J Membrane Biol (2010) 236:107–116
DOI 10.1007/s00232-010-9272-3

Cell–Cell Electrofusion: Optimization of Electric Field Amplitude
and Hypotonic Treatment for Mouse Melanoma (B16-F1)
and Chinese Hamster Ovary (CHO) Cells
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Maša Kandušer
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Abstract Efficient electroporation of cells in physical
contact induces cell fusion, and this process is known as
electrofusion. It has been shown that appropriate hypotonic
treatment of cells before the application of electric pulses
can cause a significant increase in electrofusion efficiency.
First, the amplitudes of the electric field were determined
spectrofluorometrically, where sufficient permeabilization
in hypotonic buffer occurred for B16-F1 and CHO cells. In
further electrofusion experiments 14 ± 4% of fused cells
for B16-F1 and 6 ± 1% for CHO was achieved. These
electrofusion efficiencies, determined by double staining
and fluorescence microcopy, are comparable to those of
other published studies. It was also confirmed that successful electroporation does not necessarily guarantee high
electrofusion efficiency due to biological factors involved
in the electrofusion process. Furthermore, not only the
extension of electrofusion but also cell survival depends on
the cell line used. Further studies are needed to improve
overall cell survival after electroporation in hypotonic
buffer, which was significantly reduced, especially for
B16-F1 cells. Another contribution of this report is the
description of a simple modification of the adherence
method for formation of spontaneous cell contact, while
cells preserve their spherical shape.

Introduction

Keywords Hypotonic buffer  Electroporation 
Electrofusion  Cell survival  Fluorescence microscopy 
Spectrofluorometer  B16-F1 cell  CHO cell

UTI ¼ 1:5rE cos u;
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Cell–cell electrofusion is a safe, nonviral and nonchemical
method used for preparation of hybrid cells for various
biomedical applications and can be properly adjusted for
different cell types (Scott-Taylor et al. 2000). Electrofusion
is a two-condition process: (1) cell membranes have to be
brought into a fusogenic state and (2) physical contact
between two fusogenic membranes has to be established
(Teissie and Rols 1986). The contact needed for electrofusion can be obtained before or immediately after the
fusogenic state of membranes is achieved, with better
electrofusion efficiency reported in the former case (Wu
et al. 1992). A fusogenic state of the cell membrane is
achieved by electroporation, which is already widely used
in biomedical applications, such as gene electrotransfer,
electrochemotherapy and tissue ablation (Escoffre et al.
2009; Marty et al. 2006; Mir, 2009; Rubinsky et al. 2007).
Electroporation causes a dramatic increase in the membrane permeability of cells exposed to short and intense
electric pulses (Miklavcic and Towhidi 2010). The external
electric field induces transmembrane voltage, which provides energy for structural rearrangement of lipid bilayers
and cell membrane permeabilization. Induced transmembrane voltage of spherical cell can be calculated as
ð1Þ

where r is the radius of the cell, E is the strength of the
external electric field and u is the angle between the
direction of the electric field and the selected point on
the cell surface (Kotnik et al. 1997; Neumann et al. 1989;
Pucihar et al. 2009).
As mentioned above, the second condition required for
cell fusion is physical contact between cells, which has to be
established while their membranes are in a fusogenic state.

