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Abstract: We present our observations of transient pores in giant unilamellar vesicles, placed under
tension, by optical illumination. When the membrane tension reached a certain level, transient pores
appeared. Pore opening is driven by the membrane tension, o, and its closure by the pore’s line
tension, 7. By use of viscous mixtures of glycerol and water, we slowed down the leak out of the inner
liquid in the presence of a pore. This allowed pores to reach large sizes (a few micrometres) and last at
least a few seconds so that they could be visualized by fluorescence videomicroscopy. Line tension was
inferred from the measurements of the closure velocity of the pores. By addition of cholesterol, which
increased 7 (reducing pore lifetimes), or of surfactants, which decreased 7 (increasing pore lifetimes),
we demonstrate how 7, and consequently pore lifetimes, can be controlled over nearly two orders of
magnitude. Addition of surfactants also has a dramatic effect on vesicle fusion. We discuss how our
results can be extended to less viscous aqueous solutions which are more relevant for liposomal drug
delivery formulations.

Author manuscript of proceedings paper of colloquium "Formula III: New Concepts and Strategies in Formulation: from

Laboratory to Industry”, Montpellier, Hérault, France, 13-16 October 2001
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INTRODUCTION

Liposomes are emerging as promising drug delivery
systems.~* In this article we report our observations of
transient pores in vesicles. Although vesicles con-
sidered in drug release formulations have small sizes of
the order of 100nm, we have chosen to work with
larger, uncoated giant unilamellar vesicles (GUVs), a
few tens of micrometres in size, as model systems.
Their size range makes GUVs amenable to observa-
tion by optical microscopy, which provides two major
advantages: (1) vesicles can be studied individually,
and (2) observations are direct and in real time.

An important parameter in these systems, effecting
physical properties of lipid bilayers, is line tension.
Unfortunately, however, direct measurements of line
tension have been difficult in the past due to its
extremely small value, of the order of 10pN. Here we
report a novel way of measuring the line tension from
pore dynamics, and show how its value can be tuned
over two orders of magnitude. Transient pores
appear™’® upon increasing the membrane tension of
the vesicles, o, beyond a certain value. Here, this is
achieved by optical illumination, as described in Fig 1.
At the beginning of the observation, a vesicle is floppy
and undergoes large amplitude transversal fluctuations
since its membrane tension is nearly zero (Fig 1(a)).

Illuminating the same vesicle using the maximum
available light intensity of the microscope, we observe
that, little by little, the vesicle loses its fluctuations and
becomes completely spherical (Fig 1(b)). This process
takes between 15min and a few hours, during which
time the vesicle volume does not change significantly
(for more details, see References 5, 7 and 8). Although
the molecular mechanism of this optically induced
tension build-up is not clear, it has been reported by
other researchers.’”!° If we continue to illuminate the
vesicle, and hence build up further tension, the vesicle
finally responds by the sudden opening of a pore, as
shown in Fig 2. The pore opens up very rapidly but,
remarkably, after reaching a maximum radius (Fig
2(b)), it closes again, albeit very slowly (Fig 2(c)—(f)).
The time evolution of the pore and vesicle radii are
plotted in Fig 3 for the pore shown in Fig 2.

Pore opening is driven by the membrane tension, g,
and its closure by the line tension, 7".° We used viscous
mixtures of glycerol and water to slow down the
leaking out of the internal liquid. As will be seen
shortly, this is essential for the observation of large,
long-lived pores. This article is organized as follows. In
the next section we present materials and methods. In
a third section we summarize the hydrodynamic model
which explains the pore dynamics, and allows us to
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Figure 1. (a) At the beginning of the observation under a fluorescence
microscope the vesicles were relaxed: their membrane tension, o, is very
small and their membrane undergoes large amplitude fluctuations. (b) Over
tens of minutes of observation with maximum available incident light
intensity, illuminated vesicles gradually became tense and perfectly
spherical.

extract the line tension from the speed with which
pores reseal. The following section is concerned with
experimental results; in particular, we demonstrate
how the line tension (and consequently pore lifetimes)

Figure 2. When a tensed vesicle (a) was
illuminated further, more tension built up
and the vesicle finally responded by the
sudden opening of a pore (b). The pore size
reached its maximum very rapidly (b),
thereafter decreased slowly until complete
resealing (c—f). The time evolution of the
pore and the vesicle radii are plotted in Fig
3. In this example, the bilayer contains
20mol% cholesterol.
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can be tuned over two orders of magnitude. In a final
section we discuss our results.

