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Abstract

Electropermeabilization is a nonviral method used to transfer genes into living cells. Up to now, the mechanism is still to be elucidated.

Since cell permeabilization, a prerequired for gene transfection, is triggerred by electric field, its characteristics should depend on its vectorial

properties. The present investigation addresses the effect of pulse polarity and orientation on membrane permeabilization and gene delivery

by electric pulses applied to cultured mammalian cells. This has been directly observed at the single-cell level by using digitized fluorescence

microscopy. While cell permeabilization is only slightly affected by reversing the polarity of the electric pulses or by changing the orientation

of pulses, transfection level increases are observed. These last effects are due to an increase in the cell membrane area where DNA interacts.

Fluorescently labelled plasmids only interact with the electropermeabilized side of the cell facing the cathode. The plasmid interaction with

the electropermeabilized cell surface is stable and is not affected by pulses of reversed polarities. Under such conditions, DNA interacts with

the two sites of the cell facing the two electrodes. When changing both the pulse polarity and their direction, DNA interacts with the whole

membrane cell surface. This is associated with a huge increase in gene expression. This present study demonstrates the relationship between

the DNA/membrane surface interaction and the gene transfer efficiency, and it allows to define the experimental conditions to optimize the

yield of transfection of mammalian cells.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Viral vectors are considered to be the most efficient

method for gene transfer, but they are often associated to

host inflammatory and immune responses [1]. Nonviral

methods of gene delivery have therefore been investigated

for years. Among them, a physical method, electropermea-

bilization, also named electroporation (for review, see Ref.

[2]), based on the delivery of electric pulses to cells, has

been developed in the early 1980s [3]. Since then, electro-

permeabilization has been used with increasing popularity

for introducing a large variety of molecules into cells [4,5].
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For the last 10 years, medical applications of this method

have been successfully introduced for enhanced antitumoral

drug delivery to patients, a method called electrochemo-

therapy [6], and for in vivo transfer of genes into the skin,

liver, melanoma and skeletal muscle cells, a method called

electrogenetherapy [6–11].

Molecular mechanisms are still largely unknown. For-

mation of aqueous pores was proposed to be the basis of

electropermeabilization [12]. Many groups have reported

data about the mechanisms of electrically induced perme-

abilization and gene transfer [13–17]. Indeed, several

models have been proposed in the case of mammalian cells

where the plasmid crosses the membrane (1) due to the

existence of long-lived belectroporesQ [3,16,17], (2) even-

tually after a binding step at the cell surface and then

diffusion through the belectroporesQ [16], (3) during
ta 1665 (2004) 92–100
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delivery of the electric pulses due to electrophoretic forces

associated with the external field [13,18], or (4) by

adsorption by sphingosine/DNA interactions, insertion and

passage of DNA through a hydrophilic percolated porous

zone [14].

Our experimental data led to the conclusion that milli-

second electric pulses induced an interaction between the

electropermeabilized membrane and the plasmid which is

electrophoretically pushed against the cell surface. This

allowed the insertion of the plasmid DNA, which crossed

the membrane during the minutes following pulsation

[19,20]. We recently demonstrated this working model by

visualizing at the single-cell level the first steps of DNA

transfer induced by electric pulses [20]. Permeabilization

occurs at the sides of the cell membrane facing the two

electrodes under electrical conditions optimized for gene

transfer. At the opposite, DNA molecules only interact with

the electropermeabilized side of the cell facing the cathode

where they are trapped in microdomains. Thus, although

membrane permeabilization occurs at the two sides of the

cell, only one side is competentQ for gene transfer. Any

increase in the bcompetentQ area of the cell membrane where

DNA interacts should increase gene transfer and expression

level [19].

The aim of the present study was to go further into the

description of the mechanism of gene transfer by electric

pulses. For this purpose, our strategy consisted on increas-

ing the surface of interaction of the DNAwith membrane by

changing the pulse polarity and the pulse direction. We

therefore investigated their consequences on plasma mem-

brane permeabilization, DNA/membrane interaction and

gene expression.
2. Materials and methods

2.1. Cells

Chinese hamster ovary (CHO) cells were used. The WTT

clone was selected for its ability to grow in suspension or

plated. They were grown in suspension in MEM medium as

previously described [21]. Their ability to grow on a support

after being maintained in suspension is direct evidence of

their viability.

