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Abstract. Cationic, O-alkylphosphatidylcholines, re-
cently developed as DNA transfection agents, form
bilayers indistinguishable from those of natural
phospholipids and undergo fusion with anionic bi-
layers. Membrane merging (lipid mixing), contents
release, and contents mixing between populations of
positive vesicles containing O-ethylphosphatidylcho-
line (EDOPC) and negative vesicles containing di-
oleolylphosphatidylglycerol (DOPG) have been
determined with standard fluorometric vesicle-
population assays. Surface-charge densities were
varied from zero to full charge. All interactions de-
pended critically on surface-charge density, as ex-
pected from the adhesion-condensation mechanism.
Membrane mixing ranged from zero to 100%, with
significant mixing (>10 <70%) occurring between
cationic vesicles that were fully charged and anionic
vesicles that had fractional surface charges as low as
0.1. Such mixing with membranes as weakly charged
as cell membranes should be relevant to transfection
with cationic lipids. Unexpectedly, lipid mixing was
higher at high than at low ionic strength when one
lipid dispersion was prepared from EDOPC plus
DOPG (in different proportions), especially when the
other vesicles were of EDOPC; this may somehow be
a consequence of the ability of the former mixture to
assume non-lamellar phases. Leakage of aqueous
contents was also a strong function of charge, with
fully charged vesicles releasing essentially all of their
contents less than 1 min after mixing. EDOPC was
more active in this regard than was DOPG, which
probably reflects stronger intermolecular interactions
of DOPG. Fusion, as measured by contents mixing,
exhibited maximal values of 10% at intermediate
surface charge. Reduced fusion at higher charge is
attributed to multiple vesicle interactions leading to

rupture. The existence of previously published data
on individual interactions of vesicles of the same
composition made it possible for the first time to
compare pairwise with population interactions, con-
firming the likelihood of population studies to over-
estimate rupture and hemifusion and underestimate
true vesicle fusion.
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Introduction

Cellular membrane fusion is complex and difficult to
study, but because the process presumably requires
that the lipid bilayer acquire some kind of disconti-
nuity followed by a resealing, it has been reasonable
to conclude that some fundamental aspects of fusion
could be revealed by model studies on lipid bilayers.
Thus, several model fusion systems were developed,
of which most prominent were those involving pop-
ulations of natural anionic lipids treated with cations
of various types, in particular the phosphatidylserine/
calcium ion system [32]. To quantify the extent of
fusion, a number of fluorescent probe-based mem-
brane-mixing assays and contents-mixing assays were
developed [5, 7, 13, 17, 37].

Contents-mixing assays (in which a fluorescence
signal is generated when the contents of one set of
vesicles mix with the contents of a second set) have
led to the conclusion that significant proportions of
vesicles of certain compositions may undergo fusion
[40]. Relative to the extent of fusion, a much greater
extent of membrane mixing (lipids of the two sets of
vesicles combine, leading to a change in the signal
from fluorophores in the bilayers) could often be
demonstrated, but these were almost invariably as-
sociated with extensive lysis. A problem with fusion

J. Membrane Biol. 194, 129–139 (2003)

DOI: 10.1007/s00232-003-2031-y

Correspondence to: R.C. MacDonald, email: macd@north-

western.edu



assays that could not be resolved, however, was the
difficulty in assessing whether the fusion so measured
followed the biological pattern, namely the contact of
two membranes4 followed by their merging and
combination of the internal aqueous volumes [5].
Membrane mixing assays, although easy to apply and
commonly used, do not distinguish between complete
rupture followed by merging of the vesicle remnants
and vesicle-vesicle fusion without contents loss [13].
Although clearly more reliable in many situations,
contents-mixing assays frequently suffer from a lack
of information on the extent of aggregation of the
vesicles and on how much of the observed signal
might be due to their lysis within the potentially
protected confines of the aggregate where the marker
reaction could be isolated from the external quen-
chers that are normally included to eliminate any
signal that might arise as consequence of lysis [16].

To avoid possible ambiguities of assays based on
populations of vesicles, some investigators sought to
study fusion of single vesicles large enough to be seen
in the light microscope; however, catching vesicles in
the process of fusion was problematic [15]. Individual
spherical bilayers were also examined, but these
membranes contain solvent and it is not clear what
effect it has [4].

With the development of cationic versions of
phospholipids (in particular, O-ethylphosphatidyl-
choline-EDOPC—a derivative of the zwitterionic
phosphatidylcholine in which the negative charge has
been eliminated by ethylation) that are able to form
giant vesicles, the investigation of their possible fu-
sion with anionic vesicles became practical [23]. In-
dividual interactions could be studied because pairs
of oppositely-charged vesicles can be readily manip-
ulated in electric field gradients. Examination of this
system by video fluorescence microscopy revealed
large extents of both fusion and hemifusion (merging
of external monolayers with internal volumes re-
maining separate) [11, 29].

Although the finding of fusion of simple bilayers
having opposite electrostatic charge was of consid-
erable interest with respect to bilayer fusion theory, it
acquired additional significance because of the
widespread use of cationic lipids in gene delivery, an
area that has experienced explosive development in
recent years [14]. Cationic lipids1 are typically syn-
thetic compounds that are physically similar to but
chemically different from natural polar lipids, having
a positively charged headgroup attached in most
cases to two long hydrophobic chains. Cationic lipids
form complexes with DNA (lipoplexes) that are taken
up by cells and, because some of that DNA makes its
way to the nucleus, these compounds have been

widely used in nonviral gene therapy applications [9,
10, 21, 24].

