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Membrane electropermeabilization relies on the transient permeabilization of the plasma membrane of cells
submitted to electric pulses. Thismethod iswidely used in cell biology andmedicine due to its efficiency to trans-
fer molecules while limiting loss of cell viability. However, very little is known about the consequences of mem-
brane electropermeabilization at the molecular and cellular levels. Progress in the knowledge of the involved
mechanisms is a biophysical challenge. As a transient loss of membrane cohesion is associated with membrane
permeabilization, ourmain objectivewas to detect and visualize at the single-cell level the incidence of phospho-
lipid scrambling and changes inmembrane order.Weperformed studies using fluorescencemicroscopywith C6-
NBD-PC and FM1-43 to monitor phospholipid scrambling and membrane order of mammalian cells. Millisecond
permeabilizing pulses induced membrane disorganization by increasing the translocation of phosphatidylcho-
lines according to an ATP-independent process. The pulses induced the formation of long-lived permeant struc-
tures that were present during membrane resealing, but were not associated with phosphatidylcholine
internalization. These pulses resulted in a rapid phospholipid flip/flop within less than 1 s and were exclusively
restricted to the regions of the permeabilized membrane. Under such electrical conditions, phosphatidylserine
externalizationwas not detected.Moreover, this electrically-mediatedmembrane disorganizationwas not corre-
lated with loss of cell viability. Our results could support the existence of direct interactions between the move-
ment of membrane zwitterionic phospholipids and the electric field.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

For more than 20 years, the main goal in the development of
drug delivery methods has been to increase the effectiveness of
existing methods without harming tissue. Among these methods,
electropermeabilization has received increasing attention as routine
practice for drug delivery in cell biology [1,2] and in medicine [3,4].
This method consists in the controlled application of millisecond long
pulsed electric fields (msPEF) on cells in order to transiently increase
their native membrane permeability [5]. The main effect of the applica-
tion of electric fields on cells is the modulation of their transmembrane
potential difference (ΔΨm) through the occurrence of a strong field
effect across the membrane (i.e., 0.05 V/nm for a 5 nm layer) [6]. This
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modulation across the cell membrane leads to an asymmetric field dis-
tribution [7,8]. Indeed, when the field is applied, ΔΨm values are higher
at the pole facing the positive electrode than at the pole facing the neg-
ative one. Under msPEFs [9], permeabilization was detected in the
membrane caps facing the two electrodes [10], with membrane perme-
abilization facing the anode affecting a larger proportion of the mem-
brane than that facing the cathode. These transient and permeant
structures are created only in membrane regions facing the electrodes
[11,12].

Despite the use of electropermeabilization, there is still a lack
of knowledge about structural and dynamic changes induced by
the electric field pulse on the plasma membrane [5]. In addition to
changes in the electrical conductance and membrane permeability
(for review [5]), the main structural membrane alterations of the
electropermeabilized mammalian cells are indeed villi and bleb forma-
tion [13–15], as well as loss of the membrane asymmetry [16–19].
However, even though the former alterations are reversible and not
associated with a loss of cell viability, the latter are permanent and cor-
related with cell death. The effect of electropermeabilization on
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membrane asymmetry has only been addressed in erythrocytes
[16–19]. Erythrocyte electropermeabilization was described as a two-
step process composed of a rapid membrane permeabilization step
leading to ion exchange, followed by a dramatic osmotic swelling a
few seconds after electropermeabilization. Swelling was accompanied
by “crater” formation sustaining hemoglobin leakage that leads to
changes in the size and shape of erythrocytes [16,18]. This hemolysis re-
sulted in the formation of ghost cells. Since these ghost cells were both
lysed and dead cells, the effect of electropermeabilization on cell viabil-
ity could not be evaluated. In these studies, electropermeabilization
was correlatedwith an increase in transversemobility of phospholipids,
leading to a perturbation of phospholipid asymmetry [16,19]. Under
their experimental conditions, this loss in asymmetry was an irrevers-
ible process only correlated with osmotic swelling after electro-
permeabilization [17,19,20]. Even if erythrocytes are readily used as a
simple and convenientway to study biological processes, they have sev-
eral limits in addressing some basic or applied issues on gene and drug
delivery using electropermeabilization. Indeed, erythrocytes have no
nucleus, harbor a bi-dimensional actin/spectrin cytoskeleton and are
rather different fromothermammalian cells. Moreover, no direct obser-
vations of what occurred at the plasma membrane level were available
and no direct correlations between the phospholipid flip/flop sites and
the permeabilized sites could be obtained.