2.2. DNA staining

A 4.7-kb plasmid, pEGFP-C1 (Clonetech, Palo Alto,

CA), carrying the gene of the Green Fluorescent Protein

under control of the CMV promoter, was stained stoichio-

metrically with the DNA intercalating thiazole orange

homodimer dye TOTO-1 (Molecular Probes, Eugene, OR)

during 60 min on ice at a base pair to dye ratio of 5 [22].

Plasmid was prepared from transformed E. coli by using

Maxiprep DNA purification system according to manufac-

turer instructions (Qiagen, Chatsworth, CA).
2.3. Electropulsation apparatus

Electropulsation was operated by using a CNRS cell

electropulsator (Jouan, St Herblain, France) which deliv-

ered square-wave electric pulses. An oscilloscope (Enertec,

St. Etienne, France) monitored pulse shapes. A homemade

polarity inverter gave inversion of the polarity between

each pulse. Electrodes were connected to the voltage

generator.

For electropermeabilization and gene transfer, the

electropulsation chamber was designed using stainless

steel parallel plates electrodes (10-mm length, 10-mm

width) brought on contact on plastic coverslip (Therma-

nox, Nunc). For microscopy observations, the electro-

pulsation chamber was designed using two stainless steel

parallel rods (0.5-mm diameter, 10-mm length, 7-mm

width) put on a microscope glass coverslip chamber

(Labteck II system).

2.4. Electropermeabilization

Cells were cultured on plastic coverslip (13-mm

diameter, Thermanox, Nunc) put in 24-well chamber at

105 cells per well (i.e., 2 cm2) 24 h before electropulsation.

At the time of the experiment, the coverslip was trans-

ferred to a new well. Permeabilization of cells was

performed by delivery of long electric pulses required to

transfer genes and to load macromolecules into cells

[23,24]. Culture medium was removed and replaced by

1-ml pulsing buffer (10 mM phosphate, 1 mM MgCl2, 250

mM sucrose, pH 7.4). Penetration of propidium iodide

(100 AM) in pulsing buffer was used to monitor

permeabilization. Eight pulses lasting 5 ms at a frequency

of 1 Hz were applied at a given electric field intensity at

room temperature. Five minutes after pulses delivery,

membrane resealing has occurred and cells were trypsi-

nized and analysed by flow cytometry (Becton Dickinson

FACScan) to determine both the percentage of permeabi-

lized cells (i.e., the percentage of fluorescent cells) and its

efficiency (i.e., the level of fluorescence associated with

this permeabilization).

2.5. Electrotransfection

Cells (105) were grown on 13-mm plastic coverslip

(Thermanox, Nunc, Polylabo). pEGFP-C1 plasmid con-

taining pulsing buffer was used. For each condition, 4 Ag
of plasmid was used. Eight pulses lasting 5 ms at a

frequency of 1 Hz were applied at a given electric field

intensity at room temperature. Then, cells were incubated

for 10 min at 30 8C. They were cultured in 24-well

chambers with 1.5 ml of culture medium for 24 h at 37

8C in a 5% CO2 incubator. Only plated cells (i.e., viable

cells) were taken into account in the assay. Cells were

harvested by trypsinization and analysed by flow cytom-

etry to evaluate both the percentage of transfection (i.e.,



Fig. 1. Schema of the 4-pulse sequences defined as Normal, Crossed,

Inverted and Crossed-Inverted conditions. Eight pulses lasting 5 ms at a

frequency of 1 Hz were applied for different values of electric field. (A)

Normal condition (a train of 8 unipolar pulses), (B) Inverted condition (a

train of 8 oppositely oriented pulses), (C) Crossed condition (a train of 4

unipolar pulses followed by 908 rotation by a train of 4 unipolar pulses) and
(D) Crossed-Inverted condition (a train of 4 oppositely oriented pulses

followed by a train of 4 oppositely oriented pulses).
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percentage of GFP-expressing cells) and the gene expres-

sion (i.e., mean level of fluorescence associated with this

transfection).

