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Abstract Giant lipid vesicles are closed compartments consisting of semi-permeable shells, which
isolate femto- to pico-liter quantities of aqueous core from the bulk. Although water permeates
readily across vesicular walls, passive permeation of solutes is hindered. In this study, we show that,
when subject to a hypotonic bath, giant vesicles consisting of phase separating lipid mixtures undergo
osmotic relaxation exhibiting damped oscillations in phase behavior, which is synchronized with
swell-burst lytic cycles: in the swelled state, osmotic pressure and elevated membrane tension due
to the influx of water promote domain formation. During bursting, solute leakage through transient
pores relaxes the pressure and tension, replacing the domain texture by a uniform one. This isothermal
phase transition—resulting from a well-coordinated sequence of mechanochemical events—suggests
a complex emergent behavior allowing synthetic vesicles produced from simple components, namely,
water, osmolytes, and lipids to sense and regulate their micro-environment.

DOI: 10.7554/eLife.03695.001

Introduction

Giant unilamellar vesicles (GUVs) are the simplest cell-like closed compartments consisting of semi-
permeable flexible shells (4-6 nm thick, 5-50 pm diameter), isolating femto- to pico-liter quantities
of aqueous core from the surrounding bulk (Walde et al., 2010). Although water permeates readily
across the vesicular walls (10-2-10-% cm/s) (Fettiplace and Haydon, 1980), passive permeation of
solutes is significantly lower across the intact membrane (Deamer and Bramhall, 1986). As a result,
osmotic differentials are readily established between the compartmentalized volume and the surrounding
free bath. This in turn triggers a relaxation process, which acts to reduce the osmotic pressure differ-
ence across the closed semi-permeable membrane by influx (or efflux) of water depending on the sign
of the pressure differential. Thus, for osmolyte-loaded vesicles in a hypotonic environment, water
permeates and vesicle swells, until the internal Laplace pressure compensates the osmotic pressure,
increasing its volume to surface area ratio (Ertel et al., 1993). In this same vein, efflux of compartmen-
talized water from vesicles embedded in hypertonic media, conversely, decreases the volume to
surface area ratio (Boroske et al., 1981). Furthermore, because of their large area expansion moduli
(10%-10® mN m~") and low bending rigidities (10" Nm), vesicular shells bend readily but tolerate only
a limited area of expansion (~5%) (Needham and Nunn, 1990; Hallett et al., 1993; Seifert, 1997).
Consequently, GUVs experiencing solute concentration difference across their vesicular boundary
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elLife digest All living cells are surrounded by a membrane that water can pass through. However,
water often contains other molecules called solutes, and many of these cannot pass through the cell
membrane. If the concentration of solutes outside the cell is, say, suddenly decreased, then water
molecules will tend to move into the cell to lower the solute concentration there. This process, which
is called osmosis, strives to equalize the solute concentrations inside and outside the cell.

Osmosis can have dramatic consequences for cells. Animal cells need to be bathed in water to
survive, but if the solute concentration outside a cell is higher than inside, the cell can lose a lot of
water and die. And if the solute concentration outside is lower, then water enters the cell and it can
burst. Single celled microbes use a variety of strategies to counter the movement of water by osmosis:
strong cell walls prevent the cell from swelling too much, and channel proteins in the membrane can
be opened to allow solutes to pass through. But it is not known how more primitive cells—cells that
lived billions of years ago—might have responded to fluctuations in their environment.

Oglecka et al. have now used artificial membranes to make closed compartments called giant
vesicles that mimic certain properties of cells. When giant vesicles are filled with a sugar solution
and placed in water with a lower concentration of sugar, a series of events takes place that can lead
to the sugar concentration inside and outside the vesicle becoming more equal.

At first the vesicle expands as water enters. However, as the membrane stretches, a temporary
hole opens up, which allows some of the excess solute molecules and water to escape, shrinking the
vesicle. This sets up cycles of vesicle expansion and contraction that gradually lead to the solute
concentrations on both sides of the membrane becoming more equal. This cyclical expansion and
contraction of the vesicle also changes the membrane, decorating it with “domains” of specialized
molecules, when expanded and uniform, when shrunk.

