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Various aspects of the interaction between the fusogen, poly(ethylene glycol) and phospholipids were
examined. The aggregation and fusion of small unilamellar vesicles of egg phosphatidylcholine (PC), bovine
brain phosphatidylserine (PS) and dimyristoylphosphatidylcholine (DMPC) were studied by dynamic light
scattering, electron microscopy and NMR. The fusion efficiency of Dextran, glycerol, sucrose and poly(eth-
ylene glycol) of different molecular weights were compared. Lower molecular weight poly(ethylene glycol) are
less efficient with respect to both aggregation and fusion. The purity of poly(ethylene glycol) does not affect
its fusion efficiency. Dehydrating agents, such as Dextran, glycerol and sucrose, do not induce fusion.
3'p.NMR results revealed a restriction in the phospholipid motion by poly(ethylene glycol) greater than that
by glycerol and Dextran of similar viscosity and dehydrating capacity. This may be associated with the
binding of poly(ethylene glycol) to egg PC, with a binding capacity of 1 mol of poly(ethylene glycol) to 12
mol of lipid. Fusion is greatly enhanced below the phase transition for DMPC, with extensive fusion
occurring below 6% poly(ethylene glycol). Fusion of PS small unilamellar vesicles depends critically on the
presence of cations. Large unilamellar vesicles were found to fuse less readily than small unilamellar vesicles.
The results suggest that defects in the bilayer plays an important role in membrane fusion, and the
‘rigidization’ of the phospholipid molecules facilitates fusion possibly through the creation of defects along
domain boundaries. Vesicle aggregation caused by dehydration and surface charge neutralization is a
necessary but not a sufficient condition for fusion.

Introduction

Membrane fusion is an important event both at
the cellular and subcellular levels. Studying the
details of chemically induced fusion is a means of
approaching the ultrastructural changes and
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molecular mechanisms involved in cell fusion [1].
Understanding the molecular mechanism of
poly(ethylene glycol)-induced fusion may lead to
methods of improving the fusion efficiency, and
permit hybridization and other modifications in
cellular properties to be more accurately en-
gineered.

During the process of poly(ethylene glycol)-in-
duced fusion between cells, intramembrane-par-
ticle-free regions in cell plasma membranes are
created and are thought to be sites of cell fusion
[2-5}. Since these sites are likely to represent ex-
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posed lipid bilayers, the study of pure lipid sys-
tems appears to be a necessary first approach to
understanding poly(ethylene glycol)-induced fu-
sion. Aggregation and fusion of small unilamellar
vesicles in poly(ethylene glycol) has been shown
[6,7], and the threshold concentrations for vesicle
aggregation and fusion has been measured. This
present study aims at defining various factors that
influence the fusion efficiency of poly(ethylene
glycol). The factors examined include dehydration,
binding, and the structural phase, surface charge
and the size of the lipid vesicles. The result sug-
gests that the fusogenic activity of poly(ethylene
glycol) is based upon a multitude of factors.

Materials and Methods

Materials. Hen egg phosphatidylcholine (egg
PC) and bovine brain phosphatidylserine (bovine
PS) were purified by the method of Papahadjo-
poulos and Miller [8). All other phospholipids used
were purchased from Avanti Polar-Lipids (Bir-
mingham, AL). All lipids were stored in chloro-
form and were shown to be pure by thin-layer
chromatography.

Poly(ethylene glycol) (Carbowax) of average M,
6000 was purchased from Fisher Scientific (Fair
Lawn, NJ). All other molecular weight poly(ethyl-
ene glycol) was obtained from Sigma Chemical
Co. Dextran, of M, 200-300 kDa, was obtained
from Nutritional Biochemicals Co. (Cleveland,
OH). Tritiated poly(ethylene glycol) were
purchased from New England Nuclear (Boston,
MA).

