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Poly(Ethylene Glycol), Surface Potential and Cell Fusion
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Poly(ethylene glycol), glycerol and dimethyl sulphoxide markedly decrease the surface
potentials of monolayers of phosphatidylcholine and phosphatidylethanolamine. This
finding is discussed in relation to the properties of hen erythrocytes undergoing fusion
induced by poly(ethylene glycol).

Poly(ethylene glycol)-6000 induces the fusion of
plant protoplasts (Kao & Michayluk, 1974), hen
erythrocytes (Ahkong et al., 1975a), hen erythrocytes
with yeast protoplasts (Ahkong et al., 1975b), and
mammalian cells (Pontecorvo, 1975). We have
studied the actions on monolayers of phospholipids
of poly(ethylene glycol), glycerol, sorbitol, sucrose
and dimethyl sulphoxide, all of which fuse hen
,erythrocytes (Ahkong et al., 1975a), to obtain
information relevant to the molecular mechanisms
by which these molecules may induce cell fusion.

Materials and Methods

AnalaR NaCl, sucrose, sorbitol, glycerol, poly-
(ethylene glycol) mol.wt. 1500 and poly(ethylene
oxide) mol.wts. 3 x 105 and 5 x 106 were from BDH
Chemicals, Poole, Dorset, U.K. Poly(ethylene
glycol) and poly(ethylene oxide) describe the same
polymer, -[CH2-CH2-0]"-, prepared from different
monomers. The term poly(ethylene glycol) is used
in this present paper, individual polymers being
identified by their molecular weight. Dimethyl
sulphoxide was from Sigma (London) Chemical
Co., London S.W.6, U.K. Dipalmitoylglyceryl-
phosphorylcholine, dipalmitoylglycerylphosphoryl-
ethanolamine and poly(ethylene glycol) mol.wt.
6000 were from Koch-Light Laboratories, Coln-
brook, Bucks., U.K. Phospholipid monolayers
were prepared from solutions in chloroform, and
the surface pressures, molecular areas and surface
potentials of the monolayers were recorded auto-
matically, as described previously (Maggo &
Lucy, 1975, 1976). All subphases contained NaCl
(145mM); their pH was adjusted to 5.6 with HCI
(5M) or NaOH (5M). The surface potential and
surface pressure of each subphase were adjusted
to give a zero reading before spreading of the phos.
pholipid monolayer. Isotherms were obtained in
duplicate; they were usually reproducible within
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±0.02nm2, +lmN*m1l (+ldyn-cm-1) and ±lOmV.
For some subphases containing high concentrations
of organic solute, reproducibility was not better
than 0.04nm2 in molecular areas, +2mN m-1 in
surface pressure and ±20mV in surface potential;
the isotherm was then obtained in triplicate, and the
curves were averaged.
Hen erythrocytes were prepared for experiments

on cell fusion as described previously (Ahkong
et al., 1973).

Results

Phospholipid monolayers
Fig. 1 shows the surface potential-area and surface

pressure-area curves for monolayers of phos-
phatidylcholine and phosphatidylethanolamine on
subphases containing two small organic solutes and
two polymers. Comparable observations (not shown)
were made with subphases contaiing the other
small organic solutes and polymers studied (see the
Materials and Methods section). With subphases
containing lower concentrations of organic solutes
than those used to obtain the results shown in Fig. 1,
the behaviour of the phospholipid monolayers
progressively approached that observed on a pure
NaCl subphase, both for surface potential (Fig. 2)
and for surface pressure (not shown).

All of the compounds tested produced large
decreases in surface potential with phospholipid
monolayers at close molecular packings (Figs. la
and lb). With sorbitol (Figs. 2a and 2b), and with
sucrose, there was an optimum concentration of
organic solute (approx. 1 M) for the maxm
decrease in surface potential with monolayers of
each of the phospholipids studied. Conceivably this
may be related to the optimum concentration of
sorbitol (2.5-3.0M) found previously for cell fusion
(Ahkong et al., 1975a). Intestingly, with the
preparations of poly(ethylene glycol), lower con-
centrations of polynter wer requirod to decrease
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Fig. 1. Surface pressure-area and surface potential-area
curves for monolayers of phospholipids on different

subphases

The Figure shows surface potential-area curves for di-
palmitoylglycerylphosphorylcholine (a) and dipalmitoyl-
glycerylphosphorylethanolamine (b), and surface pres-
sure-area curves for dipalmitoylglycerylphosphoryl
choline (c) and dipalmitoylglycerylphosphorylethanol-
amine (d). The subphase was 145mM-NaCL pH5.6,
containing 5.4M-glycerol (El), 2M-sorbitol (v), 4.2mM-
poly(ethylene glycol)-6000 (A) or O.5uM-poly(ethylene
glycol)-3 x 105 (-). In each case the broken line
represents the isotherm obtained on asubphaseof 145mM-
NaCI.

