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Abstract

Electroporation, the increase in the permeability of bilayer lipid membranes by the application of high voltage pulses, has the potential to

serve as a mechanism for transdermal drug delivery. However, the associated current flow through the skin will increase the skin temperature

and might affect nearby epidermal cells, lipid structure or even transported therapeutic molecules. Here, thermal conduction and thermal

convection models are used to provide upper and lower bounds on the local temperature rise, as well as the thermal damage, during

electroporation from exponential voltage pulses (70 V maximum) with a 1 ms and a 10 ms pulse time constant. The peak temperature rise

predicted by the conduction model ranges from 19 jC for a 1 ms time constant pulse to 70 jC for the 10 ms time constant pulse. The

convection (mass transport) model predicts a 18 jC peak rise for 1 ms time constant pulses and a 51 jC peak rise for a 10 ms time constant

pulse. The convection model compares more favorably with previous experimental studies and companion observations of the local

temperature rise during electroporation. Therefore, it is expected that skin electroporation can be employed at a level which is able to

transport molecules transdermally without causing significant thermal damage to the tissue. D 2002 Published by Elsevier Science B.V.
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1. Introduction

Controlled, transdermal delivery of therapeutic agents is

potentially of major clinical importance. This process

requires an increase in skin permeability such that a suffi-

cient amount of drug may be transported in a controlled

fashion. Electroporation, which can increase the permeabil-

ity of bilayer lipid membranes in the stratum corneum (SC)

using high voltage pulses, has potential as a mechanism for

transdermal drug delivery.

Despite the number of studies that investigate the appli-

cation of electroporation to transdermal drug delivery [1–4],

very little attention has been given to the thermal effects that

may be caused by these high voltage pulses. A voltage pulse

causes an associated current flow through the skin, which

due to its finite electrical resistance, will increase the local

skin temperature through electrical dissipation (Joule heat-

ing). This local temperature rise may affect: (1) the barrier

function of the skin if the temperature rise causes a phase

change in the SC lipids and/or a denaturization of SC

proteins; (2) the local morphology of the skin structure if

the heating causes water to vaporize; and (3) the therapeutic

molecules destined for transdermal drug delivery. Further, if

nearby epidermal tissues experience a prolonged temper-

ature rise beyond a threshold, damage may result. It is the

purpose of the present theoretical study to model and

investigate the magnitude of the temperature rise within

skin during electroporation and to assess the potential

thermally mediated effects.

2. Materials and methods

The skin’s barrier function is mainly afforded by the

stratum corneum (SC), a multi-lamella structure within the

first f 20 Am of the skin surface. This structure exhibits a

very high electrical resistance and an extremely low perme-

ability to transport. Thus, an electric field applied across skin

will concentrate mainly within the SC. Depending on the

pulse duration, an electric ‘‘breakdown’’ is likely to occur if

the voltage across the SC is about 50–100 V. During this
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breakdown, the resistance of the SC, RSC, decreases by up to

four orders of magnitude within less than a microsecond [5].

The electric breakdown of skin shows a high localization,

where the drop in RSC occurs in a local dissipation region

(LDR) [6–8]. The drop in RSC is accompanied by an increase

in the skin permeability to small ionic species (Na + , Cl � ,

etc.), which are responsible for most of the current flow. Our

hypothesis is that the decrease in electrical and transport

resistance is the result of electroporation that creates aqueous

pathways through the lipid bilayers within the SC. Molecules

are transported through these pathways by driving potentials

such as local electrophoresis, pressure gradients, diffusion,

electro-osmosis and/or osmotic gradients. The transport of

charged, fluorescent molecules during electroporation has

been found to take place in a limited region, usually in the

center of the LDR, which is called the local transport region

(LTR) [5–8].

It is believed that during electroporation, the smallest,

newly created aqueous pathways have an effective hydro-

dynamic radius of about 1 nm and involve about 0.1% of the

total skin area [2,9,10]. The newly created pathways are

concentrated within regions (LDRs), which typically cover

about 10% of the electrically exposed skin surface. Thus,

the fractional area, Fw,ions, within the LDRs which is

occupied by aqueous pathways is about 1%.