In experiments investigating the effect of im-
purities, the poly(ethylene glycol) was purified
according to the method of Honda et al. {9] by
dissolving poly(ethylene glycol) in chloroform fol-
lowed by reprecipitation into diethyl ether. Fur-
ther purification (to remove water-soluble impuri-
ties) was accomplished by dialysing 5% poly(ethyl-
ene glycol) (w/v) against distilled water for 3 days
using Spectrapor 3 dialysis membrane (M, cut-off
of 3500). The phosphorus-containing impurity in
unpurified poly(ethylene glycol) is completely
removed after the final step, as judged by >!P-
NMR.

Sample preparation. Small unilamellar vesicles
were prepared by sonication at 15°C, except for

DMPC which was sonicated at 30°C. The sonica-
tion is followed by centrifugation to remove large
vesicles. To produce large unilamellar vesicles in
the 0.1-1.0 pm range, the ether injection method
of Deamer and Bangham [10] was followed. The
lipids in ether solution were injected at a rate of
0.25 ml/min into aqueous buffer at 45°C. The
large unilamellar vesicles were pelleted at 6000 X g
and then filtered through a series of 0.4 to 0.1 um
pore polycarbonate membranes, which resulted in
a vesicle size distribution centered around 0.12
pm.

Vesicles were mixed with poly(ethylene glycol)
solutions to given w/v percentages. All final mix-
tures contained 10 mM of lipid. The mixtures were
incubated at the given temperature for 1 h (except
for kinetic experiments) before experimentation.

Electron microscopy. Most samples for freeze-
fracture were rapidly frozen in liquid propane by
the copper sandwich method [6]. Those samples in
high concentrations of poly(ethylene glycol) were
frozen in Balzers cups. Procedures for freeze-frac-
ture and negative staining were described previ-
ously [6].

Nuclear magnetic resonance (NMR). Procedures
for 3'P-NMR were described previously [6]. To
eliminate any nuclear Overhauser effects, an in-
verted gated decoupling routine was used. Sweep
widths used were 2000 Hz for proton, and 1000 Hz
for *'P. Spin-lattice relaxation measurements were
obtained by using an inversion-recovery pulsing
routine.

Dynamic light scattering. The experiments were
performed by measuring the fluctuations in the
light scattered at 60° [11]. The light-scattering
apparatus was calibrated by measuring the correla-
tion times for monodisperse polystyrene spheres of
30-2000 nm radii (Dow Diagnostics) at known
temperatures and medium viscosities to allow the
hydrodynamic size of the vesicles to be computed
directly from the correlation function. For polydis-
perse vesicle samples, the average hydrodynamic
size was obtained by a second cumulant analysis
of the correlation function [12].

10 mM of sonicated lipid vesicles were in-
cubated with poly(ethylene glycol) or other re-
actants of known concentrations at the given tem-
peratures for 1 h. The reaction was quenched by
diluting these mixtures with buffer equilibrated at



the appropriate temperatures to a final reactant
concentration of 0.1%, to assure uniform solution
viscosities. It must be noted that due to the
polydispersity of the fusion products, the average
vesicle size is weighted towards the larger ones
[12].

Poly(ethylene glycol) binding assays. Small un-
ilamellar vesicles were incubated with varying con-
centrations of unlabeled poly(ethylene glycol) and
a tracer amount of tritiated poly(ethylene glycol)
(0.03 pCi) for 30 min at room temperature. The
aggregated lipid-poly(ethylene glycol) complex was
separated by centrifugation at 100000 X g for 30
min. The percent distribution of poly(ethylene gly-
col) bound to the precipitated lipid vesicles was
determined by measurement of radioactivity using
a Packard scintillation counter. The total poly(eth-
ylene glycol) bound to the lipid was calculated by
multiplying the amount of phospholipids added by
the poly(ethylene glycol)/phospholipid ratio in the
precipitated lipid-poly(ethylene glycol) complex,
to account for the lipid-poly(ethylene glycol) com-
plex retained in the supernatant after centrifuga-
tion.