It is possible that this process may have helped the first primitive cells to survive and, maybe,
even benefit from changes in solute concentration in their environment.

DOI: 10.7554/eLife.03695.002

adjust their volume, deforming in hypertonic media and swelling in hypotonic ones (Boroske et al.,
1981; Ertel et al., 1993).

A consequence of the osmotic influx of water in vesicles embedded in hypotonic media is the build-
up of lateral membrane tension due to changes in the balance of forces within the bilayer producing
high energy states (compared to isotonic relaxed vesicles) (Needham and Nunn, 1990). Beyond a
threshold tension, rupture and pore formation become energetically favorable, lysing the GUVs at
lateral tensions corresponding to ~30-40 mNm~" (Needham and Nunn, 1990; Ertel et al., 1993; Mui
et al., 1993). The lytic process, however, is not catastrophic; rather it follows a step-wise sequence of
events (Ertel et al., 1993; Peterlin et al., 2012). During each membrane rupture event, only a fraction
of the intravesicular solute (and water) is released before the bilayer reseals leaving the vesicle hyper-
osmotic with a lower osmotic differential. This then prompts subsequent events of water influx, vesicle
swelling, and rupture until sufficient intravesicular solute has been lost, and the membrane is able
to withstand the residual sub-lytic osmotic pressure without collapsing (Wood, 1999). Thus, GUVs in
hypotonic media exhibit oscillations in their sizes—characterized by alternating modulations of vesic-
ular volume, tension, and solute efflux—prompted by repeated cycles of swelling and bursting (Sandre
et al., 1999; Karatekin et al., 2003b; Popescu and Popescu, 2008; Peterlin et al., 2012).

In the work reported here, we show that the swell-burst cycles in hypertonic vesicles consisting
of domain-forming lipid mixtures (Baumgart et al., 2003; Veatch and Keller, 2005) become coupled
with the membrane's compositional degrees of freedom, producing a long-lived transient response
characterized by damped oscillations in phase behavior at the membrane surface, cycling between the
state characterized by large microscopic domains at the membrane surface and an optically uniform
one. This oscillatory phase separation occurs isothermally, and it is driven by a sequence of elementary
biophysical processes involving cyclical changes in osmotic pressure, membrane tension, and poration,
which attend swell-burst cycles (Koslov and Markin, 1984; Mui et al., 1993; Popescu and Popescu,
2008): in the swelled state, osmotic pressure and elevated membrane tension due to the influx of
water promote the appearance of microscopic domains (Akimov et al., 2007; Ayuyan and Cohen,
2008; Hamada et al., 2011). During the burst phase, solute leakage through short-lived membrane
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poration (Sandre et al., 1999, Brochard-Wyart et al., 2000; Karatekin et al., 2003b) relaxes the os-
motic pressure and membrane tension, breaking up the domains producing an optically uniform mem-
brane. This cyclical pattern does not persist indefinitely: a step-wise diminution of the osmotic
pressure differential, because of the solute leakage during burst events, gradually dampens the
oscillations ultimately equilibrating the GUV to the residual osmotic differential.

Results and discussion

Phase separation in osmotically stressed vesicles

The GUVs (Morales-Penningston et al., 2010) we investigated consist of ternary lipid mixtures com-
posed of cholesterol (Ch), sphingomyelin (SM), and the unsaturated phospholipid, POPC (1-palmitoyl-
2-oleoyl-sn-1-glycero-3-phosphocholine) at room temperature (25°C) (‘Materials and methods’).
Depending on precise composition and temperature, these mixtures are known to form a uniform
single phase or exhibit microscopic phase separation (Veatch and Keller, 2005), including one
characterized by two co-existing liquid phases: a dense phase enriched in SM and Ch designated as
the L, (liquid-ordered) phase and a second, less dense Ly (liquid-disordered) phase consisting pri-
marily of POPC. To discriminate between the L, and Ly phases by fluorescence microscopy, we doped
our GUVs with a small concentration (0.5 mol%) of a phase sensitive probe, N-lissamine rhodamine
palmitoylphosphatidyl-ethanolamine (Rho-DPPE) (Baumgart et al., 2007). For an equimolar lipid
(1:1:1) composition, the phase diagram predicts the absence of large microscopic domain formation
at optical length scales (Veatch and Keller, 2005). Consistent with this prediction, our GUVs encap-
sulating 200 mM sucrose appear optically homogeneous at room temperature in an osmotically
balanced, isotonic medium also containing 200 mM sucrose (Figure 1A,C). Moreover, they exhibit a
flaccid, undulating surface topography (Video 1) confirming bending-dominated shape fluctuations
(Seifert, 1997).

