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Entropic Expulsion in Vesicles

Roy Bar-Ziv, ' Thomas Frisch, and Elisha Moses'
'Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76l00, Israel

Department of Chemical Physics, Weizmann Institute of Science, Rehovot 76I00, Israel
(Received 24 April 1995)

We report experimental observations and theoretical analysis of entropy driven expulsion in giant lipid
vesicles, produced by the application of optical tweezers. The tweezers induce tension in membranes by
attracting lipid material into the optical trap. This suppresses fluctuations in the vesicles and converts
them into tense pressurized spheres. After shutting off the laser, overpressurized vesicles spontaneously
expel inner vesicles, releasing their inner pressure.

PACS numbers: 68.10.—m, 47.20.Dr, 82.65.Dp, 87.22.Fy

Rupture phenomena and the transfer of smaller vesicles
through the membrane wall are central issues in under-
standing the role of vesicles as receptacles for the contents
of cells. While in a biological membrane we expect bind-
ing by chemical receptors, adhesion, and fusion to play a
key role in transmembrane transport, in artificial vesicles
we can hope for a simplified transport model to emerge.
This kind of simplified transport model to emerge. This
kind of simplified approach has had remarkable success in
explaining the shape of both artificial and biological vesi-
cles over the past two decades [1—3]. Investigation of
their rupture instabilities and transmembrane motion has
until now remained intriguing but largely uncontrollable.

In this work we exploit our ability to vary the tension
of a vesicle by external means to induce shape transitions
and the expulsion of internal "organelles" from within the
vesicle. The actual existence of tension in vesicles and
in membrane structures in general is subtle, since it stems
from indirect entropic contributions of bending modes, or
wrinkles [4—6]. In our case we use the optical tweezers
[7] technique to suppress Iluctuations and to reduce the
area available for this wrinkling at all scales. This
converts flaccid, fluctuating vesicles to taut spheres, and
causes the expulsion of internal vesicles that are Aoating
around inside the pressurized vesicle. We proceed to
develop a theoretical model of how this happens, which
indicates that the vesicle becomes over pressurized by an
entropic mechanism and consequently expels its contents.

We used standard experimental techniques [g]
to produce fiuid bilayer membranes in water
from dimyristoyl-phosphatidylcholine (DMPC) and
digalactosyl-diglyeceride (DGDG) (purchased from
Sigma). The sample (50 p, m thick) is positioned in a
temperature regulation stage with long term stability of
10 mK. All experiments were performed in the Quid
state of the membranes, typically at 45 C. We varied
the temperature over the range from 26 to 85 C and
consistently obtained expulsion. Our experimental appa-
ratus is based on an inverted optical microscope (Zeiss,
Axiovert 135TV) in a commonly used setup [9,10]. An
expanded parallel Gaussian 488 —514 nm laser beam

(Coherent, Innova 70) is brought into the back aperture
of a strongly focusing phase contrast objective lens
(Zeiss, Planapochromat Ph3, 63K, n.a. I 4). The laser
power input ranged from 20 to 100 mW.

The typical effect of the tweezers on an initially
fiacid vesicle is shown in Fig. 1. The shape fluctuations
characteristic of a floppy vesicle are shown in Figs. 1(a)—
1(c) over a few minutes. The laser tweezers are then
applied to the vesicle, Figs. 1(d) and 1(e), and during a
minute or so the fluctuations decrease until they are no
longer apparent, Fig. 1(f). At this point the vesicle has
become quite taut, indicating that a non-negligible tension
tr ~ 10 3 erg/cm2 [6] is present in the membrane. In
comparison, using mechanical manipulation of very large
vesicles (where we avoid tension effects by having
sufficient reservoirs of area) we found that a fiaccid
vesicle has inherent entropic tension as low as o
10 " erg/cm, in agreement with previous measurements
[6]. In practice, the pressurization by the laser tweezers
is simple in only nearly spherical vesicles. For discocytes
[11],if the pressurization is not done very slowly then an
instability in the form of "pearling*' [12—14] will occur.

h

FIG. 1. Optically induced pressure in a vesicle. The vesicle
was seen to fluctuate strongly at first (a) —(c), then as the
optical tweezers were applied (d), (e) the tluctuations gradually
decreased until the vesicle became tense (f). lt took about
100 sec for the pressurization to be completed. The pressurized
vesicle was observed to be unchanged over several hours. The
bar represents 10 p, m.
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Actual motion through the membrane is observed when
organelles reside within the vesicle. A single pressurized
spherical vesicle seems stable for as long as we observed
(over many hours). However, vesicles containing internal
vesicles which are not too big are unstable and expel their
contents. Pressurizing a complicated series of vesicles,
contained in each other, we observe a succession of
transitions in which the inner vesicles are expelled and the
whole structure simplifies. An example of this instability
is shown in Fig. 2, where the tweezers pressurized both
the inner and outer membranes, and were then turned
off. The internal vesicle then drifts until it touches the
outer membrane, at which point it probably waits for a
large enough fluctuation, then pierces through it and exits.
The expulsion occurs outside the plane of focus, and so
disappears between Figs. 2(e) and 2(f).