In order to simplify the model and the analysis, we

average over the individual pathways and treat the LDR

as a continuum. The electrical and thermal properties of the

LDR are estimated by weighting the electrical and thermal

properties of saline and lipid in proportion to the fractional

aqueous area within the LDR. This provides a description

on a spatial scale that is larger than a single aqueous

pathway, but nevertheless is appropriate for estimating the

temperature rise in the LDR. Fig. 1 shows a schematic

diagram of the SC geometry and Fig. 2 shows a schematic

for the model of molecular, electrical and heat transport.

2.1. Electrical model

Heat in the LDR and in the surrounding medium is

generated by the dissipative conversion of electrical energy

to thermal energy (Joule heating). Thus, the heat generation

distribution is dependent on the electric field and it is

therefore necessary to first model the current flow. Due to

the fact that the electrical resistivity of SC is much greater

than that of saline (qSC = 1 MV mHqsaline = 0.72 V m, [13],

it is assumed that the unelectroporated SC is electrically

insulating. Therefore, all the current flows through the SC

by way of the aqueous pathways in the LDR’s, created by

electroporation. In addition, heat is generated in the nearby

epidermis and in the saline surrounding the LDR owing to

the spreading resistance [11]. Spreading resistance occurs

because current flows from an effectively infinite distance

through the LDR, which has a finite (and small) radius.

A single LDR, therefore has the resistance:

RLDR ¼ 2bqLDR

pr2LDR
ð1Þ

qLDR ¼ qsaline

Fw,ions
ð2Þ

where rLDR is the radius of the LDR, 2b is the thickness of

the SC, and qLDR is the bulk and effective resistivity of the

LDR, which is determined from the fractional aqueous area

of the LDR (Fw,ions
f 1%) and the saline resistivity.

In the epidermis and in the external fluid, electrical

energy is dissipated by the spreading resistance. It is

assumed that the LDR surfaces in contact with the epidermis

and with the external fluid are equipotentials. At a far

distance above the SC, the potential is set at U(t) and at a

far distance below the SC, the potential is set to ground. The

total spreading resistance in the saline and in the epidermis

is thus:

Rss ¼
qsaline

4rLDR
ð3Þ

Rse ¼
qepi

4rLDR
: ð4Þ

In the following analysis, we analyze the effect of

exponential voltage pulses with time constants of spulse = 1
and 10 ms. In this case, the voltage applied across the tissue

is:

UðtÞ ¼ U0expð�t=spulseÞ ð5Þ

where spulse is the pulse time constant. The model is, in fact,

applicable to other pulse shapes; however, for the sake of

brevity, our attention is focused on the commonly used

exponential pulses.

Fig. 1. Schematic diagram of local transport region (LTR) within a local

dissipation region (LDR) formed in the stratum corneum during electro-

poration.
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2.2. Thermal model

Once the electrical energy is dissipated into heat

energy, it is transported by means of thermal conduction

and convection. Conduction, as described macroscopically

by the Fourier Law, is the transport of thermal energy by

the random collisions of molecules, i.e. diffusion. Con-

vection is the transport of thermal energy by the bulk

motion of mass in a flow field [12]. In physiologic tissue,

mass flow is always present in the form of blood flow

through the vasculature. However, in the skin, the nearest

capillaries are located in the dermis about 100 Am from

the SC. Given the distance of these vessels from the LDR,

and the short time constant of the electrical pulse (10 ms

or less), the effect of blood flow on the heat transfer is

expected to be small and for the purposes of this analysis,

is neglected.

During electroporation, it is possible for the pulse to

induce the flow of aqueous fluid through pathways in the

SC by osmosis, pressure and/or electro-osmosis. This flow

will carry heat energy and thus cool the SC by thermal

convection. Since the nature and magnitude of this flow

field are not well understood, we undertake the analysis of

two separate cases of heat transfer in the SC. The first case

is the analysis of the pure thermal conduction problem

where all flow is neglected. The second case is the analysis

Fig. 2. Schematic model of the mass transport, current flow and heat transfer within an LDR/LTR in the stratum corneum during electroporation.
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of the thermal convection problem, which considers fluid

flow through the SC and the resulting convective cooling.