To date, themolecular organization of themembrane during perme-
abilization still remains unknown [21]. Although some molecular dy-
namic simulations report the formation of non-polar “pores” in octane
and phospholipid bilayers [22,23], a vectorial effect from the transmem-
brane field on the interfacial dipoles appears to be present [24,25]. The
torque (consequence of the electric field on a dipole) creates an oppos-
ing directional movement on both sides of the membrane. On one side,
the dipole is pulled in an erected configuration, while on the other it is
pushed towards the membrane. The transmembrane directions of the
electric field are the opposite on the two cell caps [26]. This results in
an erected configuration on the outer layer of one cap, and in an embed-
ded configuration on the other cap. In the case of lipid assemblies, the
first targets of the field are the charged species present in the
proteolipidic membrane. The lipid head group orientation is affected
during the electric field application [27]. This appears to be one of the
steps triggering the electropulsation process [28]. In the case of mam-
malian cells, this tilt in the polar head orientation remains present
after the pulse as long as the cells are permeabilized [29]. Molecular dy-
namic simulation of electropermeabilization kinetics showed that this
tilt could be induced with high electric fields [21,30]. The relaxation
time for this reorientation is in the order of microseconds, but in
in vivo membranes this would be even slower [31–33]. Indeed, it was
found that proteins have a stabilizing effect on phospholipid bilayers
in a simulation showing decreased typical “pore” formation times in a
protein-free membranes versus a gramicidin–lipid system [34]. This
simulation study appeared to show that low external fields affect the di-
pole orientation much slower than compared to the case when a strong
field is applied.

An electric field-induced asymmetry in lipid dipole distribution is
present between the two lipid leaflets. However, the kinetics of the di-
pole orientation will not be the same on both sides of the cell. Indeed,
this is observed when cells are exposed to nanosecond pulsed electric
fields (nsPEF) almost five times the voltage level generally required for
msPEF (ΔΨm value at the anodic pole cell reaching values of 1.6 V after
15 ns). The ΔΨm value on the side facing the cathode reached values of
0.6 V in the same time period, indicating a strong asymmetry in conduc-
tionmechanisms in themembranes of the twoopposite cell hemispheres
[35]. Molecular simulations showed that with application of nsPEFs, the
phosphatidylcholine (PC) dipoles on the outer layer at the anode side be-
come reoriented, leading to the defect initiation at the outer membrane
surface. Under nsPEFs, no PC translocation was described. However, if
“pores” are formed, negatively charged phospholipids begin to drift
and diffuse towards the exterior surface [36]. Simulations described
phosphatidylserine (PS) translocation as a “pore”-facilitated event, rather
than as the result of molecular translocation across the transmembrane
energy barrier. Indeed, nanosecond PS translocation is the result of an
electrophoretic migration of the negatively charged PS head group
along the surface of nanometer-diameter “pores” [37]. Under nsPEFs, PS
translocation is positively correlated to the membrane permeabilization
for the ΔΨm calculated value of 3.4 V [38]. One open question is the de-
scription of the PC dipole as it is indeed a hydrated lipid head group.
Water molecules are not only connected to each other by the hydrogen
bonds, but they also interact with phospholipids by hydrogen bonds. In-
terfacial water molecules have been described as highly sensitive to the
electric field and able to induce nanometer membrane “pores” under
nsPEFs [21,22,30,38,39]. Indeed, Tokman et al., recently reported that
under nsPEFs, electropermeabilization is driven by the field-induced re-
organization of water dipoles at the water–lipid interface [39]. The inter-
facial water molecules are the main players (both initiators and drivers)
of the electropermeabilization process. The role of the phospholipid
bilayer, to afirst-order approximation, is then reduced to a relatively pas-
sive barrier. However, under our experimental conditions (i.e., millisec-
ond pulse duration, ΔΨm less than 0.3 V, loading time about 1 μs), the
membrane “poration” should take place after the dipole orientation and
the tilt of the polar groups, but on a much slower scale. Following the
tilt, a collective effect of the water dipoles of the hydrated PC head
group may induce its translocation.

The aim of this work was to further investigate the consequences of
the application of msPEF on the plasma membrane. Any direct investi-
gation into both spatial and temporal resolutions of the effects of
msPEF on phospholipid transverse mobility and membrane order
could help in the understanding of the electropermeabilization process.
Our strategy consisted of monitoring the transverse mobility of phos-
pholipids in Chinese hamster ovary cells (CHO cells). To detect phos-
pholipid internalization and translocation, the CHO cells were stained
with fluorescent probes, C6-NBD-PC (i.e., 1-palmitoyl-2-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl-hexanoyl)-sn-glycero-3-PC) and FM1-43 (i.e., N-
(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl)pyridinium
dibromide). This approach provided a direct visualization of transient
lipid movement, with spatio-temporal information on the association
between the regions of permeabilizedmembrane and the phospholipid
flip/flop sites within them. Fluorescence imaging allowed us to address
several questions: (i) Does the application of the electric pulses induce
an increase in phospholipid flip/flop in viable nucleated cells? (ii) Is
there a direct association between the membrane permeabilization re-
gions and phospholipid flip/flop sites? (iii) Does the electric field play
either a direct effector or a simple catalyst role? (iv) Which molecular
model(s) can support phospholipid translocation induced by msPEF?