Expulsion has been reported to occur in other instances,
and is studied in the context of drug delivery, damage
processes, and transport mechanisms in biological cells.
Giant vesicles pressurized by the addition of octyl gluco-

FIG. 2. Spontaneous expulsion of an inner vesicle To reac. h
the configuration in (a), the optical tweezers were used to
pressurize a large vesicle and a medium sized vesicle inside it
(this initial process is not shown). A very small vesicle inside
the right hand region of the large vesicle did not participate
in the process. The vesicles can be pressurized independently
of each other by focusing on different planes, taking care to
tweeze the outer vesicle far from the possible point of exit. The
laser is then turned off The inner vesicle .diffused for about
30 sec until it reached the edge of the outer vesicle. At this
point it was static for a few seconds, until it suddenly, with no
external interference, exited through the outer membrane wall
in under a tenth of a second. Time in seconds: (a) 0, (b) 0.02,
(c) 0.04, (d) 0.1 (e) 0.12, (fI 48. The bar represents 10 p, m.

side (OG) exhibit a similar expulsion [15]. The surfac-
tant OG is known to detach mixed lipid-surfactant micelles
from the vesicle [16], thus reducing area. Osmotic pres-
sure can also cause expulsion of inner vesicles, while par-
tial polymerization of the membrane causes the shrinkage
of vesicle area and subsequently an expulsion of water and
any inner vesicles [17].

Consider now the effect of the strongly focused electric
field of the optical tweezers on the membrane. We
quantify the surface tension oz that the laser can induce
by the electrical energy density per unit area of membrane
in the trap. At the laser intensities we use (=50 mW)
this is equivalent to 1 X 10 erg/cm [13,14]. For
phospholipid bilayers this tension is too weak to actually
stretch or compress the area per molecule in the bilayer
[4—6]. However, it can fold up the membrane within the
trap, thereby gaining electrical energy at the expense of
increasing the curvature energy.

From the tension we can build a characteristic length
for this buckling process, lo = Qtc/o. t. = Qtrcvvo/AeId
with ~ = 5 X 10 ' erg the bending rigidity,
wo = 0.3 p, m the trap size, I the laser intensity,
d = 40 A the membrane thickness, c the speed of light,
and Ae = 0.23 the dielectric difference between lipids
and water in the visible range. Conversely, by substi-
tuting for lo the size of the optical trap wo, we define
a critical laser intensity for the buckling to occur that
is independent of wo. We calculated this to be on the
order of 20 mW, in agreement with the experimentally
observed intensity at which tension effects begin to
appear. Since wo is proportional to the laser wavelength
A, we find ot. —I/A indicating that the efficiency of
tension production for long wavelength lasers such as the
Nd-YAG 1.064 p, m laser.

Prolonged application of the tweezers causes irre-
versible area reduction. This probably results from the
detachment of lipids into the solvent, in the form of
optically unresolvable tiny vesicles or actual monomers.
Since the membrane configuration within the trap is not
observed directly, this description is conjectural at this
point. Heating effects are ruled out because we mea-
sured the absorption of light at the laser's wavelength to
be very low (a gross upper limit on the heating is on the
order of 1 C [9,18]).

The folding of the membrane inside the trap takes area
from thermal wrinkles outside the trap and reduces them
to some extent. This reduction of thermal fIuctuations of
the vesicle is what actually induces the tension, which for
values ~0.1 erg/cm is entropic in its origin [4—6]. The
maximal tension which can be induced in the vesicle is
limited by the maximal trapping force of the tweezers,
which lies in the middle range of this "entropic tension"
regime.

Tension in an impermeable vesicle leads to a pressure,
and this provides the driving force for the spontaneous
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expulsion of inner vesicles (Fig. 2). Pressure will first
be released through shape changes, eventually leading
to a quasispherical shape, where permeability to water
becomes relevant (though the time scales are longer than
those for expulsion). In general, elastic forces tend to
increase volume and inflate the vesicle to a perfect sphere,
while entropic fluctuations tend to reduce the volume
by wrinkling the membrane at all scales. Therefore,
the lowest free energy state is attained at zero pressure
and will have a volume which is slightly less than that
of a perfect sphere. Some osmotic pressure may be
produced by the capture of lipid molecules within the
vesicle. However, even for the extreme case, in which
all the discarded area is retained within the vesicle as
single molecules, we estimate an upper limit of 1 mM
change in concentration across the membrane. We have
subsequently checked that such an osmolarity, induced by
the addition of glucose, does not produce an appreciable
swelling [19].

