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Abstract. Chinese Hamster Ovary (CHO) cells were 
fused by subjecting cell suspensions to an exponential- 
ly decaying electric pulse in the presence of polyethyl- 
ene glycol (PEG), Dextran or Ficoll. PEG (MW 1,000, 
3,350, 8,000, 10,000 and 18,500), Dextran (MW 71,200) 
and Ficoll (MW 400,000) were added to the pulsing 
medium. A single exponential electric pulse with peak 
field strength of 4 kV/cm, and a half-time of 0.72 msec 
was used. The combination of two techniques, PEG-in- 
duced fusion and electrofusion, resulted in highly effi- 
cient fusion of CHO cells. Fusion yields (FY) at dif- 
ferent concentrations of these polymers were measured 
using phase-contrast microscopy. FY was highly de- 
pendent on the concentration of PEG in media, while the 
presence of Dextran and Ficoll had no influence on fu- 
sion yield. PEG with MW 8,000 was found to be the 
most effective in causing cell aggregation, and to give 
the highest FY (40%). An optimal concentration for fu- 
sion was found for PEG of each molecular weight. Di- 
luting cells suspended in higher concentrations of PEG 
to these optimal concentrations after the pulse applica- 
tion regained the optimal FY. It was concluded that 
PEG-induced prepulse aggregation and moderate cell 
swelling immediately after the pulse were important 
factors in achieving high fusion yields. 
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Introduction 

Artificially induced cell fusion is a basic method in cell 
biology. Different  techniques were developed to 

*Permanent address: Central Laboratory of Biophysics, Bulgarian 
Academy of Sciences, Acad. G. Bonchev str. 2i, Sofia 1113, Bulgaria 

Correspondence to: S.W. Hui 

achieve membrane fusion. These techniques include 
polyethylene-glycol-induced fusion, virus-induced fu- 
sion and electrofusion. Each of these techniques has its 
advantages and disadvantages. A variety of agents have 
been used as fusogens, particularly in studies involving 
mammalian somatic cell fusion. At present, polyethyl- 
ene glycol (PEG), which has been used to induce fusion 
of both plant and animal cells, is largely the agent of 
choice for somatic cell fusion, due to its efficacy, re- 
producibility and ease of preparation and use. 

PEG causes cell shrinking and aggregation, and af- 
ter removal of PEG, cell fusion takes place (Robinson 
et al., 1979; Krahling, 1981; Hui et al., 1985). A direct 
interaction of PEG with membrane lipids is assumed to 
cause a decrease of the membrane fluidity (Ohno et al., 
198l). An indirect influence of PEG on the membrane 
structure might be due to the physicochemical proper- 
ties of the aqueous PEG solution (Arnold, Pratsch & 
Gawrisch, 1983). The molecular structure of PEG re- 
sults in a high binding capacity for water. At concen- 
trations higher than 40 wt.%, no free water exists 
(Tilcock & Fisher, 1979). Even at a low (10%) con- 
centration, the depletion of PEG from cell and vesicle 
surface causes cells and vesicles to aggregate (Boniet  
al. 1981; Arnold et al., 1990). Moreover, there are ad- 
ditional factors in PEG-induced membrane fusion. 
Membrane areas devoid of intermembranous particles 
(IMP) have been found in regions of cell-cell contact, 
i.e., potential fusion sites (Knutton, 1979; Robinson et 
al., 1979; Hui et al., 1985; Huang & Hui, 1986). Os- 
motic swelling is also a very important step (Zimmer- 
berg, Cohen & Finkelstein, 1980). The importance of 
these factors in PEG-induced membrane fusion has been 
examined by Hui et al. (1985). 

Electrically induced cell fusion has recently be- 
come a powerful technique in cell biology (Teissie et al., 
1982; Zimmermann, 1982; Zimmermann & Vienken, 
1982; Stenger & Hui, 1986). Compared with other 
cell-fusion techniques, electrofusion is simple, rapid 
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and highly efficient, and usually non-cell-specific. A 
short, high-voltage electric pulse causes temporary and 
reversible electric breakdown of the cell membrane. If 
cells are closely packed during the pulse application, di- 
electrophoretic compression and simultaneous break- 
down of adjacent cell membranes result in the forma- 
tion of transient fusion sites, which may expand during 
subsequent cell swelling (Stenger et al., 1988; Stenger, 
Kaler & Hui, 1991; Song et al., 1993). Zhelev and 
Dimitrov (1989) found that if the cells (pea proto- 
plasts) are brought into contact by DEP, the presence of 
PEG (up to 50% MW 3,000) does not influence fusion 
yield. This is reasonable because dielectrophoretic 
compression is dominant and PEG influence is negligi- 
ble (Zhelev & Dimitrov, 1989). Weber et al. (1981) 
found stimulation of yeast protoplast fusion by electric 
field when the protoplasts were treated with PEG in the 
presence of calcium chloride. They used 40% PEG 
MW 6,000 to achieve aggregation. Broadly speaking, 
several steps in the electrofusion process are in common 
with the PEG-induced fusion process. 