2. Material and methods

2.1. Cell culture

Chinese hamster ovary cells (wild type Toronto clone)were selected
for their ability to grow in suspension or on plates. They were grown in
MEM medium as previously described [9].

2.2. Electropulsation apparatus

Electropulsation was performed using a CNRS cell electropulsator
(PS-10 Jouan, St Herblain, France), whichdelivered square-wave electric
pulses. An oscilloscope (Enertec, St Etienne, France) monitored pulse
shape. Stainless steel rod parallel electrodes (diameter 0.5 mm, length
10 mm, inter-electrode distance 7 mm) were connected to the voltage
pulse generator [40]. Cells were electropulsed by application of msPEF
known to inducemacromolecule loading into CHO cells. Ten pulses last-
ing 5 ms at a frequency of 1 Hz were applied under 0.7 kV/cm at room
temperature [41].
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2.3. Electropulsation

Cells were cultured on amicroscope glass coverslip chamber (Labtek
II system, NuncTM, Denmark) at 0.5 × 106 CHO cells per well 1 h before
electropulsation to allow them to become attached to the coverslip
while still keeping their spherical shape. Cells were electropulsed in
1 mL pulsation buffer (PB) (10 mM K2HPO4/KH2PO4, 1 mM MgCl2,
250 mM sucrose, pH 7.4) containing propidium iodide (PI) (100 μM)
(Sigma-Aldrich®, St-Louis, MO). Propidium iodide uptake was only
measured in the regions of the cell chamber where the electric field
was homogeneous [10].

2.4. Cell viability

Cell viability was determined by the ability of cells to grow and di-
vide over a 24 h period. Cells were pulsed, kept for 10 min at 37 °C
and then grown in Petri dishes in 1 mL of culture medium for 24 h at
37 °C in a 5% CO2 incubator. Viability was measured by monitoring cell
growth using the Crystal Violet assay.

2.5. ATP depletion of CHO cells

Cells were incubated with sodium azide (Sigma-Aldrich®, St-Louis,
MO) and 2-deoxy-D-glucose (Sigma-Aldrich®, St-Louis, MO) at 2 mM
and 10mM, respectively, in PBS at 21 °C for 15 min. This optimum con-
dition resulted in a decrease in the ATP content of 75% of its initial value
without affecting cell viability as previously described [42].

2.6. C6-NBD-PC membrane probe

C6-NBD-PC (Avanti Polar Lipids, Inc. Alabaster, Alabama) is a diacyl-
glycero-3-phosphatidylcholinemoleculewhere one of the acyl chains is
substituted by a fluorescent group, N4-nitrobenzo-2-oxa-1,3-diazole
(NBD). Its incorporation into the outer leaflet of the plasma membrane
of CHO cells is facilitated by its short acyl chain (only 6 carbon atoms)
[43]. Fluorescent vesicles were obtained by mixing 10 μL di-oleoyl-
phosphatidylcholine solution (20 mg/mL) and 20 μL C6-NBD-PC solu-
tion (1 mg/mL). A mixed lipid film was obtained by chloroform evapo-
ration in a glass vial under nitrogen flow. The vial was placed in a
vacuum for 1 h. The lipid film was resuspended with a 10 mL PBS-
Ca2+/Mg2+ buffer at 4 °C. The solution was stirred for 1 min followed
by sonication for 7 min at 60% of 25 W (VibraCell, Bioblock Scientific,
France). 1 h before labeling, cells were cultured on a microscope glass
coverslip chamber at 0.5 × 104 CHO cells per well. After three washes
with a 1 mL PBS-Ca2+/Mg2+ buffer at 4 °C, CHO cells were incubated
with 1 mL of fluorescent vesicle solution for 10 min at 4 °C to limit en-
docytosis. After labeling, CHOcellswerewashed three timeswith pulsa-
tion buffer to eliminate excess fluorescent vesicles.

2.7. FM1-43 membrane probe

FM1-43 dye (Molecular Probes, Inc., Eugene, Oregon) is a lipophilic
styryl compound. The water-soluble FM1-43 dye, which is non-toxic
for cells and virtually non-fluorescent in aqueous media, is reported to
be inserted into the outer leaflet of the surface membrane where it be-
comes highly fluorescent [44]. 1 h before labeling cells were cultured on
a microscope glass coverslip chamber at 0.5 × 104 CHO cells per well.
Cells were washed three times and then mixed with 3 μM FM1-43 in
pulsation buffer for 15min at 37 °C. Cells were directly pulsed in pulsa-
tion buffer with FM1-43, without washing as previously described [45].

2.8. Annexin-V

Apoptosis was detected using the Annexin-V assay (Molecular
Probes, Inc., Eugene, Oregon). Cells were cultured on a microscope
glass coverslip chamber at 0.5 × 104 CHO cells per well 1 h before
electropulsation. After electropulsation, the CHO cells were washed
three times with an Annexin-V binding buffer and then labeled with
50 μL Annexin-V FITC in the PBS for 15 min at room temperature in
the dark. Cells were analyzed using flow cytometry and fluorescence
microscopy.

