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Electroporation-Induced Stress Response and
Its Effect on Gene Electrotransfer Efficacy: In
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and Damijan Miklavčič

Abstract—Objective: Skin is an attractive target tissue
for gene transfer due to its size, accessibility, and its im-
mune competence. One of the promising delivery methods
is gene delivery by means of electroporation (EP), i.e., gene
electrotransfer (GET). To assess the importance of different
effects of electroporation for successful GET we investi-
gated: stress response and transfection efficacy upon dif-
ferent pulse protocols. Moreover, numerical modeling was
used to explain experimental results and to test the agree-
ment of experimental results with current knowledge about
GET. Methods: Double transgenic mice Hspa1b-LucF (+/+)
Hspa1b-mPlum (+/+) were used to determine the level of
stress sensed by the cell in the tissue in vivo that was ex-
posed to EP. The effect of five different pulse protocols on
stress levels sensed by the exposed cells and their efficacy
for gene electrotransfer for two plasmids pEGFP-C1 (EGFP)
and pCMV-tdTomato was tested. Results: Quantification of
the bioluminescence signal intensity shows that EP, re-
gardless of the electric pulse parameters used, increased
mean bioluminescence compared to the baseline biolumi-
nescence signal of the non-exposed skin. The results of nu-
merical modeling indicate that thermal stress alone is not
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sufficient to explain the measured bioluminescence signal.
Of the tested pulse protocols, the highest expression of
EGFP and tdTomato was achieved with HV-MV (high volt-
age – medium voltage) protocols, which agrees also with
numerical model. Significance: Although EP is widely used
as a method for gene delivery, we show that the field could
benefit from the use of mathematical modeling by introduc-
ing additional parameters such as EP induced stress and
electrophoretic movement of plasmids.

Index Terms—Electroporation, gene electrotransfer,
numerical modeling, skin electroporation.

I. INTRODUCTION

SKIN is an attractive target tissue for gene transfer due to
its large surface and its accessibility. Moreover, skin con-

tains antigen-presenting cells and is, thus, a particularly suitable
target for DNA vaccination [1]–[3]. However, in order to reach
the cellular nucleus of the target cell in the tissue, naked DNA
has to overcome several barriers/limitations. These include poor
mobility of DNA and its rapid degradation in the extracellular
space of the tissue, low permeability of the cellular membrane,
which prevents naked DNA to enter the cell, and poor mobility
of the DNA inside the cell [4]. One of the promising delivery
methods is gene delivery by means of electroporation (EP) [5]–
[9]. This delivery method, termed gene electrotransfer (GET), is
based on the application of electric pulses, which generate suf-
ficiently high electric fields to achieve increased cell membrane
permeability due to the phenomenon, called EP. Moreover, elec-
tric pulses also generate electrophoretic force, which promotes
directional movement of naked DNA within the extracellular
space and pushes DNA towards the cell membrane [10]–[14].
Efficient GET requires a careful control of pulse parameters and
appropriate choice of electrode configuration [15], [16]. In or-
der to achieve successful gene expression, it is also necessary to
avoid excessive cellular damage. Moreover, EP itself represents
a stress for the cell, which together with membrane resealing is
energy consuming and, therefore, can compete with the ability
of the cell to start expressing the transfected gene. Recently it
was shown that GET of plasmid DNA can upregulate the expres-
sion of cytosolic DNA sensors which can in turn lead to release
of proinflammatory cytokines resulting in inflammation, thus
adding additional level of stress that the electroporated cell is
exposed to [17].
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Expression of heat shock proteins (HSP) is observed
when cells are exposed to elevated temperatures. HSP’s are,
however, non-specific proteins, meaning their synthesis is not
induced only by elevated temperatures, but also by variety of
other stressful conditions such as infection, inflammation, ex-
ercise, exposure of the cell to toxins (ethanol, arsenic, trace
metals, and ultraviolet light, among many others), starvation,
hypoxia (oxygen deprivation), or water deprivation [18]. HSP’s
can also be induced by EP [19], [20]. One can determine the
expression of HSP’s in vivo by using transgenic mouse models
where bioluminescent or fluorescent reporter genes are linked
to HSP promoters. In these models, the level of the expression
of HSP’s can be readily determined by measuring the emitted
bioluminescent or fluorescent signal [21], [22]. It is important
to distinguish between thermal damage and bioluminescence
intensity as a measure of HSP’s expression, which are two fun-
damentally different processes. The former is Arrhenius rela-
tionship accounting for temperature- and time-dependency of
the thermal damage, which is usually quantified in terms of
cell survival or protein denaturation while the latter describes
HSP promoter activation. It has been namely shown that HSP
expression caused by thermal stress also follows Arrhenius re-
lationship in vitro [23] as well as in vivo [24]. The relationship
between EP and upregulation of HSP expression, nevertheless,
remains unknown.

To assess the importance of different effects of EP on suc-
cessful GET, the aims of our study included: i) evaluating the
stress response to EP using a transgenic mouse model that al-
lows firefly luciferase (LucF) expression under the control of
the thermo-inducible heat-shock protein (Hsp70) promoter 1B
(Hspa1b), ii) comparing transfection efficacy of different pulse
protocols for GET of plasmids coding for fluorescent proteins.
Moreover, numerical modelling was used as a tool to explain
experimental results and to challenge the agreement of experi-
mental results with current knowledge about GET.

II. MATERIALS AND METHODS

A. In vivo Experiments

1) Mice: Animal experiments were performed in agree-
ment with European directives and conducted in accordance
with French procedural guidelines for animal handling and
with approval from the Regional Ethical Review Committee
(MP/02/36/10/10). The double transgenic mice Hspa1b-LucF
(+/+) Hspa1b-mPlum (+/+) [21], [22] were maintained un-
der 12 h light/dark cycle with water and food ad libitum. One
day before the experiments, the back of mice was shaved with
clippers and a depilatory cream was applied to remove the hair.
For the Bioluminescence experiments we have used 6 mice per
group for positive controls of bioluminescence induction (dif-
ferent temperature in water bath) where a high and repeatable
induction of bioluminescence was observed. For the rest of the
experiments 12 mice per group were used. For gene expression
experiments, 6 mice per group were used. Experiments were
performed in two separate batches.