Results

Interaction of poly(ethylene glycol) and other dehy-
drating agents with egg PC small unilamellar vesicles

The fusion threshold values of egg PC small
unilamellar vesicles upon the addition of glycerol,
Dextran, sucrose and poly(ethylene glycol) of M,
values between 200 and 6000 were assayed by
dynamic light scattering. A time-dependent experi-
ment was performed first to determine the kinetics
of the poly(ethylene glycol)-induced reaction. The
kinetics of the fusion reaction were followed by
observing diluted solutions of egg PC small un-
ilamellar vesicles from 45 or 25% PEG 6000 after
various incubation periods from 30 s to 15 h.
These percentages of poly(ethylene glycol) were
within the fusion range observed from the turbid-
ity measurements [6]. The reaction is shown to be
rapid, the final size of the fusion product is reached
within 3 min. The rapidity of the fusion is con-
sistent with the 1-min incubation required in cell
fusion [3]. From these results, we chose a 1-h
incubation time for subsequent experiments. Di-
luted samples were periodically rechecked at vari-
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ous time-points to assure that equilibration had
occurred.

The threshold concentration of PEG 6000
needed for fusion was determined by light scatter-
ing as shown in Fig. 1. Aggregation was visually
apparent for all initial PEG 6000 concentrations
observed (3% and above). Upon dilution, the sam-
ples that had been in 35 and 45% poly(ethylene
glycol) remained flocculent in appearance, and
formed a precipitate. Consistent with the turbidity
measurements [6], irreversible increase in vesicle
size occurred above 20% poly(ethylene glycol). No
noticeable deviation in this fusion curve was ob-
served when purified and dialysed poly(ethylene
glycol) were used, contrary to results obtained for
cell fusion by Honda et al. [9], who found that an
impurity in commercially available poly(ethylene
glycol) was necessary to induce fusion. As shown
by electron microscopy observation, this increase
in vesicle size is a result of fusion and not aggrega-
tion (Fig. 2a—f). Large vesicles became appreciable
only after treatment of more than 25% PEG 6000
(Fig. 2d), where multilamellar structures were first
observed. From the size polydispersity observed,
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Fig. 1. Fusion induced by poly(ethylene glycol) and analogs, as
shown by dynamic light scattering following dilution of 10 mM
egg PC small unilamellar vesicles from the given percentage
(w/v) of PEG 6000 (O), PEG 1000 (O), PEG 600 (a), PEG 200
(@), ethylene glycol (+), Dextran 200000-300000 (<) and

glycerol (v). No fusion was observed up to 60% sucrose. All
data were recorded at 20°C.



412




Fig. 2. Fusion induced by PEG 6000 as determined by negative
stain and freeze-fracture electron microscopy. The negative
stain micrographs show the final vesicle size following dilution
from: (a) 0, (b) 6, (¢) 12, (d) 25, (e) 35 and (f) 45%. The
freeze-fracture micrograph (g) was taken of 10 mM egg PC
small unilamellar vesicles in 45% poly(ethylene glycol) 6000,
and the sample was frozen in gold Balzer cups. Bar = 0.1 pm.

the results of the light-scattering experiments must
be regarded as being a weighted average over a
range of vesicle sizes. That fusion takes place prior
to dilution in this assaying method is shown in
Fig. 2g, a freeze-fracture micrograph of egg PC
small unilamellar vesicles in 45% poly(ethylene
glycol). Large vesicles with fractures through layers
are discernible.
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The fusion efficiency of lower molecular weight
poly(ethylene glycol), along with other dehydrat-
ing agents such as Dextran, glycerol and sucrose
[13] were measured likewise. Egg PC small uni-
lamellar vesicles in the various dehydrating agents
displayed noticeable turbidity only above 6% PEG
1000, 12% PEG 600, 35% PEG 200, and 5% De-
xtran, with the rest of the mixtures remaining clear
throughout the incubation and dilution. An obvi-
ous trend is apparent that a higher fusion ef-
ficiency is associated with increasing molecular
weight of poly(ethylene glycol) used, in analog to
results found for cell fusion by Davidson et al.
[14]. No fusion was observed for Dextran, ethylene
glycol (Fig. 1) or 60% sucrose (not shown), al-
though some fusion for 60% glycerol did occur
(Fig. 1).