2.9. Fluorescence imaging

For microscopic observations, the microscope glass coverslip cham-
ber carrying the electrodes was placed on the stage of an inverted digi-
tized fluorescence videomicroscope (Leica DMIRB, Wetzlar, Germany).
Cells were observed with a Leica 100×, 1.30 oil immersion objective.
The wavelengths were selected by using the Leica L4 filter block for
the C6-NBD-PC and FM1-43-labeled cells and the Leica N2.1 filter
block for PI-labeled cells. Images were recorded with a Photometrics
cooled CCD camera (Princeton instrument, Inc., Trenton, NJ, USA) and
a computer-controlled excitation light source (Leica, EL 6000, Wetzlar,
Germany). The shutter limited photobleaching. Digitized images were
processed using MetaMorph Acquisition software (Version 7.04r4 ©
1992–2006 Molecular Devices, Downingtown, PA, USA) ran on a DELL
computer under Microsoft Windows XP.

2.10. Data analysis

2.10.1. C6-NBD-PC internalization
To quantify C6-NBD-PC internalization for each cell, the mean fluo-

rescence intensities of the membrane and the cytoplasm were deter-
mined along a profile line scan as follows. The two maxima of the line
scan corresponding to the membrane were detected and their intensity
averaged after subtraction of the background. A preview of whole line
scans allowed us to choose a threshold of 10 pixels from the maximum
indexes in the direction of the cell center as a good compromise to es-
tablish the frontier cytoplasm/membrane. This threshold of 10 pixels
was, therefore, applied to each analyzed line scan to reach the cyto-
plasm from the maximum indexes. Thus, after subtraction of the back-
ground, measurement of the mean fluorescence in the cytoplasm
along the line scan was calculated between these two limits obtained
by this threshold. Finally, we calculated the mean fluorescence ratio R
between the cytoplasm and the membrane. This ratio was calculated
before and after electropulsation, at 0.5 min, 5 min and 10 min. Values
after electropulsation were corrected by subtraction of the pre-pulse
value.

2.10.2. FM1-43 emission
For quantification of charged phospholipid translocation, surface

plots in the pseudo-color of FM1-43 emission were processed by
Image J software (a public domain Java image processing program by
W. Rasband at NIHM, NIH, Bethesda, MA, USA). Then, mean fluores-
cence intensities of the plasma membrane facing the anode (IA) and
the cathode (IC) before (n = 0) and during (n = 10) electropulsation
were determined. Mean intensities were corrected from the back-
ground fluorescence. To determine the value of θp (θp = θM / 2), the
fluorescence intensity profile was drawn along the cell membrane. A
plot offluorescence intensity as a function of the polar anglewas obtain-
ed and its reading gave the value of θp. It is the polar reading where no
fluorescence change is detected anymore at the equatorial position.

2.11. Statistical analysis

We analyzed at least 100 cells per assay using a delayed image anal-
ysis of the stored files. In each figure of this manuscript, we display a
representative cell for the cells observed. Errors bars represent the stan-
dard error of the mean. The statistical significance of the differences
between the means was evaluated by an unpaired Student's t-test.
All statistics tests were two sided (NS, not significant; ⁎p b 0.05;
⁎⁎p b 0.01; ⁎⁎⁎p b 0.001).
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3. Results

We investigated the effects of msPEFs on the transverse mobility of
phospholipids by fluorescence digitized videomicroscopy at the
single-cell level by using two complementary approaches: (i) To visual-
ize the putative phospholipid internalization within the CHO cells
subjected to msPEFs, we labeled the cells with C6-NBD-PC, a PC-like
probe. Once inserted into the membrane, C6-NBD-PC does not sponta-
neously translocate from the outer leaflet to the inner leaflet. However,
if transversemovements occur, C6-NBD-PC can freely exchangewith in-
tracellular organelle phospholipids. As a consequence, the detection of
this probe in the intracellular membrane network, i.e., within the cyto-
plasm, is indicative of its internalization. (ii) To further investigate
phospholipid translocation in CHO cells after the application of msPEFs,
FM1-43 was used to detect charged phospholipid translocation and/or
membrane assembly changes. The insertion of FM1-43 into the mem-
brane from the bulk is a fast process controlled by a decrease of lipid
packing and/or an electrostatic process whereby negatively charged
membrane compounds attract the positively charged FM1-43 from the
medium into the plasmamembrane. The increase in FM1-43membrane
insertion induces a fluorescence overshoot at the affected membrane
level. FM1-43 fluorescence gives a local response in the membrane. PS
externalization was directly accessed by the Annexin-V test.

