
ABSTRACT 
 
BECKER, SID MARTIN. In Vivo Electroporation of Skin and Biological Tissue: 
Theoretical Model Development and Numerical Investigation of Associated Thermo-
Electrical and Structural Responses and Enhanced Mass Transport. (Under the direction of 
Dr. Andrey V. Kuznetsov.) 
 
Electroporation is an approach used to enhance the transport of large molecules to the cell 

cytosol in which a targeted tissue region is exposed to a series of electric pulses. The cell 

membrane, which normally acts as a barrier to large molecule transport into the cell interior, 

is temporarily destabilized due to the development of pores in the cell membrane. 

Consequently agents that are ordinarily unable enter the cell are able to pass through the cell 

membrane.  Similarly, electroporation  of the skin enhances enhance transdermal transport by 

temporarily destabilizes the structure of the outer skin layer, the stratum corneum, by 

creating microscopic pores through which agents, which ordinarily are unable to pass into the 

skin, are able to pass through this outer barrier.  

In this thesis, transient finite volume models of in vivo parallel plate electroporation of 

homogenous tissue and the composite layers of the skin are developed and used to further 

develop the understanding between the underlying relationships between the physical 

parameters involved with tissue electroporation and the thermal-electric response. 

To study the localized effects of skin electroporation, a model of thermally induced 

electroporation pore development is developed in which stratum corneum lipid phase 

transitions are modeled as a series of melting processes. The results confirm that applied 

voltage to the skin results in high current densities within the less resistive regions of the 

stratum corneum.  
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1 Introduction 
 
 

1.1 Targeted drug delivery  

Traditional systemic drug delivery methods often result in low efficacy and unintentional 

treatment of healthy tissue. Oral intake may result in drug denaturation in the body’s gastro-

intestinal tract: drugs consisting of water soluble molecules may degrade in the digestive 

tract prior to reaching intended locations of treatment. Injection of drugs into the circulatory 

system results in a lower selectivity level of the region of drug influence. For drugs with a 

high toxicity, for example those used in chemotherapy, systemic delivery is associated with a 

high risk of unintentional damage to healthy tissues. Targeted drug delivery refers to any 

method of drug administration designed to ensure and enhance a drug’s transfer rate to 

specific location (rather than the entire body as in systemic delivery). A great deal of success 

has been clinically demonstrated using non-traditional methods of targeted drug delivery 

involving application of electric currents to tissue in order to increase drug efficacy. This 

thesis concerns the numerical modeling of one such delivery method, electroporation.  

1.2 Electroporation 
Electroporation in its most general sense is an approach used to enhance the delivery of large 

molecules to the cell cytosol in which the cell is exposed to a series of intense electrical 

pulses. The cell membrane, which normally acts as a barrier to large molecule transport into 

the cell interior, is temporarily destabilized due to the development of pores in the cell 

membrane [1-5]. Consequently agents that are ordinarily unable enter the cell are able to pass 

through the cell membrane.  



 2

1.3 Skin electroporation 
The thin (10 20 mμ− ) outermost layer of the skin, the stratum corneum (SC), acts as a barrier 

inhibiting transdermal 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 SC [6, 7]. Skin electroporation has been shown to greatly 

increase the success of transdermal delivery of large molecules [8-10]. 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 [11-13]. The breakdown of the SC 

barrier allows for increased molecular transport and radically reduces the electrical resistance 

of the skin [11], [14-17]. Although the primary effects of electroporation are these 

microscopic transient pores, under certain pulse parameters secondary effects occur resulting 

from Joule heating and the associated highly localized regions of elevated temperatures. At 

temperatures around 70ºC the SC lipid lamellar structure is compromised [18-22] and 

subsequently the barrier function of the SC is dramatically reduced [19, 23]. It is recognized 

that localized Joule heating associated with electroporation is likely to contribute to increased 

permeability of the SC by lipid chain melting [9], [24-27]. 

1.4 Thesis chapter format 
This thesis has been written following the historical progress representing the five stages of 

the underlying research. Each of these five stages resulted in a different publication, and the 

chapters have been designed in a similar manner to that of the journal articles. The overall 

result of this format is that each of the thesis chapters 2-6 may be read independently without 

the reader having to reference previous sections. In the second chapter, a numerical model of 

simple homogenous tissue plate electroporation is developed and presented. The effects of 
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pulse parameter and electrode spacing on transient temperature, electrical and potential 

thermal damage are investigated. Subsequent chapters focus on more complex skin 

electroporation. In Chapter 3 a composite model representing the different layers of the skin 

is implemented into the thermal-electrical model. Thermal damage and the electrical-thermal 

solutions are presented and compared are made between composite and homogenous tissue 

models. The fourth chapter presents and justifies a theoretical method of reducing thermal 

damage associated with skin electroporation. The fifth and sixth chapters are devoted to 

small scale effects of skin electroporation. Chapter 5 introduces a numerical model that 

captures localized thermal-electric effects of skin electroporation; specifically it incorporates 

a model of thermal lipid phase transformation in the development of an electroporation pore. 

The sixth chapter incorporates mass transport in a developing electroporation pore by 

including the Nernst-Planck equation and substantiates using chemical enhancers on the skin 

in order to lower the SC lipid phase transition temperatures.  
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2 Numerical modeling of in vivo plate electroporation 
thermal dose assessment  

 

Electroporation is an approach used to enhance the transport of large molecules to the cell 

cytosol in which a targeted tissue region is exposed to a series of electric pulses. The cell 

membrane, which normally acts as a barrier to large molecule transport into the cell interior, 

is temporarily destabilized due to the development of pores in the cell membrane. 

Consequently agents that are ordinarily unable enter the cell are able to pass through the cell 

membrane. Of possible concern when exposing biological tissue to an electric field is thermal 

tissue damage associated with joule heating. This chapter explores the thermal effects of 

various geometric, biological, and electroporation pulse parameters including the blood 

vessel presence and size, plate electrode configuration, and pulse duration and frequency. A 

three-dimensional transient finite volume model of in vivo parallel plate electroporation of 

liver tissue is used to develop a better understanding of the underlying relationships between 

the physical parameters involved with tissue electroporation and resulting thermal damage 

potential. 
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2.1 Introduction 
Electroporation is a technique in which the cell membrane is altered in order to increase 

permeability into the cell cytosol by exposing a cell or group of cells to an electric field in 

which the transmembrane potential exceeds a critical threshold [1-5]. There are many 

interesting and useful applications of this phenomenon such as gene therapy, cell and tissue 

manipulation (fusion), protein insertion, and drug delivery. In dealing with in vivo biological 

tissues exposed to an electric field it is important to consider the temperature rise associated 

with joule heating. The severity of this temperature rise is dependant upon electric pulse 

input parameters and tissue electrical properties.  In some cases, such as 

electrochemotherapy, pulse parameters are such that there are negligible changes in 

temperature. Electrochemotherapy incorporates electroporation with chemotherapeutic drugs 

such as bleomycin, and has been shown to be an effective technique in treating tumors in 

vivo [6 ,7]. Clinical electroporation pulse parameters are typically: 4-8 short (99 μs), intense 

(1-1.3 kV/cm) pulses at 1Hz frequency [6, 8-13]. Due in part to the short pulse duration the 

resulting temperature rises and associated thermal damage to the tissue are negligible.  

For large molecule electroporation such as electro gene and DNA transfer longer pulses are 

required to utilize electrophoretic effects [3, 14 – 16].  Pulse parameters in some such cases 

may result in noticeable tissue heating. In [17] an in vivo study is conducted of 

electrogenetransfer to rat liver cells, in which it is shown that the highest rate of gene transfer 

occurs at locations on the border between necrotized and surviving cells. In  [18] it is shown 

that the  amount of gene transfer is strongly tied to the amount of heat generated (below the 

threshold of tissue damage). It appears that for large molecule in vivo electroportation, 
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insight into some of the parameters affecting thermal damage could be helpful to 

experimentalists.  

An innovative application of electroporation is proposed in [19] in which irreversible 

electroporation (which requires longer, more intense pulses than reversible electroporation) is 

used to induce non-thermal killing of cancerous tissue. In that paper, a numerical study is 

conducted exploring electroporation parameters that maximize irreversible electroporation 

while minimizing thermal damage in order to isolate cell killing by electroporation from cell 

killing by heating. 

  There are many physical influences on the temperature distribution of in vivo 

electroporation such as the presence of a blood vessel, external convective influences, 

metabolic heat generation, perfusion influences, and electrode geometry and spacing. In [20] 

one and two dimensional finite element models are implemented in order to gain useful 

insight of the temperature related effects of these influences. This chapter uses a transient 

three dimensional finite volume model to further investigate relevant parameter influences on 

the temperature distribution and thermal tissue damage. 

2.2 Model geometry 
  In electroporation electric pulses are delivered to a target area either by plate or pin 

electrodes. A great deal of interest has been shown in the effects of electrode configuration 

and placement [21, 22]. This chapter considers internal parallel plate electroporation in which 

an incision is made and the electrodes are in direct contact with the targeted tissue (assumed 

here to be rat liver). Figure 2.1 shows the geometric representation of the model 

configuration. A small section of liver tissue is raised and two thin electrodes are positioned 

on either side of the target region (which is near the axial center of the raised section). The 
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ends of the electrodes extend away from the body. A small blood vessel runs axially through 

the center of the raised tissue. Table 2.1 lists the model dimensions. The coordinate system 

origin lies at the target region center (the blood vessel center) for the x and y axes, and for the 

z axis, along the axial upwind side of the target region entrance. In this model the blood 

vessel’s circular circumference is represented by a polygon of 16 equal sides, while the 

electrode plates are represented by rectangular bars. 

Table 2.1 Model dimensions 

Symbol Description Value (mm) 
R Blood vessel radius 0.1-0.5 
W Electrode spacing 4-12 

H Electrode face dimension, 
Target region height 10 

TH Electrode thickness 1 

LF Electrode length above 
 target region 100 

LZM Upwind axial length 
(pre-target region) 35 

LZP Downwind axial length 
(post-target region) 65 

LYM Vertical depth below  
target region 20 

LXM Horizontal width past 
target region 20 

 

2.3 Mathematical model 

2.3.1 Thermal energy 
In representing the energy equation of the system, the system is divided into three sub 

domains: vessel, tissue, and electrode plate.  

 To represent the tissue domain, the Pennes’ bioheat equation [23] is used along with an 

added source term: 

( ) ( ) ( )tzyxQqTTcWTk
t
Tc abbttt ,,,+′′′+−−∇⋅∇=
∂
∂ρ    (2.1) 
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where the subscript t refers to tissue parameters, ρ  is the density, c is the specific heat, k is 

the thermal conductivity, T is the temperature,  aT  is the arterial temperature, Q  is the heat 

generated  from the induced electric field, q ′′′ is the metabolic volumetric heat generation, 

bW is the blood perfusion term, t is the time, and x, y, and z are the Cartesian coordinate 

directions.  

Vascular lock is a phenomenon characterized and termed in [24] in which blood perfusion is 

obstructed after the application of an electric pulse: after the pulse is administered, blood 

perfusion is temporarily (depending on pulse severity) stopped. Following these results, in 

this model blood perfusion is neglected in the target region. Note that Eq. (2.1) is now recast 

as: 

 ( ) ( )[ ] ( )tzyxQqTTcWATk
t
Tc abbttt ,,,+′′′+−−∇⋅∇=
∂
∂ρ    (2.2) 

 where 
⎭
⎬
⎫

⎩
⎨
⎧

=
otherwise

regionetargtoutside
A

0
1

 

For the blood vessel domain, the following energy equation is used:  

( ) ( )tzyxQTk
z
Tw

t
Tc bbb ,,,+∇⋅∇=⎟

⎠
⎞

⎜
⎝
⎛

∂
∂

+
∂
∂ρ      (2.3) 

where the subscript b refers to blood parameters, and w is axial blood velocity. 

The effects of pulsation resulting from heartbeat were neglected, the flow is assumed one 

dimensional and an averaged blood velocity is used (as in [25]). Three representative blood 

vessel radii were used and the corresponding average blood velocities were based on data 

given in [25] which is presented in Table 2.2. The vessel wall is assumed to have the same 

property values as the surrounding tissue.  
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Table 2.2 Average blood velocity 

Radius
R 

(mm) 

Average blood velocity 
w 

(mm/s) 
0.1 34 
0.3 60 
0.5 80 

 

The electrode plate section is represented by the transient conduction equation:  

( )Tk
t
Tc eee ∇⋅∇=
∂
∂ρ         (2.4) 

where the subscript e refers to electrode plate parameters. 

 The electrodes are modeled as 1mm x 10 mm x 100 mm stainless steel plates. Commonly in 

parallel plate electroporation a conductive gel is used between the electrodes and the target 

region, thus in this model electrical and thermal contact resistance at the electrode- tissue 

interface is neglected. 

The physical properties of the tissue, steel and blood are assumed to be constant and are 

presented in Table 2.3.   

Table 2.3 Thermophysical properties 

Symbol Description Value Units 
tk , bk  Tissue and blood thermal conductivity 0.5 W/mK 

ek  Electrode thermal conductivity 16 W/mK 

tρ , bρ   Tissue and blood density 1060 kg/ m3 

eρ  Electrode density 7850 kg/ m3 

tc  Tissue heat capacity 3750 J/kgK 

bc  Blood heat capacity 3640 J/kgK 

ec  Electrode heat capacity 450 J/kgK 
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2.3.2 Boundary and initial conditions 
Initially the temperatures of the tissue and blood region domains are assumed to be equal 

to aT , while the electrodes are assumed to have the same temperature as the surroundings, 

∞T : 

( )
⎭
⎬
⎫

⎩
⎨
⎧

=
∞ domainelectrodeT

domainvesselbloodandtissueT
zyxT a0,,,    (2.5) 

The temperature of all faces of the domain not exposed to the ambient air is assumed to be 

equal to aT : 

( ) ( )
( ) ( ) ( )

min max

min min max

, , , , , ,

, , , , , , , , ,
a

a

T x y z t T x y z t T

T x y z t T x y z t T x y z t T

= =

= = =
     (2.6) 

For the tissue domain, a convective flux boundary condition is imposed onto all sides 

exposed to the ambient air: 

( )
surfacen

TkTThq
∂
∂

−=−= ∞"         (2.7) 

where "q  is the heat flux convected from the exposed face, h is the convection coefficient, 

∞T  is the ambient air temperature, and n is the normal direction to the surface.  

For the electrode plate, the edge away from the tissue domain is treated as an insulated fin 

tip: 

tipy
Tkq
∂
∂

−== 0"         (2.8) 

Boundary condition  (2.7) is imposed onto all remaining sides of the electrode exposed to the 

ambient air. 
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2.3.3 Electric field power generation 
During electroporation the induced electric field causes a temperature rise due to joule 

heating. The power supplied is found as follows. The electric potential is solved from the 

Laplace equation: 

( ) 0=∇⋅∇ φσ           (2.9) 

where φ  is the electric potential and σ  is the conductance of the target area. This equation is 

solved using the following boundary conditions: at one electrode the electric potential is zero, 

while at the other electrode the potential is the same as the applied voltage: 

appVzyWzyW
=⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛− ,,

2
,0,,

2
φφ       (2.10) 

where W is the distance between the electrodes. 

All other boundaries of the target area are assumed electrically insulated:  

0=
∂
∂

n
φ           (2.11) 

 where n represents the normal direction to the insulated face.  

It has been shown that when exposed to an intense electric pulse the electrical resistance of 

the skin drops dramatically in a time period of microseconds  [26-28], and in [28] regions of 

high temperatures were identified representing localized changes in the structure of the 

stratum corneum by electroporation. In this model the plate electrodes are placed internally 

directly on the surface of the rat liver, thus the effects of skin electrical properties are 

neglected. In [29,30] it is explained that an increase in current density about the electrode 

perimeter often occurs as a result of low electrode impedance coupled with  large tissue 

resistivity. This chapter neglects such edge effects. It is also assumed that the electrical 
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properties of blood and tissue are uniform and equal so that the solution to Eq. (2.9) with 

boundary condition  (2.10) and  (2.11) is:  

( ) appapp VVxx
2
1

W
+=φ         (2.12) 

The power due to joule heating is then defined as: 

2φσ ∇=Q            (2.13) 

where σ  is the electrical conductivity. Substituting Eq. (2.12) this is represented in the 

model as:  

( )
⎪
⎭

⎪
⎬

⎫

⎪
⎩

⎪
⎨

⎧
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

regiontargettheoutside

regiontargettheinside
W

V
tzyxQ

app

0

,,,

2

σ    (2.14) 

The remaining system parameter values used to solve Eqs. (2.2), (2.3), (2.14) and conditions 

(2.5) - (2.7) are given in Table 2.4.  

Table 2.4 Parameter values 

bW  Blood perfusion term 1 kg/m3s 
q ′′′  Metabolic heat generation 33800 W/ m3 

aT  Arterial blood temperature 37 °C 

∞T  Ambient temperature 25 °C 
h Convection coefficient 10 W/ m2K 
σ Tissue and blood electrical conductivity 0.286 S/m 

 

2.3.4 Damage evaluation 
Thermal damage occurs when tissue temperature is elevated over a period of time. In [30] a 

thermal dose estimate is proposed to quantify thermal damage in part so that damage may be 

compared between different time-at-temperature situations. In this model, the level of 
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damage is described in a time-temperature relation as in [30] in which this relation is 

represented in minutes of exposure at 43°C by: 

( )∫ −= dtREM T43
43          (2.15) 

where 
⎭
⎬
⎫

⎩
⎨
⎧

>
<

=
435.0
4325.0

T
T

R  and T is the temperature. In this model the thermal dose is 

calculated beginning with the onset of the first applied electric pulse. 

 

2.4 Discretization and solution procedure: 
 
Equations  (2.2-2.4) are discretized using a cell centered finite volume approach and are 

solved  implicitly using a global 5 ms time step and a variable rectangular grid consisting of 

236,120 - 444,920 cells (depending on plate spacing and vessel radius). Interface 

conductivity is represented by a harmonic mean similar to that described in [31], while a 

resistor representation is used between the cell center and the convection boundary condition  

(2.7). An upwind scheme is adopted to represent advection in the blood vessel domain. 

Temperature is solved for by an implicit point iterative method. Since it is expected that the 

dramatic temperature changes occur not over the entire solution domain, but locally near the 

target region, a convergence measure analogous to the ∞L  norm is used between iterations. 

The convergence criterion is defined as m
k,j,i

m
k,j,i TT −= +1δ  where m is iteration and 

convergence is reached when 510−<δ .  The value of the convergence parameter,δ , was 

decreased until the  maximum local percent difference (between solutions of decreasing δ  

value) was less than 1% .  Computations were performed on a 3.0 GHz Intel Xeon processor. 

Typical CPU times were 18-25 hours. 



 16

 

2.5 Results and discussion 
 
Symmetry about the y-z plane is utilized, so in most of the following figures the solution is 

only presented for the positive x half-plane. Unless otherwise specified, the following results 

were found using plate spacing, W, of 8 mm and a vessel radius, R, of 0.3 mm. Times 

referenced to in the figures begin immediately after the last electroporation pulse cycle 

completion, while the thermal dose equation  (2.15) is solved beginning with the first 

electroporation pulse cycle.  

2.5.1 Temperature profiles  
 
Geometric and transient temperature profile results are presented in Figure 2.2 and 2.3. To 

better isolate the cooling process a single 400 ms pulse of amplitude 250 cmV  is modeled. 

In this case a 0.6 mm diameter blood vessel is incorporated down the axial direction of the 

center of the target region. 

Figure 2.2 represents target region temperature profiles fifteen seconds after the pulse has 

been administered for the  three vertical cross sections: blood vessel entrance, midpoint, and 

exit (z = 0, 5, and 10 mm respectively); these planes are perpendicular to the axial direction. 

The decreasing horizontal contour lines along the top of the target region show convective 

influences through the top of the tissue, while the decreasing vertical contour lines along the 

right outer side of the target region show conductive influences from the tissue to the fin. 

Evidence of heat conducted to the lower tissue region is seen in the temperature rise there. 

Locations far away from the heated region are unaffected reflecting both perfusion and the 

low tissue thermal conductivity. The effects of heat convection by the blood vessel are also 
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evident. As the blood flows into the target region it is heated by the surrounding tissue. At 

the entrance and halfway into the target region, the blood vessel cools the surrounding tissue, 

as seen in the lower temperatures near the vessel wall. Further down the region, however, the 

vessel heats the surrounding tissue as it carries the heat introduced in the upstream regions. It 

is evident that thermal convection by the vessel plays a significant role in the transient 

cooling process after electroporation pulses have been administered. It is for this reason that 

the vessel centerline (y = 0) is used as the reference plane to present the results in the 

following Figures 2.3-2.9. 