123

108

Physical contact between cells can be achieved with various
methods. Cells can be brought into close contact mechanically with the use of a specific fusion chamber (Jaroszeski
et al. 1994), filters (Ramos et al. 2002) or centrifugation
(Abidor et al. 1993; Sowers 1986; Teissie and Rols 1986).
Another possibility for achieving cell contact is the adherence method, where cell contact is established spontaneously in confluent culture (Finaz et al. 1984; SalomskaiteDavalgiene et al. 2009; Sukharev et al. 1990; Teissie and
Blangero 1984; Teissie et al. 1982). Yet another, and the
most widely used, method is application of alternating
electric fields, causing dielectrophoretic forces in cells that
result in cell migration and pearl chain formation (Vienken
and Zimmermann 1985; Zimmermann 1982).
Electrofusion is affected by medium proprieties such as
ionic composition, electrical conductivity and osmolarity
(Abe and Takeda 1988; Matibiri and Mantell 1995;
Mizukami et al. 1993; Ohno-Shosaku and Okada 1985;
Rols and Teissie 1989; Schnettlera and Zimmermann 1992;
Stenger et al. 1988, 1991).
One of the earliest approaches to improving electrofusion efficiency is the use of hypotonic electrofusion buffer,
which results in a considerable increase of fusion efficiency
(Ahkong and Lucy 1986; Schmitt and Zimmermann 1989;
Sukhorukov et al. 2006). In order to improve fusion efficiency in hypotonic buffer, the duration and osmolarity of
the hypotonic treatment have to be determined (Usaj et al.
2009).
Even though electrofusion of biological cells is potentially useful, achieving sufficient efficiency still requires
further studies (Hayashi et al. 2002; Scott-Taylor et al.
2000; Trontelj et al. 2008). The low number of fused cells
remains the main problem of electrofusion (James and Bell
1987; Mally et al. 1992; Neil and Zimmermann 1993;
Stevens et al. 1979; Yu et al. 2008).
Electrofusion can be successfully used for different
types of cells. Cells differ in their electroporation behavior;
therefore, they also differ in electrofusion. While part of
the difference in electrofusion behavior can be attributed
to differences in cell size (Eq. 1), another part is related
to the biological characteristics of treated cells (Cegovnik
and Novakovic 2004; Cemazar et al. 1998; Neil and
Zimmermann 1993; O’Hare et al. 1989; Yu et al. 2008).
The aim of this study was to optimize the electrofusion
protocol through the use of hypotonic buffer. Experiments
were conducted on two different cell lines: mouse melanoma cells (B16-F1) and Chinese hamster ovary (CHO)
cells. The electroporation efficiency in hypotonic buffer
was determined when cells were close to their maximal size.
These experiments helped to determine the amplitudes of
the electric field needed for successful electroporation. The
relation between electroporation, electrofusion efficiency
and the effect of applied treatment on cell survival was also
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studied. A simple modification of the adherence method is
also described, where good cell–cell contacts required for
electrofusion were achieved spontaneously. Instead of the
confluent cell culture described in previous studies (Finaz
et al. 1984; Salomskaite-Davalgiene et al. 2009; Sukharev
et al. 1990; Teissie and Blangero 1984; Teissie et al. 1982),
cell–cell contacts were achieved by plating cells at appropriate concentration for a short time. Electrofusion was
performed on slightly adhered cells, which formed spontaneous contacts among themselves, while their spherical
shape was preserved.

Materials and Methods
Chemicals, Cell Culture Media
Eagle’s minimal essential medium (EMEM), Ham’s
Nutrient Mixtures (F-12 HAM), fetal bovine serum (FBS),
L-glutamine, sucrose, dipotassium hydrogen phosphate
(K2HPO4), potassium dihydrogen phosphate (KH2PO4),
magnesium chloride (MgCl2), crystal violet, trypsin and
EDTA were obtained from Sigma-Aldrich (Taufkirchen,
Germany). Antibiotics (crystacillin and gentamicin) were
obtained from Lek (Ljubljana, Slovenia). Propidium
iodide, CMFDA and CMRA cell trackers were obtained
from Molecular Probes/Invitrogen (Carlsbad, CA).
Cells
All cell lines were cultured in humidified atmosphere at
37°C and 5% CO2 (Kambič, Semič, Slovenia) in the following culture media: mouse melanoma (B16-F1) in
EMEM supplemented with 10% FBS, antibiotics (gentamicin, crystacillin) and L-glutamine; CHO cells in F-12
HAM supplemented with 10% FBS, antibiotics and
2
L-glutamine. Cell lines were grown in a 25-cm culture
flask (TPP, Trasadingen, Switzerland) until they reached
80–90% confluence.
Isotonic and Hypotonic Buffers
Iso- and hypotonic buffers (phosphate-buffered saline
[PBS]) of osmolarities 260 and 93 mOsm (mOsmol/kg),
conductivity 1.62 mS/cm and pH 7.2 were used (Table 1)
in the experiments. The osmolarity of solutions was
determined with a Knauer vapor pressure osmometer
(K-7000; Knauer, Wissenschaftliche Gerätebau, Germany).
Electroporation
On the day of the experiment, cell suspension was prepared
with 0.25% trypsin/EDTA solution. Trypsin solution was
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Table 1 Chemical composition, conductivity and osmolarity of isotonic and hypotonic buffers used in our experiments
Ingredients

