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Introduction

Electrofusion of two different types of 

cells generates a third polynuclear type, 

which displays hybrid characteristics of 

the two parental cells. Different methods 
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Background. Various electrofusion parameters have to be adjusted to obtain the optimal electrofusion ef-
ficiency. Based on published data, good electrofusion conditions can be achieved with the hypotonic treat-
ment. However, the duration of the hypotonic treatment before electroporation and buffer hypoosmolarity 
have to be adjusted in order to cause cell swelling, to avoid regulatory volume decrease and to preserve 
cell viability. The aims of our study were to determine cell size dynamics and viability of four different 
cell lines in hypotonic buffer and to study the influence of the electroporation on the selected cell line in 
hypotonic buffer.
Materials and methods. Cell size dynamics of different cell lines exposed to hypotonic buffer and elec-
troporation were analyzed by time-resolved cell size measurements. The viability of hypotonically treated 
or/and electroporated cells was determined 24 h after the experiment by a modified crystal violet (CV) 
viability assay.
Results. In our experimental conditions the hypotonic treatment at 100 mOsm was efficient for CHO, V79 
and B16-F1 cell lines. The optimal duration of the treatment was between two and five minutes. On the other 
hand the same hypotonic treatment did not cause cell swelling of NS1 cells. Cell swelling was also observed 
after electroporation of B16-F1 in isotonic buffer and it was amplified when hypotonic buffer was used. In 
addition, the regulatory volume decrease was successfully inhibited with electroporation.
Conclusions. Cell size dynamics in hypotonic conditions should be studied for each cell line since they 
differ in their sensitivity to the hypotonic treatment. The inhibition of cell regulatory volume decrease by 
electroporation may be beneficial in achieving higher electrofusion efficiency. The hypotonic treatment in 
itself did not significantly affect the cell viability; however, electric field parameters for electroporation 
should be carefully selected taking into account the hypotonically induced volume increase of cells. 

Key words: hypotonic treatment; cell swelling; regulatory volume decrease; cell size measurements; vi-
ability; electrofusion; electroporation
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be selected and used properly. Rapid cell 

swelling in the hypotonic environment due 

to influx of water namely triggers regulatory 

the volume decrease. If it is triggered before 

the induction of cell fusion, it can inhibit the 

positive effect of the hypotonic treatment on 

electrofusion by reducing cell size, restoring 

microvilli and excessive leaking of cytosolic 

electrolytes.33,35 The prolonged treatment 

thus leads to poor fusion efficiency and also 

decreases the cell viability.30,32-34

The aim of our study was first to deter-

mine cell size dynamics and the viability of 

four different cell lines in hypotonic buffer. 

The volume regulation of different cell lines 

exposed to strongly hypotonic buffers was 

analyzed by means of time-resolved cell 

size measurements. The second aim of our 

study was to determine the influence of the 

electroporation on the selected cell line in 

hypotonic buffer. B16-F1 cell line was se-

lected because electroporation parameters 

and swelling induced by electroporation 

in isotonic buffer were previously well de-

scribed for this cell line.21,36

Materials and methods

Chemicals, cell culture media

Eagle’s minimal essential medium (EMEM), 

Ham’s Nutrient Mixtures (F-12 HAM), 

Dulbecco’s Modified Eagle’s Medium 

(DMEM), trypsin, fetal bovine serum (FBS), 

L-glutamine, sucrose, phosphate (K2HPO4/

KH2PO4), MgCl2, crystal violet, trypsin 

and EDTA were purchased from Sigma 

(Sigma-Aldrich Chemie GmbH, Germany). 

Antibiotics (crystacillin and gentamicin) were 

purchased from Lek (Ljubljana, Slovenia).  

Cells

All cell lines were cultured in an incuba-

tor (Kambič, Slovenia) in the humidified 

are used to achieve cell fusion; however, 

electrofusion is gaining on its importance 

because it is easy to use, potentially highly 

efficient, reproducible and controllable.1-3 

Electrofusion has great potential for clini-

cal applications, with respect to viral and 

chemical methods, because it is a safe 

method that does not introduce any foreign 

substances into the body.

