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Specific electropermeabilization of leucocytes in a blood sample
and application to large volumes of cells
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Electropermeabilization is obtained when the membrane potential difference reaches a critical threshold. This is
performed by submitting cells to an external electric field pulse. The field modulates the endogenous potential
difference in a cell-size-dependent way. Computer simulations predict that large cells would be specifically permeabi-
lized in a mixture with smaller cells. This was examined on a mixture of Chinese hamster ovary (CHO) cells and
erythrocytes. CHO cells were permeabilized to Trypan blue without any occurrence of haemolysis. A similar ‘size’
specificity was observed on blood samples. This agreement between prediction and experimental observation indicates
that induction of electropermeabilization is mainly under the control of the size of the target cell. Its physiology plays
only a minor role, if any. Treating blood with 10 square wave puises lasting 100 ps of an intensity of 1.6 kV /cm
induced the permeabilization of 70% of the leucocytes (polymorphs and monocytes) but did not affect erythrocytes. No
washing of the sample was needed in a procedure in which cells were pulsed in the plasma. A flow electropulsing process
allows the treatment of large blood volumes under conditions where cells are kept viable. These results show that

electropermeabilization could be used as an effective way to obtain immunocompatible drug vehicles.

Introduction

Electropermeabilization of the cell membrane is an
efficient tool to introduce non-permeant molecules such
as dyes or drugs in the cell cytoplasm [1-7]. Because
this technique is fast and simple, it is applicable for
basic purposes as well as for biotechnology. Electrical
parameters (field intensity, time duration, number of
pulses can be adapted to each cell type in order to keep
pulsed cells viable. Electropermeabilization, by giving
access to the cytoplasm [8], allows the loading of viable
cells with exogenous molecules. Such a loading appears
as an elegant way to obtain drug vehicles. The phar-
macological applications of electropermeabilization have
been first performed on red blood cells by electroload-
ing ghosts [9] or erythrocytes [10,11] that might serve as
intravenous drug vehicles which slowly release the drug
into the circulation. Increasing antitumor drug activities
by electropermeabilization of cells has been observed,
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suggesting that the uptake across the plasma membrane
is a rate-limiting factor [3~5]. Electrotransformation of
murine hematopoietic cells was obtained with genomic
DNA [12]. This result opens interesting prospects for
gene therapy. These studies are all indicative of the
interesting medical potentialities of electropermeabiliza-
tion. An important prerequisite for efficient drug car-
riers is specificity. A huge amount of work tries to
improve the drug efficiencies by increasing their uptake
at the targeted site and by decreasing the side effects on
other tissues and organs. Drugs must be slowly released
to increase their plasma lifetime. Many systems have
been developed (for reviews, see Refs. 13 and 14) such
as liposomes [15,16], erythrocyte ghosts [17,18], syn-
thetic and biological macromolecules [19-21], im-
munotoxins [22] and prodrugs [23,24]. The efficiency of
these carriers requires them to be non-toxic, biode-
gradable and biocompatible [25].

‘In vivo’ experiments of electroloading or electro-
transformation have studied the functional activities of
pulsed cells and have shown that (i) electroloaded
murine erythrocytes injected back into donor mice had
a lifetime similar to that of normal cells [11], (ii) no
significant loss in metabolic and functional potential
was observed for electropermeabilized human blood
platelets [26], (iii) murine hematopoietic cells electro-
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transformed and injected into lethally irradiated mice
expressed the gene in hematopoietic tissues 14 days
after pulsing [12].

These studies demonstrated the integrity and bio-
compatibility of pulsed cells and suggest that pulsed
blood cells can be used as drug vehicles.

White blood cells are fully adapted to the use as
‘antibiotic carrier’ because they have a functional
specificity (fast accumulation in infectious sites [27])
and are also immunocompatible. Nevertheless, electro-
permeabilization of isolated leucocytes has only be used
for lymphocyte transformation experiments [12,28,29].
The present study establishes that electroloading of
leucocytes can be made in a blood sample without
alteration of erythrocytes and that the leucocyte viabil-
ity is maintained. Furthermore, a flow system was used
to treat large cell volumes.

Materials and Methods

Cell preparation

Culture of chinese hamster ovary (CHO) cells. CHO
cells (WTT clone) were grown in suspension by using a
spinner flask (500 ml) driven by a magnetic stirrer (400
rpm). The culture temperature was set at 37°C. The
culture medium was Eagle’s minimum essential medium
(MEM 0111, Eurobio, France) supplemented with 6%
new born calf serum (Boehringer, F.R.G.), penicillin
(100 Ul/ml), streptomycin (100 pg/ml) and r-gluta-
mine (0.58 mg/ml). The cell density was maintained
between 4-10° and 1.5-10° cells per ml (exponential
growth phase) by daily dilution in the culture medium.