EXPERIMENTAL

Giant vesicles were prepared using the ‘electroforma-
tion’ method,"' which produces GUVs with high
efficiency and very few multilamellar aggregates. The
lipid used was 1,2-dioleoyl-sn-glycero-3-phospho-
choline (DOPC, Sigma, structure 1 in Fig 4) which
is in the L, fluid phase at room temperature and forms
vesicles in arbitrary mixtures of water and glycerol.’? A
1 mg ml ! solution of pure lipid was cast from a 2:1 v/v
mixture of chloroform and methanol on one side each
of two conducting glass plates, coated with indium tin
oxide. The lipid film was dried in a vacuum oven
overnight. Then the two glass plates were assembled,
with the lipid-cast sides facing each other, using a
1 mm thick teflon spacer from which a 4cm diameter
circular section had been cut out. This circular section
coincided with the region over which the lipid was cast.
Critoseal (Prolabo, France) was used to seal around
the teflon spacer. Through a gap in the spacer, about
1.5ml of aqueous solution (2:1 v/v glycerol/water,
containing 100mM sucrose, viscosity #,=32cP) was
introduced into this electroformation cell while an AC
voltage (~1.1V, 6-8 Hz) was applied. The formation
of vesicles was monitored directly by bright field
microscopy. Once the vesicles matured (in about
4-6h) the voltage was removed, and the vesicles were
allowed to ‘relax’ in the electroformation cell over-
night. For observations, the vesicles were gently
transferred to a tube and labelled with lipophilic
fluorescent dye  n-(4-sulfopropyl)-4-(4-(dihexyl-
amino)styryl)pyridinium (di;, ASP-BS) (kindly pro-
vided by Mireille Blanchard-Desce, UMR 6510
CNRS, U de Rennes, France, structure 2 in Fig 4),
which was spontaneously inserted into the bilayer. 1%
v/v of 560 uM of the dye (in ethanol) was incubated for
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Figure 3. (a) Time evolution of the pore radius, r, for the pore shown in Fig
2. (b) Time evolution of the vesicle radius R for the same vesicle as in Fig 2.
Diamonds are experimental measurements, and the continuous curves are
numerical solutions (see section Ill).

a few hours with the vesicle solution prior to obser-
vation. The vesicles were either observed as such, or
following sedimentation in an equimolar solution, in a
closed microscope chamber (two glass slides spaced by
parafilm of 200um thickness and sealed with hot
paraffin), using a Reichert-Jung upright microscope
equipped with an Olympus 63 x/0.90 LUMPIlanF1

C6H13

C:H =\
6 13>N4@\/—@N\/\/\803_
2

Figure 4. Chemical structures of the phospholipid DOPC (1) and the
fluorescent marker, di;ASP-BS (2). used in the experiments.
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water immersion objective. Epifluorescence excitation
was provided by a 200W mercury lamp and a 455-
490nm band pass filter. The optical illumination to
increase the membrane tension was also provided by
this lamp. The fluorescence emission of the dye at
580nm was detected with a standard CCD camera.
Images were digitized on an 8-bit frame grabber (LG-
3, Scion Corp, Frederick, MD) and analyzed using
IMAGE software (National Institute of Health).

For experiments in which surfactants were added to
vesicles, a stock solution of the surfactant Tween 20
(Sigma, Fig 5(c)) was prepared in aqueous solutions
identical to those in which the vesicles were kept, ie
100mM sucrose in a 2:1 v/v glycerol/water mixture.
These stock solutions were either mixed with the
vesicles prior to observation in a closed cell or were
introduced through an opening in the observation cell.
The latter method provided a front of surfactants
diffusing into the vesicle solution, allowing the
observation of the effect of surfactants on vesicles
immediately. The advantage of the former method was
that the concentration of the surfactant was homo-
geneous and well known. For the former method, we
observed vesicle/surfactant solutions between 1/2 and
2h following mixing. The vesicles were destroyed
slowly, over about 2 days, by the surfactants. With
Tween 20, as well as sodium cholate (Sigma, Fig 5(b))
we were able to induce sufficient membrane tension by
optical illumination to trigger the appearance of
transient pores.

HO{~0 O_—~xoH  (C)
wo A Oy OH o

w+x+y=20 O/WOMOW

Figure 5. (a) Cholesterol, (b) sodium cholate, and (c) Tween 20.
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Figure 6. Transversal view of a pore, drawn schematically. Pore opening is
driven by the membrane tension ¢, and is opposed by the line tension term
T/r (see text).

e

In experiments in which cholesterol (Fig 5(a)) was
added to the bilayers, a somewhat different approach
was taken since cholesterol is hydrophobic. Choles-
terol was co-cast with the lipid onto glass plates, at the
desired molar ratio, prior to electroformation. The rest
of the procedure was similar to what is described
above.