Isotonic

Hypotonic

Phosphate buffer

10 mM

10 mM

MgCl2

1 mM

1 mM

Sucrose

250 mM

75 mM

pH

7.2

7.2

Conductivity

1.62 mS/cm

1.62 mS/cm

Osmolality

260 mOsm

93 mOsm

removed, and 5 ml of the culture media was added. Cells
were gently rinsed from the bottom with the use of a plastic
pipette, and homogenous cell suspension was prepared.
Wire electrodes (Pl/Ir = 90/10) with a 5-mm gap were
used for the electroporation. The cell suspension prepared
in cell culture media was counted and the concentration
adjusted to 5 9 105 cells/ml for B16-F1 or 1 9 106 cells/
ml for CHO. We plated 40-ll drops in the middle of 24
wells (three wells per parameter) with premarked electrode
position, and they were incubated for 20 min. During the
incubation period, cells adhered slightly to the plate surface
but preserved their round shape. Cells were washed with
0.5 ml of isotonic buffer. Electroporation was performed
2 min after 350 ll of hypotonic buffer containing 10 mM
propidium iodide was added. At that time, cells were close
to their maximal size induced by hypotonic cell swelling,
as described in our previous study, where the kinetics of the
process were analyzed in detail (Usaj et al. 2009). Eight
rectangular pulses (pulse duration 100 ls, repetition frequency 1 Hz) were used for the electroporation with different pulse amplitudes (from 0 [negative control] to 1,600
[positive control] V/cm, in 200-V/cm steps). No electric
pulses were delivered for the negative control. Electroporation efficiency was determined spectrofluorometrically
by means of propidium iodide uptake in a microplate
reader (Infinite M200; Tecan, Männedorf, Switzerland) at
535 nm excitation and 617 nm emission wavelength 3 min
after pulse application. The percentage of permeabilized
cells was calculated. The value obtained from negative
control was subtracted from the value of treated sample and
divided by that from positive control. The average values
(±SD) for given pulse amplitudes were calculated on the
basis of at least three independent experiments. Differences
in electroporation efficiency between cell lines for each
electric field amplitude were tested using independent
samples t-test (SPSS Statistics; SPSS, Inc., Chicago, IL).
Electrofusion
Florescence microscopy was used for the detection and
quantification of fused cells. For this purpose, cells were