Since interaction of lipoplexes with cells is likely
to involve at least some contact between oppositely
charged membranes [2, 43, 46], population assays
have been used to study interactions of oppositely
charged membranes [3, 36]. Similarly relevant to lip-
oplex uptake were the findings of fusion of anionic
vesicles to a positive planar bilayer [1], and adhesion
of oppositely-charged vesicles in which one vesicle
was held with a micropipette [26, 27]. These studies
have involved cationic amphipaths (most commonly,
DOTAP) at surface-charge fractions between 0.15–
0.5 in combination with phospholipids because some
cationic amphipaths do not form large or stable
vesicles on their own. Contents-mixing measurements
between various compositions of cationic and anionic
vesicles have been attempted as well, but such inves-
tigations have been hindered by the tendency of cat-
ionic lipids to aggregate or fuse in the presence of the
common anionic aqueous-phase dyes.

Membrane fusion could also be involved in
the actual formation of lipoplexes from vesicles
and DNA [12, 18] and, indeed, addition of DNA or
anionic polyelectrolytes to cationic amphipath
dispersions leads to considerable membrane mixing
[6, 18, 19, 30, 45].

Although the ultimate goal of most model systems
involving population assays for fusion has been to
assess what would happen in encounters of single pairs
of membranes as they occur in the cell, the charac-
teristics of those assays precluded such conclusions
and therefore it had not been possible to compare the
outcomes of pairwise encounters with the results of
population assays. That situation changed when it
became possible to form unilamellar vesicles of cati-
onic phospholipids like EDOPC in the absence of a
neutral lipid and, as a result, to demonstrate vesicle-
vesicle fusion in pairwise encounters with anionic
vesicles [11, 29]. We have therefore taken advantage of
this opportunity to carry out population assays with
the same kinds of lipids and to compare these results
with those obtained earlier on single vesicles.

In addition to illuminating the differences be-
tween the assays, we have gained insight into why and
in which direction each of the assays is likely to be
biased. Furthermore, because it is now possible to
vary the charge of vesicles both by dilution with a
neutral lipid and by partial neutralization with the
oppositely-charged lipid, new information about
partially charged vesicles has arisen. These results
should also be useful in allowing more critical eval-
uation of population studies in interactions related to
gene transfer mediated by cationic amphipaths.
Among others, the effects of ionic strength we ob-
served may mean that the high ionic strength of cells
could even facilitate interactions of cationic lipid/
DNA complexes with cell membranes.

1Because they are not natural products, they are properly termed

cationic ‘‘lipoids’’ or cationic amphiphiles.
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Materials and Methods

MATERIALS

1,2 Dioleoyl-sn-glycero-3-ethylphosphocholine (O-ethyldioleoyl-

phosphatidylcholine, EDOPC) was either a gift from Gary Ashley,

synthesized in our laboratory as the trifluoromethane sulfonate

salt, or, alternatively, obtained from Avanti Polar Lipids (Ala-

baster, AL) as the chloride salt. 1,2-dioleoyl-sn-glycero-3-phos-

phoglycerol, sodium salt (DOPG), l,2-dioleoyl-sn-glycerol-3-

phosphocholine (DOPC), N-(lissamine rhodamine B sulfonyl)-

phosphatidylethanolamine (RhPE) and N-(7-nitrobenzo-2-oxa-l,3-

diazole-4-yl)-phosphatidylethanolamine (NBDPE) were purchased

from Avanti. Triton X-100 was from the Aldrich Chemical Com-

pany. Q-Sepharose and Sephadex were purchased from the Sigma

Chemical Company. All solutions were prepared with water from a

Millipore Milli-Q Water System.

LIPID MIXING ASSAYS AND ENERGY TRANSFER

EFFICIENCY CALCULATIONS

Chloroform solutions of lipids and probes were mixed at the ap-

propriate molar ratios to give a total of 50 lg of lipid. The bulk of

the solvent was removed under argon gas and the lipid was placed

under high vacuum for a minimum of 15 minutes. The lipids were

then hydrated in 200 mM sucrose to a final concentration of 1 mM.

All vesicle preparations were vortexed vigorously and bath-

sonicated for 10 seconds. Although it is well known that highly

charged anionic vesicles disperse readily in low ionic-strength me-

dia, size characterization of vesicles containing cationic phospho-

lipid derivatives has not been previously reported. These vesicles

were therefore sized by dynamic light scattering. A Brookhaven

Instruments model BI90 was used and the data were analyzed with

the software provided with the instrument. Vesicles of DOPC,

EDOPC and their mixtures were all in the size range of 100–200

nm, sizes that, for low ionic-strength dispersions, indicate unila-

mellar or paucilamellar vesicles. Mixtures of EDOPC and DOPG

having net positive charges of up to 0.6 net charge fraction were

heterogeneous and too large to accurately measure by this tech-

nique. Addition of NaCl to 100 mM had no evident effect on the

sizes of these mixtures. Examination using the phase microscope

verified their heterogeneity and revealed refractile aggregates, large

numbers of small particles too small to resolve, and some giant

vesicles. EDOPC and DOPG mixtures with 0.8 net charge fraction

were in the same size range as the EDOPC-DOPC vesicles.
The lipid mixing assay was based on fluorescence energy

transfer [23, 37]. Labeled vesicles included 0.005 mole fraction of

RhPE and NBDPE. Fluorescence was monitored before and after

the addition of 25 lg of unlabeled vesicles in a 200 ll reaction
volume of either 200 mM sucrose or 100 mM NaCl, 5 mM Tris, pH