HYDRODYNAMIC MODEL

In this section we summarize the hydrodynamic model
which describes the pore dynamics, following Refer-
ence 6. As can be seen in Fig 2, the overall spherical
geometry of the vesicle is largely conserved during the
lifetime of a pore. Experimental measurements of the
pore and vesicle radii are plotted as a function of time
in Fig 3 for this example. The driving force for the pore
opening is the membrane tension, ¢, and that for pore
closure is the line tension, 7, as drawn schematically in
Fig 6. The surface energy is assumed to dissipate in a
viscous manner in the bilayer, which has a surface
viscosity n,=e 1., in which 5 is the membrane
viscosity (in Ns/m?) and e is the thickness of the
bilayer:

2nt=ro—T. (1)

A pore opens if its size exceeds a nucleation radius
r,=7/o, in which ¢ is the initial membrane tension.
When the pore opens, the membrane tension ¢ drops
due to two factors (we assume that lipid loss during the
lifetime of a pore is negligible): (1) the same amount of

a, O<0,

(a)

Figure 7. (a) A hypothetical, completely relaxed vesicle (membrane
tension o=0) with lipid area A, and radius R,. (b) A ‘real’ vesicle with the
same lipid area, but with a non-zero membrane tension ¢, has a projected
area Ay that is (1+0,/E) times larger. (c) As a pore opens, the membrane
tension drops. The vesicle radius, R, also decreases somewhat, due to
leaking out of the inner liquid.
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lipid is now distributed over a surface area that is
smaller by the area of the pore, allowing the membrane
to ‘wrinkle’, which relaxes ¢ (cf Figs 7(b) and (c)), and
(2) the internal liquid leaks out due to the excess
laplace pressure, AP=20/R, present in the vesicle (Fig
8). As the liquid leaks out, the volume of the vesicle
(and its radius R) decreases. We now derive an
expression describing how ¢ varies as a function of
the pore (r) and vesicle (R) radii, taking into account
(1) and (2) above, by counting areas, as follows. As
shown in Fig 7(b), just prior to the opening of a pore,
the vesicle has a membrane tension ¢, radius R;, and
an area 47R?. The same lipid area can be expressed in
terms a radius R that the vesicle would adopt were its
membrane tension ¢ =0 (this hypothetical situation is
drawn schematically in Fig 7(a)): 47TRi2 = 47TR§
(1+0,/E), in which E is a two dimensional elastic
modulus, associated with the undoing of the
wrinkles.!®> In other words, a non-zero membrane
tension o stretches a vesicle by a factor (140 /E) (cf
Figs 7(a) and (b)). Now let us assume for the moment
that the contents of the vesicle are gelified and that no
leak out occurs as a pore opens. The total area count
then becomes  47R? = 47R%(1 + 0,/E) = 4nR?
(1+06/E)+nr* after replacing o,—>0¢ and accounting
for the area of the pore. From this, we define a critical
radius, r, = 2R /0, /E, to which the pore size would
need to grow to relax the membrane tension com-
pletely, ie =0. In the general case where leak out is
permitted, we replace R, — R and rearrange the above

Figure 8. The inner liquid of a tensed vesicle leaks out in the presence of a
pore (radius r), due to the excess Laplace pressure AP=20¢/R. The flux
through the pore is J, and the velocity of the outflowing liquid is V| at the
centre of the pore.
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expression for the area count to obtain:

2 R2_R? o\ 1/2
SR . Sk VCEZRO(U—>
T P2 RE-R E

C
It remains to describe how the vesicle radius, R, in
Eqn (2) changes during the lifetime of a pore. For this,
we consider the flux through the pore which can be
thought of as a circular orifice of radius , across which
the pressure drop is AP (see eg Reference 14). The
pressure drop is given by the laplace pressure
AP=20¢/R. Equating the flux to the rate of change of
the vesicle volume, we find:
20 4

r (3)

— 47R?R = )
T 3noR

Strictly speaking, eqn (3) only applies to flow through
an orifice with constant radius. However, it is a good
approximation for our problem as long as r changes
slowly:® # < V; ~APr/y, in which V; is the velocity of
liquid flowing through the centre of the pore.

