized lipid structures
(u = 0.9). Recalling the results of the electrical solution, it
is expected that the small effective pore radius (at
t = 20 ms) is associated in a large local current density
which then results in large local Joule heating values and
subsequent local temperature rises. This is confirmed for
both treated and untreated skin in Fig. 4a and d in which
local temperatures exceed 100 �C at the interface of the
pre-existing pore and the epidermis. For the untreated skin
over the course of the 200 ms pulse, the thermal profiles
change little with the high temperature values exceeding
100 �C and remaining focused about the pre-existing pore
(Fig. 4a–c). The insets show that for the untreated skin,
the lipid structures change very little over the course of
the 200 ms pulse and in fact at the end of the pulse, the
lower level melt fraction contour reaching a radial distance
less than 0.05 mm. This is not the case for the enhanced
skin, which experiences the onset of lipid phase transition
at a much lower value of 45 �C. The results of the lowered
transition temperatures are reflected in the inserts of
Fig. 4e and f which depict the effective pore radius extending
beyond 0.3 mm. A result of a larger effective pore radius is a
drop in current density and resulting Joule heating. This is
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depicted in Fig. 4e at 100 ms, which shows the increase in
the effective pore radius and resulting drop in the maximum
temperature by about 50 �C. As the lower magnitude ther-
mal contour levels propagate radially outward causing fur-
ther lipid phase transitions and larger effective pore radius,
the maximum temperature drops again to 75 �C in Fig. 4f.

Concentration solutions are discussed next. From the
previous electrical and thermal solutions of untreated skin
which show the highly concentrated profiles about the pre-
existing pore, it is expected that the transport of solute con-
centration also remain in this vicinity. The concentration
solution of solute transported through untreated skin is
presented in Fig. 5. Initially only low concentration level
contours penetrate the SC, clearly following the path
through the pre-existing pore (Fig. 5a). After 100 ms puls-
ing (Fig. 5b), mid-level concentration level contours are
seen penetrating through the SC. These seem to follow
the large potential gradients within the SC and local
regions of increased SC mobility values associated with
the thermal phase transitions. A depletion of solute in the
applicator gel is evident directly above this portion of the
SC. At the end of the pulse (Fig. 5c) a local accumulation
of solute is seen in the higher concentration located at the
lower SC – epidermis interface. This may be explained by
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Fig. 9. Concentration solution, C, of skin treated with enhancer at the end o
rectangle shows the boundary of the SC. Dotted lines represent interfaces bet
recalling that the electrophoretic term of Eq. (17) is a func-
tion of the gradient in potential. Within the SC the appar-
ent electrical conductivity values are much lower than
those of the epidermis below. This results in a larger poten-
tial gradient within the SC compared to the epidermis
below. Effectively the electrophoretic driving forces carry
the solute through the SC and then experience a sudden
drop in magnitude. Due to the small effective pore radius
associated with the untreated skin, even at the end of the
200 ms pulse, concentrations of solute are restricted to
the center of the domain and are not transported past the
epidermal–dermal junction.

Fig. 6a–d show the concentration profiles during a
200 ms, 275 V pulse for skin treated with the enhancer.
Similar to the untreated case, at early pulsing times only
low concentrations penetrate the skin through the pre-
existing pore. At 60 ms pulsing, moderate concentrations
have begun penetrating the SC. By 100 ms a deposition
of solute is seen along the interface of the SC and epider-
mis. In fact the concentration at this location exceeds the
initial concentration of the gel (Fig. 6c). This is attributed
to the previously mentioned drop in electrophoretic forces
as the solute moves from the SC into the epidermis. The
lower temperature thermal behavior of the SC’s barrier lip-
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ids result in increased mobility at radial locations much
greater than in the untreated skin. By the end of this pulse
(Fig. 6d), the upper and mid-level concentration contours
have reached 0.2 mm, a distance nearly ten times that of
the untreated case. The concentration profiles of the trea-
ted skin are characterized by a shallow penetration distance
coupled with a large radial distance.

4.2. Multiple pulses

Electroporation typically consists of multiple pulses
spaced at regular intervals. In this study electroporation
is modeled by four 275 V, 200 ms long DC pulses applied
at 1 s intervals.

To compare the effects of the enhancer on transdermal
delivery of solute, comparisons over the four pulse periods
are made between skin treated with and without the
enhancer.

