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Negative Tension Induced by Lipid Uptake
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Membrane fusion is an important process in cell biology. While the molecular mechanisms of fusion are
actively studied at a very local scale, the consequences of fusion at a larger scale on the shape and stability
of the membrane are still not explored. In this Letter, the evolution of the membrane tension during the
fusion of positive small unilamellar vesicles with a negative giant unilamellar vesicle has been
experimentally investigated and compared to an existing theoretical model. The tension has been deduced
using videomicroscopy from the measurement of the fluctuation spectrum and of the time correlation
function of the fluctuations. We show that fusion induces a strong decrease in the effective tension of the
membrane which eventually reaches negative values. Under these conditions, we show that localized
instabilities appear on the vesicle. The membrane finally collapses, forming dense lipid structures.
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The physical properties of membranes at equilibrium are
now well understood [1]. Yet, a generic understanding of
nonequilibrium membranes would be very useful to allow
us to discriminate between specific and nonspecific behav-
ior in biology. Using giant liposomes containing ion
pumps, physicists recently succeeded in investigating theo-
retically and experimentally the consequences of nonequi-
librium protein activity on the membrane fluctuations [2].
Another class of nonequilibrium membranes has also been
considered: membranes exchanging surface with a sur-
rounding medium. In particular, the consequences on the
deformation and stability following the addition (or the
removal) of a large number of lipids have been recently
investigated theoretically [3,4]. These papers predict that
the surface tension sign change, induced by fusion events,
may lead to an instability similar to the buckling instability
of Langmuir films [5]. The goal of this Letter is to study
experimentally the consequences of nonequilibrium mem-
brane fluxes on a fluid model membrane in the large scale
limit.

We study the consequences of lipid uptake, through
fusion processes, on membrane stability and morphology.
We have used a simple system consisting of a giant uni-
lamellar vesicle (GUV) interacting with sonicated small
unilamellar vesicles (SUVs) through electrostatic inter-
actions. The SUVs have a size similar to cellular transport
intermediates (i.e., typically from 50 to 100 nm in diameter
[6]) and are positively charged with cationic 1,2-dioleoyl-
3-trimethylammonium-propane (10% w/w) mixed with
neutral 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC). The negatively charged GUV contains 10% 1,2-
dioleoyl-sn-glycero-3-[phospho-L-serine] and 90% DOPC.
Using the classical electroformation technique [7], GUVs
are generated with a size ranging between 10 and 50 um in
diameter. A single GUV is injected with a micropipette in a
chamber containing about 10'' SUVs/ml in a 170 mM
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sucrose solution, and the evolution of its shape is immedi-
ately recorded using phase contrast microscopy. The inter-
esting aspect of electrostatic interaction is that it can be
tuned by changing the surface charge density, more easily
than specific protein interactions. In our experiments, we
have chosen to keep the charge density of the GUVs
constant and to vary that of the SUVs. Similarly to what
was previously shown by Lei and MacDonald [8] for two
GUVs of opposite charges, at low charge density, the
electrostatic interaction is not strong enough to fuse the
vesicles and the SUVs adhere on the surface of the GUYV,
whereas at high charge density, the interaction between
membranes is strong enough to induce fusion. This fusion
has also been theoretically predicted [9], and the conditions
under which two oppositely charged membranes show a
dynamic, attractive instability facilitating fusion were cal-
culated. In Ref. [4], we predict the dominant instability
modes and time scales and show how these are controlled
by the relative charge and membrane viscosities. These
dynamic instabilities may be the precursors of membrane
fusion in systems where artificial vesicles are engulfed by
biological cells of opposite charge.