2) Reagents: D-luciferin Na salt (OZBIOSCEINCES) was
dissolved in 1x Dulbecco’s phosphate-buffered saline (DPBS,

TABLE I
PULSE PROTOCOLS USED IN EXPERIMENTS

∗HV + MV protocols consisted of 4 HV pulses, each followed by one MV pulse with 50
ms delay. Altogether 8 pulses were delivered, as in other protocols

Gibco) without MgCl2 and CaCl2 to a final concentration of
30 mg/mL, filtered through a 0.2 μm filter and stored at
−80°C until further use. Plasmids pEGFP-C1 (EGFP) and
pCMV-tdTomato (tdTomato) (both from Clontech) were iso-
lated from competent E. coli with EndoFree Plasmid Mega Kit
(Qiagen) according to manufacturers’ instructions. Purity and
quantity of the isolated plasmid DNA was confirmed by deter-
mining the 260/230 and 260/280 ratios with NanoDrop (Ther-
moFisher). The isolated plasmid DNA was dissolved in sterile
H2O and stored at −20°C.

3) Electroporation and Gene Electrotransfer: EP was
carried out one day after shaving and depilating the mouse. Elec-
tric pulses were delivered by stainless steel contact electrodes
(4 mm apart, length 10 mm, 2 mm diameter) connected to elec-
tropulsator (ELECTRO cell B10 HVLV (βtech-Leroy biotech,
France)). Good contact was assured by means of conductive gel
(Eko-gel, Egna, Italy). Except in control mice where nothing
was injected, either 25 μL of phosphate buffered saline (PBS,
Gibco) or plasmid DNA (tdTomato or EGFP, 25 μg (1 μg/µL))
was injected intradermally immediately (5 s) prior to the de-
livery of electric pulses. Five different pulse protocols were
used in experiments: 1) short, high voltage pulses used as in
electrochemotherapy (HV) [25], 2) long, high voltage pulses
used for GET to tumours (EGT) [26], 3) long, medium voltage
pulses used in skin electrotransfer (MV) [27], [28], 4) HV +
MV unipolar pulses and 5) HV + MV bipolar pulses [29], [30]
(Table I, Supp. Fig. 1).

B. Image Acquisition and Analysis

1) Bioluminescence: In vivo bioluminescence imaging
was performed 6h after EP or control treatment, when the ex-
pression of Hspa1b-induced LucF is highest [21], [22]. As a
positive control, the right hind leg of a mouse was submerged
for 8 min in a water bath with automatic temperature regulation
set at 45 degrees Celsius while the rest of their body was ly-
ing on isolation material to prevent heating of the mouse. Mice
were injected with 100 μL of luciferin (3 mg/mouse) intraperi-
toneally (ip) 5 min prior to imaging. Animals were anaesthetized
with inhalation anaesthesia (2% Isoflurane in air, Vetflurane,
VIRBAC-France) delivered by a MiniHub station (TEM-Sega)
throughout the experiment. Bioluminescence imaging was
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performed using a home-built system comprising of a Light box
(Photek) equipped with a cooled CCD camera (Andor iKon M,
Belfast, UK), a Schneider objective VIS-NIR (Cinegon 1.4/12-
0515) and a heating blanket (Harvard Apparatus) to maintain
the temperature of mice. Images were acquired with Solis acqui-
sition software (Andor technology) with the following parame-
ters: 16bit, 4x4 binning, 5 min exposure, 6 consecutive images
in a series.

Bioluminescence images were processed using FIJI [31] in
the following way: i) from each image in a series a fixed value
of 300 was subtracted to correct for background pixel intensity,
ii) two regions of interest (ROI) were drawn on each mouse,
one around the position of electrodes (ROI EP) and the second
one on a part of the skin that was not exposed to EP (ROI ctrl),
iii) mean pixel intensity from ROI ctrl was used as a thresh-
old in ROI EP to determine the area exhibiting bioluminescent
signal above baseline, iv) the ratio of mean pixel intensity ROI
EP/ROI ctrl was calculated for each image in a series to give a
normalized increase of bioluminescence intensity, v) the highest
ROI EP/ROI ctrl ratio from an image series was used in subse-
quent analysis. To determine average bioluminescence intensity
profiles, we first drew a line parallel to the original direction
of the electrodes. Then, this line was shifted from the begin-
ning to the end of the region of interest (ROI) one pixel at a
time. At each step, we calculated the average intensity along
the line, which represents an individual data point of the profile.
The same procedure was used to obtain the average simulated
profiles.

2) Fluorescence: In vivo fluorescence microscopy was car-
ried out using an upright “Macrofluo” fluorescence macroscope
(Leica Microsystems SA, Rueil-Malmaison, France), equipped
with a Cool Snap HQ Camera (Roper Scientific, Photometrics,
Tucson, AZ, USA). Animals were anaesthetized with inhalation
anaesthesia (Isoflurane, Belamont) throughout the experiment.
EGFP and tdTomato expression was imaged by fluorescence us-
ing specific filters (excitation filters; BP 480/40 nm (EGFP), BP
560/40 nm (tdTomato), emission filters: BP 527/30 nm (EGFP),
BP 630/75 nm (tdTomato)). Exposure was kept constant be-
tween mice and neutral density (ND) filters were used to prevent
overexposure. Each mouse was imaged daily for 16 days.

The expression of EGFP and tdTomato in mice after EP was
measured as mean pixel intensity in the transfected area. The
transfected area was determined using Otsu thresholding and
morphological operations (image opening, image closing) in
Matlab. The mean pixel intensity of the thresholded area was
then measured for each image, adjusted to account for any ND
filters used, and background intensity (determined as mean pixel
intensity of the non-transfected skin). The obtained value was
then normalized to the highest value in the entire dataset for
tdTomato and EGFP separately to give the fraction of the max-
imum measured mean intensity (fraction of Imax). For each
mouse, the highest determined fraction of Imax from the daily
imaging series was used in the subsequent analysis. To de-
termine average fluorescence intensity profiles after EP, a 400
pixels thick line was drawn perpendicularly to the position of
electrodes on the image obtained 1 day after EP in FIJI software

TABLE II
DEFINITION OF SKIN MODEL: GEOMETRY, ELECTRICAL,

AND THERMAL PROPERTIES

∗nonpermeabilized - fully permeabilized tissue

and the mean pixel intensity (of the 400 pixels) for each pixel
on the length of the line was calculated.