Blood cells. Blood samples were kindly provided by
Dr Tarbes (CTS Rangueil, Toulouse, France). Erythro-
cytes were obtained by centrifuging blood samples
(2000 X g, 5 min, room temperature) and removing su-
pernatant. Leucocytes were used as ‘leucocyte con-
centrates’: after elimination of most of the erythrocytes
by centrifugation of blood samples (1100 X g, 30 min), a
1,/100 leucocyte and erythrocyte mixture is obtained.

Permeabilization

Experiments were performed at 21°C in an air-con-
ditioned room, in the following low ionic content saline
buffer: 125 mM sucrose, 69 mM KCl, 1 mM MgCl, in
10 mM phosphate buffer (pH 7.4). This ‘pulsing buffer’
(PB) was added after eliminating culture medium or
plasma by centrifugation (100 X g, 4 min or 2000 X g, 5
min, respectively, at room temperature). Cells were
washed twice in PB. For experiments on blood samples,
cells were directly pulsed in plasma.

Electropermeabilization was carried out using a
CNRS electropulser (Jouan, France) able to deliver
square-wave pulses which parameters (voltage, pulse
duration, number and frequency of pulses) are all inde-
pendently adjustable. Pulses were monitored using a 5
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Fig. 1. Continuous flow electropulser. The flow was generated by the

air pressure created by the pump. Cell flow was submitted to con-

trolled electrical pulses between the electrodes. Sterility was main-
tained by working under a laminar flow hood.

MHz oscilloscope (Enertec, France). For the ‘batch
experiments’, the system was as follows: electrodes are
parallel and flat with an anode-cathode distance of 4.3
mm. 250 pl of cell suspension were treated by bringing
electrodes into contact with a culture dish in order to
build an open chamber. The gap between the electrodes
was then filled with the cell suspension and repetitive
pulses were applied (10 pulses lasting 100 ps with a
frequency of 1 Hz and various field intensities). Control
cells were treated in a similar way except that no pulse
was applied.

A flow system [30,31], described in fig. 1 was used:
due to the pressure created by a peristaltic pump (Gil-
son, France), the cells flow between two parallel stain-
less-steel electrodes, 4 mm apart, which are the walls of
a Plexiglass chamber containing 128 ul. The electro-
pulser delivers electrical pulses with a frequency (up to
10 Hz) chosen as a function of the flow rate in such a
way that successive pulses (duration 100 ps) are applied
on each cell when it is present between the electrodes. If
the frequency of pulses is F, then the flow f (ml/min)
is obtained from the relationship:

f=(FX60xv)/n

where v is the volume of the pulsing chamber and n the
number of applied pulses on a cell. Sterility of the flow
system was obtained by washing the system with a flow
of bleach for 20 min and then rinsing with sterile PB.
The complete system was put in a laminar flow hood
(ESI, France).

Determination of the permeabilization

CHO cells and leucocytes. Electropermeabilization was
quantitated by penetration of Ca* leading to cell lysis.
Pulsed cells were mixed with PB containing 3 mM
CaCl, and 1% (w/v) Trypan blue (Sigma, U.S.A)),
incubated during 10 min and the number of blue-stained
cells was counted in Ref. 32.

Erythrocytes. In case of erythrocytes, electropermea-
bilization leads to a leakage of ions which in turn causes
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the haemolysis of the erythrocytes [10,11]. The
haemoglobin leakage was quantified by incubating
aliquots of pulsed samples (about 10® erythrocytes in 50
pl) in 2 ml of PB during 2 h at 4° C. The samples were
then spun down (2500 X g, 5 min, room temperature)
and the absorbance at 413 nm of the supernatant was
recorded. 100% haemolysis was obtained from a hypo-
tonic shocked sample using pure water [11].

The size histograms were obtained by use of a video
system. Cells were videomonitored with an inverted
phase microscope (Diavert, Leitz, F.R.G.) coupled to a
camera (JVC, Japan). Cell diameters were measured
directly on the magnified image of the monitor and
calculated with a conversion factor (according to the
objective magnification).

Cell viability

For CHO cells, this parameter was checked by ob-
serving the growth of cells 24 h after pulsing. For
leucocytes, Trypan blue penetration (1% w/v) was used
to monitor the cell viability 24 h after pulsing.

Experiments were duplicated and deviations are rep-
resented as error bars.