7.5 solution with 25 lg of labeled vesicles. An AlphaScan fluo-

rometer (PTI, Princeton, NJ) was used with a bandpass of 4 nm

and with excitation at 460 nm and emission at 534 nm. Dispersions

were mixed and read after 45 seconds, which was determined to be

ample time for the completion of all fluorescence changes.
To construct the transfer-efficiency standard curve, DOPG,

EDOPC, DOPC and probes were mixed in chloroform prior to

preparation of liposomes for each of the compositions studied

(fractional cationic or anionic charge was 0, 0.2, 0.4, 0.6, 0.8 and

1.0) so as to generate lipid mixtures corresponding to complete

(100%) lipid mixing of the various vesicle compositions examined.

The energy transfer was then measured for each of these composi-

tions and the data used to construct a standard curve corresponding

to complete (100%) lipid mixing. Calculation of the energy-transfer

efficiency (ET) was based on the expression ET= FR/FN, where FR

and FN are the peak fluorescence values of RhPE and NBDPE.

Percent lipid mixing was calculated with the equation % Lipid Mix

= (ETi�ETo)/(ETi�ETst). The initial (ETi) and observed (ETo)

transfer efficiencies represent energy transfer values before and after

addition of unlabeled vesicles, and ETst is the standard curve value.

VESICLE FUSION AND LEAKAGE ASSAYS

Contents mixing assays were based on the cobalt calcein-EDTA

system previously described [17, 28]. The maximum fluorescence,

corresponding to 100% fusion, was obtained by solubilizing the

vesicles in the presence of a final concentration of 1% Triton in 100

mM NaCl, 10 mM EDTA, pH 7.5. (Although EDTA does interact

enough with cationic lipids so that vesicles will not form in the

presence of 10 mM EDTA, the addition of EDTA to that concen-

tration had no detectable effect on vesicles preformed in 100 mM

NaCl.) Contents-mixing values were subtracted from the contents-

mixing + leakage values to obtain vesicle-leakage values. The per-

centages were obtained by dividing the fluorescence values of the

contents-mixing and leakage curves by the maximum fluorescence

value andmultiplying by 100. Cobalt-calcein was encapsulated in the

cationic vesicles and EDTA encapsulated in the anionic vesicles be-

cause the reverse procedure led to aggregation of the cationic vesicles

by EDTA. Thus, in order to obtain an initial fluorescence signal, the

anionic vesicles were added to the cationic vesicles (reverse order

relative to the lipid-mixing experiments.) For the contents-mixing

assay, the external phase contained a low concentration of CoCl2 to

prevent dissociation of cobalt-calcein, which would generate a con-

comitant fluorescence signal from ruptured vesicles. Based on our

earlier work with this assay, this concentration of cobalt ion was

considerably below that which caused interaction of anionic vesicles

with themselves. Dispersions were mixed and read after 45 seconds.

Results

LIPID MIXING

An extensive group of experiments was done to
characterize lipid mixing between oppositely charged
membranes as a function of surface charge densities
on one set of vesicles, the other set of vesicles being
fully charged, both positively as well as negatively.
The charge on the variable-charge set of vesicles was
varied from zero to fully charged in two ways: In one
case, different proportions of a charged lipid—either
EDOPC (positive) or DOPG (negative)—were com-
bined with the zwitterionic lipid DOPC (no net
charge) and formed into vesicles; in this case, the lipid
with the net charge varied from none to all of the
lipid, generating vesicles ranging from uncharged to
fully charged. In the other case, different proportions
of positive and negative lipids were combined and
formed into vesicles. In this case, the vesicles with
zero net charge contained equal amounts of positive
and negative lipid, whereas increasing net charge
corresponded to an increasing amount of one of the
charged lipids at the expense of the other. Thus, four
different types of oppositely charged vesicles were
investigated. Each of these was tested for lipid mixing
at both low ionic strength (sucrose solution) and high
ionic strength (0.1 M NaCl, 5 mM Tris), so a total of 8
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experimental conditions was examined. Other proce-
dures were the same for all groups of experiments;
anionic vesicles contained the fluorescent probes and
cationic vesicles were added to them.