The transient temperature profiles in the x-z plane at y = 0 are presented in Figure. 2.3. 

Initially there is a large temperature gradient about the target region boundary. For the 1 Hz 

pulse cycle frequency, it should be noted that after the heat is added during the 400 ms pulse, 

a 600 ms period remains during which heat is removed from the target region primarily by 

conduction to the electrode and advection by the vessel. This is reflected by the streamwise 

and inward shift of the temperature profile at the end of the pulse cycle (t = 0). At later times 

the target area is cooled and higher temperatures concentrate on the downstream side and 

away from the electrode plates. From t = 0 to t = 5s the temperature drop in the target region 

is dramatic, followed by a slower cooling rate. This slower rate reflects heat conducted from 

regions above and below the reference plane which are at further distances from the vessel.  

At t = 90 seconds this portion of the tissue model has nearly returned to the arterial blood 

temperature ( aT = 37°C). For this reason the thermal damage is evaluated at t = 90s 

(calculated beginning with the first pulse until 90 s after the end of the last pulse cycle). 
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2.5.2 Blood vessel effects 
 
As seen in the previous results, the blood vessel convection has a large influence on the 

target region tissue cooling. Thus the effect of varying blood vessel radius on target region 

thermal damage is investigated in Figure 2.4.  Here 8 250 cmV , 50 ms pulses are 

administered at a 1 Hz frequency. In the absence of a vessel’s convective cooling, the 

damage profiles are symmetric about the axial center of the target region (z = 5 mm). Heat 

leaves the reference region primarily by conduction to the electrodes. No damage occurs 

outside the target region boundaries. For a very small diameter blood vessel most of the 

damage profile symmetry (about z = 5 mm) is retained, although it is a bit skewed in the 

streamwise direction. For the intermediate and large diameter blood vessels, the effect is 

much more pronounced. Increasing the vessel radius to 0,3 mm, the damage is much 

reduced.. Recalling the temperature lines for an equivalent blood vessel (see Figure 2.3) the 

locations and magnitudes of the thermal damage contour lines are not unexpected. This size 

vessel also brings the lower level thermal damage contour lines outside the target region 

boundary.  The large diameter blood vessel has again reduced the thermal damage, this time 

to negligible magnitudes.  Similar blood vessel thermal effects are found in [25].  

Although the variation in damage between the case with no vessel and the very small 

diameter vessel seems slight, a more careful comparison is made in Figure 2.5. Here the two 

solutions are plotted on the same axis. It is noted that near the vessel there is a significant 

shift in the damage contour lines for the small diameter vessel. This shift takes up a more 

significant proportion for higher magnitudes of thermal damage. 
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2.5.3 Effect of plate spacing 
 
The effect of varying the electrode plate spacing is investigated in Figure 2.6. In this figure, 8 

250 cmV , 50 ms pulses are administered at a 1 Hz frequency for four different electrode 

plate spacing. Here the damage increases as plate spacing increases. This is a result of two 

main factors. First since the voltage is held constant, more energy is added with increased 

target region volume. Therefore, there is more energy for the mechanisms of conduction and 

convection to remove from the target region with larger plate spacing. The second factor is 

made by recalling that the vascular lock assumption is made inside the target region 

(perfusion in the target region is neglected) so that the target region is cooled only by heat 

moving across its boundary. This implies that as the target region volume to surface area 

ratio increases, cooling decreases, resulting in an increase in thermal damage. The 

corresponding volume to surface area ratios are given in Table 2.5. 

Table 2.5 Volume to surface area ratios 

Electrode spacing Volume to surface area ratio 
4 mm 1.85 mm 
8 mm 3.45 mm 
12 mm 4.84 mm 
16 mm 6.06 mm 

 

2.5.4 Pulse duration 
 
The effects of varying the pulse duration and number of pulses is investigated here. The 

amount of total energy introduced to the target region by the electric pulse is kept constant by 

varying pulse duration and number of pulses. During the exposures, 

( ) constant,,, =×× tzyxQtn p where n is the number of pulses and pt  is the pulse duration. 

Figure 2.7 shows the thermal damage evaluated at 90 seconds after last pulse administered 
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for four ( ptn, ) combinations for 250 cmV ,1 Hz pulses. Thermal dose magnitudes drop 

dramatically as the pulse delivery is divided into more cycles.  Figure 2.8 shows the 

temperature profiles at the end of the last pulse cycle. Recalling the modified Pennes’ bioheat 

equation, Eq. (1), and neglecting conduction, convection, metabolic heat generation, and 

blood perfusion, the temperature rise may be approximated as: 

( )
c

tzyxQtnTT pinitial ρ
,,,

××+=        (2.17) 

For the presented solutions this value corresponds to: 

( ) C
kgKJmkg
mVsCT 16.55

/3750/1040
/25000S/m286.04.037 3

2

=
⋅

⋅
×+=    (2.18) 

For a single pulse this approximation more accurate for the maximum temperature, while the 

multiple pulse figures show the maximum temperature contours to have lower magnitudes. 

This is an effect of the major cooling mechanisms (conduction across the boundaries and 

advection along the vessel) acting on the target region between pulses during the 

electroporation cycles.  

2.5.5 Pulse frequency 
 The effects of varying the pulse frequency for 8 50 ms, 250 cmV  pulses are shown in 

Figures 2.9 and 2.10. Here the frequencies are decreased from 4 Hz to 0.5 Hz. The thermal 

dose profiles in Figure 2.9 show dramatic drop in the magnitude of thermal dose profiles as 

the frequency is decreased. This is again attributed to cooling during pulse applications: the 

decrease in frequency corresponds to an increase in time between pulse applications. For the 

0.5 Hz frequency, the same energy is added to the target region, but over a 16 s period as 

compared to a 2 s period for the 4 Hz frequency, allowing for longer periods of time during 

which thermal energy is conducted and advected across the target region boundaries. The 
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longer cooling periods between pulses are reflected in the lower temperature profiles for 

lower frequencies depicted in Figure 2.10.  

2.6 Conclusions 
A parallel plate electroporation process was modeled in which blood vessel, geometric, and 

electroporeation pulse parameter effects on thermal dose magnitudes were investigated. In 

the presence of a blood vessel the target region tissue was found to have lower thermal 

damage, and for larger vessels (R > 0.3 mm) this effect was more pronounced. The vessel 

carried heat from the target region, cooling the tissue as it entered the target region and 

heating the tissue as it exited the target region. The effect of spacing between the electrode 

plates was investigated. Increased plate spacing increases thermal damage: as the volume to 

surface area ratio increases, conduction and convection have relatively less area across which 

to move more thermal energy. The results of dividing a long pulse into shorter pulses of 

equal intensity and frequency were explored. It was shown that increasing the time over 

which energy is introduced into the system results in lower maximum target region 

temperatures and significantly decreased thermal dose values. Similarly it was found that 

decreasing pulse frequency results in lower thermal damage and lower maximum 

temperatures.  
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Figure 2.2 x-y plane temperature profiles: varying axial positions at t = 15s 
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Figure 2.3 Transient temperature profiles at y = 0mm (vessel centerline); t is time after last pulse cycle 

 
 
 



 28

 

10

20
30

x (mm)

z
(m

m
)

0 2 4

0

5

10

target region
boundary

blood vessel

vessel radius = 0.5 mm

10

100
150

200

x (mm)

z
(m

m
)

0 2 4

0

5

10

vessel radius = 0.3 mm

10

100

250

500

x (mm)

z
(m

m
)

0 2 4

0

5

10

vessel radius =0.1 mm

10

100

250

500

x (mm)
z

(m
m

)
0 2 4

0

5

10

no vessel

 
Figure 2.4 EM43 at t = 90s: Effect of blood vessel radius  
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Figure 2.5 EM43 at t = 90s (after last pulse cycle): Small vessel effect 
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Figure 2.6 EM43 at t = 90s (after last pulse cycle): Effect of electrode plate spacing 
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Figure 2.7 EM43 at t = 90s (after last pulse cycle): Effect of pulse duration- number of pulses administered 
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Figure 2.8 Temperature at t = 0s (after last pulse cycle): Effect of pulse duration- number of pulses 

administered 
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Figure 2.9 EM43 at t = 90s (after last pulse cycle): Effect of pulse frequency 
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Figure 2.10 Temperature at t = 0s (after last pulse cycle): Effect of pulse frequency 
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3 Numerical assessment of thermal response associated 
with in vivo skin electroporation: the importance of the 
composite skin model 

 

 

Electroporation is an approach used to enhance transdermal transport of large molecules in 

which the skin is exposed to a series of electric pulses. The structure of the transport 

inhibiting outer layer, the stratum corneum, is temporarily destabilized due to the 

development of microscopic pores. Consequently agents that are ordinarily unable to pass 

into the skin are able to pass through this outer barrier. Of possible concern when exposing 

biological tissue to an electric field is thermal tissue damage associated with Joule heating. 

This chapter shows the importance of using a composite model in calculating the electrical 

and thermal effects associated with skin electroporation. A three-dimensional transient finite-

volume model of in vivo skin electroporation is developed to emphasize the importance of 

representing the skin’s composite layers and to illustrate the underlying relationships 

between the physical parameters of the composite makeup of the skin and resulting thermal 

damage potential. 

3.1 Introduction 
Electroporation is a technique in which the cell membrane is altered in order to increase 

permeability into the cell cytosol by inducing an electric field in which the transmembrane 

potential exceeds a critical threshold [1-5]. The lipid bilayer matrix of the thin (10 20 mμ− ) 

outermost layer of the skin, the stratum corneum (SC), acts as a barrier inhibiting transdermal 

drug delivery. It has been shown that electroporation changes the structure of the SC creating 

aqueous pores [6-8]. The breakdown of the SC barrier allows for increased molecular 
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transport and radically reduces the electrical resistance of the skin [6, 9-12]. Experimentally 

it is common practice to use short high voltage (100μs 1000V/cm) pulses to permeabilize the 

skin and longer low voltage (100 ms 400 V/cm) pulses to assist molecular transport by 

electrophoretic forces [13]. Joule heating resulting from short duration pulses has been 

shown to be negligible [3], and it is the long duration pulses in particular that contribute to 

Joule heating. 

In dealing with in vivo biological tissues exposed to an electric field it is important to 

consider the temperature rise associated with Joule heating. In electroporation the severity of 

this temperature rise is proportional to pulse length and magnitude and is strongly tied to 

tissue electrical properties. Experimental results show that transdermal molecular flux rates 

increase with increased pulse duration and magnitude [14-17]. Experiments involving 

homogenous tissue electroporation have shown that the success of large molecule gene 

transfer is strongly tied to the amount of heat generated [18, 19].  Extensive and novel 

numerical studies have been conducted for homogenous tissue cases in which factors 

influencing thermal responses of electroporation are explored [20, 21]. In a preliminary study 

the relationship between the thermal response of homogenous in vivo plate electroporation 

and electroporation parameters is investigated [22]. The purpose of this chapter is to model 

thermal effects associated with in vivo electroporation of the human skin by accounting for 

variations in physical parameters of the skin’s composite layers and underlying tissue. These 

composite findings are then compared to the results of homogenous tissue electroporation.  

3.2 Model geometry 
 This chapter considers external parallel plate electroporation in which the electrodes are in 

direct contact with the skin. Figure 1 shows the geometric representation of the tissue 
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modeled in this study. A small section of tissue is raised and two thin electrodes are 

positioned on either side of the target region (which is at the axial center of the raised 

section). The ends of the electrodes extend away from the body. In two cases of this study, 

the advective cooling effects of a blood vessel are addressed.  In these, a small blood vessel 

runs axially through the center of the raised tissue. Table 3.1 lists the model dimensions used. 

The coordinate system origin lies at the target region center (the blood vessel center) for the x 

and y axes, and for the z axis, along the axial upwind side of the target region entrance. When 

the presence of a blood vessel is addressed, the blood vessel’s circular circumference is 

modeled by a polygon of 16 equal sides. The electrode plates are represented by rectangular 

bars that act as cooling fins to the electroporated tissue. 

Table 3.1 Model dimensions 

Symbol Description Value 
(mm) 

R Blood vessel radius 0, 0.3 

W Electrode spacing 10 

H Electrode face dimension, Target region 
height 

10 

TH Electrode thickness 1 

LF Electrode length above Target region 100 

LZM Upwind axial length (pre-target region) 15 

LZP Downwind axial length (post-target region) 15 

LYM Vertical depth below Target region 9.805 

LXM Horizontal width past Target region 8.5 

 

A representative composite model is used to depict the skin and underlying tissue layers of 

the human volar forearm (see Fig.2). The outer skin layer, the epidermis, is without 
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vasculature. The previously mentioned outermost layer of the epidermis, the SC, is 

electrically insulative and acts as a protective barrier to the skin preventing molecule 

transport. The inner skin layer is the highly vascular dermis. The dermal skin blood flow 

exceeds metabolic requirements and the excess blood flow primarily regulates body 

temperature [23]. Below the dermis is a thermally insulative fat layer that acts to conserve 

body heat. The innermost layer is the subcutaneous tissue layer which in this study is 

modeled as muscle tissue. Figure 2 shows the composite layer model used to represent the 

skin and underlying tissue. 

3.3 Mathematical model 
 

3.3.1 Thermal energy 
In finding the thermal solution, the system is divided into three sub-domains: vessel, 

composite tissue, and electrode plate.  

 To represent the composite tissue domain, the Pennes’ bioheat equation [24] is used along 

with an added source term: 

( ) ( )m
m m m m b a m J

Tc k T c T T q Q
t

ρ ω∂ ′′′= ∇ ⋅ ∇ − − + +
∂

    (3.1) 

where ρ  is the density, c is the specific heat, k is the thermal conductivity, T is the 

temperature,  aT  is the arterial temperature, JQ  is the Joule heat generated  from the induced 

electric field, q ′′′ is the metabolic volumetric heat generation, mω is the non-directional 

volumetric blood flow associated with perfusion, t is the time, and x, y, and z are the 

Cartesian coordinate directions. The subscript m refers to one of the four composite tissue 

layers:  stratum corneum (SC), epidermis (ED), dermis (D), subcutaneous fat (F), and 

subcutaneous muscle tissue (T). 
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Vascular lock is a phenomenon characterized and termed in [25] and clinically supported in 

[26-28] in which blood perfusion is obstructed after the application of an electric pulse: after 

the pulse is administered, blood perfusion is temporarily (depending on pulse severity) 

obstructed. In this study we model electrical obstruction of perfusion as total obstruction by 

neglecting blood perfusion in the target region after the first pulse application. Note that Eq. 

(3.1) is now recast as: 

 ( ) ( )m
m m m m m b m a m J

Tc k T A c T T q Q
t

ρ ω∂ ′′′= ∇ ⋅ ∇ − − + +⎡ ⎤⎣ ⎦∂
   (3.2) 

 where 
1
0

outside target region
A

inside target region
⎧ ⎫

= ⎨ ⎬
⎩ ⎭

 

 Two cases addressed in this study involve the convective effects associated with the 

presence of a small blood vessel in the center of the composite tissue domain. To represent 

the blood vessel domain, the following energy equation is used:  

( )b b
b b b b J

T Tc w k T Q
t z

ρ ∂ ∂⎛ ⎞+ = ∇ ⋅ ∇ +⎜ ⎟∂ ∂⎝ ⎠
      (3.3) 

where the subscript b refers to blood parameters, and w is the axial blood velocity. 

The effects of pulsation resulting from heartbeat are neglected. A representative blood vessel 

radius of 0.3 mm is used with the corresponding average blood velocity of 6 mm/s based on 

data given in [29]. The vessel wall is assumed to have the same property values as the 

surrounding tissue. The biological composite tissue and blood properties are presented in 

Table 3.2. 
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Table 3.2 Composite tissue and blood properties 

   SC ED D F T b 
thickness mm  δ  0.015 

[23] 
0.035 
[23] 

1.1    
[34] 

1.2  
[34] - - 

thermal 
conductivity W mK  k  0.2    

 [30] 
0.209  
[33] 

0.293 
[33] 

0.23 
 [31] 

0.5  
[31] 

0.572 
[31] 

density 3kg m  
ρ
 

1500 
 [31] 

1110   
[31] 

1116 
[31] 

850 
 [32] 

1040 
 [31] 

1060 
 [31] 

heat capacity 
(specific) J kgK  c  3600 

[32] 
3600  
[32] 

3800 
[32] 

2300 
[32] 

3800 
[32] 

3840 
[31] 

perfusion 
3kg m s

 
ω
 0 0 2 .33 

[35] 
0.545 
[35] 

0.695 
[35] - 

metabolic heat 
generation 

3W m  
q′′′
 

0 0 200  
[32] 

5 
[32] 

800  
[32] - 

Electrical 
conductivity S m  σ  

10-5 [31] 
Pre-

breakdown 
0.01 0.015 0.02 

[31] 
0.41 
[31] 

0.62 
[31] 

 

The electrode plate section is represented by the transient conduction equation:  

( )ρ ∂
= ∇ ⋅ ∇

∂
e

e e e e
Tc k T
t

        (3.4) 

where the subscript e refers to electrode plate parameters. Electrode property values are given 

in Table 3.3. 

Commonly in parallel plate electroporation a conductive gel is used between the electrodes 

and the target region, thus in this model electrical and thermal contact resistance at the 

electrode-tissue interface are neglected. 

 

3.3.2 Boundary and initial conditions 
Initial temperature distributions of the tissue and blood region domains are calculated from 

the steady state forms of Eqs. (3.1) and (3.3) without the induced electric field: 

( ) ( )0 m m m b m a mk T c T T qω ′′′= ∇ ⋅ ∇ − − +        (3.5) 
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( )b
b b b b

Tc w k T
z

ρ ∂
= ∇ ⋅ ∇

∂
       (3.6) 

Blood perfusion within the target region is not neglected in Eq. (3.5) 

Initially electrodes are assumed to have the same temperature as the surroundings, ∞T : 

( ), , ,0 ∞=eT x y z T          (3.7) 

The subcutaneous muscle tissue temperature of lower face of the composite tissue domain is 

assumed to be equal to the arterial blood temperature, aT : 

( )min, , ,T aT x y z t T=            (3.8) 

The remaining boundary faces not exposed to the ambient environment are assumed 

thermally insulated: 

( ) ( )

( ) ( )

min max

min max

, , , , , , 0

, , , , , , 0

m m

m m

T x y z t T x y z t
z z

T x y z t T x y z t
x x

∂ ∂
= =

∂ ∂
∂ ∂

= =
∂ ∂

        (3.9) 

The blood vessel inlet temperature is assumed to be equal to aT  while axial thermal 

conduction at the outlet is neglected: 

( )min, , , =b aT x y z t T          (3.10) 

  ( )max, , , 0∂
=

∂ bT x y z t
z

        (3.11) 

Along the outer surface of the composite domain (the SC), a convective flux boundary 

condition is imposed onto all sides exposed to the ambient air: 

( )" SC
SC

surface

Tq h T T k
n∞

∂
= − = −

∂
       (3.12) 
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where "q  is the heat flux convected from the exposed face, h is the convection coefficient, 

∞T  is the ambient air temperature, and n is the normal direction to the surface.  

A convective flux boundary condition is imposed onto all electrode sides exposed to the 

ambient air: 

( )" e
e e

surface

Tq h T T k
n∞

∂
= − = −

∂
       (3.13) 

For the electrode plate, the face of the end away from the tissue domain is treated as an 

insulated fin tip: 

" 0 e
tip

Tq k
y

∂
= = −

∂
        (3.14) 

The convection coefficient, h, of boundary conditions (3.12) and (3.13) is modeled to result 

from the natural convection of air, and it is solved from:  

⋅
= fNu k

h
L

          (3.15) 

where Nu is the average Nusselt number over the face, fk  is the fluid film thermal 

conductivity , and L is a characteristic length scale defined as : 
:

:

⎧
⎪= ⎨
⎪⎩

s

s

s

Vertical H
L AHorizonal

P
 where 

sH is the vertical surface height, sA  is the horizontal surface area, and sP is the horizontal 

surface periphery.  