3.1. msPEF effects on C6-NDB-PC internalization

In the absence of any electric pulse just after labeling, the C6-NBD-PC
was only detected at the plasma membrane level (Fig. 1A and D). The
light plot obtained by image analysis confirmed that the maximum in-
tensity was measured at the plasma membrane level (Fig. 1A and D).
After 10 min at room temperature, the C6-NBD-PC remained localized
at the plasma membrane level (Fig. 1A and D). Bleaching was slightly
present under our experimental protocol, but no C6-NBD-PC internaliza-
tion was observed overtime. The application of a non-permeabilizing
electric field pulse (i.e., 0.1 kV/cm, 5 ms) on cells did not affect the
probe distribution over time (data not shown).

When cells were subjected to a sequence of 10 electric field pulses
(i.e., ""0.7 kV/cm, 5 ms, 1 Hz frequency), all cells were permeabilized
as previously observed by our group shown by the uptake of PI. Up to
30 s after application of the first pulse, the C6-NBD-PC localization
remained almost unchanged. The radial light plots confirmed themem-
brane localization of the probe. Nevertheless, a slight and diffuse label-
ing was seen in the cytoplasm of permeabilized cells (Fig. 1B and D).
Overtime, the probe was increasingly present in the organelle mem-
branes, enhancing the detection of the intracellular membrane network
(Fig. 1B andD). At 10min post-pulse, the light plot showed a decrease in
the membrane fluorescence level with an increase in the intracellular
fluorescence level (Fig. 1B and D). Labeling of the nuclear envelope
was observed 10 min after msPEFs application (Fig. 1B Panel C). The
total cell fluorescence decreased slightly after electropermeabilization
(Fig. 1B). The same results were obtained in ATP-depleted CHO cells
(Data not shown). These results are evidence for electropulsation-
induced C6-NBD-PC internalization according to an ATP-independent
process.
Fig. 1. Effect of msPEFs on C6-NBD-PC internalization in CHO cells. A. C6-NBD-PC distribution in
with the C6-NBD-PC probe at 4 °C. The CHO cells were observed at the single-cell level over tim
(F.I., fluorescence intensity). (Scale bar, 15 μm). B. C6-NBD-PC distribution in CHO cells after ele
probe at 4 °C. The CHO cells were observed at the single-cell level following the application of p
Black arrows on graphs show the C6-NBD-PC internalization. Graphs representing thefluoresce
trodes (F.I., fluorescence intensity). (Scale bar, 15 μm). C. C6-NBD-PC staining of CHO cells after
quency of 1 Hz, at 0.7 kV/cm). Afterwards, C6-NBD-PC staining was performed 0.5 min, 5 mi
(yellow line) are drawn parallel to electric field lines at the poles facing the electrodes (F.I., flu
on CHO cells. Themean fluorescence ratio R between the cytoplasm and the membrane was ca
at 0.5 min, 5 min and 10 min. Values after electropulsation were corrected by subtraction of a p
icance of differences between themeans of R for the “no electropulsation” condition and for “el
means of R for “electropulsation” and for “C6-NBD-PC staining after electropulsation” conditio
Student's t-test.
When C6-NBD-PC staining was performed after the application of
electric field pulses (i.e., during membrane resealing), no labeling of
the intracellular membrane network was observed (Fig. 1C and D).
This indicated that the pulse-induced long-lived permeant structures
were not associated with PC-like phospholipid internalization.

3.2. Effects of msPEFs on phospholipid scrambling and/or membrane order

Phospholipid scrambling and membrane order were monitored by
time-lapse FM1-43 fluorescence microscopy at the single living cell
level (Fig. 2). In the absence of any electric pulse, or after non-
permeabilizing electric pulses (i.e., 0.1 kV/cm) (data not shown), the
FM1-43 fluorescence was only detected in the plasma membrane and
intracellular network, as quantified by the surface plot (Fig. 2A,
n = 0). The application of a permeabilizing electric pulse train induced
a fast increase in fluorescence intensity at themembrane regions facing
the electrodes (Fig. 2, n = 1 to n = 10). This fluorescence intensity in-
creased with the number of electric pulses (Fig. 2). Moreover, the fluo-
rescence increase facing the anode was twice that of the one facing the
cathode (Fig. 2). This fluorescence intensity local overshoot decayed
1 min after the application of electric pulses (Fig. 2A). The same results
were obtained in ATP-depleted CHO cells (Data not shown). Little or no
change in the FM1-43 fluorescence inside the cell was observed
(Fig. 2). The msPEFs only induced a rapid fluorescence change within less
than 1 s (i.e., from the first electric pulses of 5 ms) reflecting thus either
electrical changes and/or phospholipid scrambling in the membrane re-
gions facing the electrodes, i.e., where permeabilization took place.

