
http://www.elsevier.com/locate/bba
Biochimica et Biophysica Ac
Minireview

Indirect evidence of submicroscopic pores in giant unilamelar vesicles

N. Rodrigueza,1, J. Heuvingha,1,2, F. Pincetb, S. Cribiera,*
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Abstract

Formation of pore-like structures in cell membranes could participate in exchange of matter between cell compartments and modify the

lipid distribution between the leaflets of a bilayer. We present experiments on two model systems in which major lipid redistribution is

attributed to few submicroscopic transient pores. The first kind of experiments consists in destabilizing the membrane of a giant unilamellar

vesicle by inserting conic-shaped fluorescent lipids from the outer medium. The inserted lipids (10% of the vesicle lipids) should lead to

membrane rupture if segregated on the outer leaflet. We show that a 5-nm diameter pore is sufficient to ease the stress on the membrane by

redistributing the lipids. The second kind of experiments consists in forcing giant vesicles containing functionalized lipids to adhere. This

adhesion leads to hemifusion (merging of the outer leaflets). In certain cases, the formation of pores in one of the vesicles is attested by

contrast loss on this vesicle and redistribution of fluorescent labels between the leaflets. The kinetics of these phenomena is compatible with

transient submicroscopic pores and long-lived membrane defects.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Life needs dynamics. Cells must continuously exchange

matter between themselves and with the surrounding

medium in order to evolve and to communicate. Cellular

traffic and lipid redistribution are therefore widely studied

[1,2]. Recent evidence also indicates that some proteins

are more sensitive to the physical environment of the

membrane bilayer (such as its curvature) than to its

chemical composition [3]. Therefore, physical responses

of the membrane to physical constraints are of great

interest. The formation of transient submicroscopic pores
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in the cell membrane, which results in physical stress,

could participate to the constant exchanges between cell

compartments and membrane leaflets. Pores are also

believed to be the last intermediate step in fusion process

[4].

Here, we describe two types of experiments on model

systems in which major lipid redistribution can be

attributed to submicroscopic pores. The first experiments

are related to the insertion of a soluble phospholipid in the

membrane of a giant vesicle in order to destabilize it. We

show that such pores allow the transfer of lipids from the

outer leaflet to the inner one. The second set of experi-

ments consists in forcing functionalized giant vesicles to

adhere. The specific forces between functionalized lipids in

opposing membranes trigger a reorganization of the lipid

bilayers. Lipids diffuse freely between the outer layers of

both vesicles (hemifusion). The structure hypothesized

between the layers (a stalk) can be seen as an inverted pore

[5,6]. On some experiments, the inner medium of one of

the vesicles leaked. An additional lipid exchange was then
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observed, in that case between the leaflets of the leaking

vesicle. Again, submicroscopic transient pores can explain

the observed phenomenon. These two types of experiments

are described successively in Results and then analyzed

successively in Discussion.

Pores have already been observed when strong electric

fields are applied to giant unilamellar vesicles (GUV)

(electroporation) [7–10], or after long time illumination

of the vesicles in a viscous medium [11]. The presence

of pores has also been inferred from abnormal permeation

rates in vesicle adhering on decorated surfaces [12].
2. Material and methods

Dioleyl-sn-phosphatidylcholine (DOPC) was purchased

from Sigma. 1,2-dioleyl-sn-glycero-3-phosphoethanola-

mine-N-(lissamine rhodamine B sulfonyl) (Rh-PE) was

purchased from Avanti Polar Lipids. 6-Nitro benzoxadia-

zole-Phosphatidylcholine (C6-NBD-PC) lipids and 12,6-

Nitro benzoxadiazole-Phosphatidylcholine (C18,12-NBD-

PC) are synthesized in our laboratory according to the

protocol given in Colleau et al. [13]. The NBD label on C6-

NBD-PC is at the end of a six-carbon chain. For C18,12-

NBD-PC, the NBD label is on the 12th carbon of an 18-

carbon chain. Functionalized lipids with thymine or adenine

as headgroup and di-oleyl chains were prepared as described

in Lebeau et al. [14].