C. Numerical Model of the Skin

1) Bioluminescence: Skin was modelled as a three-
dimensional multilayered structure with following layers [5],
[32]: stratum corneum, epidermis, dermis, adipose tissue, mus-
cle tissue and subcutaneous tissue (Table II). The thickness of
the subcutaneous layer was increased in order to reduce the
effect of boundary on simulation results. To achieve success-
ful skin EP using non-invasive electrodes, appropriate electric
pulses have to be selected to overcome the high resistance of
stratum corneum, the superficial layer of the skin. After ex-
ceeding EP threshold, resistance of stratum corneum drops for
2-3 orders of magnitude, thus enabling EP of underlying layers
[33]. This drop in resistance occurs due to formation of local
conductive pathways [34], which were introduced in the model
as small cylinders with initial diameter of 10 μm. During the
pulses, the size of local conductive pathways increases if the
local temperature rises to around 70°C [35], a phase transi-
tion temperature of stratum corneum lipids. Local conductive
pathway expansion due to Joule heating was modelled as an
irreversible phase change at the temperature range 65°C – 75°C
with the latent heat of 5300 J/kg [36]. The size of local conduc-
tive pathways was assumed constant during each pulse and was
updated at the beginning of the next pulse to account for the
changes in electric field distribution due to the local conductive
pathway expansion. Although local conductive pathway density
increases with the pulse amplitude, the exact relationship is not
known. Thus, we modelled two different local conductive path-
way densities, 4/mm2 and 8/mm2, which lie near the low and
the high end of the range of reported local conductive pathway
densities (3-9/mm2) in the literature [35].

The contact electrodes were modelled as two cylinders
with the diameter of 2 mm and center-to-center distance of
4 mm. Conductive gel (Eko Gel, Italy) with the conductivity of
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Fig. 1. Geometries used in numerical modelling. In (A) and (B) the
geometry used in numerical modelling of heat shock response and sub-
sequent bioluminescence emission. (A) 3D geometry representing lay-
ered structure of mouse skin tissue together with the electrodes and
the layer of conductive gel. The size of the subcutaneous tissue layer
was increased to reduce the influence of the bottom boundary. Small
size of the local conductive pathways (the initial diameter is 10 μm) and
the thin layer of the stratum corneum (5 μm) require very fine meshing,
thus making the simulations computationally demanding. To make sim-
ulations feasible, the size of the geometry was reduced to 1 mm thick
slice (gray), which was found to be a good compromise between com-
putational efficacy and accuracy of results. (B) Top view on the stratum
corneum showing local conductive pathways with the density of 8/mm2.
In (C) geometry used in numerical modelling of gene expression. The
intradermally injected plasmid volume is represented by an ellipsoid with
the volume of 25 mm3, placed in the middle of the dermis and between
the electrodes. Electrodes were in contact with the skin through the gel.
In the areas where the gel was in contact with the skin, the local conduc-
tive pathways were distributed throughout the stratum courneum with
the density of 4 local conductive pathways/mm2.

0.155 S/m [37] was introduced in the model as a 2 mm wide
layer, placed between each electrode and the skin. To limit the
computational cost of numerical simulations, we reduced the
size of the model along the electrodes to 1 mm (Fig. 1).

The electric field distribution was calculated by solving the
Laplace equation:

∇ · (σ (E)∇ϕ) , (1)

where σ is the electrical conductivity and V is the electric po-
tential. The boundary conditions were as follows: one of the
electrodes was set to ground (ϕ = 0 V), while the other elec-
trode was set to electric potential equal to the applied voltage.
All outer boundaries of the geometry were treated as electri-
cally insulated. Static electric field distribution was then used to
calculate the resistive heat generated during the delivery of the
pulses. Resistive heating was included as a source term in the
Pennes’ bioheat equation, which by neglecting the contribution
of metabolism and blood flow [35] simplifies to:

ρc
∂T

∂t
= ∇ · (k∇T ) + σ|∇ϕ|2 , (2)

where ρ and c are mass density and specific heat capacity of
the material, respectively, T is the temperature and k is the
thermal conductivity of the material. Before electrodes were
placed on the skin, the temperature of the skin tissue was as-
sumed to be 37°C, whereas the temperature of the electrodes
and gel was assumed to be 22°C. Since pulse delivery does not
begin immediately after placing electrodes on the skin, we first
calculated the temperature distribution, established after 30 s
of the contact between electrodes, gel and skin tissue (Supp.
Fig. 2). This temperature distribution was then used as initial
condition at the beginning of the first pulse. A convective heat
flux boundary condition was applied at the electrode and tissue
top faces, representing the heat dissipation into surrounding air
with the temperature of 22°C. The heat transfer coefficient was
5 W/(m2K). Remaining faces of electrodes and skin tissue were
treated as thermally insulated.

2) Gene Electrotransfer: Modelling of gene transfection
efficacy did not involve computationally demanding thermal
stress analysis based on the Arrhenius’ law, which allowed us
to increase the size of the geometry of the model. The length of
cylinders representing the two electrodes, was increased to 10
mm, the complete length of the electrodes used in experiments.
Correspondingly, the size of the skin volume was extended to
14 mm in the direction parallel to the electrodes (Fig. 1C). An
ellipsoid with the volume of 25 mm3 was placed in the middle
of the dermis, representing the intradermally injected plasmid
volume (Fig. 1C). Due to the size of ellipsoid and to reduce
the effect of boundary, the thickness of subcutaneous layer was
increased to 4 mm. The conductivity of the plasmid solution
was set to 1.4 S/m [38], [39] and the local conductive pathway
density was set to 4/mm2.

3) Electroporation of the Skin: Five different pulse proto-
cols were used in experiments: HV, EGT, MV, HV + MV unipo-
lar and HV + MV bipolar (Table I, Supp Fig 1). The duration
and number of electric pulses determine the threshold for EP. In
general, shorter pulses require higher electric field amplitudes to
achieve the same level of EP [40]. Despite this straightforward
relationship, EP threshold proved to be rather complex function
of pulse amplitude, width and number of pulses. In the literature,
we only found the data on EP thresholds for HV pulse protocol.
The reversible and irreversible thresholds were set to 600 V/cm
and 1200 V/cm [33], respectively. We reduced both thresholds
for 5 ms (EGT protocol) and 20 ms pulses (MV protocol) to 1.8-
and 2.5-times lower values, respectively, according to Pucihar
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Fig. 2. Electroporation induces bioluminescence in Hspa1b-LucF
(+/+) Hspa1b-mPlum (+/+) mice. Experimental design in (A): Dou-
ble transgenic mice Hspa1b-LucF (+/+) Hspa1b-mPlum (+/+) were
injected with PBS/plasmid DNA immediately before EP and biolumines-
cence 6 h after EP due to the expression of Hspa1b-LucF after the
injection of luciferin was imaged. Green square shows a magnified im-
age of the bioluminescence directly under the position of electrodes.
Representative heat map images of bioluminescence 6h after EP are
shown (scale on the left side). The + and - denote the position of anode
and cathode, respectively. In (B) the ratio of bioluminescence intensity
in treated vs non-treated area is shown for groups receiving either no
injection (-PBS), vehicle (PBS), vehicle and tdTomato plasmid DNA (td-
Tomato), vehicle and EGFP plasmid DNA (EGFP) and receiving either
one of the EP pulse parameters (x axis, Table I) or no EP (x axis; Plasmid
no EP, PBS). The ratio of bioluminescence intensity in treated vs non-
treated area is shown for the control group (C), i.e., 8 min in water bath
at designated temperatures with superimposed non-linear fit (sigmoidal
dose-response curve). Data represents mean values ±SEM.

et al. [41]. The increase in electrical conductivity observed at
local electric fields above the reversible threshold, was repre-
sented in the model through the sigmoid curve. The temperature
dependency of electrical conductivity was neglected, since it
is negligible compared to the conductivity changes due to EP.
All properties of the skin tissue used in the model are given in
Table II.

