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The effects o f osmolarity, calcium concentration and cell-size lip osom es in the subphase on the
surface tension o f phospholipid monolayers were investigated. The m onolayers were spread from
chloroform solutions o f phosphatidic acid at air/w ater solution interface. The liposom es (o f
average diameter 3 |im) were formed from phosphatidic a cid /e g g lecithin (1 :2 ) m ixtures in
water or 0.1 M water solutions o f sucrose.
For this system there were critical concentrations o f calcium ions to produce a large reduction
o f the monolayer surface tension. The threshold calcium concentrations depended upon the
sucrose concentration in the subphase. W ithout sucrose the threshold calcium concentration was
8 m M , while for isoosm otic sucrose solutions (0.1/0.1 M in /o u t o f lip osom e) it was 14 m M . It
sharply increased to 28 m M CaCl2 at sucrose concentration difference across the lip osom e m em 
brane 0.02 M and decreased to 26 m M , 19 m M , and 18 m M w ith further increase o f that difference
to 0.04 m, 0.06 M, and 0.08 M, respectively.
The rate o f monolayer surface tension decrease was m easured as a function o f tim e at 30 m M
CaCl2 and different sucrose concentrations in the subphase solution. The initial rates at first
decreased with increasing the osmotic pressure and after that they increased. The m inim um
occurred at sucrose concentration gradient across the lip osom e m em brane 0.02 M, i.e., at the
point o f maximum threshold calcium concentration required for large decrease o f the m onolayer
surface tension. These facts may be explained by recent theories o f dynam ics o f adhesion,
instability and fusion o f membranes m odeled as thin films.

Introduction

Membrane fusion is a fascinating phenom enon,
involved in basic biological process [1-3]. Investi
gations on model systems, such as monolayer, b i
layer or multilayer lipid membranes, have given
much of our knowledge on m em brane fusion.
Fusion, induced by calcium or other divalent
cations, is one of the phenomena, which has been
thoroughly studied, both for its relevance to bio
logical systems and for understanding the under
lying physicochemical mechanisms [4-9].
Recently, an approach, based on the physical
chemistry of thin films and surfaces, has been
developed to describe the kinetics of m em brane
adhesion, instability and fusion [10-17], One o f the
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basic results was that the rate of membrane approach
and the occurrence of m em brane instability (in
particular membrane rupture and rupture of the
film between membranes) strongly depends on the
membrane tension.
From experimental point of view fusion of lipo
somes with monolayers has a basic advantage that
the rate of the fusion process can be easily m oni
tored by measuring the monolayer surface tension
[8, 9]. Ohki and Duzgunes [8] studied in detail
divalent cation-induced interaction of small phos
pholipid vesicles with monolayers. They found that
for several lipid systems (e.g., phosphatidylserine/
phosphatidylcholine vesicles and phosphatidylserine
monolayer) there are critical concentrations of di
valent cations to produce a large reduction in
surface tension of the monolayers. In a previous
work [9] we found similar phenom ena for cell-size
liposomes from egg lecithin/phosphatidic acid (2:1)
and monolayers from phosphatidic acid at air-water
interface in water and sucrose solution subphase.
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It was concluded in both works [8, 9] that the large
reduction in surface tension can be due to fusion of
liposomes with monolayers.
The basic goal of this work is to investigate the
effect of osmotic pressure gradients across the lipo
some membrane on the occurrence and rate of
fusion of cell-size liposomes with monolayers. The
osmotic pressure gradients are induced by changing
the osmolarity (the concentration of sucrose) of the
medium surrounding the liposomes. They result in
an increase of the membrane tension, which should
affect the rate of membrane adhesion and fusion
[10, 14]. These experiments have shown that this is
the case and quantitatively accounted for that effect,
providing a basis for future theoretical com puta
tions.

[19]. 1 mg phosphatidic acid and 2 mg L-a-lecithin
were dissolved in 1 ml chloroform. The solvent is
then evaporated under vacuum. Double-distilled
water or 0.1 m sucrose solution was added to swell
the dried lipid for 3 h in a 65 °C water bath. Gentle
shaking of the glass flask for a few seconds resulted
to formation of liposomes of diameters from 1 to
10 nm. Figure 1 shows the size distribution of giant
liposomes obtained by this procedure in 0.1m
sucrose dilution. Similar hystogrammes were also
found for liposomes prepared in water and in
sucrose solutions of different osmolarity. It should
be pointed, however, that the average diam eter of
liposomes formed in water is larger and the size
distribution wider than for those formed in sucrose
[9]The experimental protocol included the following
steps:

Materials and Methods

1. Measurement of the surface tension with glass
plate and Teflon plate before adding liposomes
and spreading the monolayer.
2. Liposome suspension is added and stirred.
3. The monolayer is spread.
4. After establishment of an equilibrium surface
tension calcium salt of increasing concentrations
is injected.
5. After establishment of the final equilibrium sur
face tension EDTA is added.