Giant unilamellar vesicles (GUV) are prepared by

electroformation method [15] as described in Mathivet et

al. [16]. DOPC is the major lipid component of all GUV,

the presence of additional lipids (if any) is specified in the

text. The vesicles are prepared in sucrose solution and

observed in glucose solution. Hence, the interior of the

vesicles has a different refractive index than the exterior

and the vesicles are observable in phase contrast micro-

scopy. The concentration is set to allow a slight deflation

due to osmotic pressure difference. The difference in molar

mass of the two sugars induces sedimentation.

The vesicles are observed by epi-fluorescence and phase

contrast optical microscopy on an inverted microscope

(Zeiss IM35) with �32 objective (Zeiss, NA 0.4) or �25

immersion objective (Zeiss, NA 0.8). The fluorescence is

excited by a high-pressure mercury source (Zeiss, 50W)

with a blue-violet filter from Spindler&Hoyer (max. wave-

length: 436 nm) for the insertion experiments and by an

argon laser (Coherent Inova 90-4) tuned at 514 nm for the

hemifusion experiments. The images are recorded with a

cooled 16 bits digital camera (Micromax, Roperscientific).

The images are analyzed using the Image J software

(NIH).

A micromanipulation device is used to apply a suction

pressure to the vesicles, maneuver independent vesicles

and transfer them in separated experimental chambers as

described in Kwok et al. [17]. The micromanipulation

setup is extensively described in [18].
3. Results

3.1. Insertion of lipids in GUV and redistribution between

leaflets

Formation of pores implies a local disruption of the

membrane cohesion. In order to destabilize the lipid bilayer

of a giant vesicle, we have added soluble lipids in micellar

phase around the vesicle. The incorporation of these lipids

into the outer leaflet can lead to a strong asymmetry

between the two leaflets and disrupt the bilayer. It is the first

stage of the solubilization of a membrane by certain

detergents [19]. This process is used in many experiments

in which a label is inserted into a target membrane, for

example, to study the translocation of a lipid from the outer

to the inner leaflet [20,21].

In our experiments, the lipid’s insertion rate needs to be

high enough to involve a sufficient destabilization of the

membrane without reaching the limit where the vesicle is

destroyed. We chose C6-NBD-PC, a phospholipid bearing

an NBD label on a shorter chain. The NBD label enables to

follow the insertion of the lipid by fluorescence microscopy.

In order to study the exact influence of C6-NBD-PC on

GUV, we first determine the amount of molecules that are

inserted in the membrane. The C6-NBD-PC, prepared in a

solution of glucose similar to the one surrounding the GUV,

is added in the chamber that contains the GUVs so that the

final concentration of C6-NBD-PC varies between 3 and 10

AM. The equivalent concentration of DOPC represents less

than 0.5 AM. The insertion is visualized by a progressive

increase of the fluorescence that starts a few minutes after

the injection and reaches a plateau a few minutes later (Fig.

1c). This insertion is expressed in terms of percentage of

membrane surface gained by the GUV (an increase of 100%

would correspond to the doubling of the membrane area).

To calibrate this surface increase from the fluorescence

intensity, we prepare vesicles made from DOPC with a

known percentage of NBD labeled lipids. We chose a more

hydrophobic NBD labeled lipid (C18,12-NBD-PC), which

is a better analog of DOPC, to ensure its full insertion in the

bilayer. The comparison of the fluorescence intensity of this

labeled vesicle with those used in the insertion experiments

enables us to estimate the amount of C6-NBD-PC inserted

in the membrane. The equilibrium amount of inserted C6-

NBD-PC is shown to be close to 10% (Fig. 1).