stained with two different cell tracker dyes. Cells, which
were grown in two 25-cm2 culture flasks, were washed
with 3 ml bicarbonate-free Krebs-HEPES buffer (Salvi
et al. 2002). Cells in one flask were stained with green
CMFDA (excitation/emission = 492 nm/517 nm), while
cells in the other flask were stained with red CMRA
(excitation/emission = 548 nm/576 nm). Loading solutions (7 lM) were prepared by mixing 2.1 ll of each stock
solution with 3 ml of bicarbonate-free Krebs-HEPES buffer and incubating at 37°C for 30 min. After 30 min, the
loading solutions were replaced with culture media and
cells were maintained in the incubator for another 2 h.
Cells were then trypsinized and mixed together in a 1:1
ratio in order to obtain an equal mixture of green and red
cells.
Close cell–cell contacts were established by means of a
modified adherence method (Fig. 1). Thus, a cell concentration was determined which was suitable for establishing
a monolayer of spherical cells in close contact. These
concentrations were 5 9 105 and 106 cells/ml for B16-F1
and CHO cells, respectively. Cell suspension (1 ml) was
plated into a 24-well multiplate (TPP) and incubated for
20 min. During the incubation period, cells adhered
slightly to the plate surface and formed spontaneous contacts but still preserved their round shape. In order to be
able to confirm that hypotonic treatment improved fusion
yield in our experimental conditions, separate experiments
of electrofusion in isotonic and hypotonic buffers were
performed. Experiments were performed only on B16-F1
cells using different electric field amplitudes for hypotonic
(800 and 1,200 V/cm) and isotonic (920 and 1,380 V/cm)
buffers in order to induce the same transmembrane voltages (see Eq. 1 and Table 2) in both buffers. Experiments
were performed in the same way as described below for
electrofusion of B16-F1 and CHO cells in hypotonic buffer. Before electroporation, cells were washed with isotonic
buffer and 350 ll of hypotonic (or isotonic) buffer was
added. Two minutes later, electric pulses were delivered
with an electric pulse generator (Cliniporator; IGEA,
Carpi, Italy) using two parallel wire electrodes (Pl/Ir = 90/
10) with a 5-mm gap. Electrical field amplitudes for electrofusion in hypotonic buffer were determined in previous
electroporation experiments: 800, 1,200 and 1,600 V/cm
corresponding to 400, 600 and 800 V, respectively. After
delivery of pulses, cells were left undisturbed for 10 min in
order for the cell fusion to take place. Thereafter, fusion
yield was determined.
Fusion yield was determined with the help of double
color fluorescence microscopy (Jaroszeski et al. 1995) and
the use of two emission filters, one at 535 nm (HQ535/30m,
for CMFDA) and the other at 510 nm (D510/40m, for
CMRA), both manufactured by Chroma (Brattleboro, VT),
and a monochromator (Polychrome IV; Visitron, Puchheim,
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Fig. 1 Modified adherence
method: Cells were stained with
green and red cell trackers and
plated to a 24-well plate. Cells
(left B16-F1, right CHO) were
slightly attached to the well
surface, while preserving their
spherical shape

Table 2 Effect of hypotonic treatment on swelling of B16-F1 and
CHO cells
Cell line

Cell radii (lm)
isotonic buffer

Cell radii (lm) 2 min
in hypotonic buffer

B16-F1

8.1 ± 1.1

9.3 ± 1.8

CHO

6.1 ± 0.6

7.7 ± 0.4

Even though B16-F1 cells were significantly larger than CHO cells in
isotonic buffer (P \ 0.05), the difference was reduced after cells were
maintained in hypotonic buffer for 2 min

Germany). Cells were observed under an inverted microscope (Axiovert 200; Zeiss, Oberkochen, Germany) with
209 objective magnification. Three images (phase contrast,
red and green fluorescence) were acquired from five randomly chosen fields in each well, using a cooled CCD video
camera (VisiCam 1280, Visitron) and PC software MetaMorph 7.1 (Molecular Devices, Palo Alto, CA).
Image-processing software ImageJ (NIH Image,
Bethesda, MD) was used to create three channel images
(Fig. 2) from each image triplet (phase contrast, red and
green fluorescence). Cells were manually counted for each
image, while the fusion efficiency was calculated as a
percentage of double labeled cells (Ndouble/Ntotal 9 100).
Electrofusion efficiency is presented as an average value
(±SD) for a given cell line and amplitude obtained from at
least four independent experiments.
The hypotonic treatment used in our experiments induces swelling of the treated cells. In order to fairly compare
fusion efficiency between B16-F1 and CHO cells, the
maximum induced transmembrane voltage was calculated
with the help of Eq. 1. Since cell size affects the maximum
induced transmembrane voltage and putatively the efficiency of electroporation, the cell radii for B16-F1 and
CHO was calculated before and 2 min after hypotonic
treatment. Thirty-five cells from four independent experiments were measured with phase-contrast microscopy at
409 objective magnification, as described in detail in our
previous study (Usaj et al. 2009). Independent samples
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Fig. 2 Three channel microscopic image (red, green, phase contrast)
of B16-F1 cells 10 min after being exposed to 1,600 V/cm. Cells
were stained with CMRA (red cytoplasm) and CMFDA (green
cytoplasm). Overlapping of the two colors and phase-contrast
imaging result in easier detection of double labeled fused cells
(arrows)