Diluting the extra-vesicular dispersion medium with deionized water produces a hypotonic bath
depleted in osmolytes, subjecting the GUVs to a trans-bilayer osmotic differential. A representative
fluorescence image obtained shortly after imposing the concentration difference (~200 mM, t < 60 s,
reveals that the flaccid topography [Figure 1A,C, Figure 1—figure supplement 1] and uniform dye
distribution of isotonic GUVs are abandoned, replaced by a swollen, spherical boundary and a heter-
ogeneous fluorescence pattern characterized by microscopic, probe-enriched domains consistent with
earlier reports) (Figure 1B,D) (Baumgart et al., 2003; Hamada et al., 2011; Oglecka et al., 2012).
Because Rho-DPPE partitions preferentially into the Ly phase, the appearance of bright domains indi-
cates microscopic Ly phase fluid domains in the L, phase surroundings.

Dynamics of phase separation in osmotically swollen vesicles

A time-lapse video of a vesicular population subject to hypotonic conditions (Figure 2A, Video 2)
reveals that the phase separation is not static: optically homogeneous vesicles observed at a given
instance break up into surface patterns consisting of large microscopic domains and conversely, those
textured by domains adopt an optically homogeneous state over time, with each vesicle undergoing
complete single cycles in roughly tens of seconds. Moreover, at any given instance, some vesicles appear
homogeneous whereas others are microscopically phase-separated (Figure 2B and Video 3) producing
a heterogeneous landscape. The time-dependent process of the appearance and disappearance
of large microscopic domains repeats itself multiple times (n > 10) over several tens of minutes—
ultimately producing a steady-state characterized by a fixed microstructure and a rounded boundary.
The oscillatory phase separation behavior is fully reproducible for a variety of (1) neutral osmolytes
(e.g., glycerol, glucose, lactose, galactose, dextran, sorbitol, and sucrose); (2) GUV sizes (~5-50 pm);
(3) initially imposed strengths of osmotic gradients (20-2000 mM); and (4) lipid compositions within
the phase co-existence window (Veatch and Keller, 2005).

It is known that continuously illuminating single vesicles deliberately using intense light can
oxidize lipids (Ayuyan and Cohen, 2006) or generate membrane tension by folding the excess
membrane area within the localized regions of the enhanced electric field of the light thus sup-
pressing undulations (Barziv et al., 1995; Sandre et al., 1999). To confirm that the unusual domain
dynamics we witness do not result from these effects of optical illumination, we carried out additional
experiments. In companion experiments where only occasional low-dose illumination (as opposed
to the rapid sequence of illumination used to capture detailed dynamics) at arbitrary time intervals
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Figure 1. Subjecting giant unilamellar lipid vesicles to an osmotic differential. (A-B), Schematic of a GUV immersed
in an osmotically balanced isotonic bath (A). Dilution of the extra-vesicular dispersion medium by water subjects
the GUV to a hypotonic bath producing an osmotic differential (B), which renders initially flaccid vesicles stiff and
replaces the initially optically uniform membrane surface by one characterized by a domain pattern of co-existing
Ly and L, phases at microscopic length scales. Solute is rendered as white particles, membrane, pink, and domain
pattern in pink and purple. (C-D) The process in (A-B) exemplified by wide-field fluorescence (C) and deconvolved
(D) images of a solution of GUVs consisting of POPC:SM:Ch (1:1:1) labeled with 0.5 mol% Rho-DPPE at 25°C
containing 200 mM sucrose concentration, osmotically balanced by 200 mM glucose in (C), and under an osmotic
differential of ~200 mM in (D) at 25°C. Scale bars: 15 pm.

DOI: 10.7554/eLife.03695.003

The following figure supplement is available for figure 1:

Figure supplement 1. Undulating boundary of isotonic vesicles.