To avoid any bias in the fluorescence calibration due to

segregation of C18,12-NBD-PC during electroformation or

due to a different fluorescence yield of the two labeled

species, we estimated the quantity of inserted C6-NBD-PC

with an independent method based on micromanipulation. A

giant vesicle is held by a glass micropipette (4 Am
diameter). By measuring the projection length of the vesicle

inside the micropipette, we can accurately determine the

variation of its area, as long as its internal volume remains

constant. This method has been developed by Evans [17] to

study the mechanical property of the vesicles in particular to



Fig. 1. (A) Fluorescence microscopy image of a giant vesicle held by a

micropipette (this former cannot be seen but the projection of the vesicle in

the pipette is visible). The surface increase of the vesicle is evaluated by

fluorescence quantification and measurement of the projection length inside

the pipette. (B) Increase of vesicle surface measured by fluorescence (q)

and by projection area in micropipette (0). (C) Increase of vesicle surface

measured by fluorescence (q).
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determine its elastic modulus. More recently Needham has

used it in experiments close to ours. They were studying the

insertion of lysolecithin in vesicles [22].

The micromanipulation device maintains suction on the

vesicle, inducing a low surface tension in the membrane

(<0.1 mN/m). We add C6-NBD-PC as described above. The

increase of fluorescence is accompanied by a rapid increase

of the projection length of the vesicle inside the pipette.

Fluorescence and projection length are simultaneously

monitored. The surface increase measured by the projection

length inside the pipette is consistent with the one estimated
from fluorescence (Fig. 1). This crosscheck confirms the

high amount of inserted C6-NBD-PC (of the order of 10%).

We also studied the kinetics of the insertion process and

found that the rates of insertion are almost independent of

C6-NBD-PC concentration (0.8%/min for 3 AM and 1%/

min for 10 AM). If the C6 NBD PC could insert in the

micellar form, an increase of the concentration above the

CMC would lead to an increase of the insertion rate. Thus, it

indicates that only the monomer form of C6-NBD-PC

inserts significantly, and that its critical micellar concen-

tration is lower than 3 AM.

The conclusion of this study is that the amount of C6-

NBD-PC inserted reaches 10% of the membrane surface of

a DOPC bilayer in a few minutes, independently of C6-

NBD-PC concentration. The stretching of the membrane

that would be induced in each leaflet (extension of 10% of

the inner leaflet and compression of 10% of the outer one)

should lead to rupture of the membrane (a symmetrical

extension close to 3 to 5% leads to rupture of the bilayer

[23,24]). As we do not observe membrane rupture, a

translocation of lipids from the outer leaflet to the inner

has to occur, in order to lower the membrane asymmetry.

However, the time scale of insertion is short compared to

passive translocation (flip) rate of DOPC (few hours [25])

and of C6-NBD-PC (that must be above the flip rate of

DOPC). We propose a simple solution to this apparent

paradox: the forces induced by stretching or insertion of

conic-shaped lipids can lead to the formation of small pores

(beyond the optical resolution). These pores would enable

the redistribution of the lipids between both leaflets by

lateral diffusion of DOPC and C6-NBD-PC. The hypothesis

of pore formation is reinforced by the fact that the conic

shape of C6-NBD-PC favors the formation of edges and

helps to decrease the line tension of the pore [26,27].

However, we cannot define precisely the structure of the

pores that may be described in terms of defects (non-bilayer

structures) bridging the two leaflets. A quantitative evalua-

tion of the amount of pores or defects is given in Discussion.

3.2. Hemifusion: redistribution of lipids between the outer

layers of two adhering GUV

This redistribution of lipids from the outer leaflet of the

vesicle to its inner leaflet observed in the insertion experi-

ments, bears significant parallel to previous hemifusion

experiments we conducted [18], in which redistribution of

lipids between the outer leaflets of two adhering vesicles

were observed (hemifusion). In that case, lipids are believed

to pass through structures – called stalks [5,6] – which can

be seen as inverted pores. We will summarize these

experiments and develop on the few cases in which one

of the vesicles enduring hemifusion lost its contrast, and a

more complete redistribution of lipids was observed.