4) Arrhenius Relationship: Arrhenius relationship was
used to determine cell death due to excessive thermal dam-
age [42] and to predict the bioluminescent intensity associated
with each of the pulse protocols:

Ω =
∫ t

0
A exp

(
− Ea

R T

)
dτ, (3)

where Ω indicates the damage factor, A the frequency factor
(s-1) and Ea the activation energy (J/mol). The first set of Ar-
rhenius parameters, describing the thermal damage, was taken
from the literature [24], [43], while the second set of parame-
ters, regarding HSP expression, was determined from the mice in
the control group (Fig. 2C, Fig. 3). More precisely, it was deter-
mined from the bioluminescence intensity measurements result-
ing from 8 minutes long exposures to constant-temperature wa-
ter baths. When the temperature is constant, the damage factor,
or in our case the bioluminescence intensity, becomes a linear
function of heating time. Therefore, both Arrhenius parameters
can be determined from the linear regression of ln(t) − ln(Ω)
versus 1/T .

Fig. 3. Bioluminescence signal increase determined 6 h after the ex-
posure to constant-temperature water bath follows the Arrhenius rela-
tionship. The solid line is a linear fit of the three data points, which was
used to determine the Arrhenius parameters describing the expression of
LucF resulting in the measured increase in the bioluminescence signal.

5) Numerical Simulations of Bioluminescence Intensity:
Excessive cellular stress can cause irreparable damage to the
structures involved in the protein synthesis, resulting in reduced
bioluminescence intensity. In fact, it has been shown that when
the cell-surviving fraction following a thermal stress is below
0.4, even the surviving cells are unable to produce HSP’s [23],
[44]. To account for the reduced HSP production due to local
thermal damage, we multiplied the bioluminescence intensity
with local cell surviving fraction. If the local thermal damage
was so severe that cell-surviving fraction dropped below 0.4,
bioluminescence intensity was set to zero. Further, the cells ex-
periencing irreversible EP are also unable to express HSP’s and
emit any light. Therefore, the bioluminescence intensity inside
the volume of irreversible EP was also set to zero. Finally, cells
can only emit a limited amount of light due to the expression of
HSP’s. Therefore, we implemented the restriction on the max-
imum bioluminescence intensity, which was determined from
the heating protocol of 40 minutes at 44°C. This heating proto-
col, namely, was shown to result in maximum HSP expression
in an in vitro study [23].

6) Light Propagation: Bioluminescence light is very suit-
able for in vivo applications, since large portion of its broad
emission spectrum lies above 600 nm, with an emission peak
at 612 nm at 37°C [45]. Below 600 nm, namely, strong
haemoglobin absorption limits the transmission of light through
the tissue [46]. Scattering, on the other hand, is less wavelength-
dependent and limits the spatial resolution of bioluminescence
images. In the highly scattering media, such as skin tissue, where
scattering dominates over absorption, a diffusion approximation
can be used to model the light propagation:

−∇ · (D (r)∇Φ(r)) + μaΦ(r) = S (r) , r ∈ Ω (4)

Φ(r) + 2A (r) D (r) n̂ · ∇Φ(r) = 0, r ∈ ∂Ω (5)

D and μa represent the diffusion and absorption coefficient,
respectively. Φ(r) denotes photon power density, S(r) denotes
the source distribution and A denotes a factor accounting for
the difference in refractive indices across the boundary. The
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diffusion coefficient is given by D = 1/(3 (μa + μ′
s)), where

μ′
s is the reduced scattering coefficient. Both optical parameters,

absorption and reduced scattering coefficient for the mouse skin
tissue were taken from the literature [32].

7) Gene Expression: GET is a complex multistep process,
which requires the presence of plasmid DNA in the immedi-
ate vicinity of reversibly electroporated cell membrane [47].
In addition to increasing the cell membrane permeability, elec-
tric pulses also bring DNA molecules in close contact with the
membrane due to electrophoresis. Electrophoretic force namely
drags the negatively charged DNA molecules toward the side of
the cell membrane facing the cathode. The distance that DNA
molecules travel due to electrophoresis [48] can be expressed
by:

L = μ E t, (6)

where μ represents electrophoretic mobility, E electric field and
t the duration of electric pulses. The electrophoretic mobility
of EGFP with 4.7 kbp (μ = 1.5 × 104 μm2/Vs) was taken
from the literature [48]. Since electrophoretic mobility increases
linearly with the length of the plasmid, we set the electrophoretic
mobility of tdTomato plasmid with 5.4 kbp to μ = 1.73 ×
104 μm2/Vs.

In order to evaluate three pulse protocols (HV, MV, HV-MV)
in terms of their relative transfection efficiencies, we compared
the number of particles inside the volume of reversible EP. Since
the volume of reversible as well irreversible EP increases with
local conductive pathway expansion, we used electric field dis-
tribution resulting from the last pulse to determine the volume
of reversibly electroporated cells. For practical reasons and due
to limitations of the software, the same electric field distribu-
tion was used to simulate the trajectories of charged particles
representing plasmid DNA. In the case of HV-MV protocol, the
determination of reversible EP volume was based on the last HV
pulse, whereas electrophoretic movement simulation was based
on the last MV pulse. The simulation of electrophoretic move-
ment was performed using the Charged particle tracing module
provided by Comsol. The same number of charged particles was
released uniformly from the surface of the bleb every 1 ms to
simulate continuous flux of DNA molecules from the bleb to the
skin tissue during the pulse delivery. The number of simulated
charged particles was chosen arbitrarily, however, it was large
enough to obtain accurate estimates of relative transfection effi-
ciencies. The time of simulation was equal to complete duration
of electric pulses (0.8 ms, 160 ms and 80 ms for HV, MV and HV-
MV pulse protocol, respectively). Numerical simulations were
performed in Comsol Multiphysics (v5.3, Stockholm, Sweden),
except for thermal damage calculation, which was performed
in Matlab (R2017a; The MathWorks, Inc., Natick, MA, USA).
The time dependent temperature distribution from the model
was imported into Matlab using the Comsol’s Livelink with
Matlab feature. We used physics-controlled mesh with finer or
fine element size for thin layers (stratum corneum with local
conductive pathways, epidermis and dermis) and normal ele-
ment size elsewhere.