POSITIVE EDOPC VESICLES MIXED WITH VESICLES

HAVING FRACTIONAL NEGATIVE CHARGE

When the positive vesicles were fully charged and the
negative vesicles partially charged, lipid mixing (Fig.
1A and 1B) increased smoothly to essentially 100%,
with increasing anionic charge. At low ionic strength,
lipid mixing did not depend on how the anionic
surface charge density was varied (compare diamonds
in 1A and 1B). As will be seen, this lipid mixing fol-
lows much the same pattern as that in the case in
which the charge on the positive vesicles was varied
and the negative vesicles were fully charged (Fig. 1C
and 1D). Although these patterns of mixing were
similar at low ionic strength, mixing of fully positive
vesicles with negative vesicles of fractional charge was
very different when the ionic strength was high. When

the charge of the negative vesicles was varied by in-
creasing DOPG relative to the neutral DOPC, a dif-
ference was seen at intermediate charge densities
where there was greater lipid mixing at high than at
low ionic strength (compare squares with triangles in
Fig. 1A). When the charge of the negative vesicles
was varied by increasing the ratio of DOPG to the
positive EDOPC, an unusual effect occurred in that
even at net zero charge there was a very substantial
amount—nearly 60%—of lipid mixing (Fig. 1B,
squares). Larger lipid mixing at high ionic strength
relative to that at low ionic strength is unexpected
because, the higher the concentration of electrolyte,
the weaker the electrostatic interactions between op-
positely charged vesicles. This unusual behavior is
considered in the Discussion.

NEGATIVE DOPG VESICLES MIXED WITH VESICLES

HAVING FRACTIONAL POSITIVE CHARGE

The extent of lipid mixing for the situation in which
the fractional anionic charge varied and the positive

Fig. 1. Interaction of positively and negatively charged phospho-

lipid vesicles: Membrane mixing. (A) EDOPC vesicles were added

to DOPG/DOPC vesicles (fractional anionic charge ranging from

0–1.0). (B) EDOPC vesicles were added to DOPG/EDOPC vesicles

(net fractional anionic charge ranging from 0–1.0). (C) EDOPC/

DOPC vesicles (fractional cationic charge ranging from 0–1.0) were

added to DOPG vesicles. (D) EDOPC/DOP vesicles (net fractional

cationic charge ranging from 0–1.0) were added to DOPG vesicles.

Experiments were done in both 200 mM sucrose and 100 mM NaCl/

Tris buffer (pH 7.5) solutions. Negatively charged vesicles con-

tained NBD and rhodamine probes at 0.5 mole%. Measurement of

fluorescence resonance energy transfer allowed estimation of the

extent of membrane mixing, which is plotted in the figure. Net

fractional charge is the number of moles of net electrostatic charge

divided by the total moles of lipid. Measurements were made 45 s

subsequent to mixing of the vesicles.
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vesicles were fully charged is shown in Figs. 1C and
1D. In both cases, lipid mixing increased with in-
creasing charge density. It made little difference
whether the charge on the positive vesicles was in-
creased by incorporating more EDOPC relative to
DOPC (Fig. 1C) or relative to DOPG (Fig. 1D), al-
though the latter vesicles were somewhat more fuso-
genic (by about 1/4 to 1/2) at low and intermediate
charge densities than were the former. In both cases,
ionic strength had little effect, which is in marked
contrast to the situations of Figs, 1A and 1B, where
high ionic strength led to much higher lipid mixing.
There was a modest difference between Fig. 1C and
Fig. 1D in that, in the latter case (positive charge
varied according to the EDOPC/DOPG ratio), there
was detectable mixing when there was no net charge
on those vesicles. This effect, seen at both high and
low ionic strength, is reminiscent of that of Fig. 1B
for high ionic strength only, but much smaller.

MACROSCOPIC AND MICROSCOPIC APPEARANCE OF

VESICLE INTERACTIONS

Other, qualitative, observations made it clear that the
magnitude of net surface charge density is the most
important property in determining vesicle interac-
tions. Both the turbidity of the mixed solutions and
the extent of lipid mixing were affected by membrane
surface charge density. At high charge proportions
(>0.6) dispersions of cationic and anionic vesicles
mixed in 200 mM sucrose were seen to be somewhat
turbid due to vesicle aggregation. In electrolyte so-
lutions, mixing produced small aggregates that were
visible under the microscope in the case of vesicles
that contained 1.0 or 0.8 fractional charge, while an
increase in turbidity without visible aggregation was
observed at 0.4 and 0.6 fractional charge (fractional
charge varied by changing the ratio of charged lipid
to DOPC). These precipitates are most likely due to
vesicles that have collapsed and formed large lipid
particles of the type previously observed under the
fluorescence microscope from ruptured cationic and
anionic giant vesicles [29]. Sonicated, fluorescent-
labeled vesicles were also examined under the fluo-
rescence microscope before and after mixing with
sonicated, unlabeled vesicles. Labeled vesicles ap-
peared as small bright specks in solution, whereas
after addition of unlabeled vesicles, larger spherical
vesicles could be seen, evidently due to vesicle fusion.

VESICLE RUPTURE AS DETERMINED FROM

CONTENTS RELEASE

Because membrane mixing assays only indicate the
amount of merging of bilayers, which gives little in-
dication as to what proportion of the vesicles remains
intact, it is important to separately establish the ex-

tent to which vesicle integrity is preserved during in-
teractions potent enough to produce a significant
extent of membrane mixing. We therefore determined
what fraction of the internal volume of the vesicles
was retained [16, 23].