t-test was used to determine the difference in cell sizes
between B16-F1 and CHO.
The fusion efficiency obtained at different electric field
amplitudes for a given cell line was statistically tested
using one-way ANOVA, with Bonferroni’s post hoc test
(SPSS Statistics). Observed differences between cell lines
at the same amplitudes were statistically tested using
independent samples t-test.
Cell Viability
The viability of hypotonically treated and electroporated
cells was analyzed in a separate set of experiments. Viability was determined 24 h after electroporation experiments with the use of a modified crystal violet (CV)
viability assay (Gillies et al. 1986). Cell suspension was
prepared as described above. Aliquots of cell suspension in
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culture medium of 5 9 105 cells for B16-F1 and 106 cells
for CHO were prepared and centrifuged (2909g, 5 min,
4°C). Supernatant was carefully removed, and cells were
resuspended in 1 ml of hypotonic buffer or culture medium
for control. Two minutes after hypotonic buffer was added,
800 ll of cell suspension was electroporated. Amplitudes
of the electric field were the same as for the electrofusion
experiments. No pulses were delivered during the control
treatment. After electroporation, cells were kept at room
temperature for 10 min. We plated 105 B16-F1 cells or
2 9 105 CHO cells from each parameter in a microplate
well (24-well microplates, TPP) in three replicates. Cells
were incubated for 24 h.
Then, the culture medium was removed and cells were
washed with isotonic buffer. Cells were stained with 0.1%
CV solution. After 30 min, dye was carefully removed and
cells were lysed by 10% acetic acid. Absorption of lysate
was measured with a microplate reader (Infinite M200,
Tecan) at 595 nm wavelength, while cell viability was
determined as described before (Castro-Garza et al. 2007;
Golzio et al. 1998; Usaj et al. 2009). The average values
(±SD) for a given cell line were calculated from at least
three independent experiments. Differences between electroporated and nonelectroporated (control) cells were tested by the paired samples t-test (SPSS Statistics).

Results
Electroporation
Electroporation of cells was performed 2 min after cells
were transferred from isotonic to hypotonic buffer, when
they were close to their maximal size induced by hypotonic
cell swelling, as described in our previous study (Usaj et al.
2009). Table 2 shows how cell-size changes produced by
hypotonic treatment are presented. The difference in cell
radii of B16-F1 and CHO cells in suspension in isotonic
buffer was statistically significant (P \ 0.05), while in
hypotonic buffer the difference was reduced and was no
longer statistically significant.
During further experiments, the electroporation of both
cell lines in hypotonic buffer was studied. The results are
presented in Fig. 3. No statistically significant differences in
electroporation efficiency at any of the applied electric field
amplitudes were found between B16-F1 and CHO cells.
More than 70% of cells were permeabilized at 800 V/cm,
while at 1,000 V/cm[92% of cells were permeabilized.
Three different pulse amplitudes for electrofusion
experiments in hypotonic buffer were selected from electroporation experiments: 800 V/cm, where 70% permeabilization was observed, 1,200 and 1,600 V/cm, where the
permeabilization reached a plateau value.

111

Fig. 3 Electroporation efficiency determined with propidium iodide
uptake: Cells were electroporated 2 min after hypotonic buffer was
added with a train of pulses (8 9 100 ls, 1 Hz) applied at different
electric field amplitudes. Each data point represents the average
value ± SD of at least four independent experiments