Equations (1), (2) and (3) describe the dynamics of
a pore completely. Numerical solutions of these
equations (solid curves) are fitted to the data in Fig 3
for r(¢) and R(z). As discussed in Ref 6, when eqns (1),
(2) and (3) are rewritten using the reduced variables
F=rlr, A=(R—R)/(R,—R), 6 =0/0,, and =11,
where t=2n/o, a parameter, 1}, related to the
efficiency of leak out, readily emerges:

_ 3mR?

= T (leak-out parameter). (4)

Since this parameter depends on the viscosity of the
inner liquid, ., it can be tuned experimentally. When
it is small ( < 1), as in water, the pores are aborted
before they grow to any appreciable sizes. This is
because, as soon as a pore opens, leak-out provides an
efficient way to relax the membrane tension . No
longer having a strong driving force for opening, the
pores reseal quickly due to the line tension.

In contrast, when the ‘leak-out parameter’, 1, is
made large (7] > 1) by use of mixtures of glycerol and
water, pores open almost to their critical size, r,
because leak-out is slowed down. Leak-out is much
slower than the pore opening, which takes time
t=2n/0,, and so the opening occurs as if the contents
of the vesicle were gelified, up to a maximum value®
r,~r.—r/2~r. At that point we have a situation of
quasi-equilibrium between the opening (r ¢) and the
closing (7)) forces:

ro~T (5)

which is maintained for some time as the contents leak
out very slowly. This slow closure regime is experi-
mentally the most relevant one, as it lasts longest
(approximately from 0.1s to 6s in Fig 3) and it is the
regime which allows us to measure line tensions, as
explained below. During this regime, another quantity
which changes very slowly is the membrane tension o.
Thus, we set & = 0 to obtain 4RR =17, from eqn. (2).
This yields, after use of eqns (3) and (5), the closure
velocity during the slow closure regime:

. 2T r (6)
P —
31 1, R?

which, remarkably, is independent of the surface
viscosity .. The only unknown in eqn (6) is the line
tension 7; measuring the closure velocity in this
regime allows us to infer 7. In practice, to infer 7 we
use the following method described in detail in Ref
8. Integrating eqn (6) with the approximation R=
constant, we obtain R?ln r~—27/ (Bmn )i+ C, where C
is a numerical constant. That R changes little over the
course of the pore lifetime is apparent in Fig 3(b).
Plotting the quantity R? In r against ¢ yields a straight
line whose measured slope, —(27/3n1,), is used to
obtain 7, as illustrated in Fig 9.

Figure 9. R?In(r) versus tfor the pore shown in Fig
2. The straight line portion of this plot has slope
—(27/3m1,), from which T is calculated to be 13pN
for this bilayer, containing 20mol% cholesterol.
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Figure 10. Pore dynamics in the absence (a) and presence (b) of
cholesterol. (a) Pore radius as a function of time for a bare DOPC vesicle,
with R ~14um. (b) Same as in (a), but for a vesicle with 20mol%
cholesterol, and R ~16um.

RESULTS: TUNING PORE LIFETIMES

The ability to tune the size and the lifetime of the pores
could be very useful for eventual formulations in
controlled drug release applications using vesicles as
carriers of active substances. One of the ways of
varying pore lifetimes,°

tpore = (37/2)(1.R2/T), (7)

is by modifying the line tension 7 . First, we attempted
to reduce pore lifetimes by increasing 7 by addition of
cholesterol (Fig 5(a)) to DOPC vesicles. As shown in
Fig 10, pore lifetimes are shortened compared with
pores observed in bare DOPC vesicles of comparable
size. For a bare DOPC vesicle with a radius
R ~14pm, the pore lifetime (Fig 10(a)), is longer
than that of a slightly larger vesicle (R ~16um)
containing 20mol% cholesterol (Fig 10(b)). If the line
tensions were the same for both vesicles, the pore
lifetime of the larger vesicle should be longer by a
factor of (16 um)?/(14 um)*~1.3.