8) Statistical Analysis: Statistical analysis was carried out
using Prism 5 Statistical software (GraphPad Software Inc). A

Shapiro-Wilk normality test was used and followed by One-way
ANOVA with Tukey’s test or Pearson test (correlation analysis)
were used. A value of p < 0.05 was considered to represent a
significant difference between groups. Data represents mean ±
SEM unless specified otherwise.

III. RESULTS

A. Electroporation Induces Expression of
Hspa1b-Dependent LucF Resulting in
Bioluminescence Signal

To determine the level of stress/HSP expression due to EP,
we used transgenic Hspa1b-LucF (+/+) Hspa1b-mPlum (+/+)
mice [21], [22]. The exposure of mice to external stress (heat)
results in expression of LucF due to activation of Hspa1b pro-
moter, which can be measured as a bioluminescence signal due
to luciferase activity of LucF after injection of luciferin and
in expression of mPlum protein which can be measured by its
emitted fluorescence signal. Bioluminescence signal under the
position of electrodes could be readily detected 6 h after EP
(Fig. 2A), in contrast, we were unable to detect mPlum fluores-
cence signal at any time point after EP, most likely due to low
levels of expression (data not shown). Quantification of the bio-
luminescence signal intensity showed that EP, regardless of the
electric pulse parameters used increased mean bioluminescence
up to 4 fold compared to the baseline bioluminescence signal
of the non-exposed skin (Fig. 2B). There was no statistical dif-
ference in the bioluminescence intensities after EP between the
different electric pulse parameters that we used in the study. To
characterize our transgenic mouse model, we exposed the right
back leg of mice to a constant temperature (8 min in a water
bath) and performed the same bioluminescence imaging as for
EP treated mice (Fig. 2C). Exposure of the leg for 8 min to
41°C resulted in a 20-fold increase in mean bioluminescence
compared to the baseline bioluminescence signal of the non-
exposed part of the mouse and higher temperatures resulted in
even higher increase in mean bioluminescence, showing a tem-
perature dependency of the bioluminescence signal. Altogether,
this shows that EP induced bioluminescence can be detected
in the transgenic Hspa1b-LucF (+/+) Hspa1b-mPlum (+/+)
mice, however, the overall increase of the bioluminescence sig-
nal is low compared to the induction achieved by exposing the
leg of mice for 8 min to an increased temperature. Of interest it
is to note, that even though the detected increase in biolumines-
cence signal was low compared to the positive control (8 min
heating at 45°C), it was achieved in a very short time, which is
6000 to 600000 shorter than total electric pulse duration (from
80 ms to 800 μs).

B. Numerical Modelling of Electroporation Induced
Bioluminescence Signal Due to the Expression of
Hspa1b-LucF

To better understand how EP can in a such a short time induces
the activation of Hspa1b and subsequent expression of LucF
resulting in the measured increase in the bioluminescence signal
(Fig. 2) and the spatial relationship between the position of the
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electrodes and the induction of Hspa1b-LucF (Fig. 2A), we
employed numerical modelling.

First, we determined the relationship between biolumines-
cence signal intensity and temperature from our positive control
group (Fig. 2C). As the first temperature protocol resulting in an
elevated bioluminescence signal was 8 min exposure to 41°C,
we therefore performed linear fitting on three data points, cor-
responding to 41°C, 43°C and 45°C (Fig. 3). The correlation
coefficient of 0.93 suggests that bioluminescence intensity fol-
lows Arrhenius relationship in the temperature range of 41°C
- 45°C. The frequency factor and activation energy, obtained
from linear regression analysis are 2.39 × 1056 s-1 and 359
kJ/mol, respectively. These parameters were then used in nu-
merical model.

All of the tested EP protocols (HV, EGT, MV, HV-MV uni,
HV-MV bi) resulted in a very low bioluminescence signal in-
tensities, achieving only up to 4-fold increase in the signal from
the treated area with respect to the background (Fig. 2B, Fig. 4).
Compared to the positive control group, EP-induced biolumi-
nescence signal equals up to 25% of the bioluminescence signal
resulting from the 8 min exposure to 41°C, the threshold temper-
ature for thermal stress response activation. However, since bi-
oluminescence images actually show the mean intensity within
each pixel, we cannot conclude there was no local hyperther-
mia. On the contrary, our simulations show that all pulse proto-
cols caused the thermal expansion of local conductive pathways
(Fig. 4). The EGT pulse protocol shows the largest local con-
ductive pathway expansion (180 μm in diameter at the density
4 local conductive pathways/mm2). Other protocols resulted in
significantly smaller local conductive pathway expansion (up to
55 μm in diameter) either due to short duration or due to low
amplitude of the pulses.

As we can observe from our model (Fig. 4A, B), the size of
the local conductive pathways increases in the direction towards
the other electrode. The volume of thermally damaged cells lies
beneath the local conductive pathways and increases with the
size of local conductive pathways, as expected. Nevertheless, the
decrease of bioluminescence signal due to thermal damage is
only minor, since the affected volume is rather small. Moreover,
the volume of thermal damage lies within much larger volume
of irreversible EP (Fig. 4C), which is therefore the main factor
affecting the bioluminescence signal.

If we take a closer look on the distribution of the biolumines-
cence, we can observe that the bioluminescence signal originates
from the round-shaped volume of epidermal cells, lying around
the volume of irreversible EP (Fig. 4D). It turns out, namely, that
only the cells lying close to the volume of irreversible EP are ex-
posed to sufficiently high temperatures to induce the activation
of Hspa1b and subsequent expression of LucF.

According to numerical model results, the density of 4 lo-
cal conductive pathways/mm2 shows similar bioluminescence
intensities for all pulse protocols (Fig. 5A). The density of 8
local conductive pathways/mm2, on the other hand, shows the
highest bioluminescence intensity for EGT pulse protocol, fol-
lowed by HV-MV, MV and HV protocols, respectively (Fig. 5B),
which is in line with experiments. A good agreement can also be

Fig. 4. Distribution of the expanded local conductive pathway sizes
and position of cells emitting bioluminescence signal after the last pulse.
The distribution of the expanded local conductive pathway sizes at the
surface of the stratum corneum after the last pulse for HV-MV, HV, MV
and EGT pulse parameters for 2 different pre-pulse local conductive
pathway densities, (A) 8 local conductive pathways/mm2 and (B) 4 local
conductive pathways/mm2. Pre-pulse local conductive pathways with
diameter of 10 μm were uniformly distributed throughout the volume
of stratum corneum lying directly beneath the gel (areas between 2–
4 mm and 6–8 mm). (C) The volume of cells not being able to emit light
due to irreversible EP (above) is much larger than volume of thermally
damaged cells (below). In (D) the distribution of cells contributing to
the bioluminescence signal after EGT pulse protocol (below). These
cells lie far enough from the center of the local conductive pathways to
avoid irreversible EP yet close enough to induce the thermal response.
Corresponding distribution of the bioluminescence signal intensity at
the surface of the stratum corneum (above). The arrows indicate the
central position of electrodes. HV-MV denotes both, unipolar and bipolar
protocols, since they show no difference in terms of thermal response.

