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The RNA interference-mediated gene silencing approach is pro-
mising for therapies based on the targeted inhibition of disease-
relevant genes. Electropermeabilization is one of the nonviral
methods successfully used to transfer siRNA into living cells in vitro
and in vivo. Although this approach is effective in the field of gene
silencing by RNA interference, very little is known about the basic
processes supporting siRNA transfer. In this study, we investigated,
by direct visualization at the single-cell level, the delivery of Alexa
Fluor 546-labeled siRNA into murine melanoma cells stably expres-
sing the enhanced green fluorescent protein (EGFP) as a target
gene. The electrotransfer of siRNA was quantified by time lapse
fluorescence microscopy and was correlated with the silencing
of egfp expression. A direct transfer into the cell cytoplasm of the
negatively charged siRNA was observed across the plasma mem-
brane exclusively on the side facing the cathode. When added
after electropulsation, the siRNA was inefficient for gene silencing
because it did not penetrate the cells. Therefore, we report that an
electric field acts on both the permeabilization of the cell plasma
membrane and on the electrophoretic drag of the negatively
charged siRNA molecules from the bulk phase into the cytoplasm.
The transfer kinetics of siRNA are compatible with the creation of
nanopores, which are described with the technique of synthetic
nanopores. The mechanism involved was clearly specific for the
physico-chemical properties of the electrotransferred molecule
and was different from that observed with small molecules or
plasmid DNA.

electroporation | transfection | gene therapy | imaging | targeting

Since its discovery by Fire et al. in 1998, RNA interference
represents a promising approach towards the inhibition of
gene expression not only in cell culture but also in vivo for the
development of new generation biodrugs (1). Small interfering
RNA (siRNA) is not only used for basic scientific research;
the efficiency of siRNA therapeutics against a variety of diseases
is now being evaluated in preclinical and clinical trials (2-5).
There is a common opinion that the full potential of siRNA
as a therapeutic agent will not be attained until better meth-
odologies for its targeted intracellular delivery to cells and tissues
are developed (4, 6, 7). Highly negatively charged oligonucleo-
tides, such as naked siRNA, can barely cross the cell membrane
to reach the cytoplasm where their target and their enzymatic
machinery are present (5, 8, 9).

Electric pulses are known to strongly stimulate the cell uptake
of various molecules showing intrinsically very poor transmem-
brane crossing abilities (10, 11). The exact mechanism leading
to enhanced intracellular nucleic acid delivery remains unclear
but it may involve, at least in vitro for plasmid DNA (pDNA),
the induction of local physical interactions between the nucleic
acid and the cell membrane followed by a slow intracellular
release into the cytoplasm (12, 13). In vivo, electric pulses have
been extensively used for drugs, siRNA, and pDNA delivery into
a large number of organs and tissues (14-17). In rodents, electric
pulses have been used to deliver siRNAs into various organs
(15, 18-20). siRNA delivery led to an efficient gene silencing
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when transferred into a tumor where their biodistribution was
found to be homogeneous throughout the cytoplasm of electro-
permeabilized cells (21). In addition, the delivery of molecules
is restricted to the volume where the electric field (EF) is applied.
Only a very few short-lived side effects have been reported
for these treatments, emphasizing the innocuity of this physical
method for clinical use (22). Indeed, electrochemotherapy,
the electrotransfer of cytotoxic drugs into tumors, is a routine
clinical methodology in Europe, and electrogenotherapy, the
electrotransfer of therapeutic genes into tissues, is undergoing
preclinical trials [e.g., ESOPE (European Standard Operating
Procedures of Electrochemoterapy) and Angioskin European
projects, Inovio Biomedical Corp. (23, 24)]. Moreover, siRNAs
delivered directly into the cytoplasm by electropulsation do
not induce inflammatory responses, as reported with other deliv-
ery approaches (22). Although electropermeabilization (EP)
shows promise in the field of new therapies, very little is known
about the molecular processes supporting RNA transfer across
the plasma membrane to the cytoplasm where it reaches the
RNA-induced silencing complex (RISC).