In this study we combined these two basic fusion 
techniques (PEG-induced fusion and electrofusion) to 
introduce highly efficient CHO cell fusion. It is known 
that PEG causes aggregation, but membrane destabi- 
lization by PEG is inefficient. Applying electric puls- 
es causes temporary pore formation, but aggregation 
must be achieved by dielectrophoresis or by centrifu- 
gation. By combining both techniques, we are able to 
obtain, with only one electric pulse, more than twice the 
efficiency of CHO cell fusion than with PEG-induced 
fusion alone. So the combination is a valuable strate- 
gy. We found that the electrofusion efficiency depends 
on both the PEG concentration and PEG molecular 
weight to induce proper aggregation. Also, we found 
that cell swelling, immediately after pulsing in the pres- 
ence of PEG, increases fusion yield. It seems that both 
aggregation and swelling induced by PEG improves 
CHO cell fusion in electrofusion experiments. 

ed in full medium containing 84% F10 medium, 15% NCS and 1% 
PNS. Just before the electrofusion experiments, CHO cells were 
washed and resuspended in BSS (balanced salt solution containing 125 
mM NaC1, 5 mM KC1, 4 mM CaC12 �9 2 H20, 2.5 m g  MgC12 . 6 H20 
and 5 mM TRIS.HC1) buffer at pH 7.2. 

FUSION PROTOCOL 

Electrofusion measurements were made in a cuvette chamber with two 
parallel electrodes with a distance between them of 2.5 mm and vol- 
ume 400 gl. A high power pulse generator (Model Permeator EC-102, 
Electrocell, NY) was used to supply the exponential high-voltage 
pulses. A single exponential electric pulse with amplitude 1,000 V 
peak (strength 4 kV/cm) and half-time duration of 0.72 msec was used 
for each experiment. 

All fusion experiments were done in a fusion mixture consist- 
ing of 50 ~tl CHO cells (cell concentration 2 • 106 cells/ml), 150 p~l 
BSS buffer and 200 ,al of PEG of different molecular weight, or 200 
ul Dextran or Ficoll of different concentrations. For the fusion ex- 
periments, PEG 8,000 at concentrations from 5 to 40%, Dextran 
70,000 from 5 to 20% and Ficoll 400,000 from 5 to 20% were used. 
After the pulse, equal volumes of BSS buffer were added immediately 
in some experiments, and cells were left in the fusion chamber for 3 
rain. Samples were taken, and the fusion yield was calculated by us- 
ing phase-contrast microscope (Model IMT-2 Olympus Inverted Re- 
search Microscope). Fusion yield was determined as a ratio between 
the number of fused cells vs .  the total number of cells. Fused cells 
were determined by both shape and the number of nuclei. Calcula- 
tion of fusion yield by using these two ways showed up to a 3% dif- 
ference. In this study, fusion yield was calculated by shape. 

Two control experiments were done before each fusion experi- 
ment: (i) estimation of the percentage of innate polynuclear CHO cells, 
was 2-3% and (ii) electrofusion in control fusion medium, consist- 
ing of 50 ~tl CHO cells and 350 ~tl BSS buffer without PEG. 

OSMOLARITY MEASUREMENTS 

The osmolarity of PEG, Dextran and Ficoll at various concentrations 
was measured at room temperature with a vapor pressure osmometer 
(Model 5100B, Wescor).  The osmolarity of  BSS buffer is 300 
mOsm/kg. 

Materials and Methods 

CHEMICALS 

PEG MW 1,000, 3,350, 8,000, 10,000 and 18,500, Ficoll Type 400 
(MW 400,000), Dextran (MW 71,200) were obtained from Sigma (St. 
Louis, MO). PSN (penicillin, streptomycin and neomycin) antibiot- 
ic mixture, NCS (newborn calf serum), F10 nutrient mixture with L- 
glutamine and trypsin 0.25% were obtained from GIBCO Laborato- 
ries (Grand Island, NY). All chemicals were of analytical grade. 