Correlations described in [36] are used to evaluate the averaged Nusselt number, Nu, as 

follows: 

For vertical surfaces: 
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( )

2

1 6

8 279 16

0.3870.825
1 0.492 Pr

⎧ ⎫
⋅⎪ ⎪= +⎨ ⎬

⎡ ⎤⎪ ⎪+⎣ ⎦⎩ ⎭

RaNu      (3.16) 

For horizontal surfaces: 

1 40.54=Nu Ra          (3.17) 

Pr is the Prandtl number and Ra is the Rayleigh number which is defined as: 

( ) 3
sg T T L

Ra
β

αν
∞−

=          (3.18) 

where g is gravity,β  is the coefficient of volumetric thermal expansion, α is the thermal 

diffusivity, ν  is the kinematic viscosity, and sT  is the surface temperature. The surface 

temperature value used in Eq. (3.18) is obtained by averaging the temperature over the 

surface. The values of the fluid properties fk , Pr, β , α , andν are evaluated at the air film 

temperature, fT , which is defined as: 

 ( )
2

s
f

T T
T ∞+

=          (3.19) 

3.3.3 Electric field power generation 
The electrical conductivity of the SC is several orders of magnitude lower than the 

underlying composite layers. Current passing through the skin is believed to follow two 

parallel pathways: one is through the cell matrix composing the SC and the other through 

skin appendages such as hair follicles and sweat glands [37].  With the electroporation 

induced permeabilization of the SC matrix, the current experiences much lower resistance 

within the SC.  Experimentally it has been shown that when exposed to a high voltage 

electric field the electrical resistance of the skin drops dramatically in a time period of 

microseconds [6, 9, 10].  To model the breakdown of the SC electrical resistance, the 
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conductivity of the SC is prescribed a pre-breakdown value of 510SC S mσ −=  during the 

first 5 ms of the first electroporation pulse, and thereafter is increased to a value of 

3 210 or 10SC S mσ − −=  (depending on case study). This single 5 ms 400 V/cm pulse has the 

power equivalent of 8 100 μs 1000V/cm pulses which have comparable parameters to those 

of experimental SC permeabilization pulses. Experimentally it has been shown that 

permeabilization associated with pulses of high voltage and short duration result in a high 

pore density [15]. This chapter makes the assumption that for a high density of 

electroporation pores and given the length scale at which the physical model is presented, the 

electrical properties of the SC may be averaged. Since it is beyond the scope of this study to 

model the local pathways through the SC, in this chapter uniform conductivities are used 

within composite layers. In [37] it is shown that even at moderate voltages the capacitive 

charging time associated with non-Ohmic behavior of the skin is very short and may be 

neglected at times greater than1 ms . This behavior is neglected in this study. Epidermal and 

dermal electrical conductivities given in Table 3.2 have been chosen to reflect electrical 

resistance drop with increased depth into the skin. 

During electroporation the induced electric field causes a temperature rise due to Joule 

heating. The power supplied is found as follows. The electric potential is solved from the 

Laplace equation: 

( ) 0mσ φ∇ ⋅ ∇ =          (3.20) 

where φ  is the electric potential and mσ  is the composite electrical conductivity. This 

equation is solved using the following boundary conditions: at one electrode the electric 
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potential is zero, while at the other electrode the potential is the same as the applied voltage, 

appV : 

appVzyWzyW
=⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛− ,,

2
,0,,

2
φφ       (3.21) 

where W is the distance between the electrodes. This study uses an applied voltage value of 

400appV V= and a plate spacing of 1W cm= . 

All other boundaries of the target area are assumed electrically insulated:  

0=
∂
∂

n
φ           (3.22) 

 where n represents the normal direction to the insulated face.  

The power due to Joule heating is then defined as: 

2
J mQ σ φ= ∇           (3.23) 

where mσ  is the tissue electrical conductivity. Obviously there is no Joule heating outside the 

target region or at times during which the electric pulses are not applied. 

In [38, 39] it is explained that an increase in current density about the electrode perimeter 

often occurs as a result of low electrode impedance coupled with large tissue resistance. This 

chapter neglects such edge effects. The remaining system parameter values used to solve 

Eqs. (3.2), (3.3), (3.14) and conditions (3.5)-(3.7) are given in Table 3.3.  
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Table 3.3 Parameter values 

eρ  electrode density 37850 kg m  

ec  electrode specific heat 450 J kgK  

ek  electrode thermal conductivity 16W mK  

aT  arterial blood temperature 37 C  

∞T  ambient temperature 20 C  

appV  applied voltage 400V  

 

 

 

3.3.4 Damage evaluation 
Thermal damage occurs when tissue temperature is elevated over a period of time. In [40] a 

thermal dose estimate is proposed to quantify thermal damage in part so that damage may be 

compared between different time-at-temperature situations. In this model, the level of 

damage is described in a time-temperature relation as in [40] in which thermal damage is 

represented in minutes of exposure at 43°C by: 

( )43
43

T
Pt t EM R dt−> = ∫         (3.24) 

where 
0.25 43
0.5 43

T C
R

T C

⎧ ⎫<⎪ ⎪= ⎨ ⎬
>⎪ ⎪⎩ ⎭

 and T is the temperature. In this model the thermal dose is 

calculated beginning with the onset of the first applied electric pulse. The sensitivity of 

biological tissue to thermal dose varies significantly between animal species and specific 

tissue type [41]. While it is reported for pig muscle, fat and skin tissues that significant 
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chronic histological damage and gross appearance thermal dose thresholds begin at values 

43 80EM min> [41], values of 43EM  in the range 240-340 minutes have been used to denote 

permanent thermal tissue damage for muscle, liver and kidney tissues[29, 40-42]. 

 

3.4 Discretization and solution procedure 
  
The computational domain is discretized using a variable rectangular grid consisting of 

112,760 cells for cases without a blood vessel and 158,720 cells for the two cases with a 

blood vessel. A fully implicit finite volume approach is used to solve Eqs. (3.2-3.6), (3.19), 

and (3.22). Temperature, T, and Joule heat, JQ , are evaluated at the cell centers while the 

electric potential, φ ,  is evaluated at the cell boundaries. A global 5 ms time step is used for 

transient Eqs. (3.2-3.4). Interface conductivity is represented by a harmonic mean similar to 

that described in [43], while a resistor representation is used between the cell center and the 

convection boundary conditions (3.12) and (3.13). For the two cases in which a blood vessel 

is modeled, an upwind scheme is adopted to represent advection in the blood vessel domain 

in Eq. (3.3). For the transient cases, the convection coefficient, h, used in boundary 

conditions (3.12) and (3.13) is updated at each time step and the fluid properties of air used 

to solve Eqs. (3.16) and (3.17) are evaluated at the film temperature fT  of the previous time 

step. For the steady state solution these properties are evaluated at the film temperature of the 

previous iteration. Data given in [36] is curve fit for temperature dependence of each air 

property. Variables T, φ , and JQ  are solved using an implicit point iterative method. Since it 

is expected that between time steps dramatic temperature changes occur not over the entire 

solution domain, but locally within and about the target region, a localized convergence 
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measure is used between iterations. The convergence criterion is defined as 1
, , , ,
p p

i j k i j kT Tε += −  

where p is iteration and convergence is established when 510ε −< .  The value of the 

convergence parameter,ε , was decreased until the  maximum local percent difference 

(between solutions of decreasing ε  value) was less than 1% . Equation (3.24) is integrated 

numerically. Computations were performed on a 3.0 GHz Intel Xeon processor. Typical CPU 

times were 8-12 hours. 

 

3.5 Results and discussion 
 

To validate the numerical solution, comparisons with analytic solutions were made.  The 

temperature solution of the one-dimensional steady form of Eq. (3.1) was obtained in the 

vertical  y-direction at a location away from the target region with a prescribed  boundary 

conditions (3.8) and (3.12) using 2700 , 10 , and 37ah W m K T C T C∞= = ° = ° .  Thermal 

comparisons in Figure 3.3a show excellent agreement. The analytic and numerical one-

dimensional (along the x-axis) solutions of the electric potential and Joule heat Eqs. (3.20) 

and (3.23) are obtained using SC post-electric breakdown conductivity value 

of 0.01SC S mσ =  is used and the remaining composite tissue conductivity values are the 

same as in Table 3.2.  A Figure 3.3b shows good agreement between computed and analytic 

solutions. 

3.5.1 Electrical solution 
The distribution of Joule heat is presented in Figure 3.4. The area shown is a close-up of the 

target region in the x-y plane at the axial center of the target region ( 5z mm= ). In this case 
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the SC is represented using a full electroporation conductivity breakdown value, 

0.01SC S mσ = . The dashed line represents the target region boundary and the dotted lines 

represent the composite tissue interfaces.  Since the electrical properties of the composite 

region shown are symmetric about the center, it is not surprising to see that the Joule heating 

is similarly symmetric. The two-dimensional contours in the top of the target region and local 

jumps (sudden increases) of the Joule heat value about the corners of the fat - tissue interface 

imply increased vertical current densities, reflecting the strong two-dimensional electric 

potential drops that result from the non-uniformity of electrical properties at these locations. 

In the lower section of the target region (where the composite properties do not change 

vertically) the contours are predominately one-dimensional (in the x-direction) with levels of 

highest heating occurring at locations of lowest tissue electrical conductivity. A closer look at 

this section is made to gain further insight into the effects of the composite variation in 

conductivity and specifically of the role that the SC plays in Joule heating. Figure 3.5 shows 

the spatial dependence of the electrical solution along the x-axis at the center of the target 

region (y = 0, z = 10 mm) for three values of electrical conductivities of the SC 

( 5 3 210 ,10 , and 10SC S mσ − − −= ). For a very resistive SC the heating is greatest within the SC 

and negligible Joule heating occurring throughout the interior layers. This is explained by the 

obvious fact that the primary voltage drop occurs across this thin15 mμ  layer. Increasing the 

SC conductivity allows for a larger current, noticeably increasing the potential drops across 

the composite layers and subsequently increasing the local Joule heating value. The local 

magnitudes of Joule heat added are in decreasing order SC, epidermis, dermis, fat and 

subcutaneous muscle tissue, which corresponds to the order of increasing composite 

conductivity value. It is important to note that potential drops across the composite layers of 
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Figure 3.5 are nearly linear mirroring those of the one-dimensional analytic profile presented 

in Figure 3.3. 

To compare these composite findings with an electrical homogenous tissue case, consider the 

homogenous solutions to Eqs. (3.20) and (3.23) which are one-dimensional in the x-direction: 

 

( ) 1
2app

xx V
W

φ ⎛ ⎞= +⎜ ⎟
⎝ ⎠

         (3.25) 
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J

V
Q

W
σ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

        (3.26) 

 
In the homogenous case both the potential drop and the Joule heat are constant throughout 

the target region. Assigning a homogenous conductivity value of 0.05 S mσ = , the resulting 

constant values of potential drop and Joule heat added are 400d V cm
dx
φ
= and 

7 38x10JQ W m= , respectively. The spatial variations of the composite solutions contrast 

strongly with the solution of a homogenous domain and great care should be taken when 

assuming homogenous tissue properties in external plate electroporation studies. 

The results of the composite electrical analysis show that the local heating is dependant not 

only on local composite conductivity, but also to a great extent on the conductivity of the SC. 

To bridge dependence of local composite temperature rise to local property values and SC 

electrical conductivity, the following one-dimensional case is presented. Neglecting the 

vertical changes in composite property values at the top of the target region results in the 

electrical profile presented in Figure 3.3. Substituting Eq. (3.23) for Joule heat into the one-

dimensional form of the modified Pennes’ bioheat equation, Eq. (3.1), and assuming that 

contributions of conduction, metabolic heat generation, blood perfusion, and convection at 
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the boundaries are negligible over a short pulse duration, the temperature rise of each of the 

composite layers is: 

( ) 2

pulse duration

m
m

m
m m

d x
dx

T
c

φ
σ

ρ

⎛ ⎞
⎜ ⎟
⎝ ⎠Δ = ×       (3.27) 

The potential drop across the composite layer, ( )md x
dx
φ

, has the analytic solution: 

appm

m

Vd
dx B
φ

σ
=          (3.28) 

where B is the sum of the n composite layers’ resistances: 
1

n
i

i i

B δ
σ=

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑ and δ it the 

composite layer thickness. Substituting Eq. (3.28) into Eq. (3.27) the temperature rise is 

evaluated for its dependence on the value of SC conductivity using composite properties and 

dimensions presented in Table 3.2 and a corresponding muscle tissue thickness of 5.3 mm.  

Composite temperature rises over a range of SC conductivities presented in Figure 3.6 are 

representative of a single 400 V cm  pulse 150 ms in duration. As the conductivity of the SC 

is increased, the increase in current is reflected in temperature rises of the inner composite 

regions. Previous calculations show that the dermis receives more heat than the fat layer, 

however, due to its low heat capacity, the temperature rise of the fat layer noticeably exceed 

that of the dermis.  

3.5.2 Thermal solution 
The transient thermal solutions of the electroporation model are now addressed. The 

electroporation process modeled consists of five 150 ms long square wave pulses 

administered at 1 second intervals with an applied voltage of 400 V . Because it is anticipated 
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that the maximum thermal damage occurs near the axial center of the electroporated region, 

the x-y plane at the axial target region midpoint (z = 5 mm) is chosen to depict the transient 

temperature and thermal damage profiles in Figures 3.7 and 3.8. Symmetry of the electrical 

and physical model is used so that results are shown only for the positive x half of the model. 

Times shown begin at the end of the last pulse cycle. To model the electrical breakdown of 

the SC, the conductivity of the SC is assigned a value of 510SC S mσ −=  for the first 5 ms of 

the first pulse and 210SC S mσ −=  thereafter. Transient thermal contours for the composite 

case are shown in Figure 3.7. Here the dashed line represents the target region boundary and 

the dotted line separates the composite layers. The steady solution shows that the target 

region (which is exposed to free convection on vertical as well as horizontal surfaces) is 

cooler than the rest of the tissue domain. The maximum temperature contours are presented 

at t = 0 s (immediately after the last pulse cycle of the electroporation process). Recalling the 

results of the electrical solution it is not surprising to find negligible temperature rises in the 

electrically conductive muscle tissue layer. However, maximum temperature rises occur 

along the vertical fat-dermal interface while it is expected from the results depicted in Figure 

3.6 that the maximum temperature rises occur in the SC and epidermal layers. To explain this 

discrepancy it is noted that for each of the 1 Hz pulse cycles, Joule heat is added during the 

first 150 ms pulse with an 850 ms period remaining during which heat is conducted from the 

thin 50 mμ  dermal layer to the electrode. As time passes, heat is convected out of the upper 

surface of the target region and conducted into the electrode and lower tissue domain. At 

times less than 30 seconds the location of highest temperature remains in the vertical center 

of the target region and about the fat composite layer. At five minutes after the last pulse 

cycle the temperatures of the target region have reached a level low enough to produce 
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negligible damage, nearly returning to steady state values. For this reason the thermal 

damage of Eq. (3.24) is evaluated from the beginning of the first pulse until 300 s after the 

end of the last pulse cycle.  

The transient solution of the homogenous tissue case is presented in Figure 3.8. The 

thermophysical and biological parameter values used in the calculation of the homogenous 

transient thermal solution were evaluated as volumetric averages of those in the composite 

target region. The averaged values used are: 0.35k W mK= , 31013 kg mρ = , 

3383c J kgK= , 3386q W m′′′ = , and 31.14 kg m sω = . The steady temperature solution of 

the homogenous case is similar, but slightly lower in magnitude than that of composite 

solution reflecting the importance of the more insulative and perfusive properties of the 

dermis and fat layers of the composite case. The pulse parameters used are the same as in the 

composite case, however, the homogenous conductivity value of 0.05 S mσ =  is used which 

corresponds to the previously mentioned uniform target region heating value of 

7 38x10JQ W m= . This electrical uniformity results in a nearly uniform temperature rise 

(seen at t = 0 s) contrasting with the local temperature rises of the composite case. At this 

time, evidence of heat conducted to the electrodes is noticeable by the temperature drop 

along the tissue – electrode boundary, while the slight vertical temperature variation at the 

top of the target region shows the much slower rate at which free convection contributes to 

the cooling. Keeping this in mind and recalling the similar cooling of the epidermis by the 

electrodes of the composite case, it is evident that conduction to the electrodes plays a major 

role in the nearby temperature distribution. As time progresses the highest temperatures 

remain near the center. The heated tissue cools by conducting heat to the electrodes and to 
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the tissue below the target region seen by the slow temperature rise there. At the end of the 

five minute cooling process the target region is again near its initial temperature state. 

3.5.3 Thermal damage 
Thermal damage of Eq. (3.24) is evaluated until five minutes after the end of the last pulse 

cycle and the results are presented in Figure 3.9 for two composite cases with SC 

conductivities 3 210 and 10SC S mσ − −=  and for the homogenous case. As expected from the 

previous thermal analysis, damage contours of the composite cases focus locally in the fat 

and dermis composite layers, while maximum damage of the homogenous case is in the 

central target region. 43EM comparisons between the two composite tissues show much 

greater damage for the case with the higher electrical conductivity reflecting a higher rise in 

initial temperature. It should be noted that Eq. (3.24) does not capture damages associated 

with thermal removal of tissue. 

3.5.4 Blood vessel 
The advective effects of a 0.6 mm blood vessel with an averaged blood velocity of 6 mm s  

are presented in Figure 3.10. The homogenous damage profile in the x-y plane at z = 5 mm 

show that the blood vessel significantly cools the center of the target region  minimizing 

thermal damage near the blood vessel and reduces maximum damage levels to half of those 

in the case without a blood vessel (Figure 3.9). Figures 3.10a and 3.10b show the data 

superimposed along the x-z plane at the blood vessel center (y = 0 mm). In the homogenous 

tissue comparison the blood vessel skews the damage profile in the downwind direction 

reflecting significant cooling of the tissue near the vessel and at the inlet of the target region. 

However, portions of damage profiles further away from the vessel are relatively unaffected. 

Since the heating of the composite model occurs primarily in the dermis and fat layers, the 
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low level damage profiles of the composite model show negligible effects of the presence of 

the blood vessel positioned several mm from the fat-demis interface. The solid contour 

representing composite thermal damage in the presence of a blood vessel covers a slightly 

larger area in Figure 3.9b. The phenomenon of increased maximum thermal damage risk with 

small blood vessel presence is explored in detail in [44]. 

3.6  Conclusions 
A transient three-dimensional model of in vivo skin electroporation has been developed in 

which the importance of representing the separate composite layers of the skin is established. 

The electrical solution of the skin composite model is strongly dependant on the electrical 

resistance of the SC and shows a strong one-dimensional tendency parallel to the induced 

electric field. The highly electrically resistive SC and epidermis layers receive the largest 

Joule heating, while in the more conductive subcutaneous muscle tissue heating is negligible. 

This chapter makes the assumption that the permeabilization of the SC is and occurs within 

the first 5 ms of pulsing. The decrease in SC electrical resistance associated with skin 

electroporation significantly increases heating of the dermis and subcutaneous fat layers. The 

thermal effects of in vivo electroporation are characterized by a sudden jump in temperature 

followed by a much more gradual cooling process. The low heat capacity of fat promotes 

temperature rises associated with Joule heating. The dermis and subcutaneous fat layers are 

at great risk of thermal damage with the reduction of SC electrical conductivity.  
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Figure 3.1 Model geometry 
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Figure 3.2 Composite skin model 
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Figure 3.3 Comparisons between numerical code and analytic solution (one-dimensional): (a) Steady state 
temperature (ºC), in which the domain represents vertical depth below the skin’s surface. (b) Electric (potential 

and heating) in which the domain represents a horizontal line between the electrodes. Dotted lines separate 
composite layers. 
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Figure 3.4 Joule heat solution (QJ W/m3) in the x-y plane at the axial midpoint of the target region (z = 5 mm) 

during an electroporation pulse with an applied potential of 400V using SC conductivity value (σSC = 0.01S/m). 
Dotted lines separate composite layers. Dashed line denotes target region boundary 
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Figure 3.5 Composite tissue property effects on electrical solution during electroporation pulse: comparison 
effects between three representative SC conductivities. Solution shown lies between the electrodes at target 
region vertical and axial midpoints (y = 0mm, z = 5mm). Dotted lines denote interfaces between composite 

regions, long dashed lines denote skin-electrode interfaces.  
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Figure 3.6 Electroporation pulse associated composite temperature rise vs. SC electrical conductivity. 