We had previously shown that cationic vesicles
composed entirely of EDOPC were able to encapsu-
late cobalt-calcein and fuse with anionic vesicles
composed of DOPG and containing 10 mM EDTA
[23]. Here we describe the further characterization of
this cationic lipid at four different charge fractions
(1.0, 0.75, 0.50, 0.25). To measure the extent of
leakage, we used the cobalt-calcein assay [17]. The
quenched chelate, cobalt-calcein, was encapsulated in
cationic vesicles, while EDTA was included in the
outer aqueous phase so that rupture led to disasso-
ciation of the chelate and the restoration of calcein
fluorescence. This assay was performed in two ways:
l) by mixing positive and negative vesicles with the
same surface charge density but of opposite polarity
(homologous mixing); 2) by mixing vesicles of vary-
ing charge density with oppositely charged vesicles
consisting of 100% charged lipid (heterologous mix-
ing). It should be noted that the variable-charge
vesicles for these experiments only included lipid
compositions in which the charged component was
diluted with DOPC, and not when it was also neu-
tralized with the oppositely charged lipid as in the
lipid mixing experiments of the previous section.

Homologous (same fractional charge on both
sets of vesicles) mixing of 1.0, 0.75, 0.5, and 0.25
fractional charged EDOPC/DOPC and DOPG/
DOPC vesicles in the presence of 10 mM EDTA re-
sulted in approximately 80%, 27%, 10%, and 2.5%
vesicle leakage, respectively (Fig. 2A). Heterologous
(full charge on one set of vesicles, variable charge on
the other set) mixing gave different results that were
dependent on the surface-charge density of the vesi-
cles. Increasing the cationic fractional charge density
to 1.0 and mixing with 0.75, 0.5, and 0.25 anionic
charge compositions produced significantly greater
leakage than did homologous (same fractional charge
on both sets) mixing (Fig. 2B). Increasing the frac-
tional anionic charge density to 1.0 and mixing with
0.75, 0.5, and 0.25 cationic charge compositions had
no significant effect on leakage compared to homol-
ogous mixing; i.e., C of Fig. 2 is similar to A, whereas
B differs significantly from A.

VESICLE FUSION AS ESTIMATED FROM

CONTENTS-MIXING

Although lipid-mixing measurements give an overall
estimate of membrane mixing, they are subject to bias
and errors that may depend upon the environment of
the fluorescent probes in the bilayer membrane. Such
experiments also provide no information on the ex-
tent of true vesicle fusion, which, in population as-
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says, is best estimated by measuring contents-mixing
between vesicles. We have hence also made use of a
contents-mixing assay to monitor vesicle interactions
of cationic and anionic vesicles.

The vesicle aqueous contents mixing assay we
used is based on the cobalt-calcein system described
above for measurement of leakage [17]. The concen-
trations used were as given [23]. EDTA was encap-
sulated in the anionic vesicles and cobalt-calcein was
encapsulated in the cationic vesicles. Upon fusion
and mixing of internal compartments, EDTA in one
vesicle chelates the cobalt ion from the cobalt-calcein

of the other vesicle, releasing the calcein, which
thereupon fluoresces. A low concentration of cobalt
is included in the external solution so that any vesicle
interactions that lead to rupture will not give a fluo-
rescent signal. That any signal due to rupture was
indeed negligible was verified by lysing the vesicles
with detergent at the end of the fusion experiment.

Intermixing of aqueous contents was modest at
best (�10%), but displayed very clear dependence on
charge composition. Homologous mixing, in which
both sets of vesicles have the same fractional charge,
produced a maximum fusion of 8–11% at a 0.75
fractional charge (Fig. 2D). Considerably less fusion
(2–4%) was seen with vesicles having fractional
charges of 1.0, whereas vesicles containing 0.5 frac-
tion of charged component were only slightly less
fusogenic than those with 0.75 fraction of charged
component. At 0.25 charge fraction, there was prac-
tically no fusion. The decrease in fusion of the fully
charged vesicles is consistent with the near-complete
loss of contents described in the previous section;
since leakage of fully charged vesicles was over 80%,
significant vesicle fusion in which the fusion product
remained intact would not be possible. Of course,
leakage could compete with fusion or occur subse-
quent to fusion; in both cases the effect would be to
reduce the amount of measured fusion. Maximum
fusion occurred with vesicles of 0.75 fractional
charge. The amount of lysis that occurred at this
charge density was a more modest 28%.

Fusion of partially charged vesicles with vesicles
of 100% opposite charge (heterogeneous mixing) was
also examined. Fully charged vesicles, either of
EDOPC or of DOPG, were mixed with vesicles of the
opposite charge having charge fractions of 0.25, 0.5,
and 0.75 (the remainder being DOPC). For both di-
rections of mixing, a maximum at 0.5 charge fraction
was found (Figs. 2E & F). Significantly more fusion
was seen when the fully charged vesicles were of
DOPG than when they were of EDOPC. This is
consistent with the lysis pattern in that, when the
fully charged partner was cationic, rupture was more
extensive than when the fully charged partner was
anionic, that is, a large degree of lysis simply sub-
tracts from the extent of inner compartment fusion.