2.6. Cell viability

Cell viability was determined by the ability of cells to

grow and divide over a 24-h period as previously

described. Cells were pulsed, kept for 10 min at 30 8C
and then grown in Petri dishes after adding 1 ml of culture

medium for 24 h at 37 8C in a 5% CO2 incubator. Viability

was measured by monitoring cells growth through a

coloration method [25].

2.7. Microscopy

Cells were seeded in Labteck II chambered coverglass

system (Nunc, Naperville, Il) 30 min before the experiment

in order to keep them spherical but attached to the support.

The chamber was placed on the stage of an inverted

digitized microscope (Leica DMIRB, Wetzlar, Germany).

Cells were observed with a Leica 100�, 1.3 NA oil

immersion objective. The wavelengths were selected by

using the Leica L4 filter block for the TOTO-1 labeled

DNA and the Leica M2 filter block for the PI labelled

cells. Images were recorded with the CELLscan System

from Scanalytics (Billerica, MA) equipped with a Photo-

metrics cooled CCD camera (12-bit grey levels) (Princeton

Instrument, Inc.). Analysis of gene transfer and profiles of

intensity were obtained by fluorescence microscopy imag-

ing using cellview software.
3. Results

We compared the effect of four different trains of 8

rectangular electrical pulses lasting 5 ms delivered in

intervals of 1 s and sketched in Fig. 1: (i) a train of 8

unipolar pulses (normal condition, Fig. 1A), (ii) a train of 8

oppositely oriented pulses (inverted condition, Fig. 1B), (iii)

a train of 4 unipolar pulses followed by a train of 4 unipolar

pulses applied after rotation of the electrodes of 908 (crossed
condition, Fig. 1C), and (iv) a train of 4 oppositely oriented

pulses followed by a train of 4 oppositely oriented pulses

applied after rotation of the electrodes of 908 (crossed-

inverted condition, Fig. 1D). Adherent cells were used in

order to avoid any artefact due to cell rotation during pulses

delivery.

3.1. Cell permeabilization under electrotransfection

conditions

Under such electric pulse conditions, cell viability was

affected by increasing electric field intensity, but with no

significant difference between each condition (data not

shown).
Permeabilization was quantified by monitoring the

penetration of PI into cells. Eight pulses lasting 5 ms

were then applied under 4-pulse sequences corresponding

to normal, inverted, crossed, and crossed-inverted con-

ditions. Due to the difference in geometry between

electrodes (square area) and plastic coverslip (circle area),

only 80% of the cellular population on the coverslip were

submitted to electric pulses. As shown in Fig. 2A, up to

80% of the cells were permeabilized under normal

conditions whatever the electric field intensity when above

0.4 kV/cm. This percentage was not statistically affected

by changing the polarity and orientation of the electric

pulses in terms of percentage but the highest increase in

amount of dye uptake was observed for crossed-inverted

condition (Fig. 2B).

3.2. Visualization of permeabilization

The direct visualization of permeabilization was per-

formed at the single-cell level within the seconds following

delivery of electric pulses [20]. Permeabilization was

observed at the sides of the cell membrane facing the two

electrodes as shown by PI entrance into cytoplasm (Fig.

3A,B,E and F). Ten seconds after the pulsation PI had

diffused across the cytoplasm. In all conditions, less than 1

min after electrical pulses, staining of the nucleus of the

permeabilized cells by PI was observed (data not shown).

The observation of early events in crossed condition was

therefore prohibited due to technical time necessary for

electrode rotation.



Fig. 4. Effect of electric field intensity and vectoriality on CHO cell gene

expression. (A) Percentage of electrotransfected cells. (B) Associated mean

fluorescence level of GFP expressing cells. Eight pulses of 5-ms duration, 1

Hz, were applied to plated cells in pulsing buffer for the 4-pulse sequences:

Normal (o), Crossed (E), Inverted (x), Crossed-Inverted (n). GFP

expression was detected 24 h after electric treatment by flow cytometry.