Representative electroporation pulse is of 150ms duration with an applied voltage of 400V. 
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Figure 3.7 Composite model post-electroporation transient thermal solution (ºC) at the target region axial 

midpoint (z = 5mm). Electroporation consisted of 5 pulses of 150ms duration spaced 1s apart with an applied 
voltage of 400V.  Dotted lines denote interfaces between composite regions, dashed lines denote the target 

region boundary, and times shown begin after application of the last pulse cycle. 
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Figure 3.8 Homogenous tissue model post-electroporation transient thermal solution (ºC) at the target region 

axial midpoint (z = 5mm). Electroporation consisted of 5 pulses of 150ms duration spaced 1s apart with an 
applied voltage of 400V. 
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Figure 3.9 Thermal Damage comparisons: EM43 (minutes) evaluated at t = 300s (after last pulse cycle) along 
the x-y plane at the axial midpoint of the target region (z = 5mm). Electroporation consisted of 5 pulses 150ms 
in duration spaced 1s apart with an applied voltage of 400V.  Dashed line represents target region boundary, 

dotted lines represent composite tissue interfaces. 
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Figure 3.10 Blood vessel effects on thermal damage EM43 (minutes) evaluated at t = 300s (after last pulse 
cycle): (a) Homogenous tissue model: the x-y plane at the axial midpoint of the target region (z = 5mm), (b) 
Homogenous tissue model, (c) Composite tissue model:  the x-z plane at the vertical midpoint of the target 
region (y = 0mm). Electroporation consisted of 5 pulses 150ms in duration spaced 1s apart with an applied 

voltage of 400V.  Dashed line represents target region boundary, dotted lines represent composite tissue 
interfaces, and dash-dot-dotted line represents position of blood vessel outer radius. 
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4 Thermal damage reduction associated with in vivo skin 
electroporation: a numerical investigation justifying 
aggressive pre - cooling 

 

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 

microscopic pores through which agents, which ordinarily are unable to pass into the skin, 

are able to pass through this outer barrier. Of possible concern when exposing biological 

tissue to an electric field is thermal tissue damage associated with Joule heating. In order to 

find the electrical and transient thermal solutions associated with this process, this study 

develops a three-dimensional transient finite-volume composite model of in vivo skin 

electroporation. The electroporation process modeled consists of five 150 ms long DC square 

wave pulses administered at 1 second intervals with an applied voltage of 400V . This 

chapter finds that minor thermal influence of the electrode plate and the of a small presence 

blood vessel have a large impact on thermal damage. An aggressive pre-cooling technique is 

presented which is shown to dramatically reduce the risk of thermal damage.   

4.1 Introduction 

Electroporation is a technique in which the cell membrane is altered in order to increase 

permeability into the cell cytosol by inducing an electric field in which the transmembrane 

potential exceeds a critical threshold [1-5]. The lipid bilayer matrix of the thin (10 20 mμ− ) 

outermost layer of the skin, the stratum corneum (SC), acts as a barrier inhibiting transdermal 

drug delivery. It has been shown that electroporation changes the structure of the SC creating 
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aqueous pores [6-8]. The breakdown of the SC barrier allows for increased molecular 

transport and radically reduces the electrical resistance of the skin [6, 9-12]. 

 

In dealing with in vivo biological tissues exposed to an electric field it is important to 

consider the temperature rise associated with Joule heating. The severity of this temperature 

rise is proportional to pulse length and magnitude and is strongly tied to tissue electrical 

properties. Experimental results show that transdermal molecular flux rates increase with 

increased pulse duration and magnitude [13-16]. Experiments involving homogenous tissue 

electroporation have shown that the success of large molecule gene transfer is strongly tied to 

the amount of heat generated [17, 18].  Extensive and novel numerical studies have been 

conducted for homogenous tissue cases in which factors influencing thermal responses of 

electroporation are explored. An innovative application of electroporation is proposed in [19] 

in which irreversible electroporation is used to induce non-thermal killing of cancerous 

tissue.  In [20] one and two dimensional finite element models are implemented in order to 

gain useful insight of the temperature related effects of physical influences such as 

vasculature, convection, metabolic heat generation, and electrode geometry and spacing. A 

homogenous tissue model of in vivo plate electroporation is developed in [21] in which 

thermal response to electroporation pulse parameters and vasculature is explored. In [22] the 

importance of the composite layer representation of skin electroporation is stressed.  The 

purpose of this chapter is to not only address factors affecting thermal damage of in vivo skin 

electroporation but also to show that pre-cooling the tissue reduces the risk of thermal 

damage, allowing the experimentalist to use pulse parameters which increase the likelihood 

of successful drug delivery. 
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4.2 Model geometry 

This chapter considers external parallel plate electroporation in which the electrodes are in 

direct contact with the skin. Figure 4.1 shows the geometric model representation of the 

system in which a small section of tissue is raised and two thin electrodes are positioned on 

either side of the target region (at the axial center of the system). A small blood vessel is 

modeled running axially through the center of the raised tissue. Table 4.1 lists the model 

dimensions used. The coordinate system origin lies at the target region center (the blood 

vessel center) for the x and y axes, and for the z axis, along the axial upwind side of the target 

region entrance. The blood vessel’s circular circumference is modeled by a polygon of 16 

equal sides. The electrode plates are represented by rectangular bars that act as cooling fins to 

the electroporated tissue. 

A representative composite model is used to depict the skin and underlying tissue layers of 

the human volar forearm. The outer skin layer, the epidermis, is without vasculature. The 

previously mentioned outermost layer of the epidermis, the SC, is highly electrically 

insulative and acts as a protective barrier to the skin preventing molecule transport. The inner 

skin layer is the highly vascular dermis. The dermal skin blood flow exceeds metabolic 

requirements and the excess blood flow primarily regulates body temperature [23]. Below the 

dermis is a thermally insulative fat layer that acts to conserve body heat. The innermost layer 

is the subcutaneous tissue layer which in this study is modeled as muscle tissue. Figure 4.2 

shows this composite layer model used to represent the skin and underlying tissue. 
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Table 4.1  Model dimensions 

Symbol Description Value (mm) 

R Blood vessel radius 0, 0.3 

W Electrode spacing 10 

H Electrode face dimension, Target region height 10 

TH Electrode thickness 1 

LF Electrode length above Target region 100 

LZM Upwind axial length (pre-target region) 15 

LZP Downwind axial length (post-target region) 15 

LYM Vertical depth below Target region 9.805 

LXM Horizontal width past Target region 8.5 

 

4.3 Mathematical model 

4.3.1 Thermal energy 

In finding the thermal solution, the system is divided into three sub-domains: vessel, 

composite tissue, and electrode plate.  

To represent the composite tissue domain, the Pennes’ bioheat equation [24] is used along 

with an additional source term: 

 ( ) ( )m
m m m m b a m J

Tc k T c T T q Q
t

ρ ω∂ ′′′= ∇ ⋅ ∇ − − + +
∂

    (4.1) 

where ρ  is the density, c is the specific heat, k is the thermal conductivity, T is the 

temperature,  aT  is the arterial temperature, JQ  is the Joule heat generated  from the induced 

electric field, q ′′′ is the metabolic volumetric heat generation, mω is the non-directional blood 

flow associated with perfusion, t is the time, and x, y, and z are the Cartesian coordinate 
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directions. The subscript m refers to one of the four composite tissue layers:  stratum 

corneum (SC), epidermis (ED), dermis (D), subcutaneous fat (F), and subcutaneous muscle 

tissue (T). 

 

 

Table 4.2 Composite parameter values 

   SC ED D F T b 

thickness mm  δ  0.015 
[23] 

0.035 
[23] 

1.1    
[31] 

1.2  
[31] - - 

thermal 
conductivity W mK  k  0.2    

 [27] 
0.209  
[30] 

0.293 
[30] 

0.23 
 [28] 

0.5  
[28] 

0.572 
[28] 

density 3kg m  ρ  1500 
 [28] 

1110   
[28] 

1116 
[28] 

850 
 [29] 

1040 
 [28] 

1060 
 [28] 

heat capacity 
(specific) J kgK  c  3600 

[29] 
3600 
[29] 

3800 
[29] 

2300 
[29] 

3800 
[29] 

3840 
[28] 

perfusion 3kg m s  ω  0 0 2 .33 
[32] 

0.545 
[32] 

0.695 
[32] - 

metabolic heat 
generation 

3W m  q′′′  0 0 200  
[29] 

5 
[29] 

800  
[29] - 

Electrical 
conductivity S m  σ  10-5 [28] 

Pre-breakdown 0.01 0.015 0.02 
[28] 

0.41 
[28] 

0.62 
[28] 

 

 

 

Vascular lock is a phenomenon characterized and termed in [25] in which blood perfusion is 

obstructed after the application of an electric pulse: after the pulse is administered, blood 

perfusion is temporarily (depending on pulse severity) stopped. Following these results, in 

this model the blood perfusion of Eq. (4.1) is neglected in the target region after the first 

pulse application: 

( ) ( )m
m m m m m b m a m J

Tc k T A c T T q Q
t

ρ ω∂ ′′′= ∇ ⋅ ∇ − − + +⎡ ⎤⎣ ⎦∂
   (4.2) 

where 
1
0

outside target region
A

inside target region
⎧ ⎫

= ⎨ ⎬
⎩ ⎭
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The cases addressed in this study involve the effects associated with the presence of a small 

blood vessel in the center of the composite tissue domain. To represent the blood vessel 

domain, the following energy equation is used:  

( )b b
b b b b J

T Tc w k T Q
t z

ρ ∂ ∂⎛ ⎞+ = ∇ ⋅ ∇ +⎜ ⎟∂ ∂⎝ ⎠
      (4.3) 

where the subscript b refers to blood parameters, and w is the axial blood velocity. The 

effects of pulsation resulting from heartbeat are neglected and the blood is treated as a 

Newtonian fluid. The axial blood flow is assumed to have a parabolic profile and since the 

coordinate system origin lies in the axial center of the vessel, the blood velocity distribution 

is defined as: 

( )2 2

22 1AV

x y
w w

R

⎛ ⎞+
⎜ ⎟= −
⎜ ⎟
⎝ ⎠

        (4.4) 

where AVw  is the averaged blood velocity. 

A representative blood vessel radius of 0.3 mm is used with the corresponding average blood 

velocity, AVw , of 6 mm/s based on data given in [26]. The vessel wall is assumed to have the 

same property values as the surrounding tissue. The biological composite tissue and blood 

properties are presented in Table 4.2. 

The electrode plate section is represented by the transient conduction equation:  

( )ρ ∂
= ∇ ⋅ ∇

∂
e

e e e e
Tc k T
t

        (4.5) 

where the subscript e refers to electrode plate parameters. Electrode property values are given 

in Table 4.3. Parameter temperature dependencies are neglected in this study. 
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Commonly in parallel plate electroporation a conductive gel is used between the electrodes 

and the target region, thus in this model electrical and thermal contact resistance at the 

electrode-tissue interface are neglected.  

Table 4.3 Parameter values 

eρ  electrode density 37850 kg m  

ec  electrode specific heat 450 J kgK  

ek  electrode thermal conductivity 16W mK  

aT  arterial blood temperature 37 C  

∞T  ambient temperature 20 C  

appV  applied voltage 400V  

 

4.3.2 Boundary and initial conditions 

Initial temperature distributions of the tissue and blood region domains are calculated from 

the steady state forms of Eqs. (4.1) and (4.3) without the induced electric field: 

( ) ( )0 m m m b m a mk T c T T qω ′′′= ∇ ⋅ ∇ − − +        (4.6) 

( )b
b b b b

Tc w k T
z

ρ ∂
= ∇⋅ ∇

∂
       (4.7) 

Blood perfusion within the target region is not neglected in Eq. (4.6) and the electrodes are 

not included in the model for the steady state solution. 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, ∞T : 
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( ), , ,0 ∞=eT x y z T          (4.8) 

The temperature of the lower face of the composite tissue domain is assumed to be equal to 

the arterial blood temperature, aT : 

( )min, , ,T aT x y z t T=            (4.9) 

The remaining boundary faces of the composite tissue domain not exposed to the ambient 

environment are assumed thermally insulated: 

( ) ( )

( ) ( )

min max

min max

, , , , , , 0

, , , , , , 0

m m

m m

T x y z t T x y z t
z z

T x y z t T x y z t
x x

∂ ∂
= =

∂ ∂
∂ ∂

= =
∂ ∂

                (4.10) 

The blood vessel inlet temperature is assumed to be equal to aT  while axial thermal 

conduction at the outlet is neglected: 

( )min, , , =b aT x y z t T          (4.11) 

  ( )max, , , 0∂
=

∂ bT x y z t
z

        (4.12) 

Along the outer surface of the composite domain (the SC), a convective flux boundary 

condition is imposed onto all sides exposed to the ambient air: 

( )" SC
SC

surface

Tq h T T k
n∞

∂
= − = −

∂
       (4.13) 

where "q  is the heat flux convected from the exposed face, h is the convection coefficient, 

∞T  is the ambient air temperature, and n is the normal direction to the surface.  

A convective flux boundary condition is imposed onto all electrode sides exposed to the 

ambient air: 
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( )" e
e e

surface

Tq h T T k
n∞

∂
= − = −

∂
       (4.14) 

For the electrode plate, the face of the end away from the tissue domain is treated as an 

insulated fin tip: 

" 0 e
e
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The convection coefficient, h, of boundary conditions (4.13) and (4.14) is modeled to 

reepresent the natural convection of air, and it is solved from:  

⋅
= fNu k

h
L

          (4.16) 

where Nu is the average Nusselt number over the face, fk  is the fluid film thermal 

conductivity , and L is a characteristic length scale defined as : 
:

:

⎧
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P
 where 

sH is the vertical surface height, sA  is the horizontal surface area, and sP is the horizontal 

surface periphery.  

Correlations described in [33] are used to evaluate the averaged Nusselt number, Nu, as 

follows: 

For vertical surfaces: 
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RaNu      (4.17) 

For horizontal surfaces cooling: 

1 40.54=Nu Ra          (4.18) 

For the horizontal surfaces heating: 
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1 40.27=Nu Ra          (4.19) 

Pr is the Prandtl number and Ra is the Rayleigh number which is defined as: 

( ) 3
sg T T L

Ra
β

αν
∞−

=          (4.20) 

where g is gravity,β  is the coefficient of volumetric thermal expansion, α is the thermal 

diffusivity, ν  is the kinematic viscosity, and sT  is the surface temperature. The surface 

temperature value used in Eq. (4.20) is obtained by averaging the temperature over the 

surface. The values of the fluid properties fk , Pr, β , α , andν are evaluated at the air film 

temperature, fT , which is defined as: 

( )
2

s
f

T T
T ∞+

=          (4.21) 

4.3.3 Electric field power generation 

The electrical conductivity of the SC is several orders of magnitude lower than the 

underlying composite layers. As the barrier function of the SC is destabilized by 

electroporation induced pore formation, transdermal electric currents are given less resistive 

routes by which to pass this barrier, thus lowering the effective SC resistivity.  

Experimentally it has been shown in vitro that when exposed to an intense electric field the 

electrical resistance of the skin temporarily drops two to three orders of magnitude in a time 

period of micro to milliseconds depending on pulse intensity and length [6, 9, 10]. In [14] in 

vitro experiments show that for intense, short pulses the SC resistance drops from 50 kΩ  to 

60Ω  and with some SC resistance recovery occurring between pulses separated by time 

periods from 5 s to 5 min.  To model the passive breakdown of the SC electrical resistivity, 

the conductivity of the SC is prescribed a published pre-breakdown value of 510SC S mσ −=  
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[28] during the first 5 ms of the first electroporation pulse, and thereafter is increased to a 

value of 210SC S mσ −= .  It is assumed that the electrical properties of the SC do not recover 

to the pre-pulse values during the 5 s time interval during which the 5 pulses of 150 ms  

duration are applied. These homogenous effective SC conductivities are used in calculations 

as it is beyond the scope and purpose of this chapter to model localized current passage 

through the SC.  Current passing through normal skin is believed to follow two parallel 

pathways: one is through the cell matrix composing the SC and the other through skin 

appendages such as hair follicles and sweat glands [35].  It is beyond the scope of this study 

to model the local pathways through the skin, so here uniform conductivities are used within 

composite layers. In [35] it is shown that even at moderate voltages the capacitive charging 

time associated with non-Ohmic behavior of the skin is very short and may be neglected at 

times greater than1 ms . This behavior is neglected in this study. 

The lipid bilayer matrix configuration of the SC is without question the greatest contributor 

to electrical resistance in the skin [23], and it is this layer that undergoes the greatest change 

in electrical properties during skin electroporation, subsequently making the SC the greatest 

contributor to overall increase in current density [22]. Furthermore the authors are unaware 

of any experimental data describing passive electrical property changes in electroporated skin 

tissue other than that of the SC. For these reasons only the electroporation associated changes 

in electrical properties of the SC are considered in this study.  Epidermal and dermal 

electrical conductivities given in Table 4.2 have been chosen to reflect electrical resistance 

drop with increased depth into the skin [23]. It has been shown that effective electrical 

resistance of biological tissue decreases with frequency [34], and this chapter uses the 

electrical properties at the low frequency range. 
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During electroporation the induced electric field causes a temperature rise due to Joule 

heating. The power supplied is found as follows. The electric potential is solved from the 

Laplace equation: 

( ) 0mσ φ∇⋅ ∇ =          (4.22) 

where φ  is the electric potential and mσ  is the composite electrical conductivity. This 

equation is solved using the following boundary conditions: at one electrode the electric 

potential is zero, while at the other electrode the potential is the same as the applied voltage, 

appV : 

appVzyWzyW
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where W is the distance between the electrodes. In this study a Direct current pulse is 

modeled with an applied voltage value of 400appV V= and a plate spacing of 1W cm= . 

All other boundaries of the target area are assumed electrically insulated:  

0=
∂
∂

n
φ           (4.24) 

where n represents the normal direction to the insulated face.  

The power due to Joule heating is then defined as: 

2
J mQ σ φ= ∇           (4.25) 

where mσ  is the tissue electrical conductivity. Obviously there is no Joule heating outside the 

target region or at times during which the electric pulses are not applied. 

In [36, 37] it is explained that an increase in current density about the electrode perimeter 

often occurs as a result of low electrode impedance coupled with large tissue resistance. This 



 82

chapter neglects such edge effects. The remaining system parameter values are given in 

Table 4.3.  

4.3.4 Damage evaluation 

Thermal damage occurs when tissue temperature is elevated over a period of time. In [38] a 

thermal dose estimate is proposed to quantify thermal damage in part so that damage may be 

compared between different time-at-temperature situations. In this model, the level of 

damage is described in a time-temperature relation as in [38] in which thermal damage is 

represented in minutes of exposure at 43°C by: 

( )43
43

TEM R dt−= ∫          (4.26) 

where 
0.25 43
0.5 43

T C
R

T C

⎧ ⎫<⎪ ⎪= ⎨ ⎬
>⎪ ⎪⎩ ⎭

 and T is the temperature. In this model the thermal dose is 

calculated beginning with the onset of the first applied electric pulse. 

The sensitivity of biological tissue to thermal dose varies significantly between animal 

species and specific tissue type [39]. While it is reported for pig muscle, fat and skin tissues 

that significant chronic histological damage and gross appearance thermal dose thresholds 

begin at values 43 80EM min> [39], values of 43EM  in the range 240-340 minutes have been 

used to denote permanent thermal tissue damage for muscle, liver and kidney tissues[26, 38-

40]. 

4.4 Discretization and solution procedure 

The computational domain is discretized using a variable rectangular grid consisting of 

112,760 cells for cases without a blood vessel and 158,720 cells for the case with a blood 

vessel. A fully implicit finite volume approach is used to solve Eqs. (4.1-4.3), (4.5-4.7), 
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(4.22), and (4.25). Temperature, T, and Joule heat, JQ , are evaluated at the cell centers while 

the electric potential, φ ,  is evaluated at the cell boundaries. A global 5 ms time step is used 

for transient Eqs. (4.1-4.3), (4.5). Interface conductivity is represented by a harmonic mean 

similar to that described in [41], while a resistor representation is used between the cell 

center and the convection boundary conditions (4.13) and (4.14). An upwind scheme is 

adopted to represent advection in the blood vessel domain of Eq. (4.3). For the transient 

cases, the convection coefficient, h, used in boundary conditions (4.13, 4.14) is updated at 

each time step and the fluid properties used to solve Eqs. (4.17-4.19) are evaluated at the film 

temperature fT  of the previous time step. For the steady state solution these properties are 

evaluated at the film temperature of the previous iteration. Data given in [33] is curve fit for 

temperature dependence of each fluid property. Variables T,φ , and JQ  are solved using an 

implicit point iterative method. Since it is expected that between time steps dramatic 

temperature changes occur not over the entire solution domain, but locally within and about 

the target region, a localized convergence measure is used between iterations. The 

convergence criterion is defined as 1
, , , ,
p p

i j k i j kT Tε += −  where p is iteration and convergence is 

established when 510ε −< .  The value of the convergence parameter,ε , was decreased until 

the  maximum local percent difference (between solutions of decreasing ε  value) was less 

than 1% . Equation (4.26) is integrated numerically. Computations were performed on a 3.0 

GHz Intel Xeon processor. Typical CPU times were 8-12 hours. 