The linewidth measurement of proton NMR
also supports the electron microscopy and light-
scattering results. At concentrations less than 20%,
poly(ethylene glycol)-induced line-broadening is
reversible upon dilution, indicating the aggrega-
tions redisperse, with no increase in vesicle size
(results not shown). However, spin-lattice relaxa-
tion times for small unilamellar vesicles compared
to small unilamellar vesicles in 6% poly(ethylene
glycol) showed a decrease from 0.32 to 0.20 s for
the N-methyl, 0.39 to 0.25 s for the methylene and
0.58 to0 0.33 s for the terminal methyl protons.

The interaction between the phospholipid
headgroups and poly(ethylene glycol) or other de-
hydrating agents was investigated by 3'P-NMR.
The results are shown in Fig. 3. Upon dilution
from 12% poly(ethylene glycol), the line-broaden-
ing is reversible (Fig. 3), in agreement with proton
NMR results. No anisotropic resonance compo-
nent was observed in a broadband spectrum of the
18% poly(ethylene glycol)-egg PC, consistent with
the vesicles being under 3000 A in diameter [15].
No significant change, however, was noted in the
spin-lattice relaxation rate for small unilamellar
vesicles in 6% poly(ethylene glycol) as compared to
small unilamellar vesicles in aqueous buffer, both
being 1.45 + 0.05 s. The effects of glycerol and
Dextran were compared to that of 6% poly(ethyl-
ene glycol), where minimal fusion was observed,
thus eliminating an increase in size as a cause of
the line-broadening. Only a slight degree of broad-
ening was noted by >'P-NMR for samples in 5 and
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Fig. 3. 81 MHz *P-NMR spectra of 10 mM egg PC small
unilamellar vesicles at 20°C in (a) 0, (b) 6, (c) 12 and (d) 18%
PEG 6000. 2000 datum points were collected for over 1500
scans. The reversibility of line-broadening by poly(ethylene
glycol) is demonstrated in samples suspended in (f) 3% PEG
6000 after a 4-fold dilution from a suspension in 12% poly(eth-
ylene glycol), as compared to (e) an initial suspension in 3%
PEG 6000. Apart from the small peak on the left of (c) and (d),
caused by a phosphorus-containing impurity in unpurified
poly(ethylene glycol), purified and commercial grade poly(eth-
ylene glycol) give identical spectra.

10% Dextran solutions (viscosity 3.6 and 9.5 cS,
respectively) (Fig. 4), when compared to 6%
poly(ethylene glycol) (viscosity 3.1 ¢S). The fact
that the Dextran solutions were of higher viscosity,
and also turbid in appearance, indicates that
poly(ethylene glycol)-induced broadening is more
than just a viscosity or aggregation effect. This
result is consistent with the lack of broadening in
NMR spectra caused by lectin-induced vesicle ag-
glutination [16] or by a highly viscous 1.5% calf
thymus DNA solution [17]. The broadening due to
40 and 60% glycerol at respective viscosities 3.3
and 9.3 c¢S is also less than that caused by
poly(ethylene glycol) (Fig. 4).