Two vesicles are isolated and put in contact by means of

micromanipulation. One of the vesicles is fluorescently

labeled by Rh-PE and contains typically 5% of adenine-



Fig. 2. For each pair of functionalized vesicles studied, the ratio of

fluorescence density on the vesicles (thymine vesicle versus adenine

vesicle) after equilibrium is plotted against the ratio of the vesicles radius

(˝). The same ratio is plotted for control experiments in which the vesicles

contain no functionalized lipids (g). The solid curve is the expected ratio of

fluorescence for vesicles enduring hemifusion. The dashed curves are guide

for the eye representing a deviation of 15% from the expected ratio.

Vesicles that lost their contrast are presented separately in Fig. 4.

Fig. 3. A pair of giant vesicles enduring hemifusion followed by a leak. (A)

and (C) are contrast phase microscopy pictures; (B) and (D) are

fluorescence microscopy pictures. The size of the bar represents 10 Am.

(A) is taken at t =0 (just after contact), (B) at t =10 min, (C) at t =19 min

and (D) at t =31 min. The less fluorescent vesicle contained no fluorescent

labels and 5% of thymine-functionalized lipids before the contact. The more

fluorescent vesicle contained 4% of Rh-PE labels and 5% of adenine-

functionalized lipids. Shortly after contact, fluorescent labels start diffusing

on the thymine vesicle. Picture (B) shows an equilibrium state in the

redistribution of the fluorescent lipids. The ratio of fluorescence density

(¨1:3) is interpretable as hemifusion. Shortly before picture (C) a leak in

the adenine vesicle make it lost its contrast. More fluorescent lipids diffused

on the thymine vesicle. Picture (D) shows a new equilibrium in the

redistribution. The ratio of fluorescence density (¨1:2) is interpretable as

redistribution between the two layers of the leaking adenine vesicle.
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functionalized lipids (adenine vesicle). The other vesicle

contains the same proportion of thymine-functionalized

lipids (thymine vesicle). The vesicles are slightly deflated

and start adhering to one another. A rapid fluorescent

transfer is observed during a few minutes, until an equili-

brium state (stable for several hours) is reached. The

adenine vesicle is then approximately three times more

fluorescent than the thymine vesicle. Control experiments

without functionalized lipids show similar adhesion, but no

fluorescence transfer.

This partial redistribution is interpreted as follows: if

there is a complete mixing of the lipids in the outer leaflets

of both vesicles, while the inner leaflets stay independent,

half the fluorescent labels will equally divide between the

outer leaflets of the two vesicles, while the other half will

stay in the inner leaflet of the originally fluorescent

vesicle. This will induce, after the complete mixing, a

ratio of fluorescence density of 1:3 for two vesicles of

equal size. For vesicle of different size the ratio would be:

F2 /F1 = 1/(2 + (R2 /R1)
2); where F1 is the fluorescence

density of the originally fluorescent vesicle (radius R1),

and F2 is the fluorescence density of the originally non-

fluorescent vesicle (radius R2).

In Fig. 2, the observed ratio of fluorescence after

equilibrium is plotted against the radius ratio. The proximity

from the calculated ratio (solid curve) shows the hypothesis

is valid, and a mixing of the outer leaflets occurred while the

inner leaflet stayed independent. We defined this partial

mixing of the lipids as hemifusion. We conducted experi-

ments in which the inner medium of one of the vesicles was

labeled with fluorescent dextran. This experiment showed

that there was no exchange between the inner media of the

two vesicles enduring hemifusion.
3.3. Hemifusion of ‘‘ghost’’ vesicles

As previously mentioned, to observe the giant vesicles in

phase contrast microscopy, the vesicle inner medium is a

sucrose solution and the outer medium is a glucose solution.