CONTENTS LEAKAGE AND CONTENTS MIXING AT

VESICLE MIXING RATIO OF 2:1

Additional experiments, the results of which are not
sufficiently unique to describe in detail, were under-
taken to determine whether percent fusion and leak-
age were dependent on the ratio of cationic to anionic
vesicles. EDOPC/DOPC vesicles of charge fractions
1.0, 0.75, and 0.5 were mixed with DOPG/DOPC
vesicles of charge fractions, 1.0 0.75, and 0.25, re-
spectively, in a lipid molar ratio of 1:2 (cationic ves-
icles to anionic vesicles). The extents of fusion for

Fig. 2. Contents-leakage and contents-mixing measurements of

interactions of positively and negatively charged vesicles. In ex-

periments A and D, DOPG vesicles were added to EDOPC vesicles

and DOPG/DOPC vesicles were added to EDOPC/DOPC vesicles

(fractional cationic and anionic charge for the oppositely charged

vesicles were equal and are indicated for each in the key). For the

experiments B and E, EDOPC vesicles were added to DOPG/

DOPC (fractional anionic charge indicated by key). For experi-

ments C and F, DOPG vesicles were added to EDOPC/DOPC

vesicles (fractional cationic charge indicated by key). Cationic

vesicles contained 1 mM CoCl2-calcein, 10 mM Tris, 85 mM NaCl,

pH 7.5. Anionic vesicles contained 2% rhodamine-PE for visuali-

zation during column elution and either 100 mM NaCl, 0.3 mM

CoCl2 (contents leakage, A–C) or 100 mM NaCl, 10 mM EDTA pH

7.5 (contents mixing, D–F). Contents-leakage and contents-mixing

measurements were carried out in 100 mM NaCl, 10 mM EDTA,

and 100 mM NaCl, 0.3 mM CoCl2, respectively. Charge fraction is

the mole fraction of EDOPC or DOPG in the vesicles. Measure-

ments were made 45 s subsequent to mixing of the vesicles.
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each combination were similar to the results obtained
when 1:1 ratios were used. Likewise, mixtures of
EDOPC vesicles with DOPG vesicles and EDOPC/
DOPC (0.25 charge fraction) with DOPG/DOPC
(0.25 charge fraction) resulted in similar leakage
percentages at 1:1 or 1:2 lipid molar ratios.

Discussion

This study of interactions of oppositely charged ves-
icles represents one of the most complete characteri-
zations of such vesicles by population assays and the
first involving a lipid for which a comparison between
population assays and individual vesicle-vesicle in-
teraction assays can be made. It is clear that the
population assays do reflect the behavior of individ-
ual vesicles, although there are likely considerable
distortions due to differences between single and
multiple vesicle interactions. The various measures of
interaction, namely lipid mixing, contents release and
contents mixing, can generally be rationalized on the
basis of the adhesion-condensation mechanism of
bilayer fusion [20, 22, 29], although some interesting
and unexpected effects of ionic strength were seen.
Thus, in addition to adding to our understanding of
basic bilayer fusion, these studies have also provided
some new indication of unusual behavior of bilayers
containing mixtures of charged lipids. Furthermore,
examination of interaction of highly charged cationic
bilayers with more weakly charged anionic bilayers
can clarify events likely to occur when cationic lipids
are used to transfect DNA into cells.

LIPID MIXING

Membrane mixing increased with increasing surface
charge under all conditions examined (Figs. 1A–1D).
This is to be expected, since the fluorophores used are
essentially non-exchangeable and, when both probes
are initially in the same membrane, changes in energy
transfer cannot come about unless there is lipid
mixing; lipid mixing, in turn, cannot come about in
the absence of membrane contact. We cannot, of
course, distinguish between mixing caused by lipid
exchange between intact membranes and mixing due
to hemifusion or full fusion, but given the short times
of incubation (45 seconds in our case), the initial drop
in energy transfer is probably not due to exchange
but rather to hemifusion. This is particularly true at
high charge density, in which case lipid mixing was
essentially complete, since under those conditions,
hemifusion and complete fusion followed by rupture
would be likely. Such an interpretation is consistent
with our observations on pairwise interactions be-
tween vesicles [29].

Although it was expected that lipid exchange
would increase as surface charge was increased, the

effects of ionic strength were surprising. Since charge-
charge interactions are screened more effectively the
higher the electrolyte concentration [25], we expected
stronger bilayer-bilayer interactions at low than at
high ionic strength and hence also more lipid mixing
at low than at high ionic strength. Such behavior was
not observed. When the negative vesicles were fully
charged (Figs. 1C and 1D), mixing was the same at
high and low ionic strength, whereas when the neg-
ative vesicles were partially charged (Figs. 1A and
1B), mixing was greater at high ionic strength.
Moreover, DOPG/EDOPC vesicles with a zero net
charge underwent lipid mixing with EDOPC vesicles
at high but not at low ionic strength (Fig. 1A, first
square). To a much smaller extent, this behavior was
seen at both high and low ionic strength when the
variable charge was on the positive vesicles (Fig. 1D,
first square and diamond). The fact that there was a
smaller effect of ionic strength on the mixing of ani-
onic vesicles with vesicles consisting of anionic plus
cationic lipids than there was when cationic vesicles
were mixed with such mixed lipid vesicles, may reflect
the generally higher fusogenic activity of the cationic
vesicles.