The NMR results appear to indicate that viscos-
ity and/or aggregation is not enough to cause the
broadening observed in poly(ethylene glycol) solu-
tions, unless the poly(ethylene glycol)-induced ag-
gregates were larger than Dextran aggregates,
causing a decrease in the tumbling rate. This is
shown not to be the case by light-scattering re-

H;
100 0o -{00

Fig. 4. 81 MHz P-NMR spectra of 10 mM egg PC small
unilamellar vesicles at 20°C in (a) buffer, (b) 5% Dextran
250000, (c) 10% Dextran 250000, (d) 40% glycerol, and (¢) 60%
glycerol. Experimental conditions are the same as in Fig. 3.

sults. On the other hand, decreasing the lateral and
rotational diffusion of the lipid molecules would
also cause broadening along with a decrease in
intensity due to increase in dipolar interactions.
This could occur if the poly(ethylene glycol) caused
a more gel-like state of the bilayer and/or if the
poly(ethylene glycol) was bound to the phos-
pholipids. The poly(ethylene glycol)-induced de-
crease in spin-lattice relaxation times noted by
methylene proton NMR but not *'P-NMR in-
dicates a decrease in the frequency of trans-gauge
isomerization of the acyl chains, while the phos-
phorus T-1 is less sensitive to overall motions of
phospholipids [18,19].

The *'P-NMR line-broadening induced by
poly(ethylene glycol) could be a result of poly(eth-
ylene glycol) interacting with the phospholipid
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Fig. 5. The binding of PEG 6000 to egg PC small unilamellar
vesicles. The curve gives best fit values of K;=6-10"% M and
B = 0.088 pmol/pmol of phospholipid.

headgroup. The binding of poly(ethylene glycol)
6000 to egg PC small unilamellar vesicles is shown
in a binding experiment. The binding of poly(eth-
ylene glycol) to the lipid increases with the
poly(ethylene glycol) concentration up to 5% of
poly(ethylene glycol), when all small unilamellar
vesicles are bound and precipitated after centrifu-
gation. The radioactivities due to entrapped super-
natant in intervesicular space of pellets, which was
less than 5% of the total pellet volume, according
to L-glucose space measurements, were subtracted
to calculate poly(ethylene glycol) bound. The bind-
ing data were analyzed according to Scatchard.
The best line fitting the points in Fig. 5 shows an
apparent dissociation constant (K,) of 6 pM and
the total binding capacity of 0.088 pmol/pmol of
phospholipid, or about 12 molecules of egg PC
bind to 1 molecule of poly(ethylene glycol).

The effect of lipid phase transition on the fusion of
DMPC small unilamellar vesicles

As measured by dynamic light scattering,
DMPC vesicles fuse more readily at 10 than at 20
or 38°C (T =23.5°C). A significant increase in
vesicle size is seen below the transition tempera-
ture (Fig. 6). A slight decrease in fusion efficiency
was observed when similar experiments using egg
PC were performed at 10°C instead of 20°C (not
shown), both of these temperatures are still above
the phase transition temperature of egg PC. Since
the increase of vesicle size was observed for DMPC
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Fig. 6. Dynamic light scattering showing the temperature de-
pendence on fusion for 10 mM DMPC small unilamellar
vesicles at 10 (@), 20 (O) and 38°C ( X) following dilution from
the given initial percent PEG 6000.

and not for egg PC at 10°C, it appears that the
increase is more than just a temperature effect.
The extent of fusion of DMPC vesicles at 10°C in
the presence of poly(ethylene glycol) is much larger
than the spontaneous fusion of small unilamellar
vesicles in a control sample maintained at 10°C
without poly(ethylene glycol) for the same time
duration. The degree of fusion of DMPC vesicles
above the T, is comparable to that found for egg
PC. The fusion product in all cases were multi-
lamellar vesicles, and revealed the P, rippled struc-
ture as observed in freeze-fracture micrographs
(not shown) of pellets from selected samples
freeze-quenched at 20°C.