4.5 Results and Discussion 

To validate the numerical solution, comparisons with analytic solutions were made.  The 

temperature solution of the one-dimensional steady form of Eq. (4.1) was obtained in the 
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vertical  y-direction at a location away from the target region with a prescribed  boundary 

conditions (4.9) and (4.13) using 2700 , 10 , and 37ah W m K T C T C∞= = ° = ° . The one-

dimensional solutions of the electric potential and Joule heat Eqs. (4.22) and (4.25) are 

obtained in the horizontal x-direction at the center of the target region( y = 0, z = 5 mm) 

without the blood vessel.  A SC post-electric breakdown conductivity value 

of 0.01SC S mσ =  is used and the remaining composite tissue conductivity values are the 

same as in Table 4.2. Figure 4.3 shows good agreement between computed and analytic 

solutions. 

4.5.1 Electrical solution 

The electrical solutions of Eqs. (4.22) and (4.25) are found for a DC electroporation pulse 

with an applied voltage 400appV V= .  The distribution of Joule heat is presented in Figure 

4.4. The area shown is a close-up of the target region in the x-y plane at the axial center of the 

target region ( 5z mm= ). In this case the SC is represented at full electroporation breakdown 

with an electrical conductivity value of 0.01SC S mσ = . The dashed line represents the target 

region boundary and the dotted lines represent the composite tissue interfaces. The blood 

vessel is represented by the circle in the center.  The symmetry of the Joule heat solution 

reflects the symmetry of the composite model electrical property values. Large vertical 

current densities resulting from the non-uniformity of electrical properties of the composite 

system about the corners of the composite interfaces are implied by the two-dimensional 

increases in the Joule heat contour values especially about the corners of the fat-dermis 

interface.  In the lower section of the target region (where the composite properties do not 

change vertically) the contours are predominately one-dimensional in the x-direction with 
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levels of highest heating occurring at locations of lowest tissue electrical conductivity. To 

gain further insight into the electrical solution variations with respect to composite layer,  

Figure 4.5 shows the electrical solution along the x-axis at the center of the target region (y = 

0, z = 5 mm) for a SC electrical conductivity value of 210SC S mσ −= .  At the blood vessel 

tissue interface the slight increase in current density is reflected by the increase in Joule heat. 

The local magnitudes of Joule heat added are in decreasing order SC, epidermis, dermis, fat 

and subcutaneous muscle tissue, which corresponds to the order of increasing composite 

conductivity value. The strong one-dimensional tendencies of the potential drops across the 

composite layers of Fig. 5 are nearly linear, mirroring those of the one-dimensional analytic 

profile presented in Figure 4.3. 

4.5.2 Thermal solution 

The transient thermal solutions of the electroporation model are now addressed. The 

electroporation process modeled consists of five 150 ms long DC square wave pulses 

administered at 1 second intervals with an applied voltage of 400 V . Two representative 

planes are chosen to depict the thermal and damage solutions: the x-y plane at the axial target 

region midpoint z = 5 mm (Figures 4.6-4.9, and 4.11-4.12) and the x-z plane at the blood 

vessel center y = 0 mm (Figures 4.8 and 4.12). Symmetry of the electrical and physical model 

is utilized so that results are shown only for the positive x half of the model. To model the 

electrical breakdown of the SC, the conductivity of the SC is assigned a value of 

510SC S mσ −=  for the first 5 ms of the first pulse and 210SC S mσ −=  thereafter. Transient 

thermal contours are shown in Figure 4.6 where times shown begin at the end of the last 

pulse cycle. The maximum temperature contours are presented at t = 0 s (immediately after 
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the last pulse cycle of the electroporation process). Recalling the results of the electrical 

solution it is not surprising to find negligible temperature rise in the least electrically resistive 

layer, the subcutaneous muscle tissue. From the results depicted in Figures 4.4 and 4.5 it is 

expected that the maximum temperature rises occur in the SC and epidermal layers, and 

clearly this is not the case in the thermal solution. To explain this discrepancy it is noted that 

for each of the 1 Hz pulse cycles, Joule heat is added during the first 150 ms pulse with an 

850 ms period remaining during which heat is conducted from the thin 50 mμ  dermal layer 

to the thermally conductive electrode. The maximum temperature rises occur along the 

vertical fat-dermis interface reflects the low specific heat of the fat layer. As time passes, 

evidence of heat conducted to the electrodes is noticeable by the temperature drop along the 

tissue-electrode boundary, while the slight vertical temperature variation at the top of the 

target region shows the much slower rate at which free convection contributes to the cooling.  

At times less than 45 seconds the location of highest temperature remains in the vertical 

center of the target region and about the fat composite layer. At five minutes after the last 

pulse cycle the temperatures of the target region have reached a level low enough to produce 

negligible damage. For this reason the thermal damage of Eq. (4.26) is evaluated from the 

beginning of the first pulse until 300 s after the end of the last pulse cycle.  

To get a closer look at the electrode influence, thermal damage comparisons are conducted 

between the scenario in which the electrodes are removed immediately after the last pulse 

cycle and one in which the electrodes remain in place during the entire 5 minutes after 

electrical pulse. In Figure 4.7 the thermal damage solution of both cases yields nearly 

identical high damage contours about the vertical fat-dermis interface. Recalling the higher 

temperature contours of Figure 4.6, this result is anticipated.  However the electrodes’ 
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cooling effects are evident in the lower level damage profiles. Post electroporation electrode 

removal results in slower cooling of the outer dermis and epidermis composite layer as 

evidenced by the tendency of lower level damage profiles to extend to the edge of the target 

region.  

Vascular effects are investigated in Figure 4.8 for which 43EM profiles are shown comparing 

the cases with and without the presence of a small blood vessel. The low and moderate level 

contours are primarily very similar, which suggests no direct interaction between the heated 

fat-dermis interface and the blood vessel. In this case the two are separated by a distance of 

nearly3 mm . However an unanticipated result is seen in both the x- z and x- y planes which 

clearly shows that the case with the blood vessel reaches a greater maximum thermal damage 

value; the blood vessel acts to add heat to the target region. A comparison between steady 

state solutions of Figure 4.9 shows that the blood vessel advects heat into the target region 

slightly raising the steady state temperature uniformly. Recalling that the steady state 

solutions are used as initial conditions, it follows that the maximum temperature achieved 

during electroporation is slightly higher for the blood vessel case. Because the vessel adds 

heat to the muscle tissue, the conduction of heat to from the high temperature fat layer into to 

the muscle tissue is inhibited. This results in a slower cooling of the high temperature region 

which explains the associated higher maximum damage values. 

4.5.3 Aggressive cooling technique 

The sensitivity of thermal damage found from the results of Figures 4.8 and 4.9 prompted the 

authors to conduct a theoretical exercise. If the small elevated temperature associated with 

the vessel greatly contributes to total thermal damage, should not the reverse hold true as 

well? An aggressive cooling technique is proposed in which the temperature of the target 
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region is reduced by exposing the model forearm to a cold water bath at 10T C∞ =  for one 

minute (water properties are used in Eqs. (4.13) and (4.17-4.19)). Then a recovery time 

period of one minute is allowed in which the tissue is exposed to the ambient air at 10T C∞ =  

(air properties are used in Eqs. (4.13) and (4.17-4.19)).  This recovery time is added primarily 

to model the time period during which an experimentalist would prepare the target region site 

prior to the application of the electrodes. Immediately following the recovery period, the 

electrodes are modeled in place and the electroporation pulse cycles are administered.  A 

representative flow diagram of the procedure is given in Figure 4.10. Figure 4.11 shows the 

temperature profiles during aggressive cooling and subsequent recovery heating as well as 

the maximum temperature profile of the system following electroporation. Noting the 

difference in temperature profiles just prior to electroporation (60 s recovery for the pre-

cooled case and steady state for the un-cooled case) it is not surprising that  after 

electroporation, high temperature profiles associated with the cooling technique (seen at t = 0 

s of Figure 4.11) are nearly 5 C  lower than those of the un-cooled case depicted in Figure 

4.6.  Comparing the pre-cooled thermal damage profiles of Figure 4.12 to those of the un-

cooled profiles of Figure 4.8, it is obvious that using an aggressive cooling technique results 

in much lower thermal damage. Cooling the target region prior to electroporation results in a 

lower maximum temperature and greatly reduces the risk of thermal damage. It should be 

noted that reduced perfusion associated with decreased skin surface temperature resulting in 

slower cooling is not modeled in this study, which means that in practice greater aggressive 

cooling is required to lower target region temperature. Furthermore in this study during the 

cooling the physical model represented the raised configuration of Figure 4.1. In practice the 

target region may not be raised during cooling which results in a lower convection affected. 
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Again to achieve similar target region temperatures, in practice greater cooling requirements 

are expected. 

4.6 Conclusions 

A transient three-dimensional model of in vivo skin electroporation representing the 

composite layers of the skin has been developed in which electrical and transient thermal 

solutions are found. The electrical solution of the skin composite model shows a strong one-

dimensional tendency parallel to the induced electric field. The highly electrically resistive 

SC and epidermis layers receive the largest Joule heating, while in the more conductive 

subcutaneous muscle tissue heating is negligible. The dermis and subcutaneous fat layers are 

at great risk of thermal damage. A blood vessel running deep in the subcutaneous muscle 

tissue indirectly increases the maximum value of thermal damage by adding heat to the target 

region. Leaving the electrodes attached to the skin after electroporation promotes cooling, 

thereby reducing thermal damage of the outer composite layers. This promotes research 

directed towards increasing the cooling capacity of electroporation calipers. Effectively 

cooling tissue prior to electroporation reduces the risk of thermal damage, allowing the 

experimentalist to use pulse parameters which increase the likelihood of successful drug 

delivery. 
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Figure 4.1 Model geometry 
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Figure 4.2 Composite skin model 
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Figure 4.3 Comparisons between numerical code and analytic solution (one-dimensional). (a) Steady state 

temperature (ºC), in which the domain represents vertical depth below the skin’s surface. (b) Electric (potential 
and heating) in which the domain represents a horizontal line between the electrodes. Dotted lines separate 

composite layers. 
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Figure 4.4 Joule heat solution (QJ W/m3) in the x-y plane at the axial midpoint of the target region (z = 5mm) 

during an electroporation pulse with an applied potential of 400V using SC conductivity value (σSC = 0.01S/m). 
Dotted lines separate composite layers. Dashed line denotes target region boundary. 
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Figure 4.5 Composite tissue property effects on electrical solution during electroporation pulse. Solution shown 

lies between the electrodes at target region vertical and axial midpoints (y = 0mm, z = 5mm). Dotted lines 
denote interfaces between composite regions, dashed lines denote skin-electrode interfaces, and SC conductivity 

used denotes post-EP breakdown value. 
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Figure 4.6 Post electroporation transient thermal solution (ºC) at the target region axial midpoint (z = 5mm). 

Electroporation consisted of 5 pulses of 150ms duration spaced 1s apart with an applied voltage of 400V.  
Dotted lines denote interfaces between composite regions, dashed lines denote the target region boundary, and 

times shown begin after application of the last pulse cycle. 
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Figure 4.7 Electrode effects on thermal damage EM43 (minutes) evaluated at t = 300s (after last pulse cycle) at 

the axial midpoint of the target region (z = 5mm). Electroporation consisted of 5 pulses 150ms in duration 
spaced 1s apart with an applied voltage of 400V. Dotted lines denote interfaces between composite regions, 

dashed lines denote the target region boundary. 
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Figure 4.8 Blood vessel effects on Thermal damage EM43  (minutes) evaluated at t = 300s (after last pulse 
cycle): (a) the x-y plane at the axial midpoint of the target region (z = 5mm), (b) the x-z plane at the vertical 
midpoint of the target region (y = 0mm). Electroporation consisted of 5 pulses 150ms in duration spaced 1s 
apart with an applied voltage of 400V.  Dashed line represents target region boundary, dotted lines represent 

composite tissue interfaces, and dash-dot-dotted line represents position of blood vessel outer radius. 
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Figure 4.9 Blood vessel effects on steady state solution (ºC) at the axial midpoint of the target region (z = 
5mm). Dashed line represents target region boundary, dotted lines represent composite tissue interfaces. 
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Figure 4.10 Transient aggressive cooling and recovery thermal solutions (ºC): at the axial midpoint of the target 

region (z = 5mm), dashed line represents target region boundary, dotted lines represent composite tissue 
interfaces. Data represented in post-electroporation thermal solution is from an electroporation model consisting 

of 5 pulses 150ms in duration spaced 1s apart with an applied voltage of 400V. 
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Figure 4.11 Aggressive cooling results showing reduced thermal damage EM43 (minutes) at t = 300s (after last 

pulse cycle): (a) the x-y plane at the axial midpoint of the target region (z = 5mm), (b) the x-z plane at the 
vertical midpoint of the target region (y = 0mm); Dashed line represents target region boundary, dotted lines 

represent composite tissue interfaces, and dash-dot-dotted line represents position of blood vessel. 
Electroporation consisted of 5 pulses 150ms in duration spaced 1s apart with an applied voltage of 400V. 

 

 

 



 105

 

5 Local temperature rises influence in vivo 
electroporation pore development: a numerical stratum 
corneum lipid phase transition model 

 

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 

microscopic 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. This chapter focuses on electroporation pore 

development resulting from localized Joule heating. This study presents a theoretical model 

of electroporation which incorporates stratum corneum lipid melting with electrical and 

thermal energy equations. A transient finite volume model is developed representing 

electroporation of in vivo human skin in which stratum corneum lipid phase transitions are 

modeled as a series of melting processes. The results confirm that applied voltage to the skin 

results in high current densities within the less resistive regions of the stratum corneum. The 

model captures highly localized Joule heating within the stratum corneum and subsequent 

temperature rises which propagate radially outward. Electroporation pore development 

resulting from the decrease in resistance associated with lipid melting is captured by the lipid 

phase transition model. As the effective pore radius grows current density and subsequent 

Joule heating values decrease.   
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5.1 Introduction 
The thin (10 20 mμ− ) outermost layer of the skin, the stratum corneum (SC), acts as a barrier 

inhibiting transdermal 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 SC [1,2]. 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 aqueous 

pores [3-5]. The breakdown of the SC barrier allows for increased molecular transport and 

radically reduces the electrical resistance of the skin [3, 6-9]. At temperatures around 70ºC 

the lamellar structure of SC is compromised [10-14] and subsequently the barrier function of 

the SC is dramatically reduced [11, 15]. It is recognized that localized Joule heating 

associated with electroporation is likely to contribute to increased permeability of the SC by 

lipid chain melting [9, 16-20].  In [16, 17] 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 densities 

within the pore result in localized Joule heating and temperature rises sufficient to cause lipid 

phase transitions. Further in vitro experiments show that the effective pore radius of the 

localized transport region (LTR) is proportional to pulse duration which is associated with 

Joule heating [18]. Evidence of lipid phase change brought on by localized Joule heating is 

also presented in [19] where correlations between mass permeability of the SC and local 

temperature rise above lipid phase transition are established.  In [21] a theoretical model is 

developed 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.  
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The focus of the current study is to model the time evolution of an electroporation pore with 

emphasis on 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 resistance.  

5.2 Physical model 
This chapter 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 Figure1a).  Computations preformed 

in this study rely on symmetry at the axial midplane ( 2z W= ), therefore only the half 

domain is modeled. In this study a small section of tissue near the center of the electrode is 

used to represent the target region. Figure 5.1b shows the composite representation of this 

configuration consisting of electrodes (e), gel (g), and skin. The skin model consists of four 

sections: SC, epidermis (ED), dermis (D), and subcutaneous fat (FAT). This model uses a 

cylindrical domain with an outer radius 1.5OR mm= . Figure 5.1c shows a representation of 

the SC prior to electroporation in which a pre-existing pore of radius 15PR mμ=  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. Figure 5.1d shows the 

lamellar structure in phase transition and that the effective pore radius, effR ,  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 5.1 lists the composite thicknesses used in this model which are 

representative of the human volar forearm.  
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Table 5.1 Composite material dimensions and properties 

   SC ED D FAT e g 

thickness mm  δ  0.015 
[22] 

0.035
[22] 

1.1   
[23] 

1.2  
[23] 1 0.1 

thermal 
conductivity W mK  k  0.2    

 [26] 
0.209  
[27] 

0.293
[27] 

0.23 
 [25] 16 0.6 

density 3kg m  ρ  1500 
 [25] 

1110   
[25] 

1116 
[25] 

850 
 [28] 7850 1000

heat capacity 
(specific) J kgK  c  3600 

[28] 
3600 
[28] 

3800 
[28] 

2300 
 [28] 450 4180

perfusion 3kg m s  ω  0 0 2 .33 
[29] 

0.545  
[29] - - 

metabolic heat 
generation 

3W m  q′′′  0 0 200  
[28] 

5 
[28] - - 

Electrical 
conductivity S m  σ  

10-5 [25] 
,SC MELTσ  = 0.0075 0.01 0.015 0.02 

[25] - 1.5 

 

 

5.3 Mathematical model 

5.3.1 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 [24] is used along 

with an additional source term: 

( ) ( )m
m m m m b a m J

Tc k T c T T q Q
t

ρ ω∂ ′′′= ∇ ⋅ ∇ − − + +
∂

     (5.1) 
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where ρ  is the density, c is the specific heat, k is the thermal conductivity, T is the 

temperature,  aT  is the arterial temperature, JQ  is the Joule heat generated  from the induced 

electric field, q ′′′ is the metabolic volumetric heat generation, mω is the non-directional blood 

flow associated with perfusion, t is the time, and x, y, and z are the Cartesian coordinate 

directions. The parameter bc in the perfusion term is the specific heat of blood, which is 

assigned a value of 3800bc J kgK=  [25]. The subscript m refers to one of the three 

composite skin layers:  (SC), (ED), (D), and (FAT). Tissue property values used are listed in 

Table 5.1. 

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: 

( )g
g g g g J

T
c k T Q

t
ρ

∂
= ∇⋅ ∇ +

∂
       (5.2) 

This domain also includes the pre-existing trans-SC pore which is contained in the central 

15 mμ  radius section of the SC. The applicator gel is modeled to have similar property values 

as those of water; these are listed in Table 5.1.  

The electrode plate section (e) is represented by the transient conduction equation:  

( )ρ ∂
= ∇ ⋅ ∇

∂
e

e e e e
Tc k T
t

         (5.3) 

where the subscript e refers to electrode plate parameters. In this study the electrode is 

modeled as stainless steel, and thus electrode property values shown in Table 5.1 are 

representative of stainless steel.  



 110

5.3.2 Boundary and initial conditions 
Initially the temperatures of the tissue, and gel domains are assumed to be equal to the 

arterial blood temperature, aT : 

( ), ,0m aT r z T=         (5.4) 

( ), ,0g aT r z T=         (5.5) 

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, ∞T : 

( ), ,0eT r z T∞=          (5.6) 

The outer radial faces of the tissue, gel and electrode domains are assumed thermally 

insulated: 

( ), , 0m OT R z t
r
∂

=
∂

                   (5.7) 

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

ambient air: 

( )" e
e e

surface

Tq h T T k
z∞

∂
= − = −

∂
       (5.8) 

where "q  is the heat flux convected from the exposed face, h is the convection coefficient, 

∞T  is the ambient air temperature, and n is the normal direction to the surface.  

Symmetry is applied at the skin fold axial midpoint: 

( ), 2, 0FATT r W t
z
∂

=
∂

        (5.9) 

where W is the plate spacing. Table 5.2 lists further parameter values. 
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Table 5.2 Additional parameter values 

aT  arterial blood temperature 37 C  

∞T  ambient temperature 20 C  

h  convection coefficient 215W m K

appV  applied voltage 300V   

 

5.3.3 Electric field power generation 
During electroporation the induced electric field causes a temperature rise due to Joule 

heating. The power supplied is found as follows. The electric potential is solved from the 

Laplace equation: 

( ) 0mσ φ∇⋅ ∇ =          (5.10) 

where φ  is the electric potential and mσ  is the composite electrical conductivity, and sthe 

subscript m refers to one of the composite layers (SC), (ED), (D),  (FAT), or (g). This 

equation is solved using the boundary condition at the upper electrode-gel interface, in which 

the potential is the same as the applied voltage, appV : 

( ), g appr Vφ δ− =          (5.11) 

where gδ 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: 

( ), 2 2appr W Vφ =          (5.12) 

where W is the spacing between electrodes. 