DOI: 10.7554/eLife.03695.004

is used (Figure 3), we find that the oscillatory domain behavior is fully reproduced. Moreover, by
preparing GUVs using gentle hydration (Morales-Penningston et al., 2010), we further confirm
that the observed behavior is not adversely affected by the electroformation method (Video 4,
Figure 3—figure supplement 1).

This oscillatory pattern of phase separation appears to be a cyclical isothermal phase transition
resulting from oscillations in osmotic pressure and membrane tension, which characterize osmotic
relaxation in vesicular compartments subject to osmotic differentials. A synergistic interplay of well-
understood fundamental biophysical mechanisms—including selective membrane permeability for
water (Deamer and Bramhall, 1986, Peterlin and Arrigler, 2008), osmotically-generated mem-
brane tension, tension- and pressure-dependent membrane phase behavior (Hamada et al., 2011;
Portet et al., 2012; Uline et al., 2012; Givli et al., 2012), and poration (Sandre et al., 1999;
Brochard-Wyart et al., 2000; Karatekin et al., 2003b)—couple osmotic activity of water with spa-
tial organization of membrane molecules (i.e., appearance of large, microscopic domains), such as
those analyzed below.

The existence of an osmolyte concentration difference across the vesicular boundary triggers an
osmotic relaxation process, which acts to reduce the pressure difference across the semi-permeable mem-
brane by an influx of water (Mui et al., 1993). As water enters, the GUV swells ironing out the thermal
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undulations and rendering the vesicular boundary
tense (Figure 1A,C) (Haleva and Diamant, 2008).
At equilibrium, the lateral tension generated in the
membrane compensates for the osmotic pressure,
consistent with the law of Laplace, o (= AP r/2,
where AP is the osmotic pressure difference and
r, the vesicle radius).

A closer examination of the results above reveals
that (1) the domains coarsen through collision and
coalescence (Figure 4A and Video 5) and (2) the
appearance of phase-separated state invariably
coincides with the swollen, tense state of the
GUV during the cyclical swell-burst processes
(Figure 4B,C). Although both lateral tension and
pressure difference influence membrane phase
behavior in our osmotically driven case, it is instruc-
tive to consider how each of the two factors indi-
vidually affects membrane phase behavior. A recent
Video 1. Thermally excited undulations of isotonic GUVs. thermodynamic analysis and experiments exam-
A video assembled from time-lapse fluorescence images ining the effects of mechanically generated tension
revealing out-of-plane membrane fluctuations typical for reveal a lowering of miscibility phase transition

non-tense GUVs in the absence of an osmotic gradient temperature between the L. and L. phases with
(50 vol% glycerol inside and outside). The osmotically P ° 4 P

. . . . 4 -1
balanced GUV consists of POPC:SM:Ch (1:1:1) labeled Increase In tension (d:r/do’ 1 K [mNm™] =)
with 0.5 mol% Rho-DPPE (pseudo-colored magenta) (Portet et al., 2012; Uline et al., 2012). However,
and is imaged at 25°C. how this shift in transition temperature affects
DOI: 10.7554/eLife.03695.005 membrane phase behavior and domain mor-

phology is not obvious: a recent experimental
study suggests that even tension alone can sta-
bilize complex domain morphologies (Chen and Santore, 2014). The current and earlier observa-
tions in which osmotic differentials induce phase separation (Hamada et al., 2011) are clearly at
variance with these predictions. An alternate explanation involves separate theoretical arguments,
which require pre-existing phase separated domains in the optically homogeneous state. It suggests
that the lateral tension elevates line tension between co-existing phases (Akimov et al., 2007).
Therefore, although membrane tension disfavors nucleation of a new phase (by raising the energy
barrier that must be met for the formation of critical nuclei), it can promote coalescence of small pre-
existing nanoscale domains driven by minimization of line tension between L, and L, phase. Additional
experiments using ternary lipid mixtures (DOPC, DPPC, and Chol), which have been thought not to
produce nanodomains at temperatures above 20°C (Hamada et al., 2011), also produces oscillatory
phase behavior (Video 6). This then suggests that the osmotically generated tension alone might be
insufficient to explain the observed osmotically induced isothermal phase transition, and that the non-
ideality in mixing is likely a consequence of a combined effect of the pressure and tension. Indeed, a
theoretical model by Givli and Bhattacharya (Givli et al., 2012), explicitly introducing osmotic pres-
sure contributions within the generalized Helfrich energy treatment, suggests that pressure can per-
turb isothermal phase diagram, driving domain formation primarily by affecting the interaction
between geometry and composition.