On a B16F10 mouse melanoma cell line stably expressing the
enhanced green fluorescent protein (EGFP), we first evaluated
the dose dependence and the impact of labeling siRNA upon
egfp expression level after its electrotransfer into cells. In order
to assess the relative contribution of the EF and to investigate the
processes that support siRNA electrotransfer in melanoma cells,
we studied the localization of fluorescently labeled siRNA at the
single-cell level by using time lapse fluorescence confocal micro-
scopy. This strategy was performed in our previous study of
pDNA electrotransfer (13). We observed that the electrophoretic
drag allows a direct access of siRNA into the cytoplasm where its
enzymatic machinery and target are present. The transfer kinetics
of siRNA are compatible with the observations on synthetic
nanopores, but they differ from other molecular electrotransfers,
such as the electrotransfer of small molecules (e.g., propidium
iodide) or pDNA.

Results

Effect of the egfp siRNA Electrotransfer In Vitro. In order to deter-
mine the efficiency of siRNA electrotransfer, we used egfp
siRNA molecules targeting the mRNA of the EGFP constitu-
tively expressed in B16F10-EGFP melanoma cells (14). Optimal
electrical parameters for EP and the associated electrotransfer
were determined by monitoring both the penetration of propi-
dium iodide (PI) into cells and cell viability. These parameters
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Fig. 1. Effectiveness of siRNA silencing after electrotransfer in vitro. The re-
lative percentages of cells expressing egfp were quantified by flow cytometry
as a function of time. The cell suspension was electropermeabilized [(snow-
flake) EP] (10 pulses of 5 ms, 500 V/cm, 1 Hz) in the presence of 2 pg of
unrelated siRNA [(empty circle) unrelated siRNA + EP], 2 pg of egfp siRNA
[(empty square) egfp siRNA + EP)] or 2 ug of egfp siRNA labeled with Alexa
Fluor 546 [(solid black triangle) AF-546 siRNA + EP]; 2 ug of egfp siRNA alone
was also tested [(solid black square) egfp siRNA]. The error bars represent the
SD of three independent experiments.

(10 pulses, 5 ms duration, 500 V/cm at 1 Hz) led to 67.2+
1.4% of permeabilized cells and 73.3 + 0.8% cell viability [see
(21)]. The percentage of permeabilized viable cells was 40.4+
0.8% (25).

The percentage of cells still expressing egfp (EGFP-positive
cells) was quantified after siRNA electrotransfer by flow cytome-
try as a function of time (Fig. 1). The expression of Egfp was
hardly affected in all of the controls. Indeed, if an unrelated
siRNA was electrotransferred into BI6F10-EGFP cells, the per-
centage of EGFP-positive cells was not modified. As expected,
the electrical treatment itself had no effect. If no EP was applied
in the presence of egfp siRNA, no egfp silencing was observed. In
contrast, egfp siRNA electrotransfer led to a significant decrease
in EGFP-positive cells within 2 d after the treatment. A reduction
of 50-57% of egfp-expressing cells was observed at days 2, 3,
and 4. This reduction was in agreement with the percentage of
permeabilized cells in the surviving population (40.4% out of
73.3%, i.e., 55%). These results support the conclusion that
siRNA was electrotransferred in all (100%) permeabilized and
viable cells.

The lag observed in Fig. 1 for the silencing to reach a maximal
level was in agreement with the 24 h half-life reported for EGFP
in cells. The effect of siRNA was transient; the percentage of
cells expressing egfp returned to the initial value at day 7. A dose-
dependent effect was observed with a maximum effectiveness
with 2.0 pg of siRNA (Fig. S1).

Alexa Fluor 546 (AF-546) labeled egfp siRNA electrotransfer
(AF-546 siRNA + EP) showed the same silencing efficiency as
unlabeled siRNA on egfp expression as already reported in Fig. 1
(21). Therefore, it was used in further experiments for the visua-
lization of its transfer within the cytoplasm.

Direct Single-Cell Visualization of siRNA Electrotransfer. In order
to investigate the siRNA import into cells, we first analyzed the
visualization of the PI entrance both during and after electric
pulse delivery by confocal microscopy. The inflow of PI was quan-
tified by the associated fluorescence intensity increase in the
cytoplasm (Movie S1). Free diffusion of PI was observed across
permeabilized parts of the membrane facing the anode and the
cathode, as already published for CHO (Chinese Hamster Ovary)
cells (26) and predicted by Tekle et al. (27). Permeabilization was
effective (100%), viability was preserved (95%), and the half-time
of the permeabilization was 3 min (Fig. S2).