In Fig 11 we calculate the line tension for these two
cases from the slopes of plots of R%In r against z. As
shown in Fig 11(a), 7 ~8.1pN is found for bare
DOPC (pore in Fig 10(a)). However, for bilayers
containing 20mol% cholesterol (pore in Fig 10(b)),
we find 7 ~12.6 pN, from the plot in Fig 11(b). Thus,
addition of cholesterol indeed reduces pore lifetimes

Polym Int 52:486-493 (2003)
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(for vesicles of comparable size) by increasing the line
tension. Carrying out similar measurements in the
presence of different concentrations of cholesterol we
find an approximately linear increase in 7 as a function
of cholesterol content, at least up to about 20-30%
cholesterol.”®

Next, we tried to increase pore lifetimes by reducing
the line tension by addition of surfactants. Effects of
some surfactants on liposomes in low viscosity solu-
tions have recently been visualized by Nomura and co-
workers'® using dark-field microscopy. As shown in
Fig 12, in the presence of the surfactant Tween 20, the
pore lifetime for a vesicle of size R ~10pum is longer
than 2min. The line tension for this pore is estimated
to be 7~0.2pN, from a plot of R’In r against z, as
shown in Fig 13. In that particular experiment, a
concentration gradient was used, across which the
concentration of the surfactant varied from zero to
~0.6mM (about 10x the CMC). With another
surfactant, sodium cholate (Fig 5(b)), we observed
similar increases in pore lifetimes. We are currently
exploring systematically the effect of surfactant con-
centration on the line tension with several different
surfactants. These will be reported in a forthcoming
article.®
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Figure 11. Calculation of the line tension in the absence (a) and presence
(b) of cholesterol. (a) R?Inr as a function of time, for the pore in Fig 10(a).
The linear portion of the plot has slope —54.3um?s ™", which implies

T ~8.1pN. (b) As in (a), but for the pore in Fig 10(b), for a membrane
containing 20mol% cholesterol. The slope of the least squares fit to the

linear region is —84.2um?s ™", which yields 7 ~12.6pN.
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Figure 12. A long-lived pore in the presence of the surfactant Tween 20
(R,~10pum).

While studying the effect of surfactants on pore
lifetimes, we have noticed that fusion between vesicles
are greatly facilitated in the presence of either Tween
20 or sodium cholate. Fusion appears to proceed very
rapidly through the opening of a pore between the two
fusing vesicles, as shown in Fig 14. The time between
the moment the two vesicles touch (frame 3, 0.80s in
Fig 14) till the opening of the ‘fusion pore’ (frame 5,

200

100

R? Inr (um?)

-100

T T S T N S N RS

-200 —
50 70 90 110 130
Time (s)

w
o

Figure 13. The linear portion of a plot of R?Inragainst t for the pore shown
in Fig 12, in the presence of the surfactant Tween 20. From this plot
7T ~0.2pN is found (R,~10um).
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0.88s in Fig 14) is only about 0.1s. In sharp contrast,
fusion events are rarely seen for bare DOPC vesicles.

DISCUSSION

We have presented our observations of transient pores
in giant unilamellar vesicles placed under tension.
Although in this study all the vesicles were stretched by
optical means, there are other, better understood (but
not always as convenient) ways of inducing membrane
tension, such as using micropipettes,'® or adsorption
of vesicles onto appropriately modified surfaces,” or on
colloidal particles.®

We have shown how the line tension of the
membranes could be modified in a controlled manner
over nearly two orders of magnitude, by addition of
cholesterol or surfactants to the bilayers. Since pore
lifetimes are inversely proportional to the line tension,
these can be tuned accordingly. The ability to control
pore lifetimes would be highly desirable in potential
formulations of liposomal drug delivery systems.

We have also shown that the vesicles need to be
prepared in viscous solutions in order to obtain large,
long-lived pores that can be visualized. What happens
in the biologically more relevant case of aqueous
solutions which are 30 times less viscous than the ones
we have used? When we attempt to extrapolate our
results to water, we speculate that in water pores would
also appear in tensed vesicles, but would be much
smaller and shorter-lived, and thus difficult to visua-
lize. This is consistent with the fact that we have so far
not been able to observe pores directly in water.
However, the presence of pores in such systems have
been suggested by indirect measurements: anoma-
lously high permeation rates, explained by the
presence of small, transient pores, have been observed
for tensed vesicles in water.>>!”>'® Other researchers
have been able to visualize long-lived, large pores in
low viscosity solutions by creating the pores by
electroporation, and maintaining large membrane
tensions using micropipette aspiration.'®® If the
driving force for pore opening, the membrane tension,
is allowed to relax by leak out, as is the case in our
experiments, pores would be aborted before reaching
observable sizes.

Finally, we have shown that the presence of
surfactants appears to greatly facilitate fusion events
between vesicles, presumably by lowering the energy
barrier to open a fusion pore. There is close analogy
between fusing vesicles and coalescing emulsion
droplets. The latter problem is addressed in Refs 20
and 21. We are currently studying the effects of
surfactant concentration and spontaneous curvature
on line tension and vesicle fusion.
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