CELL PREPARATION 

CHO cells grown in petri dishes in monolayer were used for fusion. 
After treating with trypsin 0.25% (5 min), CHO cells were suspend- 

Results 

Figure 1 shows the dependence of fusion yield on PEG 
8,000 concentration (%w/v). We did two sets of ex- 
periments: (i) CHO cells were fused with PEG only 
(curve with circles) and (ii) CHO cells were fused with 
PEG and one exponential electric pulse of 4 kV/cm, 
half-time 0.72 msec (curve with triangles). The high- 
est fusion yield, 45 and 20% respectively, was at 10% 
PEG 8,000 with and without pulse. Fusion yield in cells 
pulsed in BSS buffer without PEG was about 10%. In 
15% PEG 8,000, fusion yield began to decrease, and in 
25% PEG 8,000, it almost reached the control level. All 
estimations of fusion yield were made 3 min after puls- 
ing. 
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Fig. 1. Dependence of CHO cell fusion yield (FY) on PEG 8,000 con- 
centrations. Fusion yield in different PEG concentrations: without 
pulse (circle); without pulse and immediate dilution (square); with one 
exponential electric pulse (triangle); and with one pulse and immedi- 
ate dilution (diamond). Standard deviation is 2-3%. 

To determine if fusion yield was dependent on cell 
swelling, we did another series of experiments. Imme- 
diately after the pulse we diluted the pulsing medium. 
Dilution was done by adding BSS buffer. In all exper- 
iments the cell suspension volume was 400 ~tl. To 
reach a final PEG concentration of 10%, we added 200, 
400 and 600 ~tl of BSS buffer to the samples contain- 
ing 15, 20 and 25% of PEG, respectively. Dilution ex- 
periments showed that the fusion yield at higher PEG 
concentrations remained as high as the values at 10% 
PEG. So the highest fusion yield in 15, 20 and 25% 
PEG, in experiments with and without pulse, was about 
45 and 20%, respectively (curves with diamond and 
square symbols, respectively). By diluting the medium 
immediately after pulsing, we created the electrofusion 
conditions that were equivalent to pulsing cells in 10% 
PEG 8,000). 

Figure 2 illustrates the dependence of fusion yield 
on different polymers. In our experiments we used 
Dextran and Ficoll to compare with PEG. We used 
Dextran MW 71,200 and Ficoll MW 400,000 because 
they provide equivalent osmolarity to PEG in the puls- 
ing medium. Electrofusion of CHO cells in the presence 
of Dextran 70,000 MW, Ficoll 400,000 MW and PEG 
8,000 MW was done by applying only one exponential 
electric pulse. Results are shown on curves with circle, 
square and triangle symbols, respectively. Fusion yield 
in the presence of Dextran was the same as that of the 
control, while the fusion yield in the presence of Ficoll 
was slightly higher--about  17% more than the control. 
It should be mentioned that with Dextran and Ficoll, 
concentrations higher than 20% caused cell damage. 

When the fusion yields in the presence of Dextran 
and Ficoll were compared to that with polyethylene 
glycol, it was clear that, among polymer solutions of 
similar osmolarity, PEG had distinct influence in cell 
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Fig. 2. Dependence of fusion yield (FY) on polymer concentrations. 
Three different polymers were used: Dextran 71,200 (circles), Ficoll 
400,000 (squares) and PEG 8,000 (triangles). Standard deviation is up 
to 3%. 

electrofusion. The other polymers did not play any sig- 
nificant role in cell electrofusion. No optimal concen- 
tration was found for Dextran or Ficoll solutions in 
electrofusion experiments. The data reproducibility 
was very good in all experiments. Standard deviation 
for all experiments was up to 3%. 

To explain the fusion results, we did an estimation 
of the rate of CHO cell aggregation in the presence of 
different polymers. Cell aggregation was determined as 
a ratio between the number of aggregated cells v s .  the 
total number of cells. For comparison, we chose PEG 
MW 8,000 because it happened to be the most effec- 
tive fusogen among PEG of different molecular weights. 
Figure 3 (A-D) shows aggregation kinetics of CHO 
cells in the presence of Ficoll MW 400,000, Dextran 
MW 70,000, PEG MW 8,000 (with BSS as control), and 
PEG 3,350, respectively. Within 1 rain after the cells 
were introduced in fusion media, most of the cell ag- 
gregation took place. A slow increase of cell aggrega- 
tion with the time after 1 min was observed, but the in- 
crease was not significant. This was true for all poly- 
mers used and for the control which had no PEG but still 
spontaneously re-aggregated after trypsinization. The 
maximal aggregation percentages were about 22% for 
control and all Ficoll and Dextran samples. Aggrega- 
tion in PEG was concentration dependent. For PEG 
8,000 and 3,350, maximum aggregations of 45 and 28% 
were attained at 10 and 25%, respectively. 