Fig. 2. Effect of electric field intensity and vectoriality on CHO cell

permeabilization. (A) Percentage of permeabilized cells. (B) Fluorescence

intensity associated with the permeabilization. Eight pulses of 5-ms duration,

1 Hz, were applied to plated cells in pulsing buffer for the 4-pulse sequences:

Normal (o), Crossed (E), Inverted (x), Crossed-Inverted (n). Permeabi-

lization was quantified by propidium iodide entrance by flow cytometry.
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Under normal condition, the fluorescence intensity

profile showed that the fluorescence associated with the

permeabilized site facing the anode was always higher than

the fluorescence intensity facing the cathode (Fig. 3C and

D). This asymmetric permeabilization at the two sites of cell
Fig. 3. Fluorescence profiles of permeabilized areas. Cells were incubated in the pr

5-ms duration, 1 Hz, at 0.8 kV/cm were applied to cells for the 2-pulse sequences

E). Fluorescence images 1 s after pulsation (B, F). The time exposure of the came

highlighted by the white line (B, F). Fluorescence intensity radial profile along do

delivery (C, D, G, H). Thick lines represent the fluorescence intensity 1 s after elec

the direction of the electric field (B, D). (a.u., arbitrary units).
membrane facing the electrodes was no more observed

when pulse polarity was changed. In that case, permeabi-

lization was symmetric (Fig. 3G and H).
esence of 100 AM of propidium iodide in the pulsing buffer. Eight pulses of

: Normal (A, B), Inverted (E, F). Light contrast images before pulsation (A,

ra was set at 0.1 s. Fluorescence intensity profile along the cell membrane

tted lines (B, F). Thin lines represent the fluorescence detected before pulse

tropulsation (C, D, G, H). The black arrow on the top of the figure indicates
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3.3. Cell electrotransfection

Transfection was quantified by GFP expression 24 h after

cell electropulsation. No transfected cell was detected in the

absence of electric pulses or in the absence of DNA. For the

four conditions, electrotransfection was only detected for

electric field values leading to permeabilization (Fig. 4A

and B). Transfection threshold values were equal to 0.2 kV/

cm, as obtained for cell permeabilization.

Transfection percentage up to 20% was obtained under

normal conditions; this percentage decreased by increasing

electric field intensities above 0.6 kV/cm, a phenomenon

associated to a marked loss in cell viability. For optimal

electric field intensity (0.4 kV/cm), no change in trans-

fection percentage was noticed in crossed condition.

Inverted condition led to a significant increase in trans-

fection: up to 40% of cells expressed the reporter gene.

Under crossed-inverted electric pulse condition, the per-

centage of transfected cells reached 60% (Fig. 4A).

These increases in transfection percentage were corre-

lated with gene expression. Taking normal condition as

reference, a twofold increase in inverted and crossed
Fig. 5. Fluorescence microscopy observation of the DNA-membrane interaction are

C1) in the pulsing buffer. Eight pulses of 5-ms duration, 1 Hz, at 0.6 kV/cm were a

F), Crossed-Inverted (I, J). The time exposure of the camera was set at 1 s. Light c

pulsation (B, F, J). Labelled DNA interacted with permeabilized area of the membr

of the electric field. Fluorescence intensity profiles at the membrane level associ

membrane highlighted by the white lines in B, F, J, respectively. Fluorescence in

respectively. Thin lines represent the fluorescence detected before pulse delivery.

arbitrary units).
conditions was observed, while a three-time increase in

fluorescence was observed for crossed-inverted condition

(Fig. 4B).

3.4. Videomicroscopy analysis of DNA/membrane

interaction

Direct visualization of DNA interaction with membrane,

i.e., of the first step of gene transfer, was performed at the

single-cell level by using fluorescent labelled plasmid DNA.