In our system, an efficient and important fusion occurs
when the charge density of SUVs is larger than 7%. We
observe then that the GUV becomes more and more flaccid
in a few seconds typically after injection and that the
amplitudes of the fluctuations rapidly increase (see Fig. 1
and movie 1 in Ref. [10]); the shape of the vesicle is not
spherical anymore but strongly deformed [Fig. 1(c)].
Moreover, some vesicles connected to the membrane and
a few instabilities with thin tether shapes grow on the GUYV,
as expected from Refs. [3,4]. A further transition is ob-
served after these spectacular membrane deformations: The
vesicle contracts and recovers its spherical shape, while
dark aggregates form on the surface of the membrane
[Fig. 1(d)]. Similar lipid aggregates have also been ob-
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FIG. 1. Transformation of the shape of a negatively charged
giant vesicle in contact with positive small vesicles. (a) Atz = 0,
the vesicle is optically tense. (b) At = 10 s, the amplitude of
the fluctuations increases rapidly, and the vesicle is strongly
deformed. (c) At t = 15 s, thin tubular instabilities grow around
the vesicle. (d) At r= 45 s, the vesicle recovers its initial
spherical shape and tension but with dense lipid aggregates
(catons) on its surface (bar, 10 wm).

served when a giant vesicle is submitted to a strong os-
motic shock or to heating [11] or after fusion of GUVs
[8,12].

The details of the GUV shape transformations depend
strongly on the charge density and on the SUV concentra-
tion (see Tables I and II in Ref. [10]). The above sequence
is fully consistent with the existence of fusion events with
the GUV and cannot be explained if the SUVs only adhere
on its membrane. Classical tests for fusion, such as dy-
namic light scattering, fluorescence microscopy, and fluo-
rescence resonance energy transfer, are inadequate in the
present situation, because of the size difference between
the fusing objects and/or because of the relative rapidity of
vesicle fusions. However, the size variation of the GUV can
be measured using a real-time contour analysis technique
developed in our lab [13]. A rapid variation of the equato-
rial perimeter, from a few percent up to 40% typically
within 10 s, can be detected, confirming the size increase
of the vesicle [Fig. 2(b)]. As the vesicle loses its spherical
shape, the fusion rate cannot be simply deduced from the
perimeter variation. In the late stage of the sequence, the
vesicle recovers its initial quasispherical form with dense
lipid aggregates present on its surface; in the case of Fig. 2,
the perimeter is a few percent larger than the initial value.
This is an additional proof that lipids have been incorpo-
rated into the GUV membrane. Note that the relative sur-
face increase 8S/S =~ Nr*>/R? (where N is the total num-
ber of fused SUVs, r the SUV radius, and R the GUV
radius) over the relative volume increase 6V /V ~ Nr3/R3
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FIG. 2 (color online). (a) Evolution of the fluctuation spectrum
of a vesicle during the fusion. The effective tension was fitted
(dotted line) using a procedure described in our auxiliary mate-
rial [10] with k = 1.1 X 107 J: ¢ = 1.6 £ 0.2 X 107® N/m
and 1.4 = 0.2 X 1077 N/m for ¢ = 15 and 20 s, respectively. For
t = 30 s, o° was too low to be accurately fitted. (b) Variation of
the membrane tension (O) and of the perimeter (W) as a function
of time. After 22 s, the tension measurement is no longer valid
because of the lack of sensitivity of the fit (gray zone).

isequal to R/r = 103. As a result, the area increases much
faster than the volume, which necessarily leads to a tension
decrease together with fluctuation amplification.

The contours of the vesicle can be represented in polar
coordinates (r,6) as r(0) = R(l + Y, a, cos(nf) +
b, sin(nf)). The amplitude corresponding to the fluctua-

tion mode number n is given by c, = /a2 + b’. The
fluctuation spectrum {|u(n, £)|?) at a given time ¢ can then
be deduced following the expression [13]:

(lu(n, D) = (ca(0)) = {en (D) (1

Figure 2(a) shows the fluctuation spectra of a GUV at
different times during the fusion process. These data rep-
resent an example of a single vesicle, but the reproducibil-
ity of the process has been tested on tens of vesicles. We
observe on all of them an amplification of the membrane
fluctuations by 1-2 orders of magnitude. For a vesicle
fluctuating at equilibrium, the fluctuation spectrum is di-
rectly related to the tension o and to the bending modulus
k of the membrane [14]. In our case, the vesicle is no
longer at equilibrium, but Girard et al. [4] have shown that,
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in a stationary state, the fluctuation spectrum of a mem-
brane exchanging lipids with the bulk by a fusion process
remains similar to the usual equilibrium thermal correlator
with an effective tension defined by o¢ = o — f({p}).
f({p}) is a function dependent on the parameters {p} which
contain the molecular details and the dynamics of the
fusion events, such as the generalized force acting on the
membrane to add lipids into the membrane. In our experi-
ments, considering that on a short time scale (during 1 s)
the vesicle is in a quasisteady state, an effective membrane
tension o can be deduced from the fluctuation spectrum:

kT
o¢ q2 + Kq4 ’