The first case analysis provides an estimate of the upper-

bound temperature for the two pulsing protocol examples,

while the second case analysis provides the lower-bound

temperature rise.

2.2.1. Thermal conduction

Before proceeding with the computer thermal simulation

of electroporation, it is instructive to estimate the order of

magnitude of the temperature rise. Fundamentally, the peak,

transient temperature rise is reached when the thermal

energy storage is balanced by the electrical energy dissipa-

tion. In thermal analysis, the characteristic time and the

characteristic linear dimension are important parameters,

which, along with the thermal properties, govern the heat

transport. For the case of exponential voltage pulses, the

characteristic time is the time constant, spulse, of the pulses.
The characteristic length (d) is the length scale that incor-

porates most of the heated material. For this transient heat

transfer process, the characteristic length is the larger of (1)

the LDR radius (about 50 Am), and (2) the heat diffusion

length (dc
ffiffiffiffiffiffiffiffiffiffiffiffi
aspulse

p
). If the thermal diffusivity (a) is

assumed to be approximately equal to that of water (0.1

mm2/s), then d = 10 Am. Therefore, we take the LDR radius

as the characteristic length (d) and electrical energy dis-

sipation is approximately:

Qc
U2

SC

RSC

spulse ¼
U 2

SCpr2LDR
qLDR2b

spulse: ð6Þ

The balance of thermal energy with electrical dissipation

gives:

qMcDTd
3cQ ¼ U 2

SCpr2LDR
qLDR2b

spulse: ð7Þ

Note that in Eq. (7) above, qM is the mass density.

Solving for temperature rise gives:

DTc
U2

SC

qLDR2bqMcrLDR
spulsef20 jC: ð8Þ

Typical experiments with spulse = 1 ms and significant

molecular transport have USC = 70 V, an LDR radius (rLDR)

of about 50 Am, a SC thickness (2b) of 15 Am and a thermal

heat capacity (qMc) that is about equal to that of water

(4.2� 106 J/m3). For spulse much less than the thermal

relaxation time (trelaxf r2LDR/af 25 ms), the temperature

rise is linear with the pulse time constant.

Using similar order of magnitude estimation, the temper-

ature rise during single bilayer membrane electroporation

can be approximated. In such a case, the transmembrane

voltage, V, is transiently raised to about 1 V (spulsef 1 ms)

to create a single aqueous pathway with a diameter, a,

(about 1 nm) through the membrane, (thickness, Lf 7

nm). As with Eq. (7), the electrical energy dissipated in

the pore is balanced by the energy stored and conducted,

however in this case, the characteristic length, d, is equal to

the heat diffusion length (dc
ffiffiffiffiffiffiffiffiffiffiffiffi
aspulse

p
).

qMcDTd
3c

V 2a2

qsalineL
spulse ð9Þ

where qsaline is the resistivity of saline. The temperature rise

is therefore:

DTc
V 2a2

qsalineLqMcðaspulseÞ3=2
spulsec5� 10�6 jC: ð10Þ

Thus, temperature rise is expected to play a negligible role

in membrane electroporation.

For the computer simulation of SC electroporation, the

complete formulation of the Fourier heat conduction equa-

tion in the SC is used:

qðr,zÞcðr,zÞ @T
@t

¼ jðkðr,zÞjTÞ þ Qðr,z,tÞ ð11Þ

where T is the temperature rise above the baseline, Q(r,z, t)

is the power dissipation distribution in the LDR and in the

surrounding saline and epidermis, q(r, z) is the density, c(r,

z) is the specific heat and k(r, z) is the thermal conductivity.

The terms in Eq. (11) represent, from left to right, the

thermal energy storage, the heat energy conducted, and the

Joule heating from the electric field. Since the thermal

system consists of materials of varying type, the thermal

properties (q(r, z), c(r, z) and k(r, z)) are functions of space.