Cells immersed in the labelled DNA in solution appeared in

black (data not shown). No fluorescence due to spontaneous

adsorption of DNA to the plasma membrane was detected as

already described [20]. When electric pulses higher than the

values required to permeabilize cells were applied, spots

appeared at the membrane level, and were strictly only

present on the side of the cell facing the cathode (Fig. 5A

and B). This vectoriality in DNA/membrane interaction was

one of the main differences with entrance of small-sized

molecules, which took place on the sides of the cell facing

the two electrodes, and mainly at the anode facing one.

Under inverted condition, a symmetrical fluorescence
as. Cells were incubated in the presence of TOTO-1-labelled DNA (pEGFP-

pplied to plated cells for three pulses sequences: Normal (A, B), Inverted (E,

ontrast image before pulsation (A, E, I). Fluorescence images 30 s after the

ane facing the cathode. The black arrow on the figure indicates the direction

ated. Fluorescence intensity profiles (C, G, K) are analysed along the cell

tensity radial profiles (D, H, L) are analysed along dotted lines in B, F, J,

Thick lines represent the fluorescence intensity after electropulsation. (a.u.,
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increase was observed on both sides of the cell facing the

electrodes (Fig. 5E and F). Moreover, under crossed-

inverted condition, DNA was observed all around the

permeabilized cell membrane (Fig. 5I and J). Whatever

the conditions, DNA always appeared as spots at the

membrane.

In Fig. 5 (C, D, G, H, K and L), fluorescence intensity

profiles were measured at the cell membrane level before

and after electric pulse delivery. Before electropulsation, the

basal fluorescence level was the same all around the

membrane (full line). One second after electropulsation,

fluorescence sharply increased. The quantitative analysis

showed that fluorescence was clearly not homogeneous but

present as bspotsQ for all conditions. These DNA-interacting
zones were present in front of the cathode under normal

electric pulses delivery (Fig. 5C and D), facing the two-

electrode sites when pulse polarity was changed (Fig. 5G

and H) and all around the cell when change of pulses

direction was combined with inversion of pulse polarity

(Fig. 5K and L).
Fig. 6. Model of mammalian cell competent areas for permeabilization and

gene transfer. Cartoon of the permeabilized membrane area (I) and the

DNA/membrane interaction region (II) according to the four-pulse

sequences: normal condition (a), inverted condition (b), crossed condition

(c), crossed-inverted condition (d). Black areas indicate regions where

permeabilization occurred. Dotted areas indicate region where DNA

interacted with permeabilized membrane.
4. Discussion

The aim of the present work was to study the

relationship between electrically mediated membrane per-

meabilization and gene transfer. Our hypothesis was that

any increase in permeabilized membrane area should

increase gene expression. Experimental evidence has been

obtained by increasing the electric field strength. This was

first observed on cell population [19] and then confirmed

by a direct visualization of the phenomenon at the single

cell level [20]. However, in this approach, the DNA

electrophoretic drag was concomitantly affected, as it was

directly proportional to electric field strength. Our new

strategy consisted on using electric pulse conditions

leading DNA to interact with different sites of the

electropermeabilized plasma membrane with no difference

in the number and strength of electric field. For this

purpose, pulses with different polarity and direction were

applied at given electric field intensities. Consequences

were then analyzed both at the single-cell and population

levels in order to, respectively, get access to the first steps

in gene transfer, i.e., DNA/membrane interaction, and to

the long-term one, i.e., gene expression.

The transmembrane potential difference U is the sum

between the resting value of cell membrane Uo and the

electroinduced value UM.

UM ¼ � Du Mð Þ ¼ f g kð ÞrEcosh ð1Þ

in which f is a shape factor, g(k) designates a complex

function of the specific conductivities of the membrane, the

pulsing buffer and the cytoplasm, r is the radius of the cell,

E the field intensity and h the angle between the direction of

the field and the normal to the membrane at point M on the

cell surface.
For mammalian cells, the resting potential of the cell

membrane is negative with respect to the cell exterior.

Consequently, when the field is applied, values of the

resulting transmembrane potential are higher at the pole

facing the positive electrode than at the pole facing the

negative one. This results in the asymmetry of electro-

permeabilization [26–29]. Under unipolar conditions (Fig.