The simulation curves were performed with a BASIC
program run on an Apple Ile microcomputer (U.S.A.)
and written in this laboratory.

Results

Theoretical prediction of size specific electropermeabiliza-
tion

Square wave electrical pulses induce the formation of
transient permeated structures [33]. Electropermeabili-
zation is associated to a structural membrane reorgamni-
zation when the potential difference reaches a given
threshold. The external field modulates the potential
difference and can make it larger than this critical
threshold. The mechanisms by which electrical fields
permeabilize cells are not clearly understood. Neverthe-
less, it is assumed that these structures result from the
transmembrane induced potential difference, 4V. When
the total transmembrane potential reaches a threshold
value of —250 mV [34], permeabilization occurs in lipid
vesicles.
According to Laplace’s equation [35,36], the expression
of AV is:

AV = f-g(A)-r-E-cos 8 %))

where f is a shape factor, g is a membrane permeability
(M) factor, r is the cell radius, E is the field intensity,
and 0 is the angle between the electrical field and the
normal vector to the membrane.

According to this expression, AV is a function of
both the field intensity and the cell size. A direct
consequence is that larger cells are permeabilized at

lower field intensities than smaller cells. From this
theoretical prediction, simulations of permeabilization
curves of defined size cell populations were run on a
computer in order to determine the behaviour of size-
heterogeneous cells submitted to electrical pulses. The
program is based on Eqn. 1, which can be written:

AV=K-rE )

to express the threshold in applied field E.

If cells are assumed to be insulating spheres in a
conducting medium, X is equal to 1.5 [35,36]. Neverthe-
less, because cells are not real dielectrics, K should be
considered as an adjustable parameter. Experimental
results using a threshold value of AV equal to 250 mV
are indicative of a value of K about 1. It must be
emphasized that, in this program, K is considered as
constant whatever the cell type.

The threshold transmembrane potential is set to 250
mV [34] and is independent of both the cell type and
the nature of the molecules which would cross the
membrane. Then the average sizes (r;, r,, ...) of the
populations (i, k, ...) with the standard deviations are
entered. For each field intensity, the computer can
calculate the limit value r; from which the permeabiliza-
tion appears. If r, is superior or equal to 7;, the cell is
considered as permeabilized whereas if r; is inferior to
r;, the cell is considered as non permeabilized. The
various size distributions of cell populations (i, k, ...)
are taken into account and the relative numbers of
permeabilized cells are added for each field intensity.
The simulation curves displays the number of per-
meabilized cells versus the field intensity.

Experimental validation on a model system

These simulations were tested on a mixture of CHO
cells and erythrocytes. Experiments were first carried
out on this model system because erythrocytes are much
smaller than CHO cells and both cell types have a
narrow size distribution. The size values we used were
obtained from direct videomicroscopy observation of
the cell suspension. This gives the histograms shown in
Fig. 2. The average size was 13 pm (+1 pm) for CHO
cells and was 7.5 pm (£ 0.5 pm) for erythrocytes.

Using Eqn. 2, the simulation profiles predicted a
similar shape for permeabilization curves of the two cell
types (both populations having a narrow size distribu-
tion) but a shift of the erythrocytes permeabilization
curve towards higher field intensities, due to their
smaller sizes (Fig. 3).

Experiments were operated as follows. Cells were
mixed after washing (about 1 CHO cell for 100 erythro-
cytes) and treated with electric fields of increasing in-
tensity. As shown in Fig, 4 (for ten successive pulses of
100 ps duration), permeabilization of CHO cells was
observed at field intensities larger than 700 V/cm
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Fig. 2. Size histogram of red blood cells (RBC) and CHO cells.

Permeabilization (au)

Field intensity {(au)

Fig. 3. Simulation of permeabilization curves of red blood cells (RBC)

and CHO cells showing predicted numbers of permeabilized cells

versus field intensity. This was obtained from the average sizes with

the standard deviation of each population (13 pm+1 pm for CHO

cells and 7.5 pm+0.5 pm for erythrocytes) given in the upper left
corner.

PERMEABILIZATION (%)

2.0

FIELD INTENSITY (kV/cm)

Fig. 4. Batch experiments. Permeabilization curves of CHO cells and

red blood cells (RBC) showing the number of permeabilized cells

versus field intensity. CHO cell permeabilization was quantitated by

counting blue-stained cells while the percentage of haemolysis was the

permeabilization indicator for erythrocytes. 100% haemolysis was
obtained with erythrocytes lysed in pure water,
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Fig. 5. Size histogram of red blood cells (RBC) and white blood
cells (WBC).

whereas haemolysis of erythrocytes only appeared at a
field intensity of 1.6 kV/cm. By applying ten pulses
with duration of 100 ps between 1.2 and 1.4 kV /cm
across this cell suspension, 100% of the CHO were
permeabilized, whereas no haemolysis of erythrocytes
was detected.