In this study a Direct current pulse is modeled with an applied voltage value of 300appV V=  . 
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The outer radial surface of the target region is assumed electrically insulated:  

( ), 0OR z
r
φ∂

=
∂

         (5.13) 

The power due to Joule heating is then defined as: 

2
J mQ σ φ= ∇           (5.14) 

Obviously there is no Joule heating outside the target region or at times during which the 

electric pulses are not applied. In [30] it is shown that even at moderate voltages the 

capacitive charging time associated with non-Ohmic behavior of the skin is very short and 

may be neglected at times greater than1 ms . This behavior is neglected in this study. 

Epidermal and dermal electrical conductivities given in Table 1 have been estimated to 

reflect electrical resistance drop with increased depth into the skin [22]. 

5.3.4 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 

40-130ºC which have been independently confirmed by differential scanning calorimetry 

[10-14], although evidence exists of additional thermal transitions  [31, 32].  This chapter 

focuses on three high temperature transitions of the SC, adopting the convention used in [31, 

32], phase changes E, F, and G.  The enthalpic peaks of phase change G occur at 

temperatures above 90ºC and have been associated with protein denaturation [12, 13, 31]. 

Secondary lipid melting has been associated with phase change F at temperatures around 

80ºC and has been linked to lipids covalently bonded to corneocytes [12,13].  

Of great interest in this chapter is phase change E which has primarily been attributed to the 

disordering of the lamellar lipid phase [13] and has been documented in numerous 
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differential scanning calorimetry studies at endothermic peak temperatures from 65 - 72ºC 

[32].  Using X-ray diffraction microscopy it has been shown that the lipid lamellar structure 

in the SC is evident up to temperatures about 60ºC and then disappears within 10ºC [2,33]. 

Polarized light thermal microscopy of lipids extracted from the SC directly shows an overall 

fluidization of lipid structures at 60ºC [31]. Further evidence of lipid chain melting and 

increased permeabilization at this phase change is given in [11,15] where it is shown that the 

SC becomes more permeable to water flux abruptly at 70ºC.  

To capture SC lipid phase transition this study borrows from enthalpy methods which were 

originally designed to model melting and solidification processes occurring over a 

temperature range [34, 35]. A rectangular shaped specific heat vs. temperature curve is used 

to model phase transitions as in [36, 37]. The heat of transition is modeled using apparent 

specific heats as follows: 

, ,SC APP SC SC Lc c c= +          (5.15) 

where ,SC APPc  is the apparent SC specific heat, and ,SC Lc  is the latent specific heat which is 

represented as: 

,
2 1

PC
SC L

PC PC

Hc
T T
Δ

=
−

         (5.16) 

where HΔ is the latent heat, 2T  and 1T are the representative phase change end and beginning 

temperatures, and the subscript PC refers to one of the three phase transitions: E, F, or G. 

Table 5.3 lists the values used in computations for the three SC phase change regions. 
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Table 5.3 SC enthalpic phase transition data 

Phase 
change 

Description ( )1T C°  ( )2T C°
 

( )H J kgΔ

E Liquidization of lamellar lipids 65 75 5300 [13] 

F Liquidization of protein associated lipids 75 90 4100 [13] 

G Denaturation of proteins 90 110 5100 [13] 

 

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:  

( )SC

E

H c T
H

ϕ
−

=
Δ

        (5.17) 

Where H is total enthalpy and is defined: 

2

1

,

E

E

T

SC APP
T

H c dT= ∫         (5.18) 

which given the assumed linear endothermic absorption over the lipid melting region E, the 

fraction of lipid melt  may be represented: 

1,

,1
,1 ,2

,2 ,1

,2

0 :

:

1 :

E

E
E E

E E

E

T T
T T

T T T
T T

T T

ϕ

⎧ <
⎪

−⎪= < <⎨ −⎪
⎪ <⎩

      (5.19) 

The electrical conductivity of the SC is several orders of magnitude lower than the 

underlying composite layers.  The lamellar structure of the bi-layer 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 
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drop by two orders of magnitude in temperature range of this phase change [38] which also 

suggests the barrier function of the SC is compromised in transition E. 

In this chapter the local SC effective electrical conductivity increase is related to lipid melt 

fraction by the relation: 

( )*
,SC SC SC MELT SCσ σ ϕ σ σ= + −       (5.20) 

Where SCσ  is the normal electrical conductivity, and ,SC MELTσ  is the electrical conductivity 

associated with the SC after full lipid melting. In this study a value of 

, 0.0075SC MELT S mσ = is used. 

In [19, 39] is noted that long pulse duration is linked to increased post-pulse electrical 

resistance recovery times (> 5 min.).  In [40] 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 [19]. Polarized 

light thermal microscopy of SC and extracted lipid samples heated to 130ºC show that as the 

SC samples return to room temperature, the restructuring of the lipids shows evidence of 

aggregate variation [31]. Because of these findings and in light of the relatively short time 

periods that transience is modeled, upon cooling this study does not consider lamellar 

restructuring of the lipid bilayers and subsequent electrical recovery. Thus Eq. (5.19) is recast 

as: 

( ) 1,

,11
,1 ,2

,2 ,1

,2

max ,0 :

max , :

1 :

t
E

Et t
E E

E E

E

T T

T T
T T T

T T

T T

ϕ

ϕ ϕ+

⎧ <
⎪
⎪ ⎛ ⎞−⎪= < <⎜ ⎟⎨ ⎜ ⎟−⎪ ⎝ ⎠
⎪ <⎪⎩

     (5.21) 
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where the superscript t and t + 1 refers to the previous and current time steps, respectively. 

5.4 Discretization and solution procedure 
The computational domain is discretized using a variable cylindrical grid consisting of 

11,880 cells. A fully implicit finite volume approach is used to solve Eqs. (5.1-5.3), (5.10), 

and (5.14). Temperature, T, and Joule heat, JQ , are evaluated at the cell centers while the 

electric potential, φ ,  is evaluated at the cell edges. A global 1ms time step is used for 

transient Eqs. (5.1-5.3). Interface conductivity is represented by a harmonic mean similar to 

that described in [41], while a resistor representation is used between the cell center and the 

convection boundary condition (5.8). The SC specific heats and electrical properties and lipid 

melt fractions of Eqs. (5.15) -(5.21) are updated at each time step using the local temperature 

solution of the previous time step. Variables T andφ  are solved using an implicit point 

iterative method. Since it is expected that between time steps dramatic temperature changes 

occur not over the entire solution domain, but locally within and about the target region, a 

localized convergence measure is used between iterations. The convergence criterion is 

defined as 1
, ,
p p

i j i jT Tε += −  where p is iteration and convergence is established when 510ε −< . 

5.5 Results and discussion 
To validate the numerical solution, comparisons with analytic solutions were made.  The 

temperature solution of the one-dimensional steady form of Eq. (5.1) was obtained in the 

axial z-direction using parameter values 2500h W m K=  and 10T C∞ = ° , and setting a 

prescribed temperature at the target region half width ( / 2) aT W T= . The one-dimensional 

solutions of the electric potential and Joule heat Eqs. (5.22) and (5.25) are obtained along the 

axial direction.  A SC conductivity value of 510SC S mσ −=  is used and the remaining 
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composite tissue conductivity values are the same as in Table 5.2. Figures 5.2a-b show good 

agreement between computed and analytic solutions.  

 

5.5.1 Single long pulse  
In order to show the phenomenon associated with the thermal and electrical solutions during 

pore formation a single pulse case is presented first. Pulsation influences will be presented in 

later sections. The case is presented in which a single 300V pulse is applied for 750ms. 

Figure 5.3 shows the potential solution in the half domain at the three representative times. 

Early in pulse application at t = 10ms (Figure 5.3a) nearly the entire potential drop of the 

domain occurs across the SC, with minor two – dimensional diffusive effects visible about 

the pre-existing appendageal pore. The small insert shows the lipid melt fraction 

contour 0ϕ = , representing the innermost radial boundary at which lipids have not yet been 

thermally altered. As time progresses evidence of pore growth is clearly visible in the 

potential solution. At 250ms pulsing (Figure 5.3c), the potential drop across the SC drops 

significantly with two-dimensional effects visible in the potential solution along the outer 

pore radius. The radius of the border at which the SC is unaltered grows to nearly 0.6 mm as 

pulsing time is increased to 750ms (Figure 5.3d). At the end of the 750ms pulse the potential 

solution shows a drastically reduced potential drop across the SC. 

Figure 5.4 shows the results of the Joule heating as well as a detailed look at the SC electrical 

conductivity.  Joule heat and SC conductivity solutions are presented at 10ms pulsing in 

Figure 5.4a.  At this time heating is highly localized near the existing 15μm pore. Increased 

SC conductivity by lipid melting is restricted near the existing pore radius reflecting that high 

temperature effects have not yet propagated far into the SC. At 100ms pulsing the heating and 
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increased SC conductivity have propagated to larger radial positions (Figure 5.4b). At this 

time large value Joule heating contours have split into two localized regions. One remains at 

the conductive gel filled pore- epidermis interface reflecting large localized current spreading 

at the pore outlet. The other is within the SC near the interface between high and low 

electrical conductivities. As the pulsing time increases to 250 and 750ms (Figures 5.4c-b) 

maximum Joule heat value contours occur locally within the SC along the border between 

low and high electrical conductivities (effectively the outer radius at which the SC lipids 

experience phase transition E). As time progresses and the SC increased conductivity radius 

grows, lower level Joule heating matches this radius and reaches epidermal depths. The 

maximum values of Joule heat decrease with increasing pore radius (decreasing current 

density).  

Transient thermal solutions of the single 750ms 300V pulse are presented in Figure 5.5. A 

close-up of the SC is presented in Figure 5.5a which depicts the thermal solution at 10ms 

pulsing. At this early stage of pore development the temperature rise occurs locally in the 

vicinity of the pre-existing pore.  The very large current density through the pore results in 

temperature contours exceeding 120ºC.  As the effective pore radius grows, the system no 

longer achieves these intense maximum temperatures, although the contours propagate 

outward and down into the skin. At 100ms (Figure 5.5b) the phase transition temperatures 

have propagated from the pre-existing pore into the SC. At pulse times 250 and 750ms 

(Figures 5.5c-d) significant temperature rises are seen in the deeper dermal regions and at 

greater outward radial locations although the intense temperatures associated are no longer 

evident. The tissue regions below the effective pore radius continue to grow as the pulse 

continues. By 750ms pulsing phase transition temperatures have propagated radially to 
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distances of 0.5mm. The horizontal contour lines within the SC and gel layers reflect heat 

conducted to the electrode, while slower cooling due to conduction and perfusion within the 

dermis is evident in the dispersed thermal contours below the SC.  

5.5.2 Multiple pulses 
In practice multiple shorter pulses are used instead of long single pulses. This is done 

predominantly in order to avoid heating sections of viable tissue to high temperatures as seen 

in the 70-80ºC contours of Figures 5.5c-d that extend into the dermis. A series of 4 

electroporation pulses is modeled in which 300V pulses are applied for 250ms at 1s intervals. 

The thermal solutions at the end of each 250ms electroporation pulse are presented in Figure 

5.6. Inserts in Figure 5.6 depict a close-up of the SC (dashed rectangle) in which the lipid 

melt fraction is represented by the solid contour lines and Joule heating value 

contour 10 310JQ W m= is represented by the dash-dot line.  At the end of the first pulse the 

region of lipids experiencing phase transition E has reached 3 mm. As pulsing continues 

(Figures 5.6b-d) this region continues to grow, although at a decreased rate. This decreased 

growth rate indicates the lower current density associated with increased pore radius. The 

high Joule heating contour is consistently distributed within in the SC region of phase 

transition indicating that localized Joule heating is greatest within the SC. This results in the 

lipid melt pattern seen in the high melt fraction contour, 0.9ϕ = , which extends radially 

outward and from lower levels to the surface. The multiple pulse thermal solution differs 

from the single pulse primarily due to cooling between pulses. By breaking the pulse up into 

multiple pulses, a cooling period has been introduced. The results are evident in the lower 

temperatures attained specifically in the center of the domain (Figure 5.6b-d). As the number 

of pulses increase, the thermal contours broaden indicating the increase in effective pore 
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radius. Although the center of the domain cools between pulses, localized Joule heating is 

evident in the pockets of higher temperature contour lines near the lipid melt border. Ideally 

the Joule heating and subsequent temperature rise should be isolated as closely to the SC as 

possible.  Noting  the differences between thermal solutions of the single long pulse case in 

Figure 5.5d and the multiple pulse case in Figures 5.6b-d it is obvious that allowing 

conductive, perfusive, and convective influences act between pulse applications tends cool 

the lower tissue domain.  

In order to exaggerate the cooling effects between the 4 pulses, the time between the 250ms, 

300V pulse applications is increased to two minutes. By increasing the time between pulses, 

thermal energy within the target region is allowed to dissipate prior to the onset of the next 

pulse: effectively what is done is that the target region is allowed to cool to 35-36ºC prior to 

application of pulses 2-4 (data not shown). The thermal results are presented in Figure 5.7 at 

the end of each 250ms pulse, and again the inserts depict lipid melt fractions and Joule 

heating contour values of 10 310JQ W m= . Cooling the target region between pulses brings 

out the localized heating influences on the thermal solution seen in the higher temperature 

contours which emanate from the region directly below the SC effective pore radius. 

Similarities between the solutions at the ends of pulses 2-4 (Figures 5.7b-d ) show that little 

change occurs in the system with increased pulse number for long cooling times between 

pulses. This is especially evident in the lack of growth of lipid phase transition within the SC 

with respect to the closer pulse spacing results of Figure 5.6.  Pore growth of 1s and 120s 

pulse spacing is compared in Figure 5.8 which shows the effective pore radius at the end of 

each pulse (Figure 5.8a) as well as the growth of the pore during pulsing (Figures 5.8b-e). 

The effective pore radius is defined by the minimum radius at which lipids are unaffected by 
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thermal phases change. Regardless of pulse spacing, the first pulse produces the greatest pore 

growth followed by much slower rate of growth in later pulses. Subsequent pulses result in 

reduced pore growth of the 120s spacing case due to the increased dissipation between 

pulses. The 1s spaced pulse reaches lipid phase transition earlier because the tissue 

temperature is higher at the onset of the second pulse. During pulse 4 there in no increase in 

effective pore radius for the widely spaced pulse which is an indication that at this time 

localized Joule heating alone is not sufficient to reach phase transition temperatures. This 

agrees with the previous results which relate decreased current density and subsequent Joule 

heating with increased pore size. Experimentally this has also been shown to be the case in 

[18] for which tissue samples allowed to cool for long times between pulse applications show 

a limit in the pore diameter regardless of number of pulses delivered. 

5.6 Conclusions 
A transient axi-symmetric model of in vivo skin electroporation incorporating SC lipid 

melting has been developed in which electrical and transient thermal solutions are found. The 

electrical solution of the skin composite model shows potential drop across the SC decreases 

as the electroporation pore grows. This is a result of increased electrical conductivity with 

lipid phase transition. Heating and temperature rises are highly localized occurring not over 

the entire target region, but within the vicinity of the electroporation pore. The very 

electrically resistive SC receives the largest Joule heating values which focus within the 

region of lipid phase transition. As a result of large Joule heating, lipid phase transition 

temperatures are attained during pulsing. The results show that SC lipid phase transition 

occurs in a pattern from the skin interior to the surface and radially outward. The rate of pore 

growth decreases with increased pore radius and pulsing time as a consequence of decreased 
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current density.  Longer pulse spacing allows for greater diffusion of heat between pulses 

thus lowering the maximum temperatures at the beginning of subsequent pulses. 

Electroporation pore growth is then inhibited by the resulting lower local maximum 

temperatures.  
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Figure 5.1 Physical model description: (a) electroporation skin fold, (b) composite skin layers (cylindrical), (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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Figure 5.2 Comparisons between numerical code and analytic solution (one-dimensional): (a) Electric 
(potential and heating) in which the domain represents a vertical line between the electrodes using Vapp = 300V.  
(b) Steady state temperature (ºC), in which the domain represents vertical depth below the skin’s surface using 
convection coefficient h = 500W/m3.  Dotted lines separate composite sections 
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Figure 5.3 Potential solution at representative pulsing times of a single 300V pulse.  Dotted lines represent 
interfaces between composite layers. Inserts show boundary of zero lipid melt fraction contour (φ = 0) in a 
close-up of the SC (dashed rectangle) using aspect ratio (x:y = 1:10) 
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Figure 5.4 Upper panel sections: Joule heat solution (QJ W/m3) in the vicinity of the electroporation pore during 
an electroporation pulse with an applied potential of 300V.  In upper panels (c) and (d) x:y =  1:2 aspect ratios 
are used.  Dotted line denotes dermal-epidermal junction. Dashed rectangle denotes SC boundary. Lower panel 
sections: SC electrical conductivity (S/m). In lower panels (c) and (d) x:y =  0.35:1 aspect ratios are used. 
Dashed rectangle denotes SC boundary.  
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Figure 5.5 Transient thermal solution (ºC) at representative pulsing times of a single pulse with an applied 
voltage of 300V. Dotted line denotes dermal-epidermal junction. Dashed rectangle denotes SC boundary.  
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Figure 5.6 Multiple short pulse spacing thermal solutions (ºC) at the end of each of four 250ms 300V pulses 
applied at 1s intervals. Dotted line denotes dermal-epidermal junction. Dashed line denotes SC boundary. 
Inserts show lipid melt fraction contours (solid line) and contour of large Joule heat value QJ =1010W/m3 
(dashed dotted line) in a close-up of the SC (dashed rectangle) using aspect ratios (x:y = 1:4) 
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Figure 5.7 Multiple long pulse spacing thermal solutions (ºC) at the end of each of four 250ms 300V pulses 
applied at 120s intervals. Dotted line denotes dermal-epidermal junction. Dashed line denotes SC boundary. 
Inserts show lipid melt fraction contours (solid line) and contour of large Joule heat value QJ =1010W/m3 
(dashed dotted line) in a close-up of the SC (dashed rectangle) using aspect ratios (x:y = 1:4) 
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Figure 5.8 Effective pore radius growth comparisons between 250ms 300V pulses spaced at 1s intervals and at 
120s intervals. Effective pore radius is defined by the minimum radius at which lipids are unaffected by thermal 
phases change. 
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6 Thermal in-vivo skin electroporation pore development 
and charged macromolecule trans-dermal delivery: a 
numerical study of the influence of chemically 
enhanced lower lipid phase transition temperatures 

 

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 

microscopic 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 chapter 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 transient 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 represented by a melting process. The Nernst-Planck 

model is used to represent the electrophoretic 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 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 
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the stratum corneum - epidermis interface which exceed concentration values initially 

contained within the applicator gel.  

  

6.1 Introduction 

The thin (10 20 mμ− ) outermost layer of the skin, the stratum corneum (SC), acts as a barrier 

inhibiting transdermal 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 SC [1, 2]. Electroporation has been shown to greatly increase 

the success of transdermal delivery of large molecules [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 allows for 

increased molecular transport and radically reduces the electrical resistance of the skin [6, 9-

12]. Although the primary effects of electroporation are these microscopic transient pores, 

under certain pulse parameters secondary effects occur resulting from Joule heating and the 

associated highly localized regions of elevated temperatures. At temperatures around 70ºC 

the SC lipid lamellar structure 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 permeability 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 densities 

within the pore result in localized Joule heating and temperature rises sufficient to cause lipid 
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phase transitions within the surrounding SC. Further in vitro experiments show that the 

effective pore radius of the localized transport 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 

permeability 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 in iontophoresis (a very low voltage electro-assisted transport method) [24]. 

Chemical enhancers have been used in conjunction with electroporation experimentally, 

however only to prolong the recovery of the electroporated SC bilayers [4]. 

Previous models of transdermal electrically assisted molecular transport focusing on 

iontophoresis are predominantly one dimensional, and treat the skin as a homogenous 

membrane [25-28]. By treating the SC as a homogenous 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 

solute deposition are lost. In [29] a theoretical model is developed 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 transport. The 
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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. Using this model, the study shows that combining terpene enhancer with skin 

electroporation greatly increases the success of transdermal mass transport. 

6.2 Physical model 

This chapter 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 Figure6.1a).  Computations 

preformed in this study rely on symmetry at the axial mid-plane ( 2z W= ), therefore only 

the half domain is modeled. In this study a small section of tissue near the center of the 

electrode is used to represent the target region. Figure 6.1b shows the composite 

representation of this configuration consisting of electrodes (e), gel (g), and skin. The skin 

model consists of four sections: SC, epidermis (ED), dermis (DERM), and subcutaneous fat 

(FAT). This model uses a cylindrical domain with an outer radius 1OR mm= . Figure 6.1c 

shows a representation of the SC prior to electroporation in which a pre-existing pore of 

radius 5PR mμ=  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. Figure 6.1d shows the lamellar structure in phase transition and that the effective 

pore radius, effR ,  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 
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skin, while the radial axis origin is at the center. Table 6.1 lists the composite thicknesses 

used in this model. 