Cell fusion is a two-condition process: 

(I) cell membrane has to be brought into fu-

sogenic state and (II) a close physical con-

tact of two fusogenic membranes has to 

be established. The fusogenic state of cell 

membrane is achieved by electroporation.4-6 

Electroporation is a method, widely used 

in medicine7-12, where a dramatic increase 

in membrane permeability is caused by 

cell exposure to short and intense electric 

pulses.13-15 With the appropriate selection 

of electrical parameters and media, taking 

into account biological characteristics of the 

treated cells, the reversible electroporation 

can be obtained. The reversible electropora-

tion does not affect cell viability, because cell 

membranes reseal after the treatment.16-21 

As mentioned before, the second condi-

tion required for cell fusion is a close physi-

cal contact between cells which has to be 

established during the fusogenic state of 

the membrane. A physical contact between 

cells can be achieved by the application of 

alternating electric filed which causes di-

electrophoretic forces that result in cell mi-

gration and pearl chain formation.4,22

Even though electrofusion of biological 

cells is potentially a useful method, achiev-

ing the sufficient efficiency still requires 

extensive trial-and-error studies.23-26 One of 

the earliest approaches to improve electro-

fusion efficiency was the use of hypotonic 

electrofusion buffer that resulted in the con-

siderable fusion efficiency increase.27-34 To 

ensure the improvement of fusion efficiency 

in hypotonic buffer the duration and the os-

molarity of the hypotonic treatment has to 
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molarity of solutions was determined with 

Knauer vapor pressure osmometer K-7000 

(Knauer, Wissenschaftliche Gerätebau, 

Germany). Buffers pH was 7.2. 

Cell size measurement and analysis

Cell volume changes were measured by 

protocol which allowed a rapid exchange of 

media. For that purpose we used 9.2 cm2 tis-

sue culture Petri dishes (TPP, Switzerland). 

Before the microscopic measurement, cells 

in suspension were counted by haemocy-

tometer and 5 x 105 cells were placed on 

Petri dish. Cells were incubated at 37°C 

for 20-40 min (except for NS1, which were 

incubated overnight) in culture medium 

allowing cells to slightly adhere but still 

preserving a round shape. Culture medium 

was removed and cells were washed with 

1 ml isotonic buffer leaving 300 μl to avoid 

drying of the sample during the acquisi-

tion of the first image (represents time t 

= 0 min). Cells were observed under the 

Axiovert 200 microscope (Zeiss, Germany) 

with 40 x objective in transmitted light. 

Phase contrast images were acquired with 

cooled CCD video camera VisiCam 1280 

(Visitron, Germany) and PC software 

MetaMorph 7.0 (Molecular Devices, USA). 

After the first image was acquired 3.3 ml 

hypotonic buffer was added to the cells 

(in the control samples isotonic buffer was 

used). The resulting osmolarity of hypot-

onic buffer was calculated to 100 mOsm. 

Images of cells were then taken at various 

time intervals up to 30 min after the buffer 

exchange (every 15 s until 2 min and in 

minute steps after that). One to three se-

quences were recorded of each repetition 

of every experiment (cell line). 

Cell diameters of 5-10 cells per image 

were determined at each time interval (37 

images in every sequence). Cell size dy-

namic was defined as the relative change of 

cell diameter  = d/d0, where d is an actual 

atmosphere at 37°C and 5% CO2 in the 

following culture media: murine melanoma 

(B16-F1) and Chinese hamster lung fibrob-

last (V79) in EMEM supplemented with 

10% fetal bovine serum (FBS), antibiotics 

(gentamicin, crystacillin) and L-glutamine; 

Chinese hamster ovary cells (CHO) in F-12 

HAM supplemented with 10% FBS, anti-

biotics and L-glutamine; mouse myeloma 

NS1 in DMEM supplemented with 13% 

FBS, antibiotics and L-glutamine. Cell lines 

were grown in 25 cm2 culture flask (TPP, 

Switzerland) until they reached 80-90% 

confluence. Adherent cells were exposed to 

0.25% trypsin/EDTA solution for 1 minute. 