The initial condition states that at time zero, the temperature

rise everywhere is zero and the boundary conditions main-

tain that at infinite spatial extent, the temperature rise

approaches zero.

Despite the simplifying assumptions, the governing

equation (Eq. (11)) is a non-linear, transient partial differ-

ential equation in two dimensions. The solution of this type

of equation is possible with the use of numerical techniques,

namely the finite element method.

2.2.2. Thermal convection

The process of electroporation allows the transport of

molecules across the SC. If there is an accompanying bulk

motion of fluid through the aqueous pathways in the LDR, it

will cause cooling by way of thermal convection. To

estimate the order of magnitude of the temperature rise

under such conditions, we assume that the electrical energy

dissipated in the LDR is balanced with the heat energy

transported by fluid motion of velocity u.

qMcuDTpr2LDRc
U2

SCpr2LDR
qLDR2b

ð12Þ

DTc
U 2

SC

qLDR2bqMcu
f20 jC: ð13Þ
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With the average, bulk fluid velocity, u, assumed to be

equal to about 0.05 m/s, and using the same parameters as in

Eq. (8), the temperature rise is about 20 jC. Note that this

maximum temperature rise is independent of the pulse time

constant. While at this point, the estimation of the bulk

average fluid velocity seems arbitrary, we will motivate this

assumption further below.

The governing equation which describes the temperature

as a result of thermal convection is similar to Eq. (11), but

Eq. (14) has the first term added to account for heat carried

by the motion of the fluid through the aqueous pathways:

qMc
!
u 	 !jT þ qðr,zÞcðr,zÞ @T

@t

¼ jðkðr,zÞjTÞ þ Qðr,z, tÞ ð14Þ

where u is the fluid flow vector, qMc is the saline heat

capacity. The solution of Eq. (14) for temperature requires

first that the fluid velocity field is known. For the flow of

aqueous fluid through the pathways and into the epidermis,

we model the tissue as a porous medium [12]. The porous

medium model lumps together the complex flow patterns

caused by a labyrinth of pathways into a flow continuum.

Flow at each point in the field is not associated with any

single pathway, but is considered to be an area-averaged,

local flow in the media. This flow is solved from the

continuity equation for an incompressible fluid with the

appropriate boundary conditions.

In the aqueous pathways, the net flow direction is aligned

with the z coordinate and there is no net flow in the r

direction (see Fig. 1). For simplicity, we assume that the

velocity u is constant in space, though u does depend on the

time through its dependence on the voltage pulse. Outside of

the LDR in the saline and the epidermis, fluid flow is

modeled as inviscid and irrotational.

This bulk motion of the fluid through the LDRs is

thought to primarily be the result of electro-osmosis [13].

In a pathway, the charged surface and the liquid electrolyte

(saline) causes ions to preferentially gather near the pathway

wall. The electric field from electroporation applies a force

on the ions and causes net bulk fluid motion through the

hydrodynamic entrainment of the saline electrolyte [14].

In order to model the thermal convection, it is necessary

to estimate the magnitude of the electro-osmotic flow rate

through the aqueous pathways. For fully developed flow,

shear stress forces along the pathway wall balance the net

forces on the electrolyte entrained in the ion motion. We

model the aqueous pathways as tubes and solve for the

average velocity due to electro-osmosis [14]:

upc
�eUs

4pl
Ezexpð�t=spulseÞ ð15Þ

where e is the permittivity of the fluid, Ez exp(� t/spulse) is
the applied electric field along the tube, l is the fluid

viscosity, and Us is the surface potential on the inside tube

wall. The surface potential for an aqueous pathway with a

radius rp through the SC has been calculated [15], which

when combined with Eq. (15) gives the average velocity

within the pathway:

up ¼
Ezexpðt=spulseÞq

lAh

1

k

I0ðkrpÞ
I1ðkrpÞ

� �
ð16Þ

where k is the inverse of the Debye length and I0 and I1 are

the modified Bessel functions of the first kind of zeroth and

first-order, q is the fundamental charge and Ah is the head

area exposed to the pathway.