observed in terms of the shape of the profiles, showing two
distinctive peaks (Fig. 5A, B). However, the fraction of light-
emitting cells is very small, at most 1% of all epidermal cells
(EGT pulse protocol, 8 local conductive pathways/mm2). There-
fore, considering that light-emitting cells experienced mild ther-
mal stress, we can stipulate that local hyperthermia alone cannot
explain the EP induced bioluminescence.
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Fig. 5. Profiles of simulated and experimentally measured biolumi-
nescence intensities corresponding to different pulse protocols. Pro-
files of simulated bioluminescence intensities, resulting from the ther-
mal stress at the local conductive pathway density of 4 local conductive
pathways/mm2 (A) and 8 local conductive pathways/mm2 (B) as pre-
dicted by numerical model. HV+MV denotes both, unipolar and bipolar
protocols, since they show no difference in terms of thermal stress lev-
els. Position of the electrodes position is indicated by arrows. Profiles of
experimentally measured bioluminescence intensities corresponding to
different pulse protocols (C). Each curve shows the average profile of an
individual mouse. Each data point on the curve represents the average
intensity along the line, parallel to the electrodes, which was shifted from
the beginning to the end of the region of interest (ROI).

C. Efficacy of GET of EGFP and tdTomato Plasmid DNA
Depends on the Pulse Parameters

EP can be successfully used to deliver plasmid DNA into cells
and tissue, thus inducing the expression of genes of interest [9].
However, the efficacy of GET varies with pulse parameters used
and with the target organ [49]. To determine whether the efficacy
of GET to skin can be improved and whether there is a corre-
lation between EP induced heat shock response and subsequent
gene expression we used two different plasmids, one coding for
EGFP and the other for tdTomato, both under constitutive CMV
promoter, and measured their expression after GET. Due to the
EGT pulses being primarily used for gene transfer to tumours,
we did not use them in subsequent experiments involving gene
expression after GET to skin [16], [26].

Out of the four tested electric pulse protocols (HV, MV, HV-
MV uni and HV-MV bi) the highest expression of EGFP and td-
Tomato was achieved with both HV-MV protocols (Fig. 6), with
no statistically significant difference between them, thus demon-
strating that reversing the polarity of electric pulses within the
train of pulses does not improve GET efficacy in vivo in skin.
Interestingly, the MV electric pulse protocol proved as efficient
as the HV-MV protocols in the group of mice where EGFP
plasmid DNA was used (Fig. 6B), whereas in the group of mice
where tdTomato plasmid DNA was used its efficacy was only
about 50% of the HV-MV pulse protocols (Fig. 6A). To note, is
that in both cases the HV pulse parameters were able to induce
only low levels of gene expression regardless of the plasmid
DNA used (Fig. 6).

Fig. 6. Expression of EGFP and tdTomato after gene electrotransfer
with different electric pulse parameters. Double transgenic mice Hspa1b-
LucF (+/+) Hspa1b-mPlum (+/+) were injected with plasmid DNA im-
mediately before EP and the expression of tdTomato (A) and EGFP (B)
was imaged daily with a fluorescence macroscope and quantified as a
fraction of the maximum mean fluorescence intensity signal of all the
mice in the entire imaging period (A and B). The representative fluo-
rescent images of tdTomato and EGFP expression taken 14 days after
transfection are shown. The contrast on the images was adjusted to cor-
rect for the use of ND filters and the large differences in fluorescence
intensity between different electric pulse parameters. Data represents
mean values ±SEM. In (A) ∗P<0.05 compared to HV and MV, ∗∗P<0.05
compared to HV. In (B) ∗P<0.05 compared to HV.

Our results on Hspa1b-LucF induction after EP suggest that
the skin directly under the electrodes should also have the high-
est level of gene expression after GET of plasmid DNA. The
fluorescence intensity profiles (indicating the level of expres-
sion) of EGFP and tdTomato measured 1 day after EP (Fig. 7)
showed a remarkable similarity to the experimentally measured
bioluminescence intensities (Fig. 2 and Fig. 5) with the majority
of expression detected under the electrodes, with a more pro-
nounced peak under the anode except when HV pulse protocol
was used to deliver tdTomato plasmid DNA (Fig. 7). The injec-
tion of plasmid DNA without EP resulted in barely detectable
expression of either EGFP or tdTomato (Fig. 7) demonstrat-
ing the need for EP to enable plasmid DNA to enter the cells.
Although the similarity between the measured fluorescence in-
tensity profiles of EGFP and tdTomato expression and biolu-
minescence signal would suggest a strong correlation between
the Hspa1b-LucF induction after EP and GET efficacy, our re-
sults did not confirm this. We were only able to detect a modest
correlation (Pearson r = 0.401, P = 0.047) between the expres-
sion levels of tdTomato and bioluminescence signal resulting
from Hspa1b-LucF induction after EP, whereas there was no
correlation in the group where EGFP plasmid DNA was used
(Fig. 8). A possible explanation could be found in the localiza-
tion of expression of tdTomato and EGFP at later time points
after EP (Fig. 6) where the expression was no longer localized
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Fig. 7. Fluorescence intensity profiles of tdTomato and EGFP after gene electrotransfer. Double transgenic mice Hspa1b-LucF (+/+) Hspa1b-
mPlum (+/+) were injected with plasmid DNA immediately before EP and the fluorescence intensity profiles 1 day after gene electrotransfer of
tdTomato (top panel) and EGFP (bottom panel) were determined from images (inserts) obtained with a fluorescent stereomicroscope and quantified
as mean pixel intensity on a 400 pixel thick line. 4 different electric pulse parameters were used (HV-MV bi, HV-MV uni, HV and MV). The + and –
signs denote the position of anode and cathode, respectively. Data are presented as mean fluorescent intensity at each pixel (thick dashed lines)
and the range (grey area between thin dashed lines) for each pixel on the line.