Trypsin solution was then removed and 

5 ml of culture media was added. Cells 

were gently rinsed from the bottom with 

a plastic pipette and the homogenous cell 

suspension was prepared. For cell size 

dynamics and viability measurements in 

hypotonic buffer 5 x 105 cells were placed 

on Petri dish (see Cell size measurement and 
analysis section). For viability tests after 

the electroporation, cell suspension was 

centrifuged (290 x g, 5 min, 4°C) and then 

resuspended in the electroporation buffer 

(details explained in Cell viability section).

Isotonic and hypotonic buffers

Iso- and hypo-tonic buffers (phosphate 

buffer saline – PBS) of osmolarities 260 and 

93 mOsm (mOsmol/kg) and conductivity 

1.62 mS/cm were used (Table 1). The os-

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

Osmolarity 260 mOsm 93 mOsm

Table 1. Chemical composition, conductivity and 

osmolarity of isotonic and hypotonic buffers used in 

our experiments.
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the cells in each well. In control 1 ml of cul-

ture medium was added. After a hypotonic 

treatment (30 min at room temperature) 

all media (buffer and culture medium in 

control) was carefully removed and 1 ml 

of fresh culture medium was added. Cells 

were then cultured in the incubator for 

24 h. In described protocol washing, re-

moving and adding medium were the same 

for treated cells as well as for the control 

ones. 

After 24 h culture medium was removed 

and cells were washed with the isotonic 

buffer (1 ml per well) 0.1% CV solution pre-

pared in the isotonic buffer was then added 

(200 μl per well). After 30 min of incuba-

tion at room temperature dye was carefully 

removed and cells were washed three times 

with the isotonic buffer per well (200 μl, 

500 μl, 1000 μl). After the washing proce-

dure cells were lysed by 10% acetic acid 

(1 ml per well). The same lysis procedure 

was also applied to wells without cells and 

their absorption values were used as the 

background. The absorption of lysate was 

measured with a microplate reader Infinite 

M200 (Tecan, Switzerland) at 595 nm wave-

length controlled with PC software i-Con-

trol (Tecan, Switzerland) at maximum 1 h 

after the dying procedure. The viability of 

treated cells was defined as 

 

,

where 

Vc … viability [%]

ATC … absorption value of treated cells

ACC … absorption value of control cells 

(100 % viability)

ABg … absorption value of background

The mean Vc values (± STD) for a given 

cell line were calculated from three inde-

pendent experiments.

In the second part of our study, where 

we studied the effect of electroporation on 

cell diameter and d0 is an initial one (at t = 0 

min). The mean  values (± STD) for a given 

experiment (cell line) were calculated from 

at least three independent repetitions of the 

experiments and plotted against time. The 

script was written in Matlab (Matlab 2008a, 

Math Works, USA) for all calculations to 

enhance calculation speed and graph per-

formance. Observed differences between 

cell lines were statistically tested using 

ANOVA test or One-Sample T test (SPSS 

Statistics).

Electroporation

In the second part of our study, where we 

studied the effect of electroporation on 

B16-F1 cells swelling in isotonic and hy-

potonic buffers, the protocol was slightly 

altered from the one described previously. 

One minute after the buffer exchange from 

isotonic to hypotonic (or to isotonic again 

for control) electric pulses were delivered 

using two parallel electrodes (Pl/Ir = 90/10) 

and an electric pulse generator Cliniporator 

(IGEA, Italy). We used electrical param-

eters optimal for transient permeabilization 

of B16-F1 cells in the isotonic buffer (1000 

V/cm, 8 x 100 μs, 1 Hz) described in our 

previous studies.21,36 Cell sizes were meas-

ured and analyzed as described previously.

Cell viability

The viability of hypotonically treated cells 

as well as electroporated cells was analyzed 

24 h after experiments by means of a modi-

fied crystal violet (CV) viability assay.37 

From prepared cell suspension 105 cells per 

well were plated to 24 – well microplates 

(TPP, Switzerland) and incubated at 37°C 

for 20-40 min in culture medium to settle 

and to slightly adhere. After the incubation 

culture medium was carefully removed and 

cells were washed with 1 ml isotonic buffer. 

One ml of hypotonic buffer was added to 
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described above. Differences between elec-

troporated and non-electroporated (control) 

cells were tested by the Paired samples T – 

test (SPSS Statistics).