Phosphatidic acid (Koch-Light Lab. Ltd.) showed
a single spot on silica gel thin-layer chrom atog
raphic plates. L-a-lecithin was also from Koch-Light
Lab. Ltd. The calcium salt (CaCl2 - 2 H 20 ) was
Merck purest quality. The conductivity of the
double-distilled water was 2 x 10- 6 Q -1 cm -1, pH-6.
Sucrose (Riedel) was used without further purifica
tion.
Monolayers were formed from phosphatidic acid
at air/water solution interface of fixed area (63.6 cm2)
in a glass dish. The monolayer was spread from
spectroscopically pure chloroform (Merck) until the
surface tension reached the value 67 dyn/cm . This
corresponds to approximately 0.95 nm 2 area per
molecule. The surface tension was m easured with an
electronic microbalance (Beckman) with Teflon
plate (10 x 20 x 1 mm) as a W ilhelmy plate. W ithout
vesicles comparative measurements o f the surface
tension were also performed with glass plates. The
value measured by the Teflon plate is proportional
to that measured by the glass plate. For pure water
those values are 22 dyn/cm and 72.5 dyn/cm , re
spectively. Unless stated specifically, the values
further presented are those measured by the Teflon
plate and are proportional to the surface tension,
but not equal. The use of Teflon plate was neces
sary to avoid glass/vesicle interactions which lead to
erotic output of the microbalance.
Cell-size liposomes were prepared following a
recently developed method [18] and its m odification

' °diameter(jjm)
Fig. 1. Size distribution o f liposomes in 0.1 M sucrose. The
most probable diameter is 3 |im.

94

N. Stoicheva et al. • Fusion o f liposom es with Monolayers

The surface tension is recorded continuously
during all these steps. The experiments were per
formed at 20 °C.

centration in the liposomes constant and equal to
0.1 M, while decreasing it in the medium surround
ing the liposomes by 0.02, 0.04, 0.06, and 0.08 m. For
those values of the sucrose concentration difference
across the liposome membranes the calcium thresh
old concentrations were 28 mM, 26 mM, 19 mM, and
18 mM, respectively. Another experiment was per
formed. where double-distilled water was in and out
of the liposomes. The threshold calcium concentra
tion was 8 mM. This may be due to the larger
diameter and wider size distribution of liposomes
in pure water than in sucrose solutions [9].
The very interesting result is that at first the
calcium threshold concentration increases with in
creasing the imposed osmotic pressure gradients,
respectively increasing the membrane tension. At
sucrose concentration difference 0.02 it has a m axi
mum value. Further increase of the osmotic pres
sure gradients (here assumed to be proportional to
the sucrose concentration difference and the m em 
brane tension), however, leads to a decrease of the
calcium threshold concentration.
Similar phenomenon was observed for the kinetics
of surface tension change after the threshold point.
Figures 3 through 4 show the rate of surface tension

Results and Discussion

Figure 2 shows typical experimental data for
the case of 0.1 m sucrose solutions in and out of the
liposomes, i.e., for isoosmotic conditions. It is seen
that the surface tension remains almost constant
after adding liposome suspension and waiting for
25 min. The spreading of the monolayer causes a
decrease of the surface tension. After that it rem ains
constant until the concentration of the added cal
cium salt reaches a critical value of 14 mM. The
surface tension did not change if only m onolayer or
only liposomes were present at any calcium concen
tration up to 30 mM. No changes of the surface
tension were found in the liposom e/m onolayer sys
tem without calcium. Adding EDTA after the large
change of the surface tension had occurred had no
effect, i.e., the process was irreversible.
This threshold calcium concentration was found
to depend upon the concentration of the sucrose
solution in the subphase. We kept the sucrose con

30 mMCa++
1 - aC-0
2 — a C=0,06

3

Fig. 2. Dependence o f the upward force (which is propor
tional to the surface tension), exerted on a Teflon plate by
a phosphatidic acid monolayer in presence o f phosphatidic
acid/L-a-lecithin vesicles and calcium in 0.1 M sucrose
solutions, on time. At time zero the vesicles were added.
After 25 min the monolayer was spread from chloroform
solutions. Within another 15 min the injection o f calcium
chloride began at 1 mM concentration. The calcium con
centration was increased until a threshold level o f 14 mM
was reached after which a large reduction o f the surface
tension occurred in approximately 15 min.

a C=0,08

t(min)
Fig. 3. Dependence o f the rate o f upward force change
upon time at 30 m M calcium salt concentration and iso
osmotic conditions in a 0.1 M sucrose solution. Rate o f
upward force change vs. time for sucrose concentration
difference across the liposom e membrane A C = 0.06 M.
Rate o f upward force change vs. tim e for sucrose con
centration difference across the liposom e membrane
A C = 0.08 M.
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The above hypothesis needs serious verifications.
Currently, in progress are our theoretical com puta
tions, based on the thin film model of m em brane
systems [10- 17], with the basic goal to describe our
experimental data and those of others [8, 2 0 -2 2 ] on
related phenomena.
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