below 30mN m-1 for subphases containing poly-
(ethylene glycol) of mol.wt. 6000 (;4.2mM), of
mol.wt. 1500 (>15mM), of mol.wt. 3 x 10- (>,0.25#m)
and of mol.wt. 5 x 106 (>1 nM). At higher surface
pressures the isotherms were like those on NaCl
alone, indicating that alterations in molecular
packing induced by the organic solutes occurred
only when intermolecular interactions between the
acyl chains were weak.
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the surface potential with increasing molecular
weight (Figs. 2a and 2b).
For dipalmitoylglycerylphosphorylcholine below

a surface pressure of about 30mN m-l, slightly
greater areas per molecule were obtained with
subphases containing glycerol (>3.8M), dimethyl
sulphoxide (>3M), sucrose (>1.5M) and sorbitol
(>2M), as compared with a subphase containing
only NaCl (Fig. lc). Expansion effects of partially
expanded films and decreases of surface potential
of lipid monolayers on subphases containing glycerol
have been reported previously (Cadenhead & Bean,
1972). Smaller areas per molecule were obtained

Fig. 2. Surface potentials of monolayers ofphospholipids
on subphases containing differing concentrations of organic

solutes

The surface potentials of monolayers of dipalmitoyl-
glycerylphosphorylcholine (a) and dipalmitoylglyceryl-
phosphorylethanolamine (b), each at surface pressures of
35mN-m-1, were derived from isotherms obtained on
subphases of 145mM-NaCl, pH5.6, containing poly-
(ethylene glycol)-5 x 106 (o), poly(ethylene glycol)-3 x 101
(e), poly(ethylene glycol)-6000 (A), poly(ethylene glycol)-
1500(A), dimethyl sulphoxide (U), glycerol (o) or sorbitol
(v). The horizontal broken line at 570mV represents the
values of the surface potentials for the phospholipid
monolayers, spread at a surface pressure of 35mN m-1,
on a subphase of 145nM-NaCl.
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EXPLANATION OF PLATE I

Morphological changes during cellfusion

(a) Hen erythrocytes (3 x 108 cells/ml), after incubation for 15min at 37°C in 1 ml of modified Eagle's basal-salt solution
(1 .8mM-Ca2+) at pH7.4 (Ahkong et al., 1973) containing poly(ethylene glycol)-6000 (400mg/ml), showing extensive cellular
aggregation and shrinking. In (b), the aggregated cells were diluted with the (warmed) salt solution (5ml) free from
poly(ethylene glycol), centrifuged (800g for 5min), resuspended in the salt solution (1 ml), and incubated at 37°C for
30min. Multinucleated and single swollen cells (arrowed) are present. The cells in (c) were treated as in (b), except
that the salt solution used for dilution and for the second incubation contained EDTA (5 mM). Phase-contrast microscopy:
magnification x 1000.

B. MAGGIO, Q. F. AHKONG AND J. A. LUCY (facing p. 648)



RAPID PAPERS

Monolayers of dipalmitoylglycerylphosphoryl-
ethanolamine exhibited greater areas per molecule
at all surface pressures, for subphases containing
poly(ethylene glycol)-6000 or poly(ethylene glycol)-
3x 10 as well as with glycerol and sorbitol (Fig.
ld). The minimum concentrations ofthe components
in the subphase at which the changes occurred
were lower than with phosphatidylcholine: k0.5M
for glycerol, dimethyl sulphoxide, sucrose and
sorbitol, ;0.2M for poly(ethylene glycol)-6000,
>10mM for poly(ethylene glycol)-1500, >60OpM
for poly(ethylene glycol)-3xl10 and !0.25nM for
poly(ethylene glycol)-5 x 106.