In order to estimate the magnitude of the electro-

osmotic fluid velocity, the values listed in Table 1 are

used in Eq. (16). These values give the approximate peak

(tf 0) pathway fluid velocity to be 5 m/s. As mentioned

above, the thermal, electrical and hydrodynamic properties

associated with the LDRs in the model are determined

from the pathway properties and the fractional aqueous

area of the LDR. Thus, while the pathway fluid velocity is

computed to be 5 m/s, the thermal convection model

assumes the fluid convection to be lumped together over

the entire LDR area. With a fractional aqueous area of

about 1%, the area-averaged LDR fluid velocity is much

smaller at 0.05 m/s.

This very simple model of the fluid motion due to

electro-osmosis neglects (1) the complex and possibly

tortuous geometry of the aqueous pathways, (2) the

stochastic fluid and ion transfer through the 1-nm capil-

lary and (3) the shielding of the surface potential by ions

and bound water molecules. Despite these deficiencies,

and in the absence of any experimental or theoretical

analysis in the literature of flow through electroporated

pathways, the model should provide an overestimate of

the flow velocity.

For our study, NEKTON (Nektonics, Cambridge, MA)

[16] was used to provide the finite element solution in both

the thermal conduction and thermal convection analysis.

Each of the FEM meshes contained 182 elements to solve

the axisymmetric formulation of the problem with the axis

of symmetry at r = 0. Fifth-order polynomials were used as

the trial functions and a time-step implicit solution scheme

was used to solve the transient problem. The simulation ran

on a Sun SparcStation X.

2.2.3. Thermal damage

Tissue damage during electroporation might occur by

three possible mechanisms: (1) the temperature is high

Table 1

Parameters used to estimate the electro-osmotic velocity

Quantity Symbol Value Reference

Pathway radius rp 10� 9 m [20]

Fluid viscosity l 0.823� 10� 3 N s/m2 [21]

Electric field Ez 5 V/Am –

Debye length 1/k 10� 9 m [15]

Fundamental charge q � 1.6� 10� 19 C [22]

Head group area Ah 4� 10� 19 m2 [23]
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enough to cause phase change in the SC lipids, (2) the

temperature is high enough to cause phase change in the

water such that the tissue is disrupted, or (3) the thermal time

exposure exceeds a threshold such that cell death in the

epidermis occurs. The concept of ‘‘damage’’ within the SC

is not straightforward since the SC is comprised of non-living

bilayer lipid membranes. Clearly, however, the SC has a

physiologic function as a component of skin, and the skin

might be considered to be damaged should that barrier

function be chronically impaired. While the onset of phase

change is easily recognized from the achieved temperature,

the occurrence of cell death by thermal injury is modeled as a

function of the temperature–time history.

The temperature–time exposure models the total accu-

mulated injury to a tissue. It has been found [17] that the

injury to skin was well described by the first-order rate:

dX
dt

¼ Cexp � E

RT

� �
ð17Þ

where X is an arbitrary measure of the degree of injury, C is

a rate constant, E is an activation energy, R is the molar gas

constant, and T is the absolute temperature. The parameters

C and E are experimentally found for each different tissue

type such that X = 0 for no injury and X > 0 for observable

tissue damage (Table 2). The accumulated damage is deter-

mined by the integral of Eq. (17) over th, the time the tissue

temperature is raised [17].

X ¼ C
Z th

0

exp � E

RT

� �
dt: ð18Þ

The onset of thermal damage for skin occurs when X is

greater than 0.53 [17]. This model is used within the

epidermis in conjunction with the thermal conduction and

convection analysis to determine the potential thermal

damage of an electroporation pulsing protocol.