3.3. Effects of msPEFs on cell viability and PS externalization

The msPEFs allowed the transient and reversible permeabilization of
CHO cells. Under such experimental conditions, permeabilization took
place facing the electrodes and was shown here to be associated with
an increase in transbilayer movements of PC phospholipids. This perme-
abilization was related to a 20% decrease in cell viability at 24 h post-
electropermeabilization (Fig. 3). On the other hand, no PS externalization
(less than 5% of the Annexin-V positive cells) was detected either in the
few minutes or 24 h following membrane electropermeabilization
(Fig. 4). Moreover, no morphological alterations such as membrane
blebs were observed. If drastic pulsing conditions were applied (10
pulses lasting 5 ms at a frequency of 1 Hz, at 1.2 kV/cm), a total loss in
cell viability was observed (i.e., 95% decrease in cell viability at 24 h
post-electropermeabilization) (Fig. 4). As a result, PS external exposure
was detected in a large proportion of pulsed cells (i.e., 60 ± 5%) within
a few minutes post-electropermeabilization. Twenty-four hours after
electropermeabilization, more than 80% of pulsed cells showed PS exter-
nalization (data not shown). These results showed that the strengths of
msPEFs that preserve cell viability additionally do not induce PS
externalization.

4. Discussion

In the present study, the effects of msPEFs (i.e., used for gene deliv-
ery) on the transversemobility of phospholipidswere directly addressed
CHO cells before electropulsation. The outer leaflet of the plasmamembrane was labeled
e. Fluorescent profile graphs represent fluorescence along the cell's diameter (yellow line)
ctropulsation. The outer leaflet of the plasmamembrane was labeled with the C6-NBD-PC
ermeabilizing electric pulses (10 pulses lasting 5 ms at a frequency of 1 Hz, at 0.7 kV/cm).
nce profile (yellow line) are drawn parallel to electric field lines at the poles facing the elec-
electropulsation. The CHO cells were electropermeabilized (10 pulses lasting 5 ms at a fre-
n and 10 min after electropulsation at 4 °C. Graphs representing the fluorescence profile
orescence intensity). (Scale bar, 15 μm). D. Quantification of C6-NBD-PC internalization
lculated and multiplied by 100. This ratio was calculated before and after electropulsation,
re-pulse value. Errors bars represent the standard error of the mean. The statistical signif-
ectropulsation” condition (NS, not significant; ⁎p b 0.05; ⁎⁎p b 0.01; ⁎⁎⁎p b 0.005) and the
ns (NS, not significant; §p b 0.05; §§p b 0.01; §§§p b 0.005) were evaluated by an unpaired
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Fig. 2. Effect of msPEFs on phospholipid scrambling in CHO cells. A. CHO cells were labeled with FM1-43 at 37 °C. The CHO cells were observed at the single-cell level by fluorescence
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software. (Scale bar, 15 μm).B. Quantification of phospholipid scrambling. Themean fluorescence intensities of themembrane facing the electrodes before electropulsation (n=0), during
(n= 1 to 10) and 1 min after electropulsation train were determined and expressed in percentage (R). Error bars represent the standard error of the mean. The statistical significance of
differences between the means of R for the anode and the cathode (NS, not significant; ⁎p b 0.05; ⁎⁎p b 0.01; ⁎⁎⁎p b 0.005) was evaluated by an unpaired Student's t-test.
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using single CHO cells. Electropermeabilization is a localized process, tak-
ing place on the cell caps facing the electrodes [9] under the control of
the electric field strength. To determine the biophysical mechanisms in-
volved in this process, we monitored and quantified the pulse-induced
transverse mobility of C6-NBD-PC and increased binding of FM1-43 by
non-invasive fluorescence digitized time-lapse videomicroscopy.

4.1. Electro-induced phospholipid flip/flop in viable nucleated cells

In gene and drug delivery, cell viability is required to obtain gene ex-
pression and to maintain cellular processes. In the present work, all cells
were permeabilized under applied msPEF conditions. This perme-
abilization was transient and related to a 20% decrease in cell viability
(Fig. 3). No morphological alterations such as membrane blebs were ob-
served. Under our electrical conditions, PS externalization was not de-
tected either by fluorescence microscopy (Fig. 4A, top panel) or by flow
cytometry (Fig. 4B, bottom panel) after Annexin-V staining. This is in
contradiction with the results described in previous reports [46]. The
limited sensitivity of the Annexin-V assay (a conventional assay) could
explain the absence of PS externalization [47]. Indeed, in our experimen-
tal conditions at low electric field strength the PS externalization, if any,
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Fig. 3. Cell viability. CHO cells were submitted to 10 pulses lasting 5 ms at a frequency
of 1Hz, at 0.7 kV/cm.Negative andpositive controlswere respectively performed at 0 kV/cm
and 1.2 kV/cm. Cell viability was measured 24 h after electropulsation using Crystal Violet
assay. Data expressed as mean± SEMwas calculated from three independent experiments.
Statistical analysis was performed using an unpaired Student's t-test. Significance was de-
fined as p b 0.05 (NS, non-significance, *p b 0.05 and ***p b 0.005 compared to the negative
control at 0 kV/cm).
might be low and the lipid scrambling of PS could also be repaired by
aminophospholipid translocase activity [48].