In 10% of the hemifusion experiments, one of the giant

vesicles loses its contrast. We also observed a loss of

contrast on some independent vesicles (not in contact with

other vesicles) adhering to the glass slide (occurrence <5%

in 1 h). The vesicle is then barely seen in phase contrast

microscopy but its membrane is still visible in fluorescence

microscopy (if fluorescently labeled). The membrane shows

no damage. Because of their shape and behavior when

adhering, these ‘‘ghost’’ vesicles seem more tense than

normal vesicles still having contrast. The loss of contrast

can only be interpreted as a leak, i.e., an exchange between

the inner medium’s sucrose and the outer medium’s glucose.

As DOPC bilayers are not permeable to these components,

the membrane necessarily lost its integrity for a while. A

lipidic pore is likely to be responsible for such an exchange

of the media.

A ‘‘ghost’’ vesicle was present in 9 hemifusion experi-

ments and 7 control experiments. In all hemifusion cases,

the final fluorescence density ratio exceeds 1:3. Most

stabilize around 1:2. Fig. 3 shows pictures of a pair of

vesicles in which the adenine vesicle loses its contrast after a

hemifusion equilibrium is reached (ratio 0.29). The ratio

subsequently rises to 0.54 in 10 min and stabilizes.

During an opening of a pore, it is likely that the vesicle

will exchange lipids between its leaflets, as the lipids diffuse

by the edge of the pore. If we assume that lipids in the ghost

vesicles can diffuse from one leaflet to the other, hemifusion

of a ghost vesicle with a normal vesicle will result in a

mixing of the fluorescent lipids between the two leaflets of

the ghost and the outer leaflet of the intact vesicle. This

leads to an equilibrium ratio of fluorescence density of 1:2
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for vesicles of the same size. If the non-fluorescent vesicle is

the ghost, half the fluorescent labels will be equally divided

between the outer leaflets of the two vesicles and the inner

leaflet of the ghost, while the other half of the labels will

stay in the inner leaflet of the originally fluorescent vesicle.

This gives a ratio of F2 /F1 = 1/(1 + (R2 /R1)
2) (1:2 for

vesicles of the same size). If the fluorescent vesicle is the

ghost, all the labels will be equally divided between the outer

leaflets of the two vesicles and the inner leaflet of the ghost.

The ratio will be 1:2 regardless of the size of the vesicles.

In Fig. 4, the observed ratio of fluorescence after

equilibrium is plotted against the radius ratio. The number

of ghost experiments is low as this was only measured as a

deviation from the usual behavior.
4. Discussion: quantitative analysis of the

submicroscopic pores

We have shown two types of experiments (insertion of

C6-NBD-PC and adhesion of GUV with functionalized

lipids) in which the membrane of a vesicle is disrupted

without bursting. The inner and outer layers can mix and the

vesicle can exchange part of its inside medium. In both

cases, this destabilization is due to the tension of the

membrane caused by the asymmetric insertion of molecules

or the strong adhesion of vesicles. In the case of the

insertion of C6-NBD-PC, the destabilization may be favored
Fig. 4. For each experiment in which a vesicle loses its contrast, the ratio of

fluorescence density on the vesicles (thymine vesicle versus adenine

vesicle) after equilibrium is plotted against the ratio of the vesicles radius.

Triangles pointing upward (4, q) represent experiments in which the

adenine vesicle loses its contrast, whereas triangles pointing downward (4,

3) represent experiments where the thymine vesicle loses its contrast.

Closed symbols (r, 4) represent experiments with functionalized lipids,

and open symbols (q, 3) represent control experiments. The solid curve is

the expected fluorescence ratio for vesicles enduring hemifusion and

redistribution between the layers of the adenine leaking vesicle. The dashed

curves are guide for the eye representing a deviation of 15% from the

expected ratio. As only one thymine-leaking vesicle was observed, the

expected ratio for this configuration is not plotted.
by the conic shaped molecules too. In both cases, we

interpret these observations in terms of formation of

submicroscopic pores. The kinetics of molecular redistrib-

ution gives clues about the nature of these pores. In the

following discussion, we will try to analyze these clues in a

quantitative manner.