Results

Cell size dynamics due to exposure to 
hypotonic buffer

We monitored cell size (diameter) changes 

in B16-F1, CHO, V79 and NS1 cells after 

the rapid change of isotonic to hypotonic 

buffer. From the microphotographs such as 

shown in Figure 1, the diameters of indi-

vidual cells were evaluated and normalized 

to the original isotonic diameter (ν = d/d0, 

Figure 2). The hypotonic treatment caused 

CHO, V79, B16-F1 cells to swell rapidly 

within first minutes from their initial iso-

tonic diameters (d0) to their maximum 

diameters (dmax) due to a fast water uptake 

driven by the imposed osmotic gradient. 

B16-F1 cells swelling, the viability protocol 

was slightly altered from the one described 

above. In order to expose cells to an electric 

field, electroporation cuvettes with 4 mm 

gap (Eppendorf, Germany) were used. The 

cell suspension prepared in cell culture me-

dia was counted and aliquots of 5 x 105 cells 

were prepared and centrifuged (290 x g, 5 

min, 4°C). Supernatant was carefully re-

moved and cells were resuspended in 1 ml of 

hypotonic buffer (or culture media for con-

trol). One minute after the hypotonic buffer 

was added, 800 μl of cell suspension was 

electroporated. In the control treatment no 

pulses were delivered. After the electropora-

tion cells were kept at room temperature for 

10 min and on 37°C for another 10 min to al-

low membrane resealing. From each cuvette 

600 μl of cell suspension was plated in three 

microplate wells (24 – well microplates, TPP, 

Switzerland). Finally 1 ml of culture medium 

was added to each well and cells were incu-

bated for 24 h. The cell viability was then 

determined with the crystal violet assay as 

Figure 1. Swelling and regulatory volume decrease of B16-F1 cells in 100 mOsm buffer containing sucrose as 

the major osmolyte. The images show the same cells before (0 min) and during the hypotonic treatment at the 

indicated time intervals. After the rapid change of isotonic to hypotonic buffer at zero time, the cells swelled within 

5 min and then shrank gradually within the observed time (5-30 min). Scale bar corresponds to 30 μm.
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A completely different behaviour was 

found in NS1 cell line under the same hypo-

tonic treatment. The hypotonic treatment 

led NS1 cells to blebbing and expressing 

non-spherical shapes (Figure 3). Therefore, 

no cell swelling and consequent regulatory 

volume decrease was observed or measured 

for this cell line. 

Cell size response to electroporation in 
isotonic and hypotonic buffer

We monitored cell size (diameter) changes 

in B16-F1 cells after the electroporation. 

Cells were exposed to the hypotonic buffer 

for 1 min before delivery of the pulses. In 

this study we used electrical pulse parame-

ters that are optimal for the reversible elec-

troporation of cells in the isotonic buffer as 

described in Materials and methods.

From the microphotographs the diam-

eter of an individual cell was measured and 

normalized to the original diameter in the 

We estimate that B16-F1 cells reached their 

maximal size 5 min after exposure to hy-

potonic buffer, while V79 and CHO cells 

reached their maximal size at approximate-

ly 2 min. The size increase was the smallest 

for B16-F1 cells (dmax/d0 = 1.18) and larger 

for V79 and CHO cells (dmax/ d0 = 1.26 and 

1.29 respectively). However, described dif-

ferences among cell lines were not statisti-

cally significant. Cells in the isotonic buffer 

did not change their size (data not shown).

After the initial swelling all cell lines un-

derwent regulatory volume decrease and 

cells shrank gradually to diameters near 

original ones, despite the persisting hypo-

tonic treatment, but with some differences 

between cell lines. During our observation, 

V79 and CHO cells shrank to their origi-

nal size, while B16-F1 cells remained sig-

nificantly enlarged dend/d0=1.09 (P = 0,004). 

Consequently, a regulatory volume de-

crease was faster with CHO and V79 cells 

and slower with B16-F1 cells.

Figure 2. Cell dynamics (d/d0) in hypotonic buffer for three different cell lines. Cell dynamics was obtained by 

directly measuring the size of the cells. Each data point represents the mean ± STD of at least three repetitions. 