3. Results and discussion

Fig. 3 summarizes the simulation results for both the

conduction and the convection models. The top panel shows

the peak temperature rise resulting from an exponential

pulse, spulse = 1 ms, for thermal conduction alone (solid line)

and thermal convection (dashed line—fluid velocity of 1 m/

s, dashed–dotted line—fluid velocity of 5 m/s). This peak

temperature rise is taken at the center of the LDR (z = 0,

r = 0) where the temperature is greatest at any given time. In

the case of conduction alone, the peak temperature rise

(about 19 jC) represents an upper-bound estimate of the rise

that occurs during electroporation with a 1 ms pulse. The

bottom panel of Fig. 3 correspondingly shows the temper-

ature rise from a 10 ms pulse for both the conduction and

the convection models. This example clearly shows the

effect of a longer pulse on increasing the peak temperature

rise.

Using Eq. (18) with the computed temperature–time

history, the spatial extent of the thermal damage from a

single pulse is quantified. With this model, the 1 ms pulse

protocol showed no thermal damage from the integrated

temperature history in the epidermis. The 10 ms pulse

protocol, however, did give rise to a small amount of

predicted thermal damage. Fig. 4 is a contour plot consisting

of a single trace around the region of thermal damage from a

single 10 ms pulse. The region of thermal damage is

predicted to include an area in the center of the LDR and

to extend about 5 Am into the epidermis. Subsequent pulses

would have an additive effect on the predicted thermal

damage. The application of this model, however, to tissue

such as the SC, void of living cells, is questionable, since

the model constants have been experimentally determined

for living cells. In any event, the predicted thermal damage

on SC and epidermis is minimal. This is consistent with in

vivo experiments using hairless rats [19], which showed

minor, acceptable levels of tissue irritation.

As expected from both the conduction and the convec-

tion models, the 1 ms pulse protocol causes a minimal

temperature rise, no water phase change and no thermal

damage in the epidermis. Also, the peak temperature rises

above the in vivo baseline are smaller than the endothermic

phase transitions for human SC (65, 80, and 95 jC [18]).

However, for the 10 ms pulse protocol, the heating is more

significant. The conduction model predicts a peak temper-

ature rise, on top of the in vivo baseline, that is close to the

water phase transition temperature and greater than the SC

lipid transition temperatures.

Since electroporation has recently been experimentally

found to induce mass transport through the SC, it is likely

that thermal convection plays a major role in maintaining

the SC temperature below the water vaporization point. The

approximation of the flow magnitude from electro-osmosis

(5 m/s peak fluid velocity) probably overestimates the true

flow since this approximation neglected the shielding of the

surface potential by bound water molecules and the complex

Table 2

Parameters used in the thermal simulations

Quantity Symbol Value Reference

LDR radius rLDR 50 Am [4]

Saline resistivity qsaline 0.72 V m [22]

Epidermis resistivity qepi 26.3 V m [17]

LDR resistivity (effective) qLDR 72 V m –

SC voltage USC 70 V –

Saline thermal conductivity ksaline 0.623 W/m K [22]

Lipid thermal conductivity klipid 0.209 W/m K [24]

LDR thermal conductivity kLDR 0.209 W/m K [24]

Epidermis thermal conductivity kepidermis 0.209 W/m K [24]

Saline thermal diffusivity asaline 1.5� 10� 7 m2/s [22]

Lipid thermal diffusivity alipid 0.5� 10� 7 m2/s [24]

Epidermis thermal diffusivity aepidermis 0.5� 10� 7 m2/s [24]

Activation energy E 244.0 kJ/mol [17]

Rate constant C 2.9� 1037 1/s [17]

Molar gas constant R 8.3143 J/K mol [22]
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and possibly tortuous geometry of the aqueous pathways.

The peak flow value of 1 m/s, also used in the simulation,

was estimated from [13], which measured the total

amount of tritiated water transported across the SC in vitro

during electroporation. Additionally, in vivo studies of skin

electroporation, with pulse durations up to 500 ms, showed

little to no macroscopically observable damage in hairless

rats [19], thus it is likely that the thermal convection that

occurred during this protocol maintained the SC temperature

at an acceptable level.

A limitation in the analysis is that both models do not

consider the effect of phase change on the temperature rise.