Fig. 8. Correlation of the expression of tdTomato or EGFP 14 days
after transfection and bioluminescence signal intensity. Correlation plot
of the ratio of bioluminescence intensity in treated vs non-treated area
(x axis) vs relative maximum expression (y axis) for tdTomato (A) and
EGFP (B). Double transgenic mice Hspa1b-LucF (+/+) Hspa1b-mPlum
(+/+) were injected with plasmid DNA immediately before EP and the
bioluminescence 6 h after EP due to the expression of Hspa1b-LucF
after the injection of luciferin was imaged. The expression of tdTomato
(A) and EGFP (B) was quantified as a fraction of the maximum mean
fluorescence intensity signal of all the mice in the entire imaging period.
Pearson r correlation, P<0.05 was considered statistically significant.

only under the electrodes, but more homogeneously in the entire
electroporated area of the skin and in the muscle fibres under the
skin (Fig. 6A), indicating that, although the initial expression is
observed mainly under the electrodes, there is a large volume of
cells between the electrodes that is also transfected with plasmid
DNA.

All together, these results show that HV-MV electric pulse
protocols, with or without reversing the polarity of pulses, can
achieve higher levels of expression compared to MV and HV
electric pulse protocols, however, their efficacy also depends
on the plasmid DNA used. Although, the initial expression of
fluorescent proteins resembles the pattern of LucF induction
after EP, the overall expression of the gene of interest is not
correlated with the level of LucF induction.

D. Numerical Modelling of GET Efficacy

To further explore the relationship between electric field dis-
tribution and gene expression due to introduction of plasmid
DNA, after EP, we once again used numerical modelling. The

TABLE III
RELATIVE NUMBER OF PLASMID DNA MOLECULES PRESENT IN THE

VOLUME OF REVERSIBLE EP DUE TO ELECTROPHORETIC MOVEMENT
AS A MEASURE OF GENE ELECTROTRANSFER EFFICACY

presence of a plasmid volume affects the electric field distri-
bution resulting in higher temperatures and larger local con-
ductive pathway expansion (Fig. 9) compared to biolumines-
cence experiments with no plasmid injection. Despite higher
temperatures, thermal damage was not evaluated, since it over-
laps with larger volume of irreversible EP, as shown in the
case of bioluminescence. Right column of the Fig. 9 shows
the side of the bleb facing the anode. Electrophoretic move-
ment towards the cathode is negligible, thus explaining the
pronounced peak of expression under the anode, observed in
experiments.

Gene transfection efficiencies of the three pulse protocols
used in experiments were evaluated in terms of the number of
plasmid DNA molecules inside the volume of reversible EP. Af-
ter the completion of the pulse delivery, the lowest number of
plasmid DNA molecules present inside the volume of reversible
EP was obtained in the case of HV pulse protocol (Table III),
which agrees with experiments. MV pulses, on the contrary,
achieve better transfection efficacy due to larger electrophoretic
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Fig. 9. Left column: Stratum corneum (red) with local conductive path-
ways (white) after the last pulse of (A) HV, (B) MV and (C) HV-MV
pulse protocols. The distribution of the size of local conductive pathways
beneath the electrodes is symmetrical. Right column: Electrophoretic
movement of EGFP (4.7 kbp) plasmid DNA through reversibly electropo-
rated volume of the skin tissue. Presented are trajectories of the plasmid
DNA movement due to nonuniform electric field resulting from (A) HV,
(B) MV, and (C) HV-MV pulse protocols inside the volume of reversible
EP. Gray ellipsoid represents the injected volume of plasmid DNA (bleb).
The colors of trajectories represent the distance of the plasmid DNA
from the surface of the bleb. The maximum electrophoretic distance by
MV pulse protocol is more than 100 μm meaning that plasmid DNA can
travel through dermis and reach the epidermis. As we can see from the
images, the majority of the volume where gene transfection is expected,
lies near the edges of local conductive pathways since irreversible EP
prevents successful transfection near the center of the local conductive
pathways. Represented is the side of the bleb facing the anode. Elec-
trophoretic movement in the opposite direction (toward the cathode) is
negligible.

distance. According to our numerical model, even better
transfection efficacy is expected from the combination of 4 HV
and 4 MV pulses, although plasmid DNA travels only about half
a distance compared to MV protocol. The use of HV pulses,
namely, results in larger volume of reversible EP, particularly
in combination with longer pulses, which cause larger thermal
expansion of local conductive pathways. However, with larger
local conductive pathways increases also the volume of irre-
versible EP, which prevents successful transfection. This dou-
ble effect is clearly visible from the Fig. 9, which presents the
movement of plasmid DNA through the volume of reversible
EP. Namely, in the region between the center of larger local
conductive pathways and the surface of the bleb, only initial
part of the movement is presented, meaning that only those
cells, lying near the surface of the bleb contribute to the trans-
fection efficacy. The difference in mobility of both plasmids due
to their different length has only minor effect on the expected
transfection efficacy.

IV. DISCUSSION

Optimizing pulse parameters for GET means finding a com-
promise between optimal electric field distribution, providing
sufficient volume of reversibly electroporated cells, optimal
plasmid DNA distribution and minimal tissue damage. In this
study, we examined the relative importance of electroporated
volume, electrophoresis, stress response and thermal damage
on transfection efficacy. For this purpose, we used biolumines-
cence imaging and numerical modelling in addition to measur-
ing the expression levels of two plasmids (coding for EGFP and
tdTomato) after GET with different pulse protocols.

Despite the advances in computer power and software tools,
skin EP remains challenging for numerical simulations. The
main reasons are very fine meshing due to complexity of the
skin structure and very fine time stepping, which is required to
catch the rapid changes in temperature distribution during the
pulse delivery. Therefore, we built only a 1 mm thick slice of
complete geometry. Namely, we had to reduce the number of
local conductive pathways, which make the simulations very
time consuming, especially in combination with the thermal
damage calculation. However, 1 mm thickness proved to be
sufficient to obtain accurate results, since further increase in
size did not affect the results. Thermal damage calculation was
not included in GET simulations, thus the reduction of geometry
was not necessary.

Numerical model shows the thermal expansion of individual
local conductive pathways, which depends on the local elec-
tric field. In addition to size, the distribution of local conduc-
tive pathways also affects EP of underlying layers and elec-
trophoretic movement of plasmid DNA. Better understanding
of local conductive pathway formation is, therefore, required
for improving the accuracy of simulations. We modelled local
conductive pathways as predefined structures, thus neglecting
any dynamics in local conductive pathway formation. Also, we
assumed a uniform distribution of local conductive pathways
across the part of the stratum corneum, exposed to high electric
fields (below the gel). Actual distribution of local conductive
pathways is probably not uniform, since their density depends
on the local electric field. Nevertheless, model is still able to
explain the transfection efficiencies of different pulse protocols.
Moreover, model enables visualization of the volume of cells
transfected with plasmid DNA. Therefore, model can be used
as a tool to optimize pulse parameters and site of administration
for targeted transfection of different skin layers. By regulating
the depth of transfection in the skin we can, namely, achieve
local or systemic action of gene and control the duration of gene
expression [3].