Table 6.1 Composite material dimensions and properties 

   SC ED DERM FAT g e 

Thickness mm  δ  0.015 
 [30] 

0.035 
[30] 

1.1  
[31] 

1.2  
[31] 1 1 

Thermal 
conductivity W mK  k  0.2   

[34] 
0.209 
[35] 

0.293 
[35] 

0.23  
[33] 0.6 16 

Density 3kg m  ρ  1500  
[33] 

1110 
 [33] 

1116  
[33] 

850 
 [36] 1000 785

0 
Heat 
capacity 
(specific) 

J kgK  c  3600 
 [36] 

3600  
[36] 

3800  
[36] 

2300  
[36] 4180 450 

Perfusion 3kg m s  ω  0 0 2 .33  
[37] 

0.545 
[37] - - 

Metabolic 
heat 
generation 

3W m  
q′′′
 

0 0 200  
[36] 

5  
[36] - - 

Electrical 
conductivity S m  σ  

510− [33] 
( ), 0.001SC MELTσ =  0.01 0.015 0.02 

 [33] 1.5 - 

Electrophor
etic mobility 

2 /m Vs  m  
1710−  

( )11
, 5 10SC MELTm x −=

1010−  102 10x −  1010−  810−  - 

Diffusivity 2 /m s  D  
1710−  

( )13

, 10SC MELTD −=  
1210−  1210−  1210−  910−  - 

 
 

6.3 Mathematical model 

6.3.1 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: 
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( ) ( )i i i i b a i J
Tc k T c T T q Q
t

ρ ω∂ ′′′= ∇ ⋅ ∇ − − + +
∂

      (6.1) 

where ρ  is the density, c is the specific heat, k is the thermal conductivity, T is the 

temperature,  aT  is the arterial temperature, JQ  is the Joule heat generated  from the induced 

electric field, q ′′′ is the metabolic volumetric heat generation, mω is the non-directional blood 

flow associated with perfusion, t is the time. The parameter bc in the perfusion term is the 

specific heat of blood, which is assigned a value of 3800bc J kgK=  [33]. The subscript i 

refers to one of the three 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: 

( )g
g g g g J

T
c k T Q

t
ρ

∂
= ∇ ⋅ ∇ +

∂
       (6.2) 

This domain also includes the pre-existing trans-SC pore which is contained in the central 

5 mμ  radius section of the SC. 

The electrode plate section (e) is represented by the transient conduction equation:  

( )ρ ∂
= ∇ ⋅ ∇

∂
e

e e e e
Tc k T
t

         (6.3) 

where the subscript e refers to electrode plate parameters. Tissue, electrode and gel property 

values used are listed in Table 6.1. 

6.3.2 Boundary and initial conditions 

Initially the temperatures of the composite tissue, and gel domains are assumed to be equal to 

the arterial blood temperature, aT : 

( ), ,0i aT r z T=          (6.4) 
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( ), ,0g aT r z T=         (6.5) 

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, ∞T : 

( ), ,0eT r z T∞=          (6.6) 

The outer radial faces of the tissue, gel and electrode domains are assumed thermally 

insulated: 

( ), , 0OT R z t
r
∂

=
∂

                    (6.7) 

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

ambient air: 

( )" e
e e

surface

Tq h T T k
z∞

∂
= − = −

∂
       (6.8) 

where "q  is the heat flux convected from the exposed face, h is the convection coefficient, 

and ∞T  is the ambient air temperature.  

Symmetry is applied at the skin fold axial midpoint: 

( ), 2, 0FATT r W t
z
∂

=
∂

        (6.9) 

where W is the plate spacing. Table 6.2 lists further parameter values. 
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Table 6.2 Operational parameter values 

Computational domain radius OR  1 mm  

Pre-existing pore radius PR  5 mμ  

Arterial blood temperature aT  37 C  

Ambient temperature ∞T  20 C  

Convection coefficient h  215W m K  

Applied voltage appV 275V   

Pulse duration Pτ  200ms  

Pulse interval  Sτ  1s  

Number of pulses delivered PN  4 

 

 

6.3.3 Electric field power generation 

During electroporation the induced electric field causes a temperature rise due to Joule 

heating. The power supplied is found as follows. The electric potential is solved from the 

Laplace equation: 

( ) 0iσ φ∇⋅ ∇ =          (6.10) 

where φ  is the electric potential and iσ  is the composite electrical conductivity, and the 

subscript i refers to one of the composite layers:  g, SC, ED, DERM, or FAT. This equation is 

solved using the boundary condition at the upper electrode-gel interface, in which the 

potential is the same as the applied voltage, appV : 
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( ), g appr Vφ δ− =          (6.11) 

where gδ 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: 

( ), 2 2appr W Vφ =          (6.12) 

where W is the spacing between electrodes. 

In this study a direct current pulse is modeled with an applied voltage value of 275appV V=  . 

The outer radial surface of the target region is assumed electrically insulated:  

( ), 0OR z
r
φ∂

=
∂

         (6.13) 

The power due to Joule heating is then defined as: 

2
J iQ σ φ= ∇            (6.14) 

Obviously there is no Joule heating outside the target region or at times during which the 

electric pulses are not applied. In [38] it is shown that even at moderate voltages the 

capacitive charging time associated with non-Ohmic behavior of the skin is very short and 

may be neglected at times greater than1 ms . This behavior is neglected in this study. 

Equation (6.10) neglects the influence of the charged molecules of the solute on the electrical 

distribution of the large magnitude pulse. 

6.3.4 Mass transport 

Electrically driven transdermal delivery is negotiated by the three modes of transport: 

electrophoresis, electroosmosis, and diffusion. Studies focusing on electrically driven 

transport of large charged molecules show that electro-osmotic effects are negligible 
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compared to electrophoresis forces [39]. 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 electrophoresis 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: 

( ) ( )
*

* *
i i

C m C D C
t

φ∂
= −∇ ⋅ ∇ −∇⋅ ∇

∂
      (6.15) 

where *C  is the concentration, D is the diffusivity, m is the electromobility, and the subscript 

i refers to one of the composite layers: g, SC, ED, DERM, or FAT.  Solute concentration is 

represented in dimensionless form by the relation: 

*

O

CC
C

=           (6.16) 

where OC  is the initial concentration within the gel layer.  

Using relation (6.16), Eq. (6.15) is represented as: 

( ) ( )i i
C m C D C
t

φ∂
= −∇ ⋅ ∇ −∇⋅ ∇

∂
      (6.17)  

Equation (6.17) is solved using a zero flux conditions: 

0

0
O gr R r z

C C C
r r z δ= = =−

∂ ∂ ∂
= = =

∂ ∂ ∂
       (6.18) 

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 computational boundary: 
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  ( ), / 2, 0C r W t =         (6.19) 

Initially all the solute is contained within the gel layer: 

( )
1: 0

, ,0
0 : 0

z
C r z

z
<⎧

= ⎨ >⎩
        (6.20) 

Exact correlations between electromobility and molecular weight and charge are not 

available although in vitro experimental measurements of DNA movement in tumor tissues 

show that electrophoresis increases transport over passive diffusion by several orders of 

magnitude, and that transport 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 9 8 210 10 m Vs− −− . Diffusion coefficients of DNA have been obtained 

experimentally in agarose gels and result in a range of values 12 14 210 10 m s− −−  depending 

on gel concentration [44]. Diffusion coefficients and electromobility values used in the 

current study have been chosen with the findings in mind and are given in Table 6.1. 

6.3.5 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 

40-130ºC which have been independently confirmed by differential scanning calorimetry 

[13-17], although evidence exists of additional thermal transitions  [46, 47]. This chapter 

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 
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temperatures above 90ºC and have been associated with protein denaturation [15-46]. 

Secondary lipid melting has been associated with phase change F at higher temperatures 

around 80 ºC and has been linked to lipid covalently bonded to corneocytes [15, 16].  Of 

great interest in this chapter is phase change E which has primarily been attributed to the 

disordering of the lamellar lipid phase [16] and has been documented in numerous 

differential scanning calorimetry studies at endothermic peak temperatures from 65 - 72ºC 

[47].  Using X-ray diffraction microscopy it has been shown that the lipid lamellar structure 

in the SC is evident up to temperatures about 60ºC and then disappears within 10ºC [2, 48]. 

Polarized light thermal microscopy of lipids extracted from the SC directly shows an overall 

fluidization of lipid structures at 60ºC [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 70ºC. Table 6.3 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 20ºC. 

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 6.3. 
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Table 6.3 SC lipid enthalpic phase transition data reflecting findings of [16] 

Phase 
change Association 

Without 
enhancer 

[ ] ( )1 2,T T C°
 

Terpene 
d-limonene 
[ ] ( )1 2,T T C°  

Without 
enhancer 

( )H J kgΔ

Terpene 
d-limonene 

( )H J kgΔ

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 

 

 

To capture SC lipid phase transition this study borrows from enthalpy methods which were 

originally designed to model melting and solidification processes occurring over a 

temperature range [49, 50]. A rectangular 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: 

, ,SC APP SC SC Lc c c= +          (6.21) 

where ,SC APPc  is the apparent SC specific heat, and ,SC Lc  is the latent specific heat which is 

represented as: 

,
2 1

PC
SC L

PC PC

Hc
T T
Δ

=
−

         (6.22) 

where HΔ is the latent heat, 2T  and 1T are the representative phase change end and beginning 

temperatures, and the subscript PC refers to one of the three phase transitions: E, F, or G. 

Table 6.3 lists the values used in computations for the three SC phase change regions. 
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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:  

( )SC

E

H c T
H

ϕ
−

=
Δ

        (6.23) 

where H is the total enthalpy and is defined: 

2

1

,

E

E

T

SC APP
T

H c dT= ∫         (6.24) 

Given the assumed linear endothermic absorption over the lipid melting region E, the fraction 

of lipid melt is represented as: 

1,

,1
,1 ,2

,2 ,1

,2

0 :

:

1 :

E

E
E E

E E

E

T T
T T

T T T
T T

T T

ϕ

⎧ <
⎪

−⎪= < <⎨ −⎪
⎪ <⎩

      (6.25) 

The electrical conductivity of the SC is several orders of magnitude lower than the 

underlying composite layers. The lamellar structure of the bi-layer 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 barrier function of the SC is compromised in transition E. 

To model the increase in electrical conductivity with lipid restructuring, the local SC 

effective electrical conductivity is related to lipid melt fraction by the relations: 

( )*
,SC SC SC MELT SCσ σ ϕ σ σ= + −       (6.26) 
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where SCσ is the normal electrical conductivity, and ,SC MELTσ  is the electrical conductivity 

associated with the SC after full lipid melting. In this study a value of , 0.001SC MELT S mσ = is 

used. 

Similarly enhanced electrokinetic mobility and diffusion coefficient of the SC are related to 

lipid melt fraction by the relations: 

( )*
,SC SC SC MELT SCm m m mϕ= + −       (6.27) 

where SCm  is the unperturbed mobility of the SC, ,SC MELTm  is the mobility associated with the 

SC after full lipid melting; in this study a value of 11 2
, 5 10 /SC MELTm x m Vs−= is used.  

( )*
,SC SC SC MELT SCD D D Dϕ= + −       (6.28) 

where SCD corresponds to the initial diffusion coefficient of the solute in the SC, ,SC MELTD  is 

the diffusion coefficient  associated with the SC after full lipid melting; in this study a value 

of 13 2
, 10 /SC MELTD m Vs−= is used.  

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 (>30min). 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 130ºC show that as the SC 

samples return to room temperature, the restructuring of the lipids shows evidence of 

aggregate variation [46]. Because of these findings and in light of the relatively short time 

periods that transience is modeled (4s), upon cooling this study does not consider lamellar 
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restructuring of the lipid bilayers and subsequent electrical recovery. Thus Eq. (6.19) is recast 

as: 

( ) 1,

,11
,1 ,2

,2 ,1

,2

max ,0 :

max , :

1 :

t
E

Et t
E E

E E

E

T T

T T
T T T

T T

T T

ϕ

ϕ ϕ+

⎧ <
⎪
⎪ ⎛ ⎞−⎪= < <⎜ ⎟⎨ ⎜ ⎟−⎪ ⎝ ⎠
⎪ <⎪⎩

     (6.29) 

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

6.4 Discretization and solution procedure 

The computational domain is discretized using a variable cylindrical grid consisting of 

34,100 cells. A fully implicit finite volume approach is used to solve Eqs. (6.1-6.3), (6.10), 

and (6.17). Temperature, T, and Joule heat, JQ , are evaluated at the cell centers while the 

electric potential, φ ,  is evaluated at the cell edges. The driving potential gradient, φ∇ , of 

the electrophoretic term in Eq. (6.17) is evaluated at the midpoint of the cell faces. A global 

1ms time step is used for transient Eqs. (6.1-6.3) and (6.17). Interface conductivity is 

represented by a harmonic mean similar to that described in [56], while a resistor 

representation is used between the cell center and the convection boundary condition (6.8). 

The SC specific heats, mobility, diffusion coefficient, electrical conductivity and lipid melt 

fractions of Eqs. (6.21-6.29) are updated at each time step using the local temperature 

solution of the previous time step. Variables T,φ , and C are solved using an implicit point 

iterative method. Since it is expected that between time steps dramatic solution changes 

occur not over the entire solution domain, but locally within and about the target region (and 

within the effective pore radius), a localized convergence measure is used between iterations. 
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The convergence criterion is defined as 1
, ,
p p

i j i jT Tε += −  where p is iteration and convergence 

is established when 510ε −< . 

6.5 Code validation 

To validate the numerical solution, comparisons with analytic solutions were made.  The 

temperature solution of the one-dimensional steady form of Eq. (6.1) was obtained in the 

axial z-direction using parameter values: 2500h W m K=  and 10T C°∞ = , and setting a 

prescribed temperature at the target region half width ( / 2) aT W T= . The one-dimensional 

solutions of the electric potential and Joule heat Eqs. (6.10) and (6.14) are obtained along the 

axial direction.  A SC conductivity value of 510SC S mσ −=  is used and the remaining 

composite tissue conductivity values are the same as in Table 6.1. Figures 6.2a-b show 

excellent agreement between computed and analytic solutions. Equation (6.17) is solved in a 

homogenous domain of diffusivity 8 210D m s−=  with zero applied potential and boundary 

conditions:  

0 / 2

0
r z W

C C
r z= =

∂ ∂
= =

∂ ∂
        (6.30) 

 
0

1
Or R z

C C
= =

= =         (6.31) 

The solution results are compared to the analytic solution in Figure 6.2c which shows the 2L  

root mean square error norm. Again excellent agreement between numerical code and the 

analytic solution is established. 



 151

6.6 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 locations near the SC and 

not over the entire computational domain. 

6.6.1 Single pulse  

In order to show the phenomenon associated with the thermal, electrical, and transport 

solutions during pore formation, comparisons between cases with the enhancer and without 

the enhancer are presented during a single 200ms pulse with an applied voltage of 275V. 

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 

(Figures 6.3a-b) and skin treated with the enhancer (Figures 6.3c-d).  The local apparent SC 

electrical conductivity is shown in the small inserts in which the two *
SCσ  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 = 20ms (Figures 6.3a,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 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 = 200ms) the potential solution of 

the untreated skin (Figure 6.3b) shows remarkably little change from the earlier solution 

reflecting that little thermal disruption of the SC lipid structures has taken place. This is 
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clearly not the case for the potential solution of the skin treated with the enhancer in Figure 

6.3d. The radius of the border at which the SC conductivity is unaltered is nearly ten times 

larger than the untreated case. With this change in SC electrical property, Figure 6.3d 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 solutions 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 275V pulse are shown at representative times for the 

normal skin in Figures 6.4a-c and for skin treated with the enhancer in Figures 6.4d-f. The 

small inserts show a close-up of the SC in which the lipid melt fraction contours are depicted 

at low lipid melt fraction ( 0.1ϕ = ) and nearly fully fluidized lipid structures ( 0.9ϕ = ). 

Recalling the results of the electrical solution, it is expected that the small effective pore 

radius (at t = 20ms) 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 Figures 6.4a,d in which local temperatures exceed 100ºC 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 100ºC and remaining focused about the pre-existing pore (Figures 6.4a-c). The 

inserts show that for the untreated skin, the lipid structures change very little over the course 

of the 200ms pulse and in fact at the end of the pulse, the lower level melt fraction contour 

reaching a radial distance less than 0.05mm. This is not the case for the enhanced skin, which 
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experiences the onset of lipid phase transition at a much lower value of 45ºC. The results of 

the lowered transition temperatures are reflected in the inserts of Figures 6.4e,f which depict 

the effective pore radius extending beyond 0.3mm. A result of a larger effective pore radius is 

a drop in current density and resulting Joule heating. This is depicted in Figure 6.4e at 

100ms, which shows the increase in the effective pore radius and resulting drop in the 

maximum temperature by about 50ºC. As the lower contour levels propagate radially 

outward causing further lipid phase transitions and larger effective pore radius, the maximum 

temperature drops again to 75ºC in Figure 6.4f. 

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 concentration also remain in this 

vicinity. The concentration solution of solute transported through untreated skin is presented 

in Figure 6.5. Initially only low concentration level contours penetrate the SC, clearly 

following the path through the pre-existing pore (Figure 6.5a). After 100ms pulsing (Figure 

6.5b), 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 (Figure 

6.5c) a local accumulation of solute is seen in the higher concentration located at the lower 

SC - epidermis interface.  This may be explained by recalling that the electrophoretic term of 

Eq. (6.17) is a function of the gradient in potential. Within the SC the apparent electrical 

conductivity values are much lower than those of the epidermis below. This results in a larger 

potential gradient within the SC compared to the epidermis below. Effectively the 
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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 200ms pulse, concentrations of solute are restricted to the center of the 

domain and are not transported past the epidermal-dermal junction. 

Figures 6.6a-d show the concentration profiles during a 200ms, 275V pulse for skin treated 

with the enhancer. Similar to the untreated case, at early pulsing times only low 

concentrations penetrate the shin through the pre-existing pore. At 60ms pulsing, moderate 

concentrations have begun penetrating the SC. By 100ms a deposition of solute is seen along 

the interface of the SC and epidermis. In fact the concentration at this location exceeds the 

initial concentration of the gel (Figure 6.6c). 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 lipids result in increased mobility at radial 

locations much greater than in the untreated skin. By the end of this pulse (Figure 6.6d), the 

upper and mid level concentration contours have reached 0.2mm, a distance nearly ten times 

that of the untreated case. The concentration profiles of the treated skin are characterized by a 

shallow penetration distance coupled with a large radial distance.  

6.6.2 Multiple pulses 

Electroporation typically consists of multiple pulses spaced at regular intervals. In this study 

electroporation is modeled by four 275V, 200ms long DC pulses applied at 1s intervals. 

To compare the effects of the enhancer on transdermal delivery of solute, comparisons over 

the 4 pulse period are made between skin treated with and without the enhancer.  

Figure 6.7 compares thermal pore formation of the normal to treated skin by showing the 

effective pore radius at the end of each pulse (Figure 6.7a) as well as the growth of the pore 
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during pulsing (Figures 6.7b-e). The effective pore radius is defined by the minimum radius 

at which lipids are unaffected 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 multiple 

pulses are applied. Figure 6.8 shows the concentration profiles at the end of each of the four 

pulses when the skin is untreated. As additional pulses are applied, the solute continues to 

accumulate at the lower SC epidermal border. The radial distance to which the solute 

penetrates into the SC does not increase with number of pulses administered. 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 Figure 6.8d. As pulsing continues, lower level 

concentrations penetrate the upper epidermis.  
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The delivery of solute into the untreated skin behaves much differently. Figure 6.9 depicts 

solute concentrations at the end of each pulse in treated skin. As expected from the previous 

results the lower lipid phase transition temperatures 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 concentration 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.  

6.7 Conclusions 

A transient three-dimensional model of in vivo skin electroporation incorporating SC lipid 

melting has been developed 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 preexisting pore for both treated and untreated skin and local temperatures exceed 
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100ºC. 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 

maximum temperature is reduced to 75ºC. 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 exhibit local accumulation of concentrations 

below the SC-epidermis interface which exceed concentration values initially contained 

within the applicator gel.  