3B), permeabilization was actually detected at the cell

membrane sides facing the two electrodes, the permeabi-

lized membrane area facing the anode being always higher

than the one facing the cathode. Bipolar pulses counter-

balanced this asymmetry and increased the permeabilized

membrane area (Fig. 3F). Visualisation of permeabilization

in crossed and crossed-inverted conditions was not techni-

cally possible. Permeabilized membrane areas in these

conditions are cartooned in Fig. 6.

Eq. (1) predicts that cell permeabilization by electric

pulses is not only a function of electric field intensity and

cell size but also of cell shape and orientation. This has to be

taken into account when working with adherent ellipsoidal

cells. Any change in these parameters should be associated

with changes in permeabilization. Previous mathematical

simulations have calculated both numerically and analyti-

cally the induced transmembrane potential for different cell

orientations. This potential decreased from its maximum

value, when the longest axis of the cell was parallel to the

electric field, to its minimum value when the longest axis of

the cell was perpendicular to the electric field [30–32]. In

our work, we analyzed experimentally the effects on a cell

population with a random orientation distribution. Con-

sequently, the pulse strength required to permeabilize 80%

of cells (EC80) appeared unchanged according to pulse

polarity and direction (Fig. 2A). Kotnik et al. [33,34]

showed that pulse strengths were lowered when using

bipolar short pulses. Under our conditions, longer pulses

were used, bringing a sharp increase in the percentage of

permeabilized cells above 0.2 kV/cm. Otherwise, above 0.4

kV/cm, the percentage of permeabilized cells was not

statistically affected by changing pulse polarity and ori-
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entation (Fig. 2A). As under normal conditions, it reached

its maximal value, any possible positive effects of changes

in pulse polarity and direction should not have been

detected. A significant 50% increase in the amount of dye

uptake was observed for inverted and crossed conditions

while it reached 150% for crossed-inverted conditions, both

with respect to normal conditions (Fig. 2B).

Square-waved pulses led to a homogeneous long-lived

and local permeabilization. Dye inflow, U, occurred mostly

after the pulses driven by the transmembrane concentration

gradient and was therefore proportional to the permeabilized

area. In the case of a sphere, it was proportional to:

U ¼ kAt 1� Es=Eð Þ ð2Þ

in which k is a constant depending on E, At the total cell

surface, Es the threshold value below which no permeabi-

lization occurs [35]. Increasing the permeabilized membrane

area increased the exchange of small molecules across the

membrane [28,35]. In the present study, permeabilization as

well as transfection experiments were done on adherent

CHO cells, i.e., ellipsoidal cells with a random orientation.

According to previous results [32], we have calculated and

compared permeabilized membrane areas of ellipsoidal and

spherical cells (Table 1). The conclusion is that electric

pulses permeabilized the same membrane area of ellipsoidal

and spherical cells. We have done further calculations on

spherical cells. Modifying pulse polarity and direction

increases the permeabilized membrane area and thus should

bring an increase in dye influx as observed. Relationship

between electric field intensity and the cap angle hp of the

cell membrane permeabilized area is:

jcoshj ¼ Es=E ð3Þ

with Es less than 0.2 kV/cm and h larger than 458; E is

above 0.28 kV/cm. So in all conditions tested (EN0.3 kV/
Table 1

Comparison between the percentages of permeabilized cell area of

ellipsoidal and spherical cells for different electric field intensities

Electric field

(V/cm)

300 350 400 450 500 550 600

Dfc (a=08) (%) 12 23 30 38 45 48 53

Dfc (a=908) (%) 0 4 13 26 34 41 47

Dfc mean (%) 6 13.5 21.5 32 39.5 44.5 50

Dfs (%) 0 14 25 33 40 45 50

Dfc: cell area above the critical transmembrane potential for electro-

permeabilization for a prolate spheroid with q=10/5 (corresponding to

ellipsoidal cells), a resting transmembrane potential Dfo=�50 mV (from

Valic et al., [32]).

a=08: angle of orientation between the symmetry axis of the spheroid and

the external electric field.

a=908: angle of orientation between the symmetry axis of the spheroid and

the external electric field.