One-Sample T test showed that after 30 min in the hypotonic buffer cell size of V79 and CHO did not differ 

significantly from their initial isotonic size (P > 0,1) while B16-F1 cells remained significantly enlarged dend/d0=1.09 

(P = 0,004).



Ušaj M et al. / Cell size dynamics after electroporation114

Radiol Oncol 2009; 43(2): 108-119.

B16-F1 cells swelling in hypotonic buffer, 

cell the viability was also analyzed (Figure 

6). The viability of electroporated cells 

significantly decreased in the hypotonic 

buffer to 63% (P = 0.002) while in the iso-

tonic buffer the viability was not affected 

(P > 0.1).

Discussion

Electrofusion in the hypotonic buffer is a 

promising approach for improving the cell 

fusion efficiency. Improved electrofusion 

conditions can be achieved with the hy-

potonic treatment. However, the duration 

and the strength (the osmolarity) of the 

hypotonic treatment should be optimized 

for the specific cell type. In the first part 

of our study, we determined cell size dy-

namics and survival of different cell lines 

in the hypotonic buffer. In the second 

part, we determined the influence of the 

electroporation on B16-F1 cell size dynam-

ics and the survival in hypotonic buffers. 

isotonic buffer (ν = d/d0, Figure 4). Within 

1 min after the buffer change from isotonic 

to hypotonic, cells started to swell as in pre-

vious experiments without electroporation. 

We observed that the electroporation in-

hibited the effect of regulatory volume de-

crease completely during the 30 min of our 

observation. Cell swelling dynamics was 

also observed in B16-F1 cells electroporated 

in the isotonic buffer where a lower magni-

tude of swelling was measured (Figure 4).

Cell viability after hypotonic treatment

The cell viability of fusion partners needs 

to be preserved in order to produce viable 

hybrid cells. We, thus, analyzed the cell vi-

ability for all cell lines with a crystal violet 

(CV) viability assay. Results of the viability 

assay for hypotonically treated cells are 

shown in Figure 5. We observed no de-

crease in viability indicating that most of 

the cells survive the hypotonic treatment.

In the second part of our study, where 

we studied the effect of electroporation on 

Figure 3. Mouse myeloma cells NS1 in 100 mOsm buffer containing sucrose as the major osmolyte. The image 

shows the behaviour of the cells during the hypotonic treatment. These cells did not exhibit any regular size 

alterations. Instead, NS1 cells started to bleb and express non-spherical shapes. Scale bar corresponds to 10 μm.
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The expression of a regulatory volume de-

crease depends on the type of sugar that 

is used as osmolyte. Cells can express a 

regulatory volume decrease in buffers con-

taining disaccharide as major osmolyte 

whereas when monosaccharide is used, the 

regulatory volume decrease is inhibited. 

The different effect of sugars was explained 

by volume-sensitive channels in the plasma 

membrane that are selectively transporting 

monomeric sugars but are poorly permea-

ble for oligosaccharides.34,35,40 In our study 

such behaviour was observed for V79 and 

CHO cells that showed the fast regulatory 

volume decrease, mainly completed within 

10-20 min (Figure 2).

In contrast to V79 and CHO, only a par-

tial regulatory volume decrease was ob-

served for B16-F1 cells (dend/d0=1.09, Figure 

2). Similar phenomena was reported for 

the Jurkat leukemic cell line (dend/d0=1.11) 

and murine fibroblast (dend/d0=1.12).33,40 A 

Electroporation was performed before a 

regulatory volume decrease took place.

In cell size dynamics we observe simi-

lar behaviour for cell lines B16-F1, V79 and 

CHO. In those cells as in many other mam-

malian cells the initial hypotonic swelling 

was accomplished within 2-5 min (Figure 

2). 34,38-41 The maximal cell size increase 

was between 1.18 and 1.29 (Figure 2), the 

values that can be also found in the previ-

ously published studies.33-35,38,40-42 The only 

exception was cell line NS1 that will be de-

scribed later on. Observed cell swelling is a 

desired phenomenon in electrofusion. The 

increase in cell size requires the unfolding 

of undulations and invaginations of cell 

membrane.42,43 This decrease in membrane 

undulations results in the decrease of un-

dulation repulsive forces, yielding better 

cell-cell contacts.31,44-47

Differences among cell lines were found 

in regulatory volume decrease dynamics. 