The behavior represented by zero fractional
charge in Fig. 1B (squares) is most puzzling. By X-ray
diffraction, this composition is largely in the inverted
hexagonal phase at high lipid concentration at high
ionic strength [38] and both microscopic observation
and dynamic light scattering revealed mixtures of
many different sizes, and apparently, kinds, of par-
ticles. Although X-ray diffraction has not been done
on such mixtures at low ionic strength, by light
scattering and under the light microscope, this mix-
ture was not markedly different in high than in low
ionic strength. Although such examination did not
suggest why this composition should be so strongly
affected by ionic strength, given that this mixture (as
well as the mixtures with higher net charge—except
for >0.8 fractional net charge) is capable of residence
in a non-lamellar phase, it is possible that some form
of phase separation could affect fusion, and further-
more, that phase behavior could, in turn, be influ-
enced by ionic strength. In this respect, it is of
particular interest that Stamatatos et al., who used
the same probe combinations to measure lipid mixing
between oppositely charged vesicles, but DOTAP as
the cationic amphipath, also reported that increasing
ionic strength increased fusion, particularly when the
neutral component was PE [36]. They suggested that
fluctuations of surface geometry [34], which could
depend significantly on the electrostatic properties of
the surfaces, might play an important role. The effect
was so large in their case that vesicle interactions were
not observed at low ionic strength. It seems clear that
cationic lipid mixtures, especially with anionic lipids,
can exhibit unusual behavior that cannot now be
explained on the basis of information currently
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available and that additional research into such in-
triguing behavior should be very rewarding.

MEMBRANE FUSION AS ESTIMATED FROM

CONTENTS RELEASE

It is certainly possible that the simple adhesion of two
vesicles can rupture one or both of them [33]. The
only requirement is that the adhesion be strong en-
ough that the resultant flattening stretch the bilayers
beyond their lysis tension [8, 29]. Our previous ob-
servations on interactions of pairs of oppositely
charged giant vesicles suggest, however, that lysis can
involve more than simple stress on adherent mem-
branes and that rupture can occur after an initial
fusion event, perhaps one in which there has been
incomplete resealing after fusion [29]. It then becomes
a matter of semantics as to whether such processes
are deemed fusion. ‘‘Membrane fusion’’ is probably
an acceptable description, whereas ‘‘vesicle fusion’’
frequently implies more than is justified on the basis
of the experimental data.

Beyond the issue of the initiation process that
eventually leads to rupture, the knowledge of the
extent of rupture is important in assessing the
meaning of the extent of fusion in the same system.
Specifically, contents mixing was maximal between
0.5 and 0.75 charge fraction. The fact that increased
fusion was not seen with fully charged vesicles is
surely due to the large increase in rupture between
0.75 charge fraction and full charge. It cannot be
known, at least with present methods, whether the
contents of the two vesicles communicated before the
vesicles ruptured; as discussed below, it seems likely
that multiple vesicle interactions frequently contrib-
ute to rupture.

Comparison of B and C of Fig. 2 shows that,
except when leakage may be close to maximal, there
is more (‡2–4·) leakage when the fully charged ves-
icles are positive, the other set having fractional
surface charge. This indicates that the EDOPC bi-
layer is more prone to interactions leading to leakage
than is the DOPG bilayer. This difference may be
attributable to its lack of polar group-polar group
interactions. It cannot hydrogen-bond as can DOPG
and there are no opposite charge interactions like in
DOPC. Both EDOPC (quaternary ammonium) and
DOPG [39] must possess essentially one electronic
charge per molecule.

VESICLE FUSION AS ESTIMATED FROM

CONTENTS MIXING

The largest extent of contents mixing (10%) was seen
when both sets of vesicles had fractional charges of
0.75 (Fig. 2D), although the mixing measured for
DOPG vesicles with 0.5 charge fraction EDOPC/

DOPC vesicles (Fig. 2F) was not statistically differ-
ent. In the latter situation (heterogeneous mixing), it
appears that, because of the greater lability of the
cationic membrane, a 0.5 charge fraction is adequate
and the reduced charge-charge interaction can be
compensated for by increasing the charge fraction of
the anionic vesicles to 1.0 (entirely DOPG). Probably
in both of these cases, rupture may have placed a
limit on fusion, since increasing the charge fraction to
the next level (0.75 to 1.0 for both or from 0.5 to 0.75
for the positive vesicles) led to rupture of almost all of
the population.

We cannot determine from these experiments
whether those vesicles that lost their contents did so
because of i) immediate rupture on contact, ii) be-
cause of an initial fusion step that turned into rup-
ture or iii) as consequence of multiple vesicle
interactions that led to destabilization. Similar
questions have been discussed with respect to the PS/
Ca2+ system [42]. Our previous studies of oppositely
charged membrane interactions allowed us to assess
these different possibilities by measuring the extent
of fusion, hemifusion and rupture by direct obser-
vation of individual pairwise interactions between
oppositely charged vesicles [11, 29]. Fusion occurred
in more than 40% of the interactions between vesi-
cles containing only charged components and rup-
ture upon contact occurred with similar frequency.
At lower surface-charge densities, hemifusion oc-
curred in well over half of the encounters and both
fusion and rupture diminished dramatically. In those
studies, we observed numerous cases where subse-
quent interactions of fused vesicles resulted in leak-
age due to vesicle collapse, a situation that may
resemble interactions among whole vesicle popula-
tions as occurs in the present fluorometer-based
population assay.