A. Bioluminescence (Stress Response to EP)

Bioluminescence imaging was performed in order to evaluate
the stress response to five different EP pulse protocols. All
tested pulse protocols resulted in similar, low bioluminescence
intensity. In order to explore the correlation between measured
bioluminescence and thermal stress, we employed numerical
modelling.
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The results of numerical simulations show that the volume
of cells, which are exposed to local hyperthermia and are not
irreversibly electroporated, is too small to explain the mea-
sured bioluminescence. This indicates that bioluminescence at
least partially results from the stress due to EP itself. How-
ever, considering the uncertainty in modelling assumptions and
relatively large number of parameters, we could not reliably
quantify the contribution of thermal and EP induced stress to
bioluminescence.

First, bioluminescence intensity is affected by the uncertainty
in EP threshold determination, especially the irreversible thresh-
old, which served as an indicator of cell death [50]. Another
source of uncertainty in numerical model results is the com-
plexity of heat shock response. Bioluminescence images were
acquired 6 hours after EP, since this time delay has been de-
termined as optimal for achieving maximum bioluminescence
intensity after long exposures to moderate temperatures [22]. In
our case, however, hyperthermia was achieved by short expo-
sures to high temperatures, which results in delayed biolumines-
cence peak. This delay was observed in vitro [51] as well as in
vivo [52]–[54] and depends on the severity of the thermal stress
and therefore on the time required to repair the damaged cell
mechanisms. Moreover, we have to keep in mind possible lim-
ited validity of Arrhenius parameters at high temperatures, since
regression analysis was performed in the temperature range from
41°C do 45°C. Nevertheless, the temperature rises above 60°C
are very limited. Also, these areas are usually too severely af-
fected by either thermal damage or irreversible EP to emit any
light. Moreover, pulse protocols used in irreversible electropo-
ration (IRE) where much higher voltages and number of pulses
are used than in our study, is still considered as a non-thermal
ablation method [55].

Finally, there is a limited knowledge on the cellular stress
due to EP itself, which in tissues may include anything from
heat induced stress to inflammation induced stress or even tem-
porary oxygen deprivation due to vascular lock induced by EP
[18], [56], [57]. Similar observation in terms of treatment (by
ultrasound) related stress was reported [51], showing increased
levels of HSP even below the thermal stress threshold, presum-
ably due to ultrasound treatment itself. Increased levels of HSP
were demonstrated also in the case of EP [19], [20], indicating
that the measured increased bioluminescence intensity after EP
is indeed due to HSP induction.

B. Gene Expression of Genes Introduced into the
Cells by EP

As suggested in the literature, short HV pulses alone are
mostly not suitable for GET to skin due to short electrophoretic
distance. Moreover, HV pulses primarily transfect the cells in
the superficial mouse skin layers, whereas the longer, low volt-
age pulses (MV in our case) promote transfection of deeper
skin layers [3], including the skin muscles that are present in
mouse skin. This is probably the reason why the difference in
the expression levels between HV pulses and HV-MV or MV
pulses was not as prominent on the first days after GET, but,
it was less efficacious when measured 14 days after GET. In

simulations, HV pulses proved to be efficient in combination
with MV pulses (also in the literature named LV - low voltage
pulses), which is in agreement with experimental observations.
Moreover, our simulations support the presumable role of HV
pulse as a permeabilizing pulse and MV pulse as electrophoretic
pulse. Despite the shorter electrophoretic distance and smaller
local conductive pathway sizes achieved by 4 MV pulses, the
HV-MV protocol proved to be more efficient than MV protocol
with twice as many MV pulses. This confirms the importance of
increasing the volume of reversible EP. The difference in elec-
troporated volume between MV and HV-MV protocols may be
even larger taking into account the higher local conductive path-
way density achieved by HV pulses, which was neglected in our
simulations.

The differences regarding unipolar and bipolar pulses cannot
be explained by our numerical model, since both parameters,
EP and electrophoresis, depend only on the norm of the electric
field. However, we can stipulate that the reason that a better
transfection efficacy of bipolar pulses which was shown previ-
ously in vitro [29], was not achieved, as was also reported for
in vivo experiments [30], may lie in different sizes of electropo-
rated areas on each side of the cell. The side of the cell facing
the anode is hyperpolarized, meaning it reaches the threshold
transmembrane potential for EP before the other side of the cell,
which is depolarized [58]. By increasing the electric field inten-
sity, the threshold is also reached at the other side of the cell, but
the area being electroporated is always smaller than the one on
the hyperpolarized side [59], [60]. When using unipolar pulses,
plasmid DNA encounters the depolarized side of the cell. The
bipolar pulses, on the other hand, enable the contact with the
larger electroporated area on the hyperpolarized side, therefore
improving the transfection efficacy. We have to keep in mind,
however, that changing the orientation of electric field can also
have a negative impact on the transfection efficacy. The action
of electrophoretic forces in the opposite direction can, namely,
lead to partial removal of the DNA from the cell membrane.
Due to this effect, unipolar pulses proved to be better choice
than bipolar at delays shorter than 100 μs between subsequent
pulses [11]. The lag between the electrophoretic MV pulse and
the next HV pulse, which is close to 1 s in our experiments, is
sufficient for formation of a stable plasmid-membrane complex,
but still enables a partial loss of DNA-cell membrane interac-
tions [11].

The low level of HSP induction after EP regardless of the
pulse parameters used show that although the cells exposed to
EP sense stress, it is at a very low level. Interestingly, although all
of the tested pulse parameters induced similar level of HSP ex-
pression, there were significant differences in their transfection
efficacy for plasmid DNA. Implying, that there is no connection
between the induced stress levels and transfection efficacy.

V. CONCLUSION

The application of electric pulses, commonly used for GET to
skin, results in the low level of HSP induction. This indicates that
surviving cells experience low level of thermal and EP induced
stress. According to the model, both types of stress (thermal and
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EP induced) contribute to HSP induction, since thermal stress
alone is not sufficient to explain the measurements. Namely,
the volume of cells experiencing thermal stress largely overlaps
with the volume of irreversible EP, which prevents HSP expres-
sion. In contrast to similar levels of HSP expression, induced by
all tested electric pulse protocols, significant differences were
observed in transfection efficiencies. As expected, the combina-
tion of HV and MV pulses achieved higher levels of expression
compared to MV and HV electric pulse alone. However, deeper
understanding of the processes involved in EP mediated gene
delivery is required to further improve the efficacy of GET.
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