Figure 4. Time courses of relative cell diameter (d/d0) during the hypotonic treatment for B16-F1 cells. Squares 

(□) represent cells in the hypotonic buffer. Rhombs (◊) represent cells in the hypotonic buffer, which were 

electroporated at t = 1 min. Circles (○) represent cells in the isotonic buffer, electroporated at the same time (t = 1 

min). Cell diameter was obtained by directly measuring the size of the cells. Each data point represents the mean 

± STD of at least three repetitions.
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hypoosmolarity were properly selected 

and are in agreement with literature.40,50,51 

Interestingly no significant decrease in cell 

viability was observed for NS1 cells, even 

though the hypotonic treatment caused cell 

blebbing.

In the second part of our study we deter-

mined the influence of the electroporation on 

B16-F1 cell size dynamics and the survival in 

the hypotonic buffer. Electroporation by itself 

causes swelling of electroporated cells in the 

isotonic buffer36, which was also observed 

in our experiment with B16-F1 cells (Figure 

4). Electroporation induced cell swelling was 

significantly amplified if the hypotonic buffer 

was used and, therefore, regulatory volume 

decrease was inhibited (Figure 4). 

However, electroporation in the hypo-

tonic buffer was associated with a signifi-

cant loss of cell viability (Figure 6) that was 

also observed in the study of Golzio et al.47 

Electric field parameters for electroporation 

in the hypotonic buffer should be carefully 

selected in order to preserve cell viability 

since hypotonic treatment causes a higher 

partial regulatory volume decrease in epi-

thelial and cancerous cell lines was attrib-

uted to the fact that those lines may slowly 

uptake sucrose. This uptake of oligosaccha-

rides48,49 can explain the partial inhibition 

of regulatory volume decrease observed in 

B16-F1.

According to published literature the 

same hypotonic treatment causes different 

response in different cell lines due to their 

different (hypotonic) sensitivity.33,40,41,43 

In mouse myeloma cells NS1 no swelling 

and regulatory volume decrease were ob-

served. Instead, NS1 cells started to bleb 

and express non-spherical shapes (Figure 

3). A similar behaviour was reported earlier 

for different cell lines when too hypotonic 

treatment (30 to 60 mOsm) was used.41,43 

Therefore, we conclude that NS1 cells are 

more sensitive to a hypotonic treatment 

than other cell lines used in our study. 

Higher buffer osmolarities may have to be 

used for NS1 cells in order to obtain spheri-

cal cell shape with smooth membrane fa-

vourable for the electrofusion. 

Regardless to immediately observed ef-

fect of the hypotonic treatment on cell size 

and shape, the cell viability was not affect-

ed (Figure 5). Those results show that the 

duration of hypotonic treatment and buffer 

Figure 5. Viability of four different cell lines exposed to 

the hypotonic treatment (100 mOsm buffer containing 

sucrose as major osmolyte) for 30 minutes. Data 

represent mean ± STD of at least three independent 

experiments.

Figure 6. Effect of electroporation in both, hypotonic 

and isotonic buffer on viability of B16-F1 cells. Eight 

pulses of 100 μs duration at 1000 V/cm electric field 

intensity at 1 Hz pulse repetition frequency were 

applied to the cells in 100 mOsm and 260 mOsm  

buffer containing sucrose as major osmolyte. Data 

represent mean ± STD of at least three independent 

experiments. The Paired Sample T test showed that the 

viability of electroporated cells significantly decreased 

in the hypotonic buffer (P = 0.002) while in the isotonic 

buffer the viability was not affected (P > 0.1).
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susceptibility due to the increase in cell 

size.16,28,30-33,39,52

In conclusion, cell size dynamics should 

be carefully analyzed and observed for each 

cell line in order to obtain all potential ben-

efits of using hypotonic buffer for electrofu-

sion. Electroporation should be performed 

when cells are close to their maximal size 

i.e. before the regulatory volume decrease 

starts. In addition, electroporation parame-

ters should be adjusted to hypotonically in-

duced changes on cells in order to preserve 

the cell viability.
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