The effect of surface charge on the fusion of bovine
PS small unilamellar vesicles

The effect of poly(ethylene glycol) on the
charged lipid vesicle fusion is seen by dynamic
light scattering in Fig. 7. Bovine PS small uni-
lamellar vesicles in 7 mM Tris-HCI buffer with 3
mM of NaCl are shown to fuse minimally and
only at the high poly(ethylene glycol) concentra-
tions. In a buffer solution containing 100 mM
NaCl, both aggregation and fusion to a degree
comparable to that found for egg PC small uni-
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Fig. 7. Dynamic light scattering showing the fusion of 10 mM
bovine PS small unilamellar vesicles in salt-free buffer (®) and
in buffer containing 100 mM sodium chloride (v) following
dilution from the given initial percent PEG 6000.

lamellar vesicles are observed. The onset of fusion
however appeared at a slightly lower poly(ethylene
glycol) value and was much sharper. This strong
dependence on ionic strength is most likely due to
an inability of poly(ethylene glycol) to overcome
the repulsion created by the negatively charged PS
vesicles unless the vesicles are neutralized by the
sodium ions.

Aggregation and fusion of large unilamellar vesicles
of egg PC

The high degree of curvature in small unilamel-
lar vesicles may have a significant effect on the
molecular packing, which would render small un-
ilamellar vesicles less stable thermodynamically
than larger vesicles, and leave them more suscepti-
ble to spontaneous fusion to dissipate this excess
free energy [20]. It is therefore important to in-
vestigate interactions of poly(ethylene glycol) with
large vesicles. This measurement was done by
freeze-fracture electron microscopy.

A representative freeze-fracture electron micro-
graph of the large unilamellar vesicles prior to
fusion is given in Fig. 8a. Few multilamellar struc-
tures are observable. The size distribution, assum-

ing a random fracture through different sections of
spherical vesicles, was calculated by the method of
Weibel and Bolender [21]. An aliquot of the sam-
ple during incubation in 50% poly(ethylene glycol)
was frozen and inspected by freeze-fracture mi-
croscopy (Fig. 8b). Aggregation is shown to be
extensive with tight vesicle attachments, making
boundaries between vesicles undiscernable. It is
also interesting to note that large unilamellar
vesicles in as low as 0.5% poly(ethylene glycol)
were clumped together, as revealed by light mi-

Fig. 8. Freeze-fracture electron micrographs of large unilamel-
lar vesicles of egg PC (a) before poly(ethylene glycol) treat-
ment, (b) during the incubation in 45% PEG 6000 and (c)
following a 1-h incubation in 45% poly(ethylene glycol) 6000
with subsequent washing. Bar = 0.1 ym.



croscopy. Such aggregation was not noted by light
scattering of small unilamellar vesicles in 0.5%
poly(ethylene glycol). The product after
poly(ethylene glycol) removal is shown in Fig. 8c.
From corresponding histograms of size distribu-
tions of vesicles before and after poly(ethylene
glycol) treatment, a slight increase in the average
size along with a large decrease in the number of
smaller large unilamellar vesicles is found. The
mode and median diameters shifted from 120 to
200 nm, and from 140 to 220 nm, respectively.
These results indicate that poly(ethylene glycol)
does induce fusion between large unilamellar
vesicles, but not as dramatic as that found for
small unilamellar vesicles. This is consistent with
results from experiments with calcium-induced PS
fusion, where small unilamellar vesicles are found
to fuse more readily than large unilamellar vesicles
[22].

Discussion

We have shown that poly(ethylene glycol) can
cause reversible aggregation of egg PC small uni-
lamellar vesicles at concentrations between 2 and
12%. The aggregation at this low poly(ethylene
glycol) concentration is consistent with 0.5-5%
poly(ethylene glycol) decreasing the surface poten-
tial of DPPC monolayers [23]. By diminishing the
electrostatic field perpendicular to the surface of
the lipid molecules, extensive aggregation would
be expected. An increased efficiency of floccula-
tion of latex spheres with increasing molecular
weight poly(ethylene glycol) has also been ob-
served [24] and has been attributed to an adsorp-
tion of the neutral polymer onto the dispersed,
charged particles. However, an excluded volume
effect [25] of poly(ethylene glycol) cannot be ruled
out.