Application of msPEFs induced both PC phospholipid internalization
(Fig. 1B) and phospholipid scrambling (Fig. 2). These effects resulted
from the permeabilizing nature of electric pulses. These results showed
that the application of electropermeabilizing pulses directly altered the
phospholipid organization of the plasma membrane by increasing the
transverse dynamics of the PC phospholipids according to an ATP-
independent process. Enhanced transverse dynamics of PC phospho-
lipids was reported in previous work on erythrocyte ghosts [49]. How-
ever, the present observations were obtained using nucleated
mammalian cells. These present a significantly different intracellular or-
ganization to erythrocytes. In addition, in contrast to erythrocytes
where irreversible permeabilization resulted in ghost cell formation
(i.e., lysed and dead erythrocytes), cell viability was preserved under
our experimental conditions.

4.2. Co-localization between phospholipid scrambling and permeabilized
membrane regions

FM1-43 fluorescence changes were present on the two cell caps fac-
ing the electrodes. In experiments performed with nanosecond electric
pulses, phospholipid scrambling was an asymmetrical process that
was restricted to the membrane areas facing the anode [38,46]. In
order to determine whether phospholipid scrambling was limited to
electropermeabilized regions, we measured the experimental value of
the cap angle θp from electropulsation (assayed by PI uptake) and phos-
pholipid scrambling (assayed by FM1-43). These two values were com-
pared. For both processes, the experimental values for angle θp were
similar (55° ± 5° and 50° ± 5°, respectively). These data supported
the conclusion that phospholipid scrambling was strictly restricted to
the permeabilized membrane regions (Fig. 2). This means that the
structural events were different from those observed with nsPEFs
[38,46].

In light of earlier studies, the asymmetric nature of the observed
fluorescence intensity overshoot could confirm that the structure of
the permeabilized membrane at the anode pole was different from
that found at the cathode pole [50,51], as previously shown in lipid
vesicles [12]. These previous studies on small molecule uptake via
electropulsation suggested that “electropores” were created on both
caps of the cell facing the electrodes, with a smaller “pore” size (but
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greater number) on the anode side and larger “pores” (with a lower
number) on the cathode side [11]. This asymmetrical process was asso-
ciated with a vectorial effect of the electric field on the plasma
membrane [50]. Depending on their charge, membrane-embedded
molecules could either be driven into the cell or pulled out into the
outer leaflet of the membrane. Due to the significant structural change
in themembrane surface, charges inside and outside the cell could affect
the distribution of the transmembrane voltage [26,35]. A simple linear
estimation based on the Gaussian law (∯Λ D dΛ), applied to a 5 nm
thick phospholipid bilayer judges that a change of approximately 1000
elementary changes per μm2 causes a transmembrane potential change
of about 100 mV [35].

4.3. Electric field, a direct effector of phospholipid scrambling

The phospholipid scrambling was a direct consequence of electric
field pulses and was not due to the enduring leaky membrane organiza-
tion (Fig. 1B and C). Indeed, in the case of C6-NBD-PC internalization, a
progressive staining of the intracellular membrane network was ob-
served after the application of the electric field (Fig. 1B). Nevertheless,
when the C6-NBD-PC staining of cells was performed after the applica-
tion ofmsPEFs (i.e., duringmembrane resealing), no labeling of the intra-
cellular membrane network (i.e., probe internalization) was detected
(Fig. 1C). Furthermore, the FM1-43 experiments showed that a fluores-
cence intensity overshoot took place in the permeabilized regions as a di-
rect result of the application of msPEFs (Fig. 2). This fluorescence
increase dissipated in the minutes following msPEFs (Fig. 2), which
could be explained by lateral diffusion of the perturbation along the
cell plasmamembrane or by themembrane resealing (returning the con-
trolled membrane organization). These results support the conclusion
that a direct interaction was present between the external electric field
pulse and the phospholipids under both high electric field and ultra-
short pulses [36,46]. Previous reports were observed under more strin-
gent conditions where the organization of interfacial water was strongly
affected [52], butwere predicted (see the theoretical results) on a slower
time scale under our conditions [21].

4.4. Putative molecular mechanisms

From a molecular point of view, our data could be interpreted via
two possiblemechanisms: Firstly, membrane defects created by electric
pulses could provide a new pathway for phospholipids to migrate
between the membrane leaflets [19,49] by creating a lipid continuity
between theouter and inner leaflets along the toroidal pore, as postulat-
ed by the “electroporation theory” [53]. Secondly, electric pulses could
cause phospholipid translocation by a direct torque on the head group
dipole [36,37].