We visualized the first steps of siRNA import into the cells
by adding AF-546 siRNA to adherent cells. Before EP, no spon-
taneous uptake or direct interaction with the plasma membrane
was observed (Fig. S3). During pulse application, labeled siRNA
penetrated the cell. The penetration took place through the
membrane on the side of the cell facing the cathode (Fig. 24,
Movie S2). The entrance of the siRNA molecules was detected
with the first pulse. At the end of the train of electric pulses,
siRNA fluorescence was only observed in the cytoplasm of the
cells. No fluorescence was seen in the nucleus (Fig. 24). In
Fig. 2B, a light profile parallel to the EF direction allowed the
quantification of fluorescence intensity (FI) due to siRNA inflow.
These results showed the unidirectional entrance of siRNA
during the EF application. Statistical analysis of the FI profiles
confirmed that this labeling was restricted to the cathode-facing
side of the membrane in 98.2 £ 1.3% of the cells, and only 1.8 +
1.3% of the cells were slightly labeled on both sides. No siRNA
electrotransfer occurred on the side of the membrane facing the
anode (Fig. 2C), whereas the PI experiments showed that this side
was permeabilized (Movie S1).

Therefore, siRNA import occurred at the level of the mem-
brane cap facing the negative electrode and directly reached the
cell cytoplasm. These data supported the model in which the elec-
trophoretic forces drove the negatively charged siRNA molecules
inside the cell.

The Involvement of Electrophoretic Forces in the siRNA Electrotransfer
Mechanism. In order to further characterize the mechanism of
siRNA electrotransfer and to determine the occurrence of elec-
trophoretic processes in the delivery, we measured the mean
fluorescence intensities (MFI) into the cytoplasm before, during,
and 1 min after the electric pulse train (Fig. 3). Before EP, the
basal fluorescence level in the cells was null. After the first pulse
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Fig. 2. Direct visualization of the siRNA electrotransfer into cells by confocal fluorescence microscopy. (A) AF-546 siRNA was added before applying the EF. The
positive electrode was located on the top of each picture. One scan was carried out with the confocal microscope to detect the cells expressing egfp (green
picture) and a series of scans were carried out to detect AF-546 siRNA entrance during the EF pulse train application (10 pulses, 5 ms, 300 V/cm, 1 Hz) (pseu-
docolor pictures). An image differential treatment was applied to remove the external fluorescence (see Experimental Procedures). (B) A representative light
plot profile parallel to the EF direction was drawn to quantify the siRNA fluorescence signal across the cytoplasm as a function of time. (C) The percentage of
cells showing siRNA entrance into the cytoplasm across the plasma membrane facing the cathode, anode, both, or no electrodes was analyzed; N = 106.
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Fig. 3. Quantification of siRNA electrotransfer into cells. The MFI of intra-
cellular AF-546 siRNA was quantified as a function of time during and after
pulse application; N = 38.

(1 p), the MFI within the cells sharply increased. During the pulse
train delivery, a linear increase in the fluorescence was observed.
After pulse treatment, no significant increase in the MFI was
observed. These observations were in agreement with the electro-
phoretic migration of the siRNA into the cell but only during the
field pulse.

The polarity of the electrodes was then changed between each
pulse in order to determine whether or not the electrophoretic
forces could push the siRNA molecules alternatively in two op-
posite directions. Successive scans were acquired during the pulse
train and after EP (Fig. 44; Movie S3). The FI always increased
on the side of the cell facing the cathode during each pulse, mean-
ing that entry of the siRNA was driven under the control of
the polarity of the EF pulse (as expected). The plot profiles after
the sixth pulse of the electropermeabilized cells under uni- and
bipolar conditions are shown in Fig. 4B. The labeled siRNA was
detected in the cytoplasm on the side facing the cathode under
the unipolar condition, whereas it was observed on both sides
facing the electrodes under the bipolar condition.

In order to confirm that a postpulsation diffusion process
was not happening, we added siRNA immediately (0 s) or 5 s
after EF application (Fig. S4). No decrease in the percentage of
EGFP-positive cells was observed 72 h after EP. These results
confirmed the theory that siRNA molecules could not enter the
cell cytoplasm after EP by a diffusion process as PI did, even if
the membrane was still permeabilized, as shown by the PI experi-
ments (Fig. S2).