Fig. 7 compares thermal pore formation of the normal
to treated skin by showing the effective pore radius at the
end of each pulse (Fig. 7a) as well as the growth of the pore
during pulsing (Fig. 7b–e). The effective pore radius is
defined by the minimum radius at which lipids are unaf-
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Dimensionless relative concentration delivered is defined by Eq. (31) and repres
gel above the SC surface. In (b–e) concentration for untreated skin shown on
fected by thermal phases change. In both cases the first
pulse produces the greatest pore growth followed by much
slower rate of growth in later pulses, although the treated
skin experiences remarkably larger pore sizes. After the
first pulse, the untreated skin experiences negligible growth
since the growth of the effective pore radius in the first
pulse drops the local current density to such an extent that
in subsequent pulses the Joule heating is not sufficient to
cause temperature rises required to increase the effective
pore by lipid melting. Even though the current density
and subsequent Joule heating and temperature rises
decrease with increased pore diameter, for the skin treated
with the enhancer, the lower phase transition temperatures
of the lipids are reached, thus allowing for continued pore
growth in subsequent pulses.

The previous results of the single pulse case clearly show
that without the enhancer, the solute is delivered to a small
region just below the SC. This is also the case when multi-
ple pulses are applied. Fig. 8 shows the concentration pro-
files at the end of each of the four pulses when the skin is
untreated. As additional pulses are applied, the solute con-
tinues to accumulate at the lower SC epidermal border.
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the SC does not increase with number of pulses adminis-
tered. This is indicative of the limit of the thermal growth
of the effective pore radius. An interesting artifact of this
scenario is that as the electrophoretic forces continue to
deliver solute through the small effective pore radius the
solute concentrations wrap around the unperturbed SC
as seen in the 0.1 concentration contour in Fig. 8d. As puls-
ing continues, lower level concentrations penetrate the
upper epidermis.

The delivery of solute into the untreated skin behaves
much differently. Fig. 9 depicts solute concentrations at
the end of each pulse in treated skin. As expected from
the previous results the lower lipid phase transition temper-
atures allow for a larger effective pore radius. In this case,
as pulsing continues the solute penetrates the SC at
increased radial distances, reflecting lipid melting by
increased SC mobility. At the outer edge of the effective
pore, the wrapping effect of the untreated skin case is not
evident; in its place are contours that gradually slope
toward the SC surface, indicating increased concentrations
within the upper SC regions. The deposition of solute along
the interface of the SC and epidermis continues to grow
radially with pulsing. This region exceeds the initial con-
centration of the solute in the gel. It is interesting to note
that the treated SC does not allow the solute to penetrate
into the epidermis under the entire region of the effective
pore, but only at locations near the axial center. This is a
direct result of lower axial potential gradient that occurs
as the SC becomes more electrically conductive by lipid
melting.

In order to show the overall effects on transdermal deliv-
ery by using the chemical enhancer, a comparison is made
representing the total solute delivered into the skin. To do
this, the dimensionless relative concentration, C+, is
defined as

CþðtÞ �
R z max

0

R R0

0
Cðr; z; tÞdr dzR 0

z min

R R0

0
Cðr; z; 0Þdr dz

ð31Þ

Essentially this parameter measures the ratio of solute
transported below the surface of the SC to the total solute
initially contained in the gel prior to the onset of the first
electroporation pulse. The results of using the terpene en-
hance on total solute transport are shown in Fig. 10. Upon
the onset of the first pulse, it is obvious that lowering the
lipid transition temperatures results in an immediate in-
crease in delivery. At the end of four pulse cycles, the trea-
ted skin shows an increase of solute delivery of nearly two
orders of magnitude.
5. Conclusions

A transient three-dimensional model of in vivo skin elec-
troporation incorporating SC lipid melting has been devel-
oped in which electrical and transient thermal solutions are
found. Large molecule transdermal transport is modeled by
the Nernst–Planck equation with low mobility values. A
comparison study is conducted between skin treated with
the enhancer terpene d-limonene that acts to lower the lipid
thermal phase transition temperatures and normal skin not
treated with the enhancer. The lower lipid phase transition
temperatures associated with the treated skin allow a larger
effective pore size for given pulse parameters. Near the
beginning of the first electroporation pulse the localized
Joule heating is focused near the pre-existing pore for both
treated and untreated skin and local temperatures exceed
100 �C. By the end of the pulse the maximum temperatures
of the untreated skin remain at these high temperatures,
while the lipids of the treated skin have melted to such
an extent that the reduced local current density and Joule
heating cannot sustain these temperatures and the maxi-
mum temperature is reduced to 75 �C. Solute transport in
the untreated skin is restricted to the center of the domain
by the small effective pore radius. The lower temperature
thermal behavior of the treated SC barrier lipids result in
increased mobility, and consequently solute is transported
through the SC at radial locations much greater than in
the untreated skin. Transport solutions of both cases exhi-
bit local accumulation of concentrations below the SC-epi-
dermis interface which exceed concentration values initially
contained within the applicator gel.
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