Electrofusion
Electrofusion was performed on cells in close contact
established by the modified adherence method. Electric
pulses were delivered 2 min after cells were exposed to
isotonic or hypotonic buffer. The data obtained from
comparison of electrofusion yield in isotonic and hypotonic
buffers for B16-F1 cells confirmed that hypotonic treatment improved fusion yield in our experimental conditions
(Table 3). Therefore, all further experiments were performed in hypotonic buffer.
Figure 4 shows cell fusion in hypotonic buffer 10 min
after electric pulse application; cytoplasm of fused cells is
not completely merged, but fused cells (indicated by
arrows) can be clearly identified. Three channel images
(both fluorescence and phase contrast) make manual
counting of fused cells easier.
Figure 5a presents the percentage of double labeled
cells. The results show that electrofusion yield increased
with the increased electric field amplitude and reached a
maximum of 14% for B16-F1 and 6% for CHO. In comparison to CHO cells, higher fusion yield was obtained in
electrofusion of B16-F1 cells, even when they were
exposed to lower maximum induced transmembrane voltage. As shown in Table 4, 12% of double labeled cells

Table 3 Comparison of electrofusion efficiency (%) in isotonic and
hypotonic buffers
ITVmax (V)

Iso-osmolar buffer

Hypo-osmolar buffer

1.12

0.3 ± 0.3

6.4 ± 3.0

1.68

2.1 ± 1.2

13.7 ± 8.6
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Fig. 4 Three channel
microscopic images of B16-F1
(left) and CHO (right) cells
fused at 1,200 and 1,600 V/cm,
respectively. Cells were stained
with CMRA (red cytoplasm)
and CMFDA (green cytoplasm).
Images were captured 10 min
after electric pulse treatment
under 209 objective
magnification. In order to keep
images clearer, only some fused
cells are marked with arrows

Table 4 Maximum induced transmembrane voltage (V) at corresponding electric field amplitudes used for electrofusion of B16-F1
and CHO cells calculated using Eq. 1

A

*

**
*
**

E (V/cm)

B16-F1

CHO

800

1.12

0.92

1,200

1.68

1.38

1,600

2.23

1.84

**

B
*

*
*

*

were detected for B16-F1 at maximum induced transmembrane voltage 1.68 V, while at 1.84 V only 6% of
double labeled CHO cells were detected. However, it
should be emphasized that only half of the fused cells can
be detected with the double color approach.
In addition to high electrofusion efficiency, cell viability
needed to be preserved in order to produce viable fused
cells. If the hypotonic treatment was used in combination
with electroporation, we had to determine how those two
stressful treatments affect cell viability. The results show
that the survival rate of B16-F1 cells was significantly
lower at 800 V/cm and only 53% of the treated cells survive. However, the treatment did not have such a drastic
effect on the survival of CHO cells since the survival rate
was 63% (Fig. 5b) even at 1,600 V/cm.