(lu(@)P?) = 2

with g = n/R, with a procedure described in details in
Ref. [13] and recalled in our auxiliary material [10]. The
use of thermal energy as the main noise source may look
surprising but is justified in our auxiliary material. In our
experiments, the fusion events add less than 1% of positive
charges and do not strongly modify the bending modulus
of the GUV membrane [15]. Under these conditions,
Eq. (2) allows us to measure the evolution of the effective
tension of the membrane during the process. The fluctua-
tion spectra {|u(qg, t)|?) are averaged over 1 s. Equation (2)
for (|u(q)|?) has been corrected for limitations due to the
integration time of the camera [13] and can be fitted using
¢ as a single free parameter. The following sequence is
then observed: The tension remains constant at about
1079 N/m over typically 15-20 s, and then a strong
decrease of 2 orders of magnitude of the tension is mea-
sured in typically 5 s. Simultaneously, we observe a rapid
increase of the perimeter [Fig. 2(b)]. The switchlike be-
havior implies that fusion is probably a two-step process,
the initial step being slow compared to the second one.
Subsequently, a wave vector independent contribution to
(lu(g, 1)|*) shows up for n = 20. It reveals the presence of
nonspatially correlated structures of lateral size smaller
than about wR/40 = 1 um. This likely corresponds to
the onset of tubelike structure formation. This interpreta-
tion is supported by the appearance of elongated structure
at later stages [Fig. 1(c)]. When the tension is below
1073 N/m, the tension can no longer be determined prop-
erly by the contour analysis [gray region in Fig. 2(b)].
However, it can be deduced from the correlation time of
the fluctuations 7,,, which has a similar form in the non-
equilibrium case as at equilibrium

ml = -L(0° + kq?), 3)
4n

where 7 is approximately equal to the fluid viscosity [4].
We measured the autocorrelation function ¢, (7, ) for each
mode n over a 5 s sliding window, defined as: ¢,(7, ) =
{en(0) X c,(t + 7)) = {en(D))cn(t + 7)) (e, (1)?).  The
window is shifted by 33 ms, corresponding to the acquis-
ition frequency of our camera. The operation is repeated in
order to measure the variation of the fluctuation correlation

time during the fusion process. In particular, we have
measured the correlation time for mode 10 during fusion
[Fig. 3(b)]; if o¢ was positive, this mode should be too fast
to be detected [Fig. 3(a)]. Indeed, at equilibrium, this time
would be of the order of 100 ms or shorter with our typical
experimental tensions, which is also of the order of the
integration time of our camera. At the beginning of the
process, in agreement with this remark, the correlation
time is very short and smaller than 100 ms. It increases
dramatically in 25 s concomitantly with the vesicle area
increase. It reaches more than 1 s, 1 order of magnitude
larger than the longest possible correlation time at equilib-
rium. Similar correlation times have been measured for
lower modes (see Fig. S1 in Ref. [10]); they are probably
underestimated due to the limited size of the sliding win-
dow. According to Eq. (3), such long correlation times are
possible only if the effective tension of the membrane is
negative. In fact, if the fusion activity f({p}) is positive and
strong enough, the effective tension can decrease during
the fusion and negative values of the effective tension can
be expected [4]. In case of the mode n = 10, a correlation
time of 1 s corresponds to a negative effective tension o¢ ~
—1078 N/m. When the effective tension becomes nega-
tive, the membrane is no longer stable, and a mode of
wavelength A ~ 7/3k/|o|/2 ~ 0.5 um is expected to
grow [4]. This instability is followed by the appearance
of dense lipid aggregates on the membrane [Fig. 1(d)] and
a restoration of the tense spherical shape. We interpret this
last transition as a collapse of the bilayer. On a Langmuir
monolayer, collapse or buckling occurs at a high compres-
sion rate, and multilayer aggregates are formed on top of
the monolayer [5]. As a test, we have injected the same