We observed broken cells with increasing incuba- 
tion time for a certain polymer 's  concentrations (e.g., 
15% PEG, Dextran, or Ficoll). Therefore, to expose 
CHO cells in these fusogenic media for more than 5-6 
min is not advisable. Consequently, we did all our fu- 
sion experiments within 3 min, and our cell viability test 
showed that, at the end of experiments, 85-90% of cells 
survived. 

Figure 4 illustrates the dependence of fusion yield 
on different molecular weight PEG concentrations. We 
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Fig. 3.(A) Aggregation kinetics of CHO cells in the presence of FicolI 400,000. Circle, square and triangle symbols are for 5%, 10% and 15% 
Ficoll concentration, respectively. (B) Aggregation kinetics of CHO cells in the presence of Dextran 70,000. Circle, square and triangle sym- 
bols are for 5%, 10% and 15% Dextran concentrations, respectively. (C) Aggregation kinetics of CHO cells in the presence of PEG 8,000. Cir- 
cle, square, triangle and diamond symbols are for control (BSS buffer), 5, 10 and 15% PEG concentrations, respectively. (D) Aggregation ki- 
netics of CHO cells in the presence of PEG 3,350. Circle, square, triangle and diamond symbols are for 15, 20, 25 and 30% PEG concentra- 
tions. Aggregation kinetics at 5 and 10% PEG concentrations are the same as that for 15% (data not showh). Standard deviation is up to 3%. 

estimated five different molecular weight PEG-- I ,000 ,  
3,350, 8,000, 10,000 and 18,500. The most effective fu- 
sogen was PEG with molecular weight 8,000, and the 
most effective concentration was 10%. Each of the 
PEG had its own most efficient concentration. For PEG 
MW of 1,000, 3,350, 8,000, 10,000 and 18,500, the op- 
timal concentrations of PEG were 30, 25, 10, 10 and 
10%, respectively, and their fusion yields were 28, 28, 
45, 28 and 20%, respectively. The least-effective fu- 
sogen was PEG 18,500, while PEG 1,000, 3,350 and 
10,000 at optimal concentrations had approximately the 
same efficiency. 

Another interesting observation was found using 
PEG MW 3,350. In fusion media containing PEG 3,350 
of concentrations below 20%, fusion yield was even 
lower than that of the control. It seems that at these con- 

centrations, PEG 3,350 acts like a fusion inhibitor. We 
did some estimations of cell aggregation kinetics at 
these concentrations and found that the extent of ag- 
gregation is less than 6% (Fig. 3D), compared to that of 
control cells (22%, Fig. 3C). 

From the results shown in Fig. 4, it is seen that the 
maximal combined PEG and electrofusion yield are 
very much dependent on the PEG concentration as well 
as on the polymer molecular weight. 

D i s c u s s i o n  

Artificially induced cell fusion was first made possible 
by the use of chemical agents such as PEG. Recently, 
electrofusion was shown to be an effective and promis- 
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Fig. 4. Fusion yield dependence on PEG concentrations. Different 
PEG molecular weights were used. Circle, square, triangle, hexago- 
nal and diamond symbols are for PEG of MW 1,000, 3,350, 8,000, 
10,000, and 18,500, respectively. Standard deviation is 3%. 

ing technique. In this study, we provide a rationale for 
using a combination of these techniques. Our results 
show that by combining these fusion techniques we can 
increase fusion efficiency considerably, and the cell vi- 
ability remains high. Furthermore, the combined pro- 
tocol is an easy and quick experimental procedure. Fu- 
sion was achieved by using only one pulse, although by 
using three pulses (with the same electric field param- 
eters) we were able to obtain more than 70% fusion 
yield (data not shown). It is possible to achieve an even 
higher fusion yield by optimizing electric pulse param- 
eters (pulse strength and duration) and the number of 
pulses according to the special experimental needs. 

As far as the choice of polymer is concerned, we 
found that the most effective fusogen is PEG with mol- 
ecular weight 8,000 at 10% concentrations. From the 
experimental data, it is clear that higher molecular 
weight PEG is detrimental for CHO cell fusion. For 
PEG 3,350 we found that, at concentrations up to 20%, 
CHO cell fusion yield was very low, even lower than 
that of the control. Only at 25% concentrations were we 
able to reach fusion yield comparable to that of the oth- 
er experiments. 