The enthalpy of phase change for the lipid and water

substances would require energy that would otherwise go

to increase the local temperature. Phase change can be, of

course, accompanied by a change in the substance density,

thermal properties and electrical properties. These may

contribute to important secondary processes associated with

the high voltage pulsing of skin. The rapid expansion of

water, for instance, could disrupt the mechanical integrity of

the tissue, change the electrical conductivity and change the

thermal conductivity. It is not clear what the net effect of

these non-linear processes would be on the tissue. Clearly,

they would limit the temperature rise, but may increase the

total damage to the tissue.

In the viable epidermis, the ensuing thermal damage as a

result of the temperature–time history for the conduction

model is shown in Fig. 4. This model computes the

maximum temperature rise and thus, it provides an upper-

bound for the extent of the thermal damage which appears to

be minimal and confined to the top 10 Am just below the

LDR. Thus, for the 1–10 ms pulse protocols, there should

be little to no thermal damage to the living cells. However,

since the model does not consider the effects of phase

change, some minor disruption of the SC may be possible

by disruption of the tissue through water and lipid phase

change.

The prediction of the temperature rise is directly depend-

ent on the model for the dissipation of electrical energy in the

LDR. The governing parameters of the dissipation include

the voltage across the SC, USC, the resistance of the LDR,

RLDR, the thickness of the SC, 2b, and the radius of the LDR,

rLDR. Together, these parameters form the energy dissipated

per unit time per unit volume within the LDR as the internal

heat generation. Dimensional analysis of the thermal con-

duction model reveals that the temperature rise is directly

proportional to the internal heat generation per unit volume.

Thus, for instance, in the approximation that other resistan-

ces do not limit the current flow, a doubling of the LDR

resistance will result in a halving of the temperature rise.

Furthermore, a doubling of the SC voltage will result in a

quadrupling of the temperature rise. The dimensional anal-

ysis allows the results presented above to be applied to other

pulsing protocols which have different parameters.

Dimensional analysis also reveals the relationship

between the uncertainty in the parameters and the uncertainty

Fig. 3. Temperature rise as a function of time as computed from the thermal model for an LDR with a radius of 50 Am and USC = 70 V. The top panel, which

contains results from 1 ms pulses, shows the temperature rise that results from the conduction model only (solid line) and the convection model (dashed lines)

with peak fluid velocities of 1 and 5 m/s. The bottom panel contains the corresponding results but for a 10 ms pulse.
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in the temperature rise prediction. In particular, the most

variability is expected to be found in the size of the LDRs and

the LDR resistance. In the present analysis, LDR resistance is

estimated from the fractional aqueous area of electroporated

skin. From sample to sample (0.7 cm2 area), however, a fair

amount of variability in skin resistance has been found (50–

2000 V during pulsing [5]. The mechanisms that determine

Fw,ions are not fully understood, but it is believed to increase

with the pulse time constant and pulse magnitude. Also, it is

not fully understood how the LDR radius depends on the

pulsing parameters, but a longer pulse tends to create larger

LDRs [4]. These two effects will influence the temperature

rise: the decrease in RLDR from the increase in Fw,ions will

increase the temperature rise, however, the larger LDRs will

have more volume over which the electrical energy is

dissipated and decrease the temperature rise. It is unclear

what the net effect on the temperature rise will be and

therefore further experimental characterization of the LDR

formation is needed before further temperature predictions

can be made.

The question may be raised as to whether the increase in

SC permeability to macromolecules during electroporation is

fundamentally a thermal or an electrical phenomenon. While

it is clear that electroporation causes a rapid decrease in the

SC electrical resistance (increase in permeability to small,

charged ions), it might be hypothesized that the associated

increase in permeability to larger macromolecules is the

result of a further, secondary morphological transformation

caused by the SC temperature rise. A high enough temper-

ature rise could disrupt the structure of the SC and hence its

normal barrier function by water vaporization and/or endo-

thermic transformation of the lipids. Evidence against this

hypothesis is given by the in vitro studies [2,4], that have

shown the transport of fluorescently labeled macromolecules

as the result of 1 ms duration pulses. As predicted by our

thermal models presented here, the transdermal voltage and

duration of these pulses would give rise, at most, to a 19 jC
temperature rise. Such a transient temperature rise, on top of

normal physiologic baseline, would not transform the SC and

would not thermally alter its’ permeability.