Dfc mean: average between Dfc (a=08) and Dfc (a=908).
Dfs: cell area above the critical transmembrane potential for electro-

permeabilization for a spherical cell. With Dfs=1�Es/E, threshold of

permeabilization Es=0.2 kV/cm (from Valic et al. [32]).
cm), there is an overlap and not a strict additivity between

permeabilized areas triggered in crossed and crossed-

inverted conditions (Fig. 6). Consequently, the permeabi-

lized membrane area and, as such, permeabilization

efficiency were less than two times higher in crossed

conditions and less than four times higher in crossed-

inverted conditions than in normal ones as observed.

While, under unipolar electric pulses, permeabilization

was observed on both cell sides, DNA/membrane interact-

ing zones were only present in front of the cathode (Fig.

5B). This confirms previous results showing that DNA

interacts only with the electropermeabilized membrane area

facing the negative electrode [20]. When pulse polarity

was changed, DNA molecules interacted in the zones

facing the two electrodes (Fig. 5F). Interaction was

observed all around the cell when change of pulses

direction was combined with inversion of pulse polarity

(Fig. 5J). These results actually show that increasing the

permeabilized membrane area, mainly by changing pulses

direction, and the DNA interacting zones, by changing

pulse polarity, led to a sharp increase in DNA/membrane

interaction (Fig. 6).

At optimal electric field intensity, i.e., 0.4 kV/cm, 20% of

cells were transfected by unipolar pulses. No change in

transfection percentage was noticed in crossed condition.

Inverted condition led to a significant increase in trans-

fection, up to 40% of cells expressing the reporter gene.

Under crossed-inverted electric pulse condition, the per-

centage of transfected cells reached 60% (Fig. 4A). This

increase in transfection percentage was correlated with an

increase in gene expression. Taking normal condition as

reference, a two-time increase in inverted and crossed

conditions was observed, while a three-time increase in

fluorescence was observed for crossed-inverted condition

(Fig. 4B). In our previous study, increase in transfection

obtained by increasing field intensities was linearly related

to the extent of permeabilized cell surface, as long as the

viability of the cell population was not strongly affected

[19]. Changing pulse polarity and orientation increases

permeabilized membrane area and DNA/membrane inter-

acting zones, and, consequently, can explain the increase in

gene expression (Fig. 6).

By using 60-kHz square-waved train pulses, an increase

in gene expression was observed by changing the pulse

polarity [36]. DNA electrophoresis was reported to have a

key role for DNA transfer [18,37]. Increasing electric field

intensity had a contribution both on the permeabilized

membrane area and on the electrophoretic migration of the

plasmid towards the permeabilized membrane [19]. In our

study, performed at given electric field strengths and

duration, DNA, brought in contact to the cell surface

resulting from electrophoretic migration, should be

unchanged by pulse polarity and direction. Increasing pulse

number has been reported to increase gene expression up to

a plateau value [23]. An eventual saturating effect in

unipolar conditions by applying 8 pulses could therefore
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explain the positive effects of the modification of pulse

polarity and orientation on gene expression.

In conclusion, our results obtained both at the single-cell

and population levels support our conclusions that there is a

fair agreement between the increase in permeabilized

membrane area and the improvement in permeabilization

and gene expression. Clearly, a multidirectional electro-

pulsation protocol should provide a great advantage for

membrane permeabilization and gene transfer. This has

successfully been used for electrofusion experiments where

contact between permeabilized areas is a critical factor for

fusion and yield [38], and in electrochemotherapy to

compensate in vivo electric field inhomogeneity and non-

spherical cells shape deviations [39]. It should be of great

interest for in vivo gene transfer where the efficiency is

always lower than in in vitro experiment. Interstitial

transport of DNA is a crucial step in gene therapy due to

contacts between cells [40]. One may propose that inverted

or changing the orientation of the pulses could increase gene

transfer and therefore expression by the increase of plasmid

DNA diffusion in the tissue. This has been indeed recently

applied in muscles [41,42].
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