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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 Hspalb-LucF (+/+)
Hspalb-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.

|. INTRODUCTION

KIN is an attractive target tissue for gene transfer due to
Sits 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
(Hspalb), 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.

Il. 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 Hspalb-LucF
(+/+) Hspalb-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 |
PULSE PROTOCOLS USED IN EXPERIMENTS

Electric pulse Voltage Duration of Frequency
protocol [V] pulses [ms] [Hz]

HV 400 8x0.1 1

EGT 240 8§ x5 1

MV 100 8x20 1
HV+MV unipolar* 400+ 100 | 4 x0.1;4 x20 I;1
HV+MV bipolar*

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 MgCl, and CaCl, to a final concentration of
30 mg/mL, filtered through a 0.2 um 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
H,O 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 (stech-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 uL of phosphate buffered saline (PBS,
Gibco) or plasmid DNA (tdTomato or EGFP, 25 19 (1 pg/puL))
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 Hspalb-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 uL 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: 16hit, 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 (ROl 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: Invivo 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 F1JI software
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TABLE Il
DEFINITION OF SKIN MODEL: GEOMETRY, ELECTRICAL,
AND THERMAL PROPERTIES

Thickn | Electrical Density Thermal Heat

ess conductivit | [kg/m’] conductiv | capacity

[um] y [S/m] ity [I/kgK]

[W/mK]

Local 5 0.1 1400 0.2 3600
conductive
pathways
Stratum 5 0.0001 1400 0.2 3600
Corneum
Epidermis 15 02-0.8*% 1200 0.24 3600
Dermis 200 02-0.8*% 1200 0.45 3300
Adipose 150 0.05-0.2% 900 0.19 2400
tissue
Muscle 90 0.5 1040 0.5 3350
tissue
Subcutane- | 2000 0.05 900 0.19 2400
ous tissue

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 I1). 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 ym. 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/mm? and 8/mm?, which lie near the low and
the high end of the range of reported local conductive pathway
densities (3-9/mm?) 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 pm) and
the thin layer of the stratum corneum (5 pm) 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/mm?.
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 mm?, 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/mm?.

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:

(0 (B) ¢), (1)

where o 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 (o = 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:

orT _
Por ~

where p and ¢ are mass density and specific heat capacity of
the material, respectively, T is the temperature and % 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/(m?K). 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 mm? 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/mm?.

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 5ms (EGT protocol) and 20 ms pulses (MV protocol) to 1.8-
and 2.5-times lower values, respectively, according to Pucihar

(k T)+ o] ¢f, @)
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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 us 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, itisatavery 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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