Furthermore, the aqueous pathways through the SC that

exist even before the onset of electroporation are thought to

be about 1 nm in radius [20]. When 70 V is applied across

the skin, and just before the onset the electroporation,

current flows through these pre-existing pathways. Another

hypothesis is that heating from current flowing through the

pre-existing pathways, before the onset of electroporation,

can cause a change in the SC structure and increase the

permeability to small ion transport. It is possible to estimate

the magnitude of the temperature rise in such a case. Using

Eq. (6), modified with the 1 nm radius aqueous pathway and

assuming the fluid in these pathways has the same resistivity

as saline, the peak temperature rise is estimated to be only

about 0.001 jC. According to this analysis, for the temper-

ature rise in any pre-existing pathways to be larger than the

70 jC SC phase transition, the radius of such a pathway

would have to be at least 65 nm. Such a pre-existing

pathway of this size is not known to exist in the SC and

therefore thermal phenomenon cannot be fundamental to

electroporation. Rather, the thermal effects are subsequent to

Fig. 4. Contour around the area of thermal damage for the thermal conduction model for an LDR with a radius of 50 Am, USC = 70 V, and a pulse time constant

of 10 ms. The damage region extends only slightly into the viable epidermis.
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the permeability increase caused by the electrical effects of

electroporation.

4. Conclusion

Tissue electroporation holds promise as a mechanism for

transdermal drug delivery. Of the many studies performed to

date, very little attention has been given to the thermal

effects that may be induced by these high voltage pulses. In

this study, we have performed analytical and computer

modeling of the temperature rise in the stratum corneum

(SC) during electroporation. Current flowing through aque-

ous pathways created by electroporation dissipates electrical

energy into heat energy. It is the purpose of this study to

determine if the temperature rise in the SC might be large

enough to thermally alter the barrier function of the SC,

thermally damage cells in the nearby viable epidermis, and

thermally alter any therapeutic molecules that are destined

for transdermal transport across the SC.

The heat that is generated in the SC local dissipation

regions (LDRs) is transferred by thermal conduction and by

the thermal convection. Convective cooling is induced by

the mass transport of water and other molecules across the

SC. In one thermal model, conduction alone is considered in

order to determine a maximum temperature rise. It was

shown that for a peak voltage of 70 V applied across the SC

with an exponential decay (1 ms time constant), the peak

temperature rise was estimated to be 19 jC by the computer

simulation, and 20 jC by the simple order of magnitude

estimate. Thus, for the short 1 ms pulses, the temperature

rise is small enough to not play a significant role in the SC

permeability increase during electroporation. For 10 ms time

constant pulses, the conduction model predicts temperature

rises that approach water vaporization point. Yet, due to the

short time exposure at these higher temperatures, the pre-

dicted thermal damage to the viable tissue under the SC is

negligible. In practice, this higher temperature is not likely

achieved due to the mass transfer through the SC and the

subsequent cooling by thermal convection. The thermal

convection model, which more realistically models the

entire heat transfer during electroporation, predicts that the

peak temperature rise will be between 12 and 51 jC for the

10 ms pulses (Fig. 3) and furthermore, the time–history

thermal damage is non-existent.

While these relatively simple thermal models are instruc-

tive, experimental confirmation of the predicted results is

warranted. In spite of major experimental challenges, it has

been shown that for electroporating pulses applied to ex vivo

human skin 1[3], the temperature rise from 1 ms pulses was

unmeasurable with either an infrared (IR) detector or a liquid

crystal. In that study, the liquid crystal required a temperature

rise of about 25 jC above ambient in order to register a

measurement. Also, while their IR detector could resolve 0.1

jC, it measured an area-averaged temperature over the

optical field of view. Using longer (100–300 ms) trans-

dermal pulses [19], observed no visible thermal damage in

the skin of hairless rates that underwent an electroporation

protocol. While more experimental studies are necessary, the

available results and the present study indicate that electro-

poration can be applied without thermally altering or dam-

aging intact skin.
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