This tension and pressure-mediated appearance of the phase-separated state in osmotically swollen
membranes, however, does not account for the oscillations in domain pattern: (1) why does the osmot-
ically swollen vesicle characterized by large microscopic domains return to a homogeneous state, and
(2) what prompts subsequent cycles of phase separation? A closer look at the temporal dynamics
reveals that the process does not persist indefinitely. The period of oscillation between optically uniform
and phase-separated states increases with the passage of time (Figure 4D-F). The cycle period—
defined as the time elapsed between two consecutive instances of homogeneous fluorescence—
increases three to 10-fold, before reaching a non-oscillating quiescent state, 60-120 min after the
imposition of the osmotic differential. This ‘fatigue’ in the oscillatory phase separation process sug-
gests that the driving force (i.e., the osmotic differential and accompanying tension) must weaken with
each cycle, which requires a separate mechanism for solute efflux.
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Figure 2. Oscillatory phase separation in hypertonic giant unilamellar vesicles subject to an osmotic imbalance.
(A), Selected frames from a video of time-lapse fluorescence images (Video 2) illustrating stages of domain dynamics
during two consecutive cycles of oscillatory phase separation (t =0s, 9,125, 155s,255s,27 5,29, 188, 1915, 193 s,
246 's, and 247 s). The GUVs imaged consist of POPC:SM:Ch (1:1:1) labeled with 0.5% Rho-DPPE, encapsulating 1 M
sucrose, diluted in deionized water, at room temperature. Scale bar: 10 pm. (B) Selected images from time-lapse
fluorescence images (Video 3) showing asynchronous cycling in a population of GUVs (t =0s, 98's, 148's, 294 s, and 448 s).
The images are projections of Z-stacks of the lower hemispheres of GUVs consisting of POPC:SM:Ch (1:1:1) labeled with
0.5 mol% Rho-DPPE, encapsulating 200 mM sucrose, diluted in deionized water at 25°C (n = 5). Scale bar: 15 pm.
DOI: 10.7554/eLife.03695.006

Membrane poration in osmotically tense vesicles

It is known that membrane lysis proceeds via cascades of pores during each cycle of the swell-burst
sequence (Karatekin et al., 2003b). This strikingly regular, temporal cascade of pores is fully repro-
duced in our case (Figure 5, Figure 5—figure supplement 1): during the swell segment of each
oscillation cycle, a single microscopic pore, several micrometers across, becomes visible under
conditions of maximum swelling and largest domain size, typically for a period not exceeding 1.0 s
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Video 2. Oscillatory domain dynamics in GUVs immersed
in hypotonic bath. Time-lapse images of a bottom view
of GUVs consisting of POPC:SM:Ch (1:1:1) labeled with
0.5% Rho-DPPE (pseudo-colored magenta) under a net
osmotic differential. The GUVs encapsulate 1 M sucrose
in their interior, and the external dispersion medium is
MilliQ water. A striking temporal pattern of oscillatory
phase separation revealing appearance, coalescence,
and dispersion of optically resolved domains is evident
(see manuscript for details).

DOI: 10.7554/eLife.03695.007

Video 3. Domain dynamics of GUVs in hypotonic bath.

Video assembled from time-lapse images of Z-stack
projections of the bottom hemispheres of GUVs,
consisting of POPC:SM:Ch (1:1:1) labeled with 0.5 mol%
Rho-DPPE (white). The vesicles encapsulated 200 mM
sucrose and were diluted in MilliQ water at 25°C.

DOI: 10.7554/eLife.03695.008

Biophysics and structural biology | Cell biology

(Video 7). According to classical nucleation
theory, the cost (E) of creating a pore in a tense
membrane is determined by the competition
between membrane tensional energy (—mr0)
and the line tension energy (+27ry) at the edge
of the pore. Thus, under conditions of sufficient
membrane