To quantify the excess energy associated with the
high pressure we formulate an equation of state for the
vesicle. We perform a calculation similar to the one
done by Milner and Safran [5], obtaining the pressure
difference P = P,, —P,„,as a function of the internal
volume V of the vesicle. Since the laser is off during
the expulsion, the surface area is fixed and set to Ao =
4' ro. The conserved volume must obey V ( Vo —=2

4rrrp/3, while Vp —V determines the amount of area
available for fluctuations of the membrane. We neglect
the compressibility of the membrane, as the laser tension
is too low to change the area per molecule [6].

Similarly to Milner and Safran [5] we obtain for the
mean thermally averaged volume

4m 3 ksT &o 2l+ I
V P

4 l2 + l + Prp/2K

The upper cutoff I,„=rp/d rules out Iluctuations at
scales smaller than the membrane thickness d = 40 A.
In the continuum limit, when d (( rp, Eq. (1) reads

3
V(P) = Vp 1—

16~
k~T (rp/d) + rp/d + Prp/2k

X ln
K 6 + Prp/2K

(2)
The divergence of Eq. (2) for P ( —12K/rp is asso-

ciated with an instability of the vesicle as it becomes
ellipsoidal [20]. Equation (2) can be easily inverted to
give P as a function of V. As seen in Fig. 3(b), for
P ) —12K/rp the pressure increases monotonically with
the volume. This increase is due to the large amount of
work needed to Batten out thermal fluctuations. In the
limit V ~ Vo the pressure divergence indicates the Aat-

tening out of all thermal fluctuations. This effect is purely
entropic, since at zero temperature a vesicle can always be
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FIG. 3. Laser induced tension and pressure in vesicles. The
equation of state of pressurized vesicles. Pressure-volume
isotherms are given for two relevant vesicle radii.

inAated to the perfect sphere. Of course, this divergence
is physically unreachable, since the area per molecules
changes when the pressure is too high.

The volume of water that needs to be expelled from
the vesicle to reach zero pressure energy can now be
estimated from Eq. (2) as V(P;„;,) —V(0), with P;„;,=
2rr~/rp. This gives a volume difference of a few percent,
in reasonable quantitative agreement with the experiment.
Using Eq. (2) we can estimate the energy gain for
this expulsion as f P(V) dV = 10 " erg. However, the
formation of a pore through which the inner vesicle
exits is associated with a higher energy cost 2~r~y =
10 '" erg, where y = 10 erg/cm is the line tension
of the pore [21,22). This leads us to propose that the
presence of the inner vesicle reduces the line tension
during the exiting process by its interaction with the outer
membrane. The microscopic mechanism by which the
line tension is reduced in this way is as yet unclear to
us and is currently under investigation.

In cases where the inner vesicle (and necessary pore
size) is too big, enhancement and acceleration of the ex-
pulsion mechanism can only be obtained by the continu-
ous application of the optical tweezers, clamping the inner
and outer vesicles together tangentially at a point. Fig-
ure 4 shows the first part of a sequence of expulsions
which began with three flaccid concentric vesicles, the
outer two of which are closely bound and initially indis-
tinguishable, and ended with three separate spherical taut
ones. We first induced the formation of a hole in the outer
vesicles through which the inner vesicle exited 4(a) —4(d).
The hole was produced by local fusion of the two outer
vesicles to form a "neck" whose curved lips are observed
at the edge of the hole in 4(b) —4(c). The inner vesicle's
exit was slow until it reached midpoint, then it was ex-
pelled out abruptly. The external vesicles showed visible
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initiating some of the ideas put forth in this paper. Work
supported in part by the Minerva Center for Nonlinear
Science and the Klutznick Fund for Research.
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FIG. 4. Laser controlled expulsion of vesicles Tim. e in
seconds: (not shown) 0-laser focused to tangency, (a) 0.7, (b)
16.3, (c) 18.3, (not shown) 44-laser turned off, (d) 78. The
laser trap is marked by the arrows.

fluctuations (i.e., loss of pressure) even before the inner
vesicle reached midpoint, and if the laser were turned off
the expulsion would presumably stop.

After the small sphere was expelled we continued to
peel off the two concentric vesicles left in the bottom
half of 4(d). We could then measure the changes of
volume and surface area between the initial 4(d) and
final spherical states and found a reduction of (8.5 ~ 6)%
in total volume and a reduction of (41 ~ 4)% in total
surface area. This manifestly shows lipid material is not
conserved during tweezing. The detachment of lipid from
the membrane into the solution occurs on length scales
below our =0.2 p, m resolution.

In conclusion, transmembrane transfer of large or-
ganelles can be initiated by entropic pressurization of a
vesicle. The time scale for spontaneous expulsion is fast:
under

&&
of a second. Its existence in biological systems

should be detectable by fast measurement techniques. Our
ability to quantify the energy release available for pore
formation leads us to search for mechanisms by which an
inner organelle catalyzes pore nucleation.
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