CHO cells have a natural tendency to aggregate 
after being trypsinized and suspended (about 20%, see 
control curve in Fig. 3C). In polymer solutions, the ag- 
gregation rate may be impeded by the viscosity, or may 
be enhanced by the differential osmotic pressure due to 
polymer depletion layers on the cell surfaces (Arnold et 
al., 1990; Guo, Alderfer & Hui, 1992). The balance of 
these two effects for different polymers at different 
concentrations determines if cell aggregation is pro- 
moted or inhibited. In the case of cells in PEG 8,000, 
increasing concentration increases the differential os- 
motic pressure, which presses the adjacent membranes 
of aggregated cells together. The application to aggre- 
gated cells of a pulse electric field greater than the 

membrane breakdown potential will trigger fusion. 
With the addition of a dehydration-destabilization effect 
at higher PEG concentrations, membrane fusion is also 
initiated if the cells remain together, as in the case of 
PEG-induced fusion in cell pellets. Otherwise, with in- 
creasing dehydration, cells shrink and become de-ag- 
gregated rather than fused. This explains the lower ag- 
gregation effect at higher PEG concentrations. In the 
case of PEG 3,350, the depletion effect is expected to 
be weaker. At concentrations up to 20% of PEG 3,350, 
cell aggregation is still very low (about 12%, Fig. 3D), 
much below that of control cells. The differential os- 
motic pressure is still weak at a high PEG concentration, 
when the dehydration effect is significant. As a result, 
cells shrink, and the aggregation percentage is low. 
Weakly depleted or nondepleted PEG 3,350 also in- 
creases the medium viscosity between cells and im- 
pedes cell-cell aggregation, thereby further reducing 
fusion yield to values even below the control (with no 
PEG in the medium). 

Our experimental results substantiate that osmotic 
effects play an important role in mammalian cell elec- 
trofusion. It has already been reported from several au- 
thors that osmotic stress is one of the key steps in fu- 
sion process for both cells and vesicles (Hui et al., 
1985; Vienken & Zimmermann, 1985; Stenger et al., 
1988; Song et al., 1993). They observed that osmoti- 
cally induced cell swelling following membrane break- 
down is important for the giant cell formation (espe- 
cially for erythrocytes). The formation of giant cells af- 
ter fusion was prevented when osmotic swelling was 
inhibited by hypertonic media (Knutton & Pasternak, 
1979). Our observations also show that, following elec- 
trically induced cell fusion in the presence of PEG, 
CHO cells round-up into giant cells faster if the medi- 
um causes cell swelling. 

The fusion yield from pulsed cells in PEG is sig- 
nificantly higher than from cells in PEG alone without 
being pulsed. Our hypothesis is that electric pulses 
create pores (probably coaxial) and temporary (or com- 
mitted) fusion sites between cells. Cell swelling en- 
larges these fusion sites which then become irreversible, 
while cell shrinking disconnects them. To prove this 
point, we gently diluted the samples immediately after 
the pulse. This procedure is supposed to enlarge fusion 
sites because of cell swelling. The result is higher fu- 
sion yield. The osmolarities of pulsing media contain- 
ing 10, 15, 20 and 25% PEG were 220, 300, 340 and 440 
mOsm/kg, respectively. We deliberately created the 
same post-pulse osmotic conditions by diluting the sam- 
ples containing 15, 20 and 25% PEG to that of 10% 
PEG. As a result, we obtained high fusion yield iden- 
tical to that in 10% PEG. Further dilution caused sig- 
nificant cell damage. The data indicate that the num- 
ber of fusion sites induced by the same electric pulse 
conditions are the same for all aggregated cell samples. 
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By suspending the post-pulse cells in a slightly hypo- 
tonic medium with the same osmolarity of 10% PEG 
8,000, the same fusion yields were attained. Thus, the 
reason for low fusion yield at higher PEG content is that 
cells are shrunk under hypertonic conditions. PEG 
(10%) seems to give the optimal osmotic pressure for 
post-pulse swelling. Furthermore, swelling before or 
during pulses has no bearing on fusion yield. 

For comparison, we measured electrofusion of CHO 
cells in the presence of Dextran 71,200 and Ficoll 
400,000. Our measurement showed that these two poly- 
mers did not have any influence on the fusion (Fig. 2). 
A likely reason is that the fusion yield is limited by the 
low aggregation potential of these polymers. Ficoll has 
a slightly higher aggregation potential (Fig. 3A) and a 
lower viscosity than Dextran, both favoring a slightly 
higher fusion yield. PEG 8,000, the most popular choice 
of polymer fusogen, seems to have the most favorable 
combination of aggregation potential, osmolarity and 
dehydration threshold for use as chemical fusogen alone 
(at > 35%) and as an auxiliary agent in electrofusion (at 
10%). These empirical choices now have a physico- 
chemical basis. 
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