Discussion

Our results are direct observations of the early events leading to
siRNA electrotransfer into tumor cells. In the absence of an EE,
no interaction between the siRNA and the plasma membrane was
observed, nor was there any penetration into the cells. Under this
condition, the siRNA had no effect on egfp expression, and no

A E<53

siRNA , =

silencing was obtained. In contrast, when the cells were electro-
permeabilized in the presence of egfp siRNA, the percentage of
egfp expressing cells dramatically decreased 2 d after electrotrans-
fer and returned to the initial value 7 d after the treatment
(Fig. 1). The silencing of egfp expression was effective and con-
cerned 100% of the permeabilized and viable cells. A delay of
48 h was observed, mainly because of the 24 h lifetime of the
EGFP (28). The silencing was transient because we used a
synthetic siRNA with no chemical modifications and therefore
it could be degraded by intracellular nucleases (29-31). More-
over, the intracellular concentration was decreased by cell
division (32).

A few minutes after electrotransfer, the cellular localization
of the siRNA was observed spread homogeneously throughout
the cytoplasm (Fig. 2; Fig. S5, Movie S2). This homogeneous
localization means that the siRNAs had direct access to the en-
zymatic machinery (RISC) and their target (mnRNA). No siRNA
was detected in the nucleus of viable cells. This observation
suggested that it did not pass through nuclear pores via this
transfer method.

The mechanism of siRNA electrotransfer can be compared
to the electrotransfer mechanisms of PI and pDNA (Fig. 5;
Movie S1; Movie S2; Movie S4) (13). Propidium Iodide fluores-
cence gave access to the EP events (33). As was already observed
during the very first millisecond after or during the pulse (26), the
field strength controlled the part of the cell surface where the
permeabilized state was detected. Under the present pulsing
conditions, in which successive millisecond pulses were applied,
the plasma membrane became permeabilized on the two opposite
sides facing the electrodes where a free exchange of PI was
observed (Movie S1) (13).

In the case of pDNA, these macromolecules interacted with
the plasma membrane by forming long-lived localized spots
on the electropermeabilized part of the cell membrane. This
pDNA/membrane interaction occurred on the side where they
were accumulated by the field associated electrophoretic drag
(Movie S4). Translocation within the cytoplasm was another step
that happened several minutes after the pulse train (13, 34).

In the present study, we observed that electrotransferred
siRNA passed through the plasma membrane of cells during elec-
tropulsation. The siRNA migrated against the field direction by
electrophoresis and penetrated the cytoplasm (Fig. 2; Movie S2).
This observation was further supported by quantification of the
intracellular siRNA-associated fluorescence as a function of the
number of pulses and by the observation that inversion of the EF
polarity led to a fluorescent labeling of opposite sides in the cell
cytoplasm (Fig. 4; Movie S3).

Electrophoretic movements of the nucleic acids are involved
in their transfer into cells. Nevertheless, a different behavior was
observed with siRNA. No complex between the siRNA and the
cell surface was present during the EF application (no fluorescent
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Fig. 4. Direct visualization of the electrophoretic migration during the siRNA electrotransfer under the bipolar condition. AF-546 siRNA was added before
applying the EF (8 pulses, 5 ms, 300 V/cm, 1 Hz). (A) Representative picture of a cell before the EF. One scan was carried out with the confocal microscope to
detect the cells expressing egfp (green picture). A series of scans were carried out at a velocity of 1 s per scan with only the excitation of AF-546 siRNA (pseu-
docolor pictures). (B) Representative light plot profiles parallel to the EF direction (at the sixth second) were plotted for unipolar and bipolar conditions.
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Fig. 5. Electrotransfer of Pl, siRNA, and pDNA into murine melanoma
cells (10 pulses, 5 ms, 300 V/cm, 1 Hz). The column on the left shows the
EGFP-expressing cell. The EP is on the top of the first step of the electrotrans-
fer of PI: penetration can be observed on both sides facing the electrodes
during EP. Post-EP (on the right), diffusion and nuclear labeling can be
observed. The EP in the center row is the first step of the electrotransfer
of pDNA labeled with POPO-3: a localized interaction with the plasma
membrane (fluorescent spots) is present on the side facing the cathode
and remains present post-EP (on the right) before translocation into the
cytoplasm (not detected on this time scale). The EP on the bottom is the first
step of the AF-546 siRNA electrotransfer: a rapid and free penetration into
the cytoplasm on the side facing the cathode was present during the electric
pulses. Post-EP, the AF-546 siRNA was localized diffusely throughout the
cytoplasm with no further entry.