These observations give clear evidence that electro-
permeabilization is size-specific in a mixture.

Experimental validation on a blood sample

Blood cells have a much more complicated size dis-
tribution and as such are an interesting challenge.

The size histogram of leucocytes (Fig. 5) outlines the
cellular heterogeneity of this population: in fact, small
and large lymphocytes (7-12 pm), polymorphs (12-14
pm) and monocytes (15-20 pm) are the three subclasses
of leucocytes. The experimental size data of leucocytes
were fed in the program which can take the three

Permeabilization (au)

— RBC ,
---- WBC -

L
Field intensity (au)

Fig. 6. Simulation of permeabilization curves of red blood cells (RBC)

and leucocytes (WBC). The cellular heterogeneity of this population

was determined according to experimental data (Fig. 5): small and

large lymphocytes (8.5 pm+ 3.5 pm), polymorphs (11 gm+2 pm) and

monocytes (16 um+2 pm). The average size of erythrocytes was

taken as 7.5 pm+0.5 pm. The size distributions are shown in the
upper left corner.
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PERMEABILIZATION (%)

u.0 0.5 1.0 1.5 2.0

FIELD INTENSITY (kV/cm)
Fig. 7. Batch experiments. Permeabilization curves of white blood
cells (WBC) and red blood cells (RBC). Leucocyte permeabilization
was quantitated by counting blue-stained cells, while percentage of
haemolysis was the permeabilization indicator for erythrocytes. 100%
haemolysis was obtained with erythrocytes lysed in pure water.

different populations into account to predict the perme-
abilization curve. Results are presented in Fig. 6 and
show a slow increase of the percentage of permeabilized
cells. As described above, the permeation profile of
erythrocytes is associated with higher field strengths.
Nevertheless, it should be noted that 100% permeabili-
zation is predicted to be obtained with erythrocytes at a
lower field than with leucocytes, although the threshold
field intensity of erythrocytes is higher than for leuco-
cytes.

Cells were not washed before pulsing to prevent the
putative damaging effects of centrifugation. Large mole-
cules were then present in the plasma, i.e., in the pulsing
buffer. Results obtained in this laboratory [33] showed
that the presence of high-molecular-weight molecules,
such as serum albumin from the plasma, would shift the
permeabilization curves to higher field intensities.

The experimental results described in Fig. 7 are in
agreement with these previous results: permeabilization
of erythrocytes appeared only with a field intensity of
1.8 kV/cm. The leucocyte permeabilization curve ex-
hibits a complicated pattern, as predicted in Fig. 6.
Indeed, the slope of the curve is small and the whole
population cannot be permeabilized by fields smaller
than 2 kV /cm, as predicted. The erythrocytes with an
average size of 7.5 pm have similar size as for small
lymphocytes and a threshold field intensity about 1.6
kV /cm.

Ten pulses applied on blood cells with a duration of
100 ps and a field intensity of 1.6 kV /cm permeabilize
90% of the leucocytes but not erythrocytes. This ob-
servation confirms the size specificity of electropermea-
bilization in a biological fluid.

v.0 0.5 1.0 1.5 2.0

FIELD INTENSITY (kV/cm)

Fig. 8. Continuous flow experiments. Permeabilization curves of CHO
cells (0) and erythrocytes (®). CHO cells permeabilization was
quantitated by counting blue-stained cells and percentage of haemoly-
sis was the permeabilization indicator for erythrocytes. CHO cell (0)
viability was measured after 24 h by the Trypan blue test.

Specific permeabilization of a large volume of cell suspen-
sion

In previous batch experiments, 250 pl of cell suspen-
sion was put between the electrodes and pulsed (ten
pulses with a duration of 100 ps and a frequency of 1
Hz). To increase the number of pulsed cells, this proce-
dure was changed to a flow procedure. As described in
‘Materials and Methods’, by synchronously pulsing a
flow of cells, pulses lasted 100 us with a frequency of 10
Hz. The flow rate was 11 ml/min, resulting in seven
pulses applied for each cell.

As described above, a mixture of CHO cells and
erythrocytes in PB was first treated. Results shown in
Fig. 8 are indicative that the permeabilization occurs as
in the batch experiments (Fig. 4).