4.1. Pores in GUV destabilized by insertion

We will focus on the insertion experiments and try to

evaluate the amount of pores required for the translocation

of the lipids. From our measurements, we can evaluate the

flux of insertion of the C6-NBD-PC on the outer leaflet of a

vesicle of radius 15 Am: Uins�5�105 lipids/s. Because of

the coupling of the leaflets whose areas must remain

constant, this insertion of C6-NBD-PC creates a difference

of surface tension between both leaflets. In spite of the flux

of lipids near the pores, we assume that the tension (and the

concentration of lipids) is homogenous on each leaflet

because the polar heads of the lipids can locally adjust their

position very quickly so that the molecular area is uniform

throughout the leaflet. The flux of lipids originates from two

contributions: a diffusive one coming from the difference

between the lipid concentration on each leaflet and a

convective one due to the higher tension on the outer

leaflet. The computation of these fluxes is given in annex.

The convective flux is the dominant flux and its form is:

Uc =A(cout�cin)L with A�3.10� 3 m s� 1, L being the

overall length of pore edges in the vesicle, cout and cin the

concentration of lipids in the outer and inner leaflets,

respectively.

A quasi-steady state is required to avoid the sole

stretching of the inner layer and the rupture of the membrane.

Therefore, the convective flux must be close to the insertion

flux. With an asymmetry of 1%: cout� cin=10
�2 / a0.

In this case L=Ains /A(cout� cin)�15 nm. This length

of 15 nm corresponds only to one pore of diameter 5 nm.

These computations indicate that only few pores in the

membrane are sufficient to allow a translocation rate

closed to the insertion rate and prevent the bursting of

the vesicle.

4.2. Stalks and pores in hemifused GUV

It is worth noting that in hemifusion experiments, even

though the defects look similar (inverted pores instead of

pores), the kinetics of lipid transfer is very different for two

reasons: (i) contrary to the case of lipid insertion experi-

ments there is no difference of tension between the inner

and outer leaflets of the vesicle. Consequently, the move-

ment of the lipids is solely diffusive. (ii) In the case of

hemifusion experiments, we observe the translocation of the

marked lipids exclusively (even if all lipids can cross the

defect) so that the limiting step is the recruitment of these

lipids in the pores. As far as insertion experiments are

concerned, we analyze the movement of all lipids. Redis-
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tribution time for lipids during hemifusion was extensively

discussed in Heuvingh et al. [18].

In hemifusion experiments in which one of the vesicles

endured a leak, we observed a redistribution of the labeled

lipids between the two leaflets of the leaking vesicles in a

few minutes. Leaking and exchange of the inner medium

with the outer medium occurred in a few seconds. We

attributed the leak to the presence of a pore.

What are the size and lifetime of a pore necessary to

obtain such a ghost vesicle? In the permanent regime the

volumic particle flux through a circular aperture is:

Uv=2DsC where D is the diffusion coefficient of glucose,

s the radius of the aperture, and C the concentration in the

leaking medium [28]. The variation of the concentration in

the leaking medium is then dC =�Uv dt /V, where V is the

volume of the vesicle. The result of this differential equation

is a decreasing exponential with a characteristic time of V/

2Ds. Sucrose self-diffusion coefficient at a concentration of

10% w/w is 4.78�10�10 m2 s�1 [29]. For a vesicle of 7 Am
radius, if we hypothesize a unique pore of 500 nm radius,

the vesicle will lose 80% of its contrast in 5 s. This estimate

is compatible with the experiments of Zhelev and Needham

[9], in which a pore of the same size was stabilized for

several seconds. In these experiments, the pore was

stabilized by the interplay between the vesicle membrane

getting in the pipette and the medium leaking. In our

experiments, the same kind of stabilization could occur by

increasing the area of membrane adhering to the non-

leaking vesicle.