spots). The siRNA went through the membrane during the
EF application and stopped its penetration after EP. siRNA
did not penetrate the cells by the phenomenon of diffusion even
though membrane resealing was not completed. This siRNA
movement across electropermeabilized cell membranes is rele-
vant to that which occurs with synthetic nanopores.

Indeed, nanopores have emerged as molecular counters and
for biomolecule detection with great promise for single-molecule
analysis (35-37). A 58 bp dsDNA can be forced through a 2.0 nm
diameter pore in a 10 nm membrane only if the voltage applied is
V >275V (38). Nanopores (diameter of 3 nm) in synthetic
membranes as thin as lipid membranes (5-6 nm) were recently
obtained. These pores allow the detection of nucleic acids only
10 bp long as well as the discrimination of differences in their
physical dimensions. The conclusion was that 22 bp dsRNA
can cross such a biomimetic permeabilized membrane under a
300 mV transvoltage in less than 1 ms (35). This observation gives
strong experimental support to our conclusion that siRNA can
cross an electropermeabilized membrane in milliseconds under
external field-mediated electrophoresis. Under our experimental
conditions, the transmembrane voltage across the electropermea-
bilized membrane was kept at the threshold value (39), known to
be about 250 mV (40), and the pulse duration was 5 ms (i.e., much
longer than the transit time across the biomimetic membrane).

Altogether, these results show that siRNA molecules have
rapid and direct access to the cytosol. Rapid access avoids exo-
and endogenous siRNA degradation (22). Direct access to the
cytosol is an important advantage along the endocytosis pathway,
which is described for chemical methods. The siRNA molecules
have to escape from the endosomal compartment, which may
increase the immune response via the activation of TLR recep-
tors (41, 42).

Due to the good correlation between the visualization of the
siRNA entrance and the resulting gene expression silencing,
these results show that the EF-mediated electrotransfer of siRNA
in cancer cells is an efficient method of delivery. When the EF
is applied, the plasma membrane becomes permeabilized on the
sides of the cells facing the electrodes and negatively charged

10446 | www.pnas.org/cgi/doi/10.1073/pnas.1103519108

siRNA migrates electrophoretically through the plasma mem-
brane only on the cathode side, resulting in a direct cytosolic
localization. After electric treatment no diffusion process takes
place, even if the plasma membrane is still permeabilized. This
physical method is a powerful tool for siRNA delivery in cancer
cells (22, 43). Our conclusions give practical guidance for clinical
protocols of siRNA delivery: for efficient delivery, siRNA has
to be injected into the target tissue before applying the EF. siRNA
only enters cells during pulse application.

Experimental Procedures

Cells. The B16-F10 mouse melanoma cells expressing the EGFP
were obtained after retroviral transduction and maintained in
culture according to a previously described protocol (14).

Molecules. Propidium Iodide was purchased from Sigma Aldrich.
All siRNAs were purchased from Qiagen Xeragon. The egfp
siRNA duplexes were designed according to Caplen et al. and
labeled with Alexa Fluor 546 at the 3’ position of the sense strand
(44). The labeling of the siRNA does not significantly modify the
global negative charge of the native siRNA. The unrelated siR-
NA was directed against an unrelated mRNA, and showed no
significant homology to the mouse transcripts. The sequences
were given in ref. 21. A 4.7 kb plasmid pEGFP-C1 (Clontech)
carrying the egfp gene was stained stoichiometrically with the
DNA intercalating dye POPO-3 (Molecular Probes-Invitrogen),
according to the protocol of the manufacturer.