FIELD INTENSITY (kV/cm)

Fig. 9. Continuous flow experiments. Permeabilization curves of
leucocytes (O) and erythrocytes (®). Leucocyte permeabilization was
quantitated by counting blue-stained cells and percentage of haemoly-
sis was the permeabilization indicator for erythrocytes. Leucocyte
viability (00) was measured after 24 h by the Trypan blue test.



It was important to check that the stress due to the
flow was not lethal to pulsed cells, so we followed the
growth of cells (control and pulsed cells) for 24 h. The
results (Fig. 8) show that viability was not affected up
to 1.5 kV/cm. Consequently, by applying ten pulses
lasting 100 ps with a field intensity of 1.4 kV /cm, 100%
of CHO cells are permeabilized without alteration of
their viability and erythrocytes are not haemolysed.

This procedure was extended to a blood sample.
Cells were directly pulsed in plasma and permeabiliza-
tion rates were recorded (Fig. 9). Results obtained with
the flow system were similar to those of batch experi-
ments. The shift in the profile is due to our observation
that blood samples have various leucocyte size distribu-
tions from one patient to another. Leucocyte viability
was controlled by the Trypan blue procedure: the via-
bility decreased only above 1.6 kV/cm. Thus, at this
field value, 70% of the leucocytes (polymorphs and
monocytes) are permeabilized without alteration of via-
bility.

Discussion

Our results show both mathematically and experi-
mentally that the physical basis underlying electroper-
meabilization is valid on biological systems. Our main
observation is that the cell membrane can not be con-
sidered as a pure dielectric but rather as a poor conduct-
ing system. This conclusion is reached from the necess-
ity to use a value of the parameter X (in Eqn. 1) equal
to 1 and not to 1.5. As this value is valid whatever the
cell type which is pulsed (erythrocytes, CHO cells,
leucocytes), we must conclude that the electrical charac-
teristics of the cell membrane are not strain-dependent.
This conclusion shows that the cell diameter is the
parameter to be taken into account in the field depen-
dence of electropermeabilization.

As a model system, CHO cells /erythrocytes mixture
was used for permeabilization assays. The comparison
of the size histogram (Fig. 2) with the permeabilization
curves (Fig. 4) agrees with the prediction: CHO cell
threshold is about 600 V/cm, whereas erythrocyte
threshold is 1.4 kV /cm. The simulation curves are sup-
ported by the experimental data showing the size specific
permeabilization of cell mixtures.

This property was extended to a physiological system
with blood samples. Due to the broad size distribution
of leucocytes (Fig. 5), the simulation curve predicts a
complex nature of leucocytes permeabilization and the
need of a very high field intensity to permeabilize the
whole population. It must be noticed that as small
lymphocytes have similar or smaller size than erythro-
cytes, it was predicted by the computer that the curves
should cross and this was confirmed by the experimen-
tal results.
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This size-specific permeabilization was used for elec-
tropulsing of large volumes of cells, by using a flow
system [30,31] as described in Fig. 1. Experiments both
on CHO cells (Fig. 8) and on leucocytes (Fig. 9) showed
that there was no decrease of the cell viability for the
field intensities we used. For the CHO cell / erythrocyte
system, the permeabilization/field profiles were the
same in the batch and flow systems.

The erythrocyte/leucocyte permeabilization experi-
ments were run in plasma in order to avoid the washing
steps and to test the permeabilization in physiological
conditions. The shift of the erythrocyte permeabiliza-
tion curve towards higher field intensities (Fig. 9) is due
to the effect of high-molecular-weight molecules which
prevent the exchanges of molecules across the plasma
membrane during the permeabilization state [33].

Our conclusions are of major practical importance.
We describe, on the one hand, electrical conditions
suitable for the specific electropermeabilization of
leucocytes in a blood sample and, on the other hand,
the permeabilization of large volumes of cells under
conditions which do not affect their viability.

Interest concerning the use of permeabilized cells as
drug vehicles has up to now been focused on erythro-
cytes [11] or platelets [26]. In all cases, these applica-
tions require isolation of target cells from a blood
sample before treating and injecting back the electro-
loaded cells to the donor. The results presented in this
study open up new prospects with the ability to specifi-
cally electropermeabilize (or electroload, or electro-
transform) leucocytes in blood samples without any
isolation step. The flow system can be adapted to an
extracorporeal circulation in order to treat the whole
blood volume. In this laboratory we are currently stud-
ing the possibility of using leucocytes (polymorphs and
monocytes) electroloaded with an antibiotic or an anti-
inflammatory drug as efficient delivery vehicles to sites
of infection.
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