Brochard-Wyart et al. [30] estimated a smaller pore

radius of 100 nm, for a vesicle in a low viscosity medium.

The vesicle would then lose 80% of its contrast in 24 s.

However, in our case, contrary to the theoretical framework

of Brochard et al., the membrane tension of the vesicle is not

relaxed by the opening of the pore, as the vesicle is still

tensed by its adhesion to the other vesicle.

With these estimated characteristics of the pore in the

leaking vesicle, we want to evaluate the proportion of lipids,

which can diffuse from the inner layer to the outer layer by

the edge of a pore. Following a trap model [31], where

lipids diffuse before being trapped in the edge of the pores,

the concentration difference between the layers decreases

exponentially. Its characteristic time is tc ¼ 1:1 � R2

D
Ln

ð 1:2 � R2

s2
Þ for one trap, where D is the diffusion coefficient

of lipids, R the radius of the vesicle and s the radius of the

trap. The diffusion of DOPC is 3.0 10�12 m2 s�1 [32] and

we consider the same 7 Am radius vesicle. We obtain a

characteristic time for diffusion of 98 s for a 500-nm

radius pore and 156 s for a 100-nm radius pore. This

exceeds largely the expected value of the pore lifetime.

Such a pore would require an unrealistic life time to allow

a major redistribution of the lipids between the leaflets of

the ghost vesicle. In 5 s, only 5% of the lipids can

redistribute between layers by crossing the edge of a 500-

nm radius pore. As the dependence on the pore size is

logarithmic, a larger pore would not significantly lower the
diffusion time. On the contrary, a residual defect of 5 nm

(a minimal size pore) allows 80% of the lipids to

redistribute in 7 min. This characteristic time for trapping,

which one should add to the redistribution over the whole

vesicle (30 s for a 7-Am radius vesicle), is in agreement

with our observations.

The slow diffusion of lipids in two dimensions compared

to the relatively fast diffusion of sucrose in three dimensions

make us believe that residual defects are present in the

membrane after the pore closure. These defects could be

stabilized by one chained (lysed) lipids present as impurities

in the lipid stock. The level of impurities can be small, as the

opening of a pore can recruit lysolipids from its vast

perimeter, to concentrate them in the residual defect (a

minimal size pore) when the larger pore is closing.

With the two types of experiments presented here

(insertion and hemifusion of ‘‘ghost’’ vesicles), we evi-

denced the presence of submicroscopic pore-like structures

that allow exchange of membrane and internal content of

vesicles. These model systems allow to mimic the constant

sharing of molecules within living cells (although lipids

are only one of the protagonists in cellular traffic). We are

now developing similar systems to get a more extensive

destabilization of the membrane through the formation of

transient, long-lived (few minutes) and large (more than 1

Am, i.e., above optical resolution) pores in aqueous

medium.
5. Annex: calculation of convective and diffusive fluxes

The convective flux is Uc=v�c�L where v is the con-

vective velocity of the lipids in the pore, c their concentration

and L the overall length of pore edges in the vesicle. The

velocity v can be estimated from the equilibrium between

the forces created by the tension difference and the viscosity

forces giving: v ¼ F
f
; where F ¼ rout � rinð Þb2

ap is the force per

lipid on the edge of the defects with j the surface tension, a

the length of a lipid and b the diameter of the polar head, and

f =g(a, b)�g is the frictional drag coefficient of a lipid with g

a geometric parameter and D the membrane viscosity.

rout�rin ¼K�a0� cout�cinð Þ with K the stretching modu-

lus of the membrane, 0 a the polar head area and cout and cin
the concentration of lipids in the outer and inner leaflets.

Finally Uc¼A� cout�cinð Þ�L with A¼ Kb2

ap f ¼3:10�3m:s:�1.

The diffusive flux is Ud ¼ cout � cinð Þb2
ap � D�L with D ¼ kT

f

the diffusion coefficient Ud ¼ B� cout � cinð Þ � L with

B � 8:10�5m:s:�1:
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