Model 1 “Electropore”-facilitated phospholipid translocation: In agree-
ment with permeabilization results, “electropores” should be
created in permeabilized regions (Fig. 2), but they should re-
main present during the resealing (as long as “pores” were
present). However, no transmembrane movement was ob-
served after the pulse, as shown by the post addition of the
C6-NBD-PC, although permeabilization was still present for
10 min. Therefore, this absence of phospholipid flip/flop after
the application of msPEFs gave experimental evidence that
the pulse-induced long-lived “pores” could not be the path-
way for phospholipid exchange between the two membrane
leaflets in the permeabilized regions [19,54]. Therefore, only
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short-term “electropores” present during pulse application
could be the pathway for phospholipid flip/flop. However,
the post-pulse “electropores” present during the membrane
resealing could not sustain phospholipid translocation, which
would be in agreement with previous work [55]. No polar
head control of the translocation should be present while PS
is not affected. We should however point out that this model
of lipid continuity between the two leaflets might be a valid
explanation for the processes in erythrocytes, where large
“craters” were detected.

Model 2 Phospholipid translocation across the membrane energy
barrier: The second model suggests a direct interaction be-
tween the external electric field and the phospholipids previ-
ously described [21,36]. Phospholipids have been described as
the key targets of electric field-mediated permeabilization
[56]. In our electrical conditions, the transmembrane field
was approximately 0.05 V/nm (for a 5 nmbilayer). This trans-
membrane field could induce a tilt in the polar head orienta-
tion, as previously described in molecular dynamics
simulations [21] and experimental data [27,29]. Indeed, in
the case for PC, the hydrated head group contains a dipole
with a positive charge on the choline and a negative charge
carried by the phosphate group. In the absence of an external
electric field, lipid dipoles present a randomorientation due to
the interfacial charges [36,57]. During the induction step of
electropulsation (a microsecond process due to the charging
time of the membrane, t is about 1 ms), the electric field
could inducemembrane defects by tilting the lipid dipoles rel-
ative to the surface of the membrane [5,58]. Molecular dy-
namics and coarse-grained simulations only described a
large deformation in the bilayer structure to accommodate
the transfer of the large PC head groups during flip-flop in a
sub-microsecond time scale [59,60]. Water molecules have
been described as highly sensitive for the electric field [61]
and able to induce membrane defects under the electric field
[21,30,38]. Following the tilt of lipid dipoles [21,22,33], a col-
lective effect of water dipoles of hydrated PC head groups
might have induced their translocation under our experimen-
tal conditions (i.e., msPEFs) (Fig. 1B). Translocation of PCmol-
ecules would result in a change in lipid packing on the outer
layer (scrambling as shownby the FM1-43). If aqueous defects
do form, the translocation of PC would be amplified and the
negatively charged lipids (e.g., PS) would begin to drift and
diffuse towards the exterior surface [36]. Simulations (on a
nanosecond scale or by coarse-grained model) described PS
translocation as a nanopore facilitated (i.e., very fast) -event,
rather than as the result of molecular translocation across
the transmembrane energy barrier [36]. Therefore, the
charged phospholipid externalization would only occur in
the permeabilized region facing the anode during the applica-
tion of electric pulses [38,46]. PS externalization has been only
reported for high electricfields [37,38,62]. Under our electrical
conditions, PS externalization is not detected by the Annexin-
V assay, thus suggesting that the electric field intensity is not
high enough to induce such a phenomenon.

In addition, the FM1-43 fluorescence overshoot was also detected in
the permeabilized region facing the cathode (Fig. 2). This fluorescence
overshoot could be interpreted by FM1-43 insertion into a disordered
membrane by the electric field (i.e., decrease of lipid packing suggested
to be induced by the PC translocation) [56,63]. This result may indicate
that msPEFs induced membrane disorder and phospholipid scrambling
in the permeabilized regions facing the electrodes, with a larger effect in
the permeabilized region facing the anode [64]. This putative mecha-
nism supports a direct interaction between the external electric field
and the phospholipids, but in a different way versus microseconds/
nanoseconds and high field pulses (i.e., N1 kV/cm). Here, PS transloca-
tion takes place only under drastic transmembrane field conditions
and the cell viability is dramatically affected. This is in linewith previous
experiments carried out on Jurkat T cells, where 7 ns pulses caused PS
translocation only with field strengths above 2 MV/m, with almost no
response to 1MV/mpulses [45]. In addition, a recent publication report-
ed that calcium and phosphatidylserine inhibit lipid “electropore” for-
mation and reduce pore lifetime [65].

5. Conclusion

In summary, in contrast to non-permeabilizing electrical conditions,
permeabilizing msPEFs resulted in membrane disorganization by in-
creasing transverse dynamics of phosphatidylcholines according to an
ATP-independent process. Phosphatidylcholine translocation did not
occur during the membrane resealing phase. The msPEFs also induced
a rapid phospholipid scramblingwithin less than 1 s thatwas strictly re-
stricted to the permeabilized regions of the plasma membrane. More-
over, our results did not support PS externalization in our electrical
conditions. Thus, these results could suggest the existence of direct in-
teractions between the movement of membrane phospholipids and
the electric field. Finally, the enhancement of phospholipid flip-flop
and membrane disorder was not correlated to the significant loss of
cell viability in the hours following electropermeabilization.
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