**

Discussion
**

Fig. 5 Electrofusion efficiency (a) and viability (b) of B16-F1 and
CHO cell lines for different electric field amplitudes. The increase of
electric field amplitude improved electrofusion efficiency of each cell
line, whereas cell viability was significantly reduced. Asterisks
represent statistically significant differences (* P \ 0.05, ** P B
0.001). Columns represent the average value ± SD of at least four
independent experiments
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The aim of the present study was to optimize the parameters for electrofusion in hypotonic buffer for two different
cell lines: mouse melanoma (B16-F1) and CHO. Hypotonic
treatment induces an increase in cell size; therefore, the
electroporation efficiency of cells exposed to hypotonic
buffer was determined, and from these experiments three
pulse amplitudes for electrofusion were selected. Contacts
between cells required for efficient cell fusion were
obtained by a modification of the adherence method.
In the first part of the study electroporation of cells in
hypotonic buffer was determined. Significant differences in
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the size of B16-F1 and CHO cells presented in isotonic
buffer disappeared after hypotonic treatment (Table 2).
Cell size dynamic in hypotonic buffer was found to be cell
line–dependent (Usaj et al. 2009). In comparison to B16-F1
cells (dmax/d0 = 1.18), CHO cells, which are in isotonic
buffer smaller than B16-F1 cells, increase their average
size to a greater extent (dmax/d0 = 1.29). Even though only
cell sizes were measured, we were aware that the growth
caused by water influx is not the only consequence of the
hypotonic treatment. Hypotonic treatment induces many
other responses in the cell accompanied by loss of ions and
organic osmolytes, production of reactive oxygen species
(ROS), cytoskeletal rearrangement and changes in enzyme
activity (Lambert 2007). However, it seems that these
changes do not affect electroporation of the cell lines
studied. Experiments where cells were electroporated
2 min after hypotonic treatment, when they were close to
their maximal size, showed that both cell lines were permeabilized at the same electric field amplitude (Fig. 3).
Comparison of electroporation in isotonic buffer (Kanduser
et al. 2006) with electroporation in hypotonic buffer suggests that the major factor affecting electroporation of cells
is their size since the same level of electroporation was
observed at the same induced transmembrane voltage for
both buffers. The results confirm those of previous studies,
where authors reported that the increase of cell size,
induced by hypotonic treatment, resulted in lowering of the
electric field strength needed for electroporation (Barrau
et al. 2004; Kotnik et al. 1997; Neumann et al. 1989;
Zimmermann et al. 2000).
The second part of the study determined the electrofusion efficiency for both cell lines. Electroporation is a
prerequisite for effective electrofusion; therefore, it is
important to use such electric pulse parameters, where
sufficient permeabilization is achieved (Teissie and Ramos
1998; Zimmermann 1982). Three different electric field
amplitudes were selected: 800 V/cm, where 70% permeabilization was observed, 1,200 and 1,600 V/cm, where the
permeabilization reached a plateau value. It was confirmed
that in the experimental conditions higher electrofusion
efficiency was achieved when hypotonic buffer was used
instead of the isotonic one (Table 3). One of the reasons for
the effect of hypotonic buffer on electrofusion could be the
increase in cell surface area and unfolding of undulations
and invaginations of the cell membrane (Knutton et al.
1976; Sukhorukov et al. 1993), resulting in a decrease of
repulsive forces and, consequently, better cell–cell contacts
(Evans and Parsegian 1986; Golzio et al. 1998; McIntosh
et al. 1995, 1999; Rols and Teissie 1990). Some authors
suggest that osmotic pressure caused by hypotonic treatment is the main driving force for efficient cell fusion
(Ahkong and Lucy 1986), while others give more emphasis
to biological factors. According to them, electrofusion in
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hypotonic buffer provokes dissolution of the cytoskeleton
and increases mobility of membrane components, resulting
in improved fusion yield (Neil and Zimmermann 1993;
Schmitt and Zimmermann 1989; Sukhorukov et al. 2006;
Zimmermann and Neil 1996).
Even though further studies are needed to understand the
biological factors involved in electrofusion, these results
are important for optimization of the process since the
method, which results in good fusion yield, will help in
investigating the mechanism underlying cell electrofusion.
The fusion yields obtained in this study (Fig. 5a) are
comparable to other published results (Gabrijel et al. 2009;
Gottfried et al. 2002; Scott-Taylor et al. 2000; Sukhorukov
et al. 2006). Even though in some of the studies the authors
reported relatively high fusion efficiency, up to 25–35%
(Lee et al. 2005; Ramos et al. 2002), these differences can
be attributed to the method used for quantification of cell
fusion. The high rates were determined by flow cytometry,
which gives higher values of fused cells than can be
obtained by microscopy. Overestimations of fusion yield
obtained by flow cytometry are attributed to aggregated
cells and in some cases to inappropriate color compensation (Gabrijel et al. 2004; Gong et al. 2000; Hayashi et al.
2002; Stuhler and Walden 1994). A review of the published
literature showed that different authors use different electrofusion protocols, detection methods and quantifications
of fused cells (Gabrijel et al. 2008; Jaroszeski et al. 1994;
Ramos et al. 2002; Scott-Taylor et al. 2000; Wang and Lu
2006); therefore, the results of different studies cannot be
directly compared.
In addition, in these studies different cell lines were
used, which is a factor affecting electrofusion efficiency
(Mekid and Mir 2000; Salomskaite-Davalgiene et al. 2009;
Yu et al. 2008). Fusion yield is related to biological characteristics of the treated cells, such as integrity of the
cytoskeleton, mitochondrial activity and membrane composition (Blangero et al. 1989; Neumann et al. 1989; OhnoShosaku and Okada 1985; Sowers 1989; Sukharev et al.
1990; Urano et al. 1998; Zheng and Chang 1991). These
biological characteristics affect either electroporation,
which induces cell fusion, or electrofusion itself. The
results from this study show that the differences in electrofusion between B16-F1 and CHO cells are not caused by
electroporation since similar electroporation efficiency was
obtained with the same electric field amplitude (Fig. 3).
Nevertheless, it was observed that B16-F1 cells are more
fusogenic than CHO cells (Fig. 5a, Table 4). These results
confirm that even though optimal cell electroporation is
necessary, it is not the only condition determining fusion
efficiency (Salomskaite-Davalgiene et al. 2009).
For the use of electrofusion in biotechnological applications, high fusion efficiency is not the only condition that
needs to be fulfilled because only viable fused cells can