Extensive fusion of small unilamellar vesicles
occurs above 25% for PEG 6000. This is within the
range where all the water is structured [26]. Lower
molecular weight poly(ethylene glycols) are less
efficient, perhaps due to their lower ability to
structure water. Removal of poly(ethylene glycol)
is not necessary for the fusion of small unilamellar
vesicles. Thus, the mechanism of pure lipid small
unilamellar vesicle fusion induced by poly(ethyl-
ene glycol) does not require an osmotic swelling,
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as proposed by Kao et al. [27] and Knutton [3].
Dehydration alone is not sufficient to induce
membrane fusion, since the dehydrating agent,
Dextran, does not fuse small unilamellar vesicles,
as indicated in this study by light-scattering ex-
periments, and has been shown to be incapable to
fuse cells [28].

32P_.NMR results of small unilamellar vesicles
in poly(ethylene glycol) above the T, reveal a re-
striction in the motion of the phospholipid mole-
cules that is greater than what would be expected
due to viscosity, aggregation or dehydration. The
primary cause of NMR line-narrowing for small
unilamellar vesicles has been attributed to rapid
vesicle tumbling and lateral diffusion of the phos-
pholipids in the plane of the bilayer [19]. This has
been disputed by those who claim that the narrow-
ing is due to rapid rotational motion of the phos-
pholipid molecules and trans-gauche interconver-
sions along the methylene region, which are in
turn due to the structural disorder being greater in
small unilamellar vesicles than in large vesicles
[16-18]. It is however agreed that line-narrowing is
due to more complete averaging of the dipole-di-
pole interactions. The line-broadening caused by
poly(ethylene glycol) seems to be a unique prop-
erty of poly(ethylene glycol). It holds for all lipids
we studied, and not a general effect of viscosity
and dehydration. It may be a result of poly(ethyl-
ene glycol). It holds for all lipids we studied, and
not a general effect of viscosity and dehydration.
It may be a result of poly(ethylene glycol) binding
to phospholipids.

The rigidization of the phospholipid molecules
appears to facilitate fusion, possibly through the
creation of defects along the boundaries of do-
mains of different molecular packing. This hy-
pothesis also helps to explain the fact that vesicles
are fused by poly(ethylene glycol) more readily at
temperatures below the phase transition. Blaurock
and Gamble [29] predicted small vesicles to be
faceted below the T_, where the edges could be
defect sites. Larrabee [30] also predicted the in-
creased fusion rate below the T, to be due to
vesicles being converted to irregular, amorphous
fragments. By aggregating these unstable vesicles
through poly(ethylene glycol) treatments, thus in-
creasing the local vesicle concentration, the rate
and degree of fusion would be expected to increase
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significantly. Our observation that small unilamel-
lar vesicles fused more readily than large unilamel-
lar vesicles also supports this argument.

The mechanism of poly(ethylene glycol)-in-

duced fusion may also involve the hydrated poly-
mer solvating the polar headgroups [31,32] and, by
a shearing type force, may create defects and allow
for the exposure of hydrocarbon tails. Contact
between the tails is then made possible in the
highly apolar environment poly(ethylene glycol)
creates. The exposure of the hydrocarbon tails to
the aqueous medium could be a necessary instabil-
ity for fusion [30] and is consistent with apolar
contacts preceding fusion [33]. The lower surface
charge found for small unilamellar vesicles in
aqueous two-phase systems of water, Dextran and
poly(ethylene glycol) has been explained to be due
to a greater exposure of the hydrophobic tails [34],
and would also explain why small unilamellar
vesicles fuse more readily than larger vesicles.

Thus, the poly(ethylene glycol)-induced fusion

may be based on a combination of charge neutrali-
zation, dehydration and bilayer defect creation. It
is this multifunctional property of poly(ethylene
glycol) that distinguishes it from other reagents
and lends to its high fusion efficiency.
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