A model fusion system consisting of oppositely
charged membranes has the apparent advantage that
multiple interactions tend to be reduced, because with
each interaction, the charge and hence probability of
further interaction is reduced. In particular, it would
seem that rupture5 due to multiple interactions of
vesicles would be considerably lower than for the PS/
Ca2+ system, in which very large aggregates are
possible [17]. Nevertheless, higher extents of fusion
(to 25% or so) have been reported for the PS system
[31, 41]. If the latter percentages are not inflated by
fusion events that occur within aggregates, then
possibly the cationic-anionic vesicle system may not
be so self-correcting relative to rupture as expected.
One feature of mixtures of oppositely charged lipids
that may mitigate such an advantage, is that these
mixtures of lipids tend to form non-lamellar phases
[38], a feature mentioned above with respect to en-
hanced fusion of EDOPC-DOPG mixtures at high
ionic strength. We previously reported the presence
of regions containing both lipids (evident from energy
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transfer) that appeared on fused vesicles and in col-
lapsed ‘‘wads’’ when vesicles ruptured. These bodies,
which evidently consist of non-lamellar phases (in-
verted hexagonal phase when cationic and anionic
charges are equal and cubic phases when the charge
ratio is 2:1), were observed to interact with intact
vesicles and initiate their rupture. It may be that this
phenomenon introduces an element of instability
that is particularly prominent when interactions of
bulk populations are examined. On the other hand,
these same kinds of phase transformations may be
of benefit in releasing DNA when cationic lipids are
used to deliver DNA to cells, for at least one pub-
lication shows an electron micrograph of what is
almost certainly cubic phase lipid in cells into which
DNA had been transfected with cationic lipid [44].
It should perhaps also be acknowledged that the
possibility of formation of a cubic phase could mean
that the final product of some fusion conditions
would be a cubic phase in which the original vesicle
contents could be trapped and, in some cases, mix.
Such a phenomenon could account for the fact that
contents leakage is always somewhat less than 100%,
even at the most extreme conditions of charge (Fig.
2A–C).

An earlier fluorometric study with another cati-
onic-anionic pair (DOTAP/PE and PS/PE) found
maximum contents mixing of approximately 10% and
lipid mixing of 50% [35]. These results are quite
similar to ours and indicate that extensive rupture
may be a characteristic of fusion of whole popula-
tions driven by electrostatic charge interactions. We
note in passing that such phenomena might be cir-
cumvented by using a very high mixing ratio, such as
10:1 so that the entire population would have the
same charge (sign, not magnitude) when vesicle in-
teractions cease.

THE PHYSICAL BASIS OF FUSION, LIPID MIXING AND

RUPTURE AMONG OPPOSITELY CHARGED BILAYER

VESICLES

Why should oppositely charged lipid bilayers fuse
when they come into contact? The adhesion-con-
densation mechanism [20, 22] appears to explain
hemifusion and fusion of oppositely charged bilayers
even better than that of the system for which it was
proposed, namely anionic bilayers brought into
contact by means of cations [29]. More details are
given in [29], but enough of the hypothesis will be
given here to illustrate how it relates to the current
observations. It is clear that when two vesicles ad-
here, by whatever mechanism, the flattening at the
junction zone stretches each bilayer [8]. This could
cause some fusion if random rends were to occur
opposite each other in the adhering bilayers of the
contact zone, but such events should be rather rare.
Instead, it is likely that the mutual neutralization of

each of the contacting monolayers reduces repulsion
of the head groups of the same type so that they
condense, which process would lead to rends in those
monolayers, allowing the tails of the two monolayers
on the inside surfaces of the vesicles to flow into
contact through the openings generated in the con-
tacting monolayers. In other words, contraction of
the contacting surfaces leads to surface fissures and
hence automatically generates hemifused vesicles. If
the tension in the bilayers due to the vesicle-vesicle
flattening is large enough, then because the tension in
both vesicles acts on the single bilayer of the hemi-
fused junction, it will exceed the lysis tension of the
latter and lead to full fusion. Thus, the adhesion-
condensation mechanism predicts increasing lipid
mixing (at least by hemifusion) as well as increased
fusion (at least initially) as the charge density on the
vesicles in increased. If the bilayer tension is large
(very high surface charge density), it can be that the
contact zone is pulled open before full hemifusion has
occurred, so that the contents of one or both vesicles
are released to the external phase and not into the
other vesicle.

Conclusions

1. Vesicles of the cationic phospholipid derivative
ethylphosphatidylcholine interact with those of
phosphatidylglycerol to:

a. Undergo lipid mixing, which ranges from 0% to
100% as the fractional surface charge increases
from 0 to 1.0.

b. Undergo rupture that follows a similar dependence
on fractional surface charge as lipid mixing.

c. Undergo content mixing that has an optimum at
about 0.5 fractional surface charge, being lower at
lower charge due to lack of interaction and lower
at higher charge due to excessive rupture, in part as
a consequence of multiple interactions.

2. Lipid mixing can be significant between highly
charged cationic vesicles and weakly charged anionic
vesicles, especially at high ionic strength, conditions
that resemble those obtaining during transfection of
DNA into cells by cationic lipids.
3. At high but not at low ionic strength, DOPG/
EDOPC (1:1) dispersions with no net charge undergo
lipid mixing with cationic vesicles; surface heteroge-
neity and/or phase polymorphism may account for
the unusual behavior of DOPG/EDOPC mixtures.
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