Cellfusion

Preparations of poly(ethylene glycol) having
mol.wts. of 1500, 6000, 3 x 105 and 5 x 106 gave
maximum agglutination of hen erythrocytes (see
Plate la) during a 30min incubation at 37°C (pH7.4)
in progressively decreasing concentrations, namely
266mM, 66mM, 0.17mM and 5juM respectively.
Cellular aggregation might therefore involve polymer
bridging between cells (Vincent, 1974). However, a
comparison of the polymer concentrations for
maximum cellular agglutination with those giving
maximum decrease in the surface potential of
phospholipid monolayers (Figs. 2a and 2b) indicates
that changes in surface potential may also be involved
in cellular agglutination.
The fusion of hen erythrocytes by poly(ethylene

glycol) is apparently not related to molecular
weight in a simple manner, since polymers with
mol.wts. of 1500 and 3 x 10 were less effective, and
5 x 106 much less effective, than poly(ethylene
glycol)-6000 in causing cell fusion. Cells that were
agglutinated and made to shrink by treatment with
poly(ethylene glycol)-6000 (66mM) did not fuse
in situ, possibly because polymer molecules between
the cells act as a barrier. Extensive fusion occurred,
after removal of most of the poly(ethylene glycol),
between swollen less-aggregated cells (Plate Ib).
Excess of EDTA (approx. 4mM) inhibited fusion
when present throughout, but it was unable to
inhibit fusion when added after the cells had been
incubated with the polymer in the presence of Ca2+
(Plate Ic). Once events leading to cell fusion have
been initiated by the treatment with poly(ethylene
glycol)-6000, exogenous Ca2+ is thus not required
for fusion to be completed in this system.

Discussion

The large decreases of surface potential induced
by individual organic solutes were of the same
magnitude for both phospholipids (Fig. 2), and,
since the synthetic phospholipids used have the same
fatty acyl chains, the contributions made by the
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hydrocarbon chains to the vertical component of
the surface dipole and to the surface potential are
presumably similar for both molecules (Davies &
Rideal, 1963). Nevertheless no precise molecular
interpretation of the observed changes in surface
potential can be given, because the relative contribu-
tions of the phospholipid head groups and solute
molecules to the measured surface potential cannot
be separated. Interactions of the polar head groups
of the phospholipids with the organic solutes prob-
ably occur. The solutes may also introduce various
structural changes in the bulk-phase water (Tanford,
1961), which induce alterations in the orientation
and hydration of the phospholipid head groups.

Fusogenic lipids interact with monolayers of
phosphatidylcholine to allow closer packing in the
monolayer and a rather small decrease in the surface
potential (Maggio & Lucy, 1975, 1976). Since
poly(ethylene glycol)-6000 is relatively non-toxic
(as compared with fusogenic lipids), gives an excep-
tionally high incidence of chemically induced cell
fusion (Pontecorvo, 1975) and decreases the surface
potential of lipid monolayers by several hundred
millivolts, a decrease in the surface potential of
biological membranes may be of major importance
in membrane fusion. Conversely, the toxic effects
of lipid fusogens might result from an undue per-
turbation of the lipid bilayer of membranes.
Maroudas (1975) has suggested that glycerol and

dimethyl sulphoxide decrease the exclusion volumes
of membrane glycoproteins, thus facilitating cell
adhesion by allowing naked lipid bilayers in the
membranes of adjacent cells to interact; cf. also
the aggregation of membrane proteins discussed by
Ahkong et al. (1975a). Similar considerations may
apply to poly(ethylene glycol). If the electrostatic
field perpendicular to the surface of the lipid mole-
cules of cell membranes is greatly diminished by
these fusogens, as has been found here with lipid
monolayers, extensive cellular aggregation would
then be expected.
The bivalent-cation ionophore A23187 promotes

the fusion of hen erythrocytes in the presence of
exogenous Ca2 , indicating that the entry of Ca2+
into the cellular cytoplasm mediates cell fusion
(Ahkong et al., 1975c). Entry of Ca2+ into hen
erythrocytes, during incubation with poly(ethylene
glycol)-6000, may conceivably therefore be respon-
sible for cell fusion being independent of exogenous
Ca2+ after treatment with the polymer, in view of
the possibilities for the control of ionic permeability
by surface potential that have been discussed by
Gingell (1967).
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