Electrotransfer Apparatus. Electropulsation was operated by using
a CNRS cell electropulsator (Jouan), which delivered square-
wave electric pulses. An oscilloscope (Enertec) monitored pulse
shape. A polarity inverter built in the laboratory allowed the
triggering of pulses with alternating (bipolar) polarities. For elec-
trotransfer of siRNAs in cell suspension, the EP chamber was
designed using stainless steel parallel plate electrodes (10 mm
length, 0.5 mm thick, and 4 mm interelectrode distance), brought
into contact on 35 mm Petri dish (Nalge Nunc International). To
avoid an electric drift of the cells during pulsation, adherent cells
were grown on a glass coverslip chamber for fluorescence micro-
scopy observations (Lab-Tek™ II system, Nalge Nunc Interna-
tional). The EP chamber was designed using two stainless steel
parallel rods (1 mm diameter, 10 mm length, 5 mm interelectrode
distance) (45). The electrodes were connected to the pulse vol-
tage generator and a uniform electric field was generated. The
chamber was placed onto the stage of an inverted confocal micro-
scope (Zeiss LMS510, Carl Zeiss, Microlmaging GmbH) to
visualize the siRNA electrotransfer.

Electrotransfer. Cell permeabilization was performed by applying
the electrical pulses required to transfer genes and load macro-
molecules into cells (46). Ten pulses of 5 ms, at a frequency of
1 Hz were applied at 500 V/cm for the cell suspension and at
300 V/cm for the plated cells. On the plated cells, the pulsed
EF had to be lowered slightly due to the difference in cell geo-
metry in order to preserve viability. The cells were harvested by
trypsinization, washed, and resuspended in the pulsation buffer
(10 mM phosphate; 1 mM MgCl,; 250 mM sucrose; pH 7.4).
For each assay, 100 pL of the cell suspension was used, corre-
sponding to 10° cells. Then, 2 pg of siRNA was added. Five min-
utes after pulse delivery, the transfected cells were cultured in a
35 mm Petri dish by adding completed culture medium. Over 7 d,
the cells were analyzed by flow cytometry after trypsinization
(FACScan, Becton Dickinson) to determine the percentage of
egfp-expressing cells and their associated fluorescence intensity.
For fluorescence microscopy observations, 7 x 10* adherent cells
on the microscope glass coverslip chamber were treated in 400 uLL
of pulsation buffer in presence of 100 uM of PI or 4 pg of labeled
siRNA or 2 pg of POPO-3-labeled pDNA.

Paganin-Gioanni et al.
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Confocal Fluorescence Microscopy. Confocal microscopy was used
to follow the import of PI, labeled siRNA, and labeled pDNA.
These molecules were detected using a Zeiss LMS510 inverted
confocal laser scanning microscope equipped with a 514 nm
Helium-Neon laser. A Zeiss 40x objective (1.3 numerical aper-
ture, oil immersion) was used. Successive scans of less than 1 s
were performed to observe the transfer of the siRNA into cells.
Cells constitutively expressing egfp were observed with a 488 nm
Argon laser. Laser power and photomultiplier settings were kept
identical for all samples to make the results comparable. Eight bit
images were recorded using the Zeiss LMS510 software (EMBL)
in the format of 864 x 611 pixels, i.e., 326.3 X 291.5 pm. The laser
scan was unidirectional and perpendicular to the EF direction in
order to get rid of the temporal delay during image acquisition.

Image Analysis. The confocal images were processed using ImageJ
software (National Institutes of Health). The fluorescence signal
of the labeled siRNA in the cytoplasm was analyzed as follows:
the first image (before EP) was subtracted from each image of
the scan series. This process allowed the elimination of siRNA
outside the cells and thus discriminated the labeled siRNA pene-
trating into the cells. A light profile oriented parallel to the EF
direction was plotted across the cell in order to determine the
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orientation of the siRNA entrance. Then, the percentages of
labeled cells on the cathode, anode, both, or no sides were
calculated. A region of interest (ROI) was created limited by the
internal periphery of each cell. The MFI of the same ROI was
quantified for each image in the scan series.

Statistical Analysis. For the flow cytometry studies, three to five
independent experiments were performed. For the microscopy
studies and for each condition, more than 30 individual cells
were analyzed (N represents the number of individual analyzed
cells). Differences in percentages or relative fluorescence levels
between the different conditions were statistically compared by
using unpaired two-sided Student t-tests in Microsoft Excel soft-
ware (version 2003). *** P < 0.01. The error bars represent the
standard deviation of three independent measurements.
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