123

114

perform highly specific tasks, such as production of
monoclonal antibodies and stimulation of the immune
system. Hybridoma colony counting is still the most
accurate and reliable method of evaluation for a new fusion
strategy (Foung et al. 1990; Schmitt and Zimmermann
1989; Sukhorukov et al. 2005). Nevertheless, first steps for
optimization of the electrofusion strategy can be made with
other less accurate and reliable but faster tests as well.
Therefore, this study used a fast viability test to determine
the effect of hypotonic treatment and electroporation
parameters on cell survival. We observed that B16-F1 and
CHO cells differ in their response to this electrofusion
protocol. In B16-F1, cell viability was drastically lower
(Fig. 5b) for the amplitudes of the electric field where the
maximum fusion efficiency (Fig. 5a) was achieved, while
CHO viability was not significantly affected by increasing
the electric field amplitude (Fig. 5b). These results indicate
that B16-F1 cells were more susceptible to the combination
of hypotonic treatment and electric pulse application. Other
authors obtained similar results, even though they used a
different viability test and/or monitored cell survival at
different time intervals after treatment (Gottfried et al.
2002; Jantscheff et al. 2002; Ramos et al. 2002; ScottTaylor et al. 2000; Wang and Lu 2006). However, cell
viability could be improved by using a smaller number of
shorter electric pulses and by adjusting buffer osmolarity.
Previous studies showed that sufficient electroporation can
be obtained with different pulse parameters and that cell
survival can be preserved by reducing the number and
duration of electric pulses (Macek-Lebar and Miklavcic
2001).
Another contribution of this study is the description of
the modified adherence method for establishing spontaneous contacts between cells. Instead of using confluent cell
culture, as described in some published studies (Finaz et al.
1984; Salomskaite-Davalgiene et al. 2009; Sukharev et al.
1990; Teissie and Blangero 1984; Teissie et al. 1982),
contacts are achieved by plating cells in suitable concentration and allowing them to form contacts while their
shape remains spherical (Fig. 1). With plating time of
approximately 20 min, experiments can be performed
faster and the cell membrane geometry, which might affect
cell fusion (Chen et al. 2007; Martens and McMahon
2008), remains the same as when experiments are performed on cell suspension. Therefore, the results from this
study can be compared with other methods, where cell
suspensions are used. In addition, the number of cells that
fuse into one cell is lower (Fig. 2) than in the original
adherent method, while fusion efficiency is comparable.
Hybrid cells with lower numbers of nuclei have a better
chance of surviving and dividing. Thus, fused cells produced with the modified adherence method are also
potentially more efficient.
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To conclude, hypotonic treatment and electric pulse
parameters that result in[70% of permeabilized cells can be
successfully used for electrofusion. However, not only
successful permeabilization but the biological characteristics of the cell line affect electrofusion efficiency and cell
survival after electroporation in hypotonic buffer as well.
That is why further studies are needed to improve cell survival and to determine which biological factors are involved
in cell electrofusion. The cell contacts required for electrofusion can be obtained by a modification of the adherence
method, resulting in spontaneous contact formation while
cells preserve their spherical shape. The electrofusion efficiencies obtained are comparable to those from other more
sophisticated and time-consuming methods.
Acknowledgements This research was supported by the Slovenian
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