 158

6.8 References 

[1] K.C. Madison, Barrier function of the skin: “la raison d’Être” of the epidermis, J. Invest. 
Dermatol. 121 (2) (2003) 231-241. 
 
[2] J.A. Bouwstra, P.L. Honeywell-Nguyen, G.S. Gooris, M. Ponec, Structure of the skin 
barrier and its modulation by vesticular formulations, Progr. Lipid Res. 42 (2003) 1-36. 
 
[3] C. Lombry, N. Dujardin, V. Préat , Transdermal delivery of macromolecules using skin 
electroporation, Pharmaceutical Research 17 (1) (2000) 32-37.  
 
[4] A.R Denet, R. Vanbever, V. Préat, Skin electroporation for transdermal and topical 
delivery, Adv. Drug Deliver. Rev., 56 (5) (2004) 659-674. 
 
[5] V. Regnier, N. De Morre, A. Jadoul, V. Préat, Mechanisms of a phosphorothioate 
oligonucleotide delivery by skin electroporation, Int. J. Pharm. 184 (2) (1999) 147–156. 
 
[6] U.F. Pliquett, C.A Gusbeth, Perturbation of human skin due to application of high 
voltage, Bioelectrochemistry 51(1) (2000) 41-51. 
 
[7] M.R. Prausnitz, The effects of electric current applied to the skin: a review for 
transdermal drug delivery, Adv. Drug Deliv. Rev. 18 (3) (1996) 395–425. 
 
[8] U. Pliquett, T.E. Zewert, T. Chen, R. Langer, J.C. Weaver, Imaging of fluorescent 
molecule and small ion transport through human stratum corneum during high voltage 
pulsing: localized transport regions are involved, Biophys. Chem. 58 (1-2) (1996) 185–204. 
 
[9] M.R. Prausnitz, Do high voltage pulses cause changes in skin structure?, J. Controlled 
Release 40 (3) (1996) 321-326. 
 
[10] U. Pliquett, R. Langer, J. C. Weaver, Changes in the passive electrical properties of 
human stratum corneum due to electroporation, Biochimica et. Biophysica Acta. 1239 (2) 
(1995) 111-121. 
 
[11] R. Vanbever, V. Preat, In vivo efficacy and safety of skin electroporation, Adv. Drug 
Deliv. Rev. 35 (1999) 77-88.  
 
[12] R. Vanbever, G. Langers, S. Montmayeur, V. Preat, Transdermal delivery of fentanyl: 
rapid onset of analgesia using skin electroporation, J. Controlled Release 50 (1-3) (1998) 
225-235. 
 
[13] G.M. Golden, D.B. Guzek, R.R. Harris, J.E. Mckie, R.O. Potts, Lipid thermotropic 
transitions in human stratum corneum, J. Invest. Dermatol. 86 (3) (1986) 255-259. 
 
[14] G.M. Golden, D.B. Guzek, A.H. Kennedy, J.E. Mckie, R.O.Potts, Stratum corneum lipid 
phase transition and water barrier properties, Biochem. 26 (8) (1987) 2382-2388.  

 



 159

[15] H. Tanojo, J.A. Bouwstra, H.E. Junginger, H.E. Bodde, Thermal analysis studies on 
human skin and skin barrier modulation by fatty acids and propylene glycol, J. Therm. Anal. 
Calorim, 57  (1999) 313-322. 
 
[16] P.A. Cornwell,  B.W. Barry, J.A. Bouwstra, G.S. Gooris, Modes of action of terpene 
penetration enhancers in human skin; differential scanning calorimetry, small angle 
diffraction and enhancer uptake studies, Int. J. Pharm. 127 (1996) 9-26. 
 
[17] S.M. Al-Saidan, B.W. Barry, A.C. Williams, Differential scanningcalorimetry of human 
and animal stratum corneum membranes, Int. J. Pharm. 168 (1998) 17-22. 
 
[18] R.O. Potts, M.L. Francoeur, Lipid biophysics of water loss through the skin, Proc. Natl. 
Acad. Sci. USA 87 (10) (1990) 3871-3873. 
 
[19] U.F. Pliquett, R. Vanbever, V.  Preat, J.C. Weaver, Local transport regions (LTRs) in 
human stratum corneum due to long and short ‘high voltage’ pulses, Bioelectroch. Bioener. 
47 (1998) 151-161. 
 
[20] R. Vanbever, U.F. Pliquett, V. Preat, J.C. Weaver, Comparison of the effects of short, 
high-voltage and long, medium-voltage pulses on skin electrical and transport properties, J. 
Cont. Rel. 69 (1999) 35-47. 
 
[21] U. Pliquett, S. Gallo, S.W. Hui, C. Gusbeth, E. Neumann, Local and transient changes in 
stratum corneum at high electric fields: Contribution of Joule heating,” Bioelectrochemistry 
67 (1) (2005) 37-46. 
 
[22] S.A. Gallo,  A. Sen, M.L. Hensen, S.W. Hui, Temperature-dependent electrical and 
ultrastructural characterization of porcine skin upon electroporation, Biophys. J. 82 ( 2002) 
109–119. 
 
[23] A.C. Williams, B.W. Barry, Penetration enhancers, Adv. Drug Deliv. Rev. 56 (5) (2004) 
603-618. 
 
[24]O. Pillai, R. Panchagnula, Transdermal iontophoresis of insulin – V. effect of terpenes, J. 
Cont. Rel. 88 (2) (2003) 287-296. 
 
[25] J.L. Harden, J.-L. Viovy, Numerical studies of pulsed iontophoresis through model 
membranes, Journal of Controlled Release 38 (2-3) (1996) 129-139. 
 
[26] T.R. Mollee, Y.G. Anissimov, M.R. Roberts, Periodic electric field enhanced transport 
through membranes, Journal of Membrane Science 278 (1-2) (2006) 290-300. 
 
[27] H.G. Zhu, K.D. Peck, S.K. Li, A.H Ghanem, W.I. Higuchi, Quantifications of pore 
induction in human epidermal membrane during iontophoresis: the importance of 
background electrolyte solution, Journal of  Pharmaceutical Sciences 90 (7) (2001) 932-942. 
 
[28]  S.K. Li, A.H. Ghanem, C.L. Teng, G.E. Hardee, W.I. Higuchi, Iontophoretic transport 
of oligonucleotides across human epidermal membrane: a study of the Nernst-Planck Model, 
Journal of  Pharmaceutical Sciences 90 (7) (2001) 915-931. 



 160

 
[29] G.T. Martin, U.F. Pliquett, J.C. Weaver, Theoretical analysis of localized heating in 
human stratum corneum subjected to high voltage pulses, Bioelectroch. 57 (2002) 55-64. 
 
[30] P.F. Millington, R. Wilkinson, Skin, Cambridge University Press, Cambridge, Great 
Britain, 1983 
 
[31] F.M. Hendriks, D. Brokken, C.W.J. Oomens, F.P.T. Baaijens, Influence of hydration 
and experimental length scale on the mechanical response of human skin in vivo, using 
optical coherence tomography, Skin Research and Technology 10 (2004) 231–241. 
 
[32] H.H. Pennes, Analysis of tissue and arterial blood temperatures in the resting forearm, J. 
Appl. Physiology 1 (1948) 93-122. 
 
[33] F.A. Duck, Physical properties of tissue: a comprehensive reference book, Academic 
Press, London, 1990 
 
[34] L.O. Svaasand, L.L. Randeberg, G. Aguilar, B. Majaron, S. Kimel, E.J. Lavernia, J.S. 
Nelson, Cooling Efficiency of cryogen spray during laser therapy of skin, Lasers in Surgery 
and Medicine 32 (2) (2003) 137-142. 
 
[35] J.C. Chato, R.C. Lee, The Future of Biothermal Engineering, Ann. NY Acad. Sci. 858 
(1998) 1-20. 
 
[36] S.B. Wilson, V.A. Spence, A tissue heat transfer model for relating dynamic skin 
temperature changes to physiological parameters, Phys. Med. Biol. 33 (8) (1988) 895-912. 
 
[37] P. Wainwright, Thermal effects of radiation from cellular telephones, Phys. Med. Biol. 
45 (8) (200) 2363–2372. 
 
[38] Y.A. Chizmadzhev, A.V. Indenbom, P.I. Kuzmin, S.V. Galichenko, J.C. Weaver,  R.O. 
Potts, Electrical properties of skin at moderate voltages: contribution of appendageal 
macropores, Biophys. J. 74 (2) (1998) 843-856.  
 
[39] D.A. Zaharoff, R.C.Barr, C.-Y. Li, F.Yuan, Electromobility of Plasmid DNA in Tumor 
Tissues During Electric Field-Mediated Gene Delivery, Gene Therapy 9 (19) (2002) 1286-
1290. 
 
[40] M.F.Bureau, J. Gehl, V. Deleuze, L.M. Mir, D. Scherman, “Importance of association 
between permeabilization and electrophoretic forces for intramuscular DNA electrotransfer, 
Biochimica et Biophysica acta. General Subjects, 2002 1474 (3)  353-359. 
 
[41] S. Satkausas, F. Adre, M.F. Bureau, D. Scherman, D. Miklavcic, L.M. Mir, 
Electrophoretic Component of Electrical Pulses determines the Eficacy of In Vivo DNA 
Electrotransfer, Human Gene Therapy 16 (10) (2005) 1194-1201.  
 
[42] M. Planck, Über die erregung von elektrizität und wärme in elektrolyten, Ann. Phys. 
Chem. 39 (1890) 161–186. 
 



 161

[43] P.A Netti, D.A. Berk,  M.A. Swartz,  A.J. Grodzinsky, R.K. Jain, Role of extracellular 
matrix assembly in interstital transport in solid tumors, Cancer Research 60 (2000) 2497-
2503 
 
[44] D.A. Zaharoff, F.Yuan, Effects of pulse strength and pulse duration on in vitro DNA 
electromobility, Bioelectrochemistry 62 (1) (2004) 37-45. 
 
[45] N.C. Stellwagen, DNA mobility anomalies are determined primarily by polyacrylamide 
gel concentration, not gel pore size, Electrophoresis 18 (1997) 34-44. 
 
[46] C.L. Silva, S.C.C. Nunes, M.E.S. Eusebio, J.J.S. Souse, A.A.C.C. Pais, Study of human 
stratum corneum and extracted lipids by thermomicroscopy and DSC, Chem. Phys. Lipids 
140 (1-2) (2006) 36-47. 
 
[47] C.L. Silva, S.C.C. Nunes, M.E.S. Eusebio, A.A.C.C. Pais, J.J.S. Souse, Thermal 
behaviour of human stratum corneum a differential scanning calorimetry study at high 
scanning rates, Skin Pharmacol Physiol. 19 (3) (2006) 132-139. 
 
[48] S.H. White, D. Mirejovsky, G.I. King, Structure of lamellar lipid domains and 
corneocyte envelopes of murine stratum corneum, Biochem. 27 (10) (1988) 3725–3732. 
 
[49] V.R. Voller, A.D. Brent, A.D., The modeling of heat, mass and solute transport in 
solidification systems, Int. J. Heat Mass Transfer 32 (9) (1989) 1719-1732. 
 
[50] M.N. Ozisik, Heat Conduction, John Wiley & Sons, Inc., New York, NY, USA, 1993 
 
[51] G.C.J. Bart, P.C. Van der Laag, Modeling of arbitrary-shaped specific and latent heat 
curves in phase-change storage simulation routines, Trans. ASME, J. Solar Energy Eng. 112 
(1990) 29–33. 
 
[52] S.K. Roy, B.L. Avanic, Turbulen heat transfer with phase change material suspensions, 
Int. J. Heat  Mass Transfer 44 (12) (2001) 2277-2285. 
 
[53] W.H.M. Craane van Hinsberg, J.C. Verhoef, H.E. Junginger, H.E. Bodde, 
Thermoelectrical analysis of the human skin barrier, Thermochim. Acta. 248 (1995) 303–
318. 
 
[54] N. Dujardin, E. Staes, Y. Kalia, P. Clarys, R. Guy, V. Preat, In vivo assessment of skin 
electroporation using square wave pulses, J. Control. Release 79 (1-3) (2002) 219–227. 
 
[55] U. Pliquett, C. Gusbeth, Surface area involved in transdermal transport of charged 
species due to skin electroporation,  Bioelectrochemistry 65 (1) (2004) 27-32. 
 
[56] S.V. Patankar, Numerical Heat Transfer and Fluid Flow, Hemisphere, Washington D.C., 
1980 



 162

 

 
Figure 6.1 Physical model description: (a) skin fold, (b) cylindrical composite model, (c) trans- SC pore and 
lipid representation, (e) SC undergoing lipid phase transition. 
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Figure 6.2 Comparisons between numerical code and analytic solution (one-dimensional): (a) Electric 
(potential and heating) in which the domain represents a vertical line between the electrodes using Vapp = 300V.  
(b) Steady state temperature (ºC), in which the domain represents vertical depth below the skin’s surface using 
convection coefficient h = 500W/m3.  Dotted lines separate composite sections. (c) L2 normalized error of 
homogenous two dimensional solution comparison with analytical solution. 



 164

 
 

225

190

180

270

170

r (mm)

z(
m

m
)

0 0.2 0.4 0.6 0.8

0

0.2

0.4

0.6

0.8

200 ms - with enhancer
d

170

160

270

r (mm)

z(
m

m
)

0 0.02 0.04 0.06 0.08 0.1

0

0.02

0.04

0.06

0.08

20 ms - with enhancerc

160

170

270

r (mm)

z(
m

m
)

0 0.02 0.04 0.06 0.08 0.1

0

0.02

0.04

0.06

0.08

20 ms - no enhancer Gel

Epidermis

Dermis

SC

a

160

170

160

270

r (mm)
z(

m
m

)
0 0.02 0.04 0.06 0.08 0.1

0

0.02

0.04

0.06

0.08

200 ms - no enhancerb

1E-050.001

r (mm)
0 0.1 0.2 0.3 0.4 0.5

σ*SC

1E-050.001

r (mm)
0 0.02 0.04 0.06 0.08 0.1

σ*SC

1E-05
0.001

r (mm)
0 0.02 0.04 0.06 0.08 0.1

σ*SC

1E-050.001

r (mm)
0 0.02 0.04 0.06 0.08 0.1

σ*SC

 
Figure 6.3 Potential solution at representative pulsing times of a single 275V pulse for cases without enhancer 
(a, b) and cases with enhancers (c, d). Dotted lines represent interfaces between composite layers. Dashed 
rectangle shows the boundary of the SC. Inserts represent a close-up of the SC with contours denoting apparent 
electrical conductivity (S/m). 
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Figure 6.4 Transient thermal solution (ºC) at representative pulsing times of a single 275V pulse for cases: 
without enhancer (a-c) and cases with enhancers (d-f). Dotted lines represent interfaces between composite 
layers. Dashed rectangle shows the boundary of the SC. Inserts show lipid melt fraction contours in a close-up 
of the SC (dashed rectangle) using aspect ratios (insert e uses aspect ratio x:y = .3:1, insert f uses aspect ratio x:y 
= 1:5) 
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Figure 6.5 Transient concentration solution, C, of skin without enhancer treatment at representative pulsing 
times during a single 275V pulse. Dashed rectangle shows the boundary of the SC. Dotted lines represent 
interfaces between composite layers. 
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Figure 6.6 Transient concentration solution, C, of skin with enhancer treatment at representative pulsing times 
during a single 275V pulse. Dashed rectangle shows the boundary of the SC. Dotted lines represent interfaces 
between composite layers. 
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Figure 6.7 Effective pore radius growth comparisons between treated and untreated skin exposed to 200ms, 
275V pulses spaced at 1s intervals. Effective pore radius is defined by the minimum radius at which lipids are 
unaffected by thermal phases change.  In (b-e) effective pore radius for untreated skin shown on left axis, for 
skin treated with enhancer is shown on rigureht axis. 
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Figure 6.8 Concentration solution, C, of skin without enhancer treatment at the end of each of the four 275V, 
200 ms pulses applied at 1s intervals. Dashed rectangle shows the boundary of the SC. Dotted lines represent 
interfaces between composite layers. 
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Figure 6.9 Concentration solution, C, of skin treated with enhancer at the end of each of the four 275V, 200ms 
pulses applied at 1s intervals. Dashed rectangle shows the boundary of the SC. Dotted lines represent interfaces 
between composite layers. 
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7 Conclusions 
 
This work concerns the numerical modeling of in vivo plate electroporation.  

In the second chapter, a parallel plate electroporation model of homogenous tissue is 

presented in which blood vessel, geometric, and electroporeation pulse parameter effects on 

thermal dose magnitudes are investigated. Lower levels of thermal damage occur in the 

presence of a blood vessel passing though the axial center of the target region. For larger 

vessels (R > 0.3 mm) this effect is more pronounced. The vessel carries heat from the target 

region, cooling the tissue as the vessel blood flow enters the target region and heating the 

tissue as it exits the target region. The investigation of the effect of spacing between the 

electrode plates shows that increased plate spacing increases thermal damage: as the volume 

to surface area ratio increases, conduction and convection have relatively less area across 

which to move more thermal energy. The results of dividing a long pulse into shorter pulses 

of equal intensity and frequency were show that increasing the time over which energy is 

introduced into the system results in lower maximum target region temperatures and 

significantly decreased thermal dose values. Similarly it was found that decreasing pulse 

frequency results in lower thermal damage and lower maximum temperatures.  

The third chapter continues the thermal-electric study of electroporation, progressing from 

the homogenous tissue model to the more complex inhomogeneous tissues of the skin. A 

transient three-dimensional model of in vivo skin electroporation is presented in which the 

importance of representing the separate composite layers of the skin is established. The 

electrical solution of the skin composite model is strongly dependant on the electrical 

resistance of the SC and shows a strong one-dimensional tendency parallel to the induced 

electric field. The highly electrically resistive SC and epidermis layers receive the largest 
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Joule heating, while in the more conductive subcutaneous muscle tissue heating is negligible. 

The decrease in SC electrical resistance associated with skin electroporation significantly 

increases heating of the dermis and subcutaneous fat layers. (This chapter makes the 

assumption that the permeabilization of the SC is and occurs within the first 5 ms of pulsing.)  

The thermal effects of in vivo electroporation are characterized by a sudden jump in 

temperature followed by a much more gradual cooling process. The low heat capacity of fat 

promotes temperature rises associated with Joule heating. The dermis and subcutaneous fat 

layers are at great risk of thermal damage with the reduction of SC electrical conductivity.  

The fourth chapter, using the composite skin model, focuses on a parametric analysis of 

factors affecting thermal damage. A blood vessel running deep in the subcutaneous muscle 

tissue indirectly increases the maximum value of thermal damage by adding heat to the target 

region. Leaving the electrodes attached to the skin after electroporation promotes cooling, 

thereby reducing thermal damage of the outer composite layers. Also in this chapter a 

method is presented in which the target region is cooled prior to electroporation. Effectively 

cooling tissue prior to electroporation reduces the risk of thermal damage, allowing the 

experimentalist to use pulse parameters which increase the likelihood of successful drug 

delivery. 

In the fifth and sixth chapters, the development of an electroporation pore during pulsing is 

investigated. A transient axi-symmetric model of in vivo skin electroporation incorporating 

SC lipid melting is developed in which electrical and transient thermal solutions are found. 

The electrical solution of the skin composite model shows potential drop across the SC 

decreases as the electroporation pore grows. This is a result of increased electrical 

conductivity with lipid phase transition. Heating and temperature rises are highly localized 
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occurring not over the entire target region, but within the vicinity of the electroporation pore. 

The very electrically resistive SC receives the largest Joule heating values which focus within 

the region of lipid phase transition. As a result of large Joule heating, lipid phase transition 

temperatures are attained during pulsing. The results show that SC lipid phase transition 

occurs in a pattern from the skin interior to the surface and radially outward. The rate of pore 

growth decreases with increased pore radius and pulsing time as a consequence of decreased 

current density.  Longer pulse spacing allows for greater diffusion of heat between pulses 

thus lowering the maximum temperatures at the beginning of subsequent pulses. 

Electroporation pore growth is then inhibited by the resulting lower local maximum 

temperatures.  

In the seventh chapter, mass transport is modeled and the effects of using a chemical 

enhancer to reduce the lipid phase transition temperatures are explored. Large molecule 

transdermal transport is modeled by the Nernst-Planck equation with low mobility values. 

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 preexisting pore for both treated and 

untreated skin and local temperatures exceed 100ºC. 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 maximum temperature is reduced to 75ºC. 

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 
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locations much greater than in the untreated skin. Transport solutions of both cases exhibit 

local accumulation of concentrations below the SC-epidermis interface which exceed 

concentration values initially contained within the applicator gel.  
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