20 40 60 80
Time (s)

®

T(s)

Time (s)

FIG. 3 (color). Evolution of the time autocorrelation functions
of the fluctuations ¢, (7, f) (in color levels) for n = 10 with 7 the
correlation time. (a) For a passive fluctuating vesicle (with o =
1.8 X 1077 N/m). (b) During the fusion process (for the same
vesicle as Fig. 2). For (a), the time correlation is below the
resolution of the experiment. For (b), time correlations of about
1 s (blue level) are measured. The black points correspond to
nonmeasured points because of low statistics. (See [10]).

098103-3



PRL 97, 098103 (2006)

PHYSICAL REVIEW LETTERS

week ending
1 SEPTEMBER 2006

SUVs under a dense fluorescent monolayer (23 mN/m)
with a composition similar to the GUV membrane: The
surface pressure first increases by about 2-3 mN/m and
then decreases slowly by 5 mN/m over 15 min. Highly
fluorescent aggregates appear during this surface pressure
decrease (see Fig. S2 in Ref. [10]). Similarly, we suggest
that a more stable state of the vesicle is obtained if the
bilayer collapses forming multilamellar structures, addi-
tionally stabilized by electrostatic interactions. The forma-
tion of these multilamellar structures (that we name
“caton’’) can be understood as a nucleation process. The
energy E of a lipid island of radius r growing on a bilayer is

E =2myr — ar*(—o.. + pp), 4)

where the first term is the energy cost to create a caton with
a line tension vy, and the second term is the energy gained
in creating a multilayer structure. o.. is a layer-layer
interfacial tension and p,p corresponds to the pressure
release in the membrane resulting from the decrease in
the number of lipids. Note that o, is probably small
because no caton is observed at equilibrium. During caton
growth, this energy increases up to a critical radius r, =
v/pop defining an energetic nucleation barrier W, =
27y*/pop and then decreases. The pressure release is
given by pop ~ x8a/a’, where a is the area per molecule,
ba its variation due to excess membrane, and y the mem-
brane compressibility [4]. Estimating y =~ kTa and y =
kT /\/a, where kT is the thermal energy, we get, assuming a

Kramer’s nucleation rate v = pye~"o/k7
da v
oa _ 1n(—°), )
a 14

where v is the experimental nucleation rate and v, the
attempt rate. v, is a molecular vibration frequency per unit
area on the order of 10° s™! m™2; v is experimentally
found on the order of 10° s™! m~2. We obtain thus da/a =
2%, which is reasonable. Note that the exact values of v
and v are not very important, as the dependence is loga-
rithmic. This model shows that a few percent of excess area
Sda/a can induce the caton formation as seen in our
experiments.

Although the origin of the fusion is not biological in our
experiments, the consequences are general: A high flux of
lipids is able to create instabilities and to strongly destabi-
lize a membrane. To our knowledge, it is the first time that
such nonequilibrium shape instabilities have been ob-
served and analyzed. They contrast with the shape trans-
formations observed at equilibrium [16]. Some elongated
shape may also be observed when a force is applied to a
membrane [17] or when the curvature is modified by
polymers [18], but they correspond to stable shapes. We
also have shown that these fusion events induce a substan-
tial decrease of an effective tension o down to negative
values. As a result of the bilayer collapse, a positive
membrane tension is eventually restored. In a cell, the
flux of lipids is regulated and lipids are often simulta-

neously removed from the membrane by the ejection of
small vesicles or tubules associated with exo- and endocy-
tosis machineries. Tubular structures are observed in some
internal cellular compartments, such as sorting endosomes
[19] or multivesicular bodies [20], where intense lipid
exchange takes place. In general, these tubes are pulled
by molecular motors. We have shown the existence of a
membrane tension threshold above which the tube forma-
tion is inhibited [21]. An interesting hypothesis would be
that the addition of lipids following the fusion of vesicles
reduces membrane tension enough to allow for the extrac-
tion of membrane tubes by motors and, thus, trigger inter-
nal membrane transport. Membrane tension, modulated by
fusion events, could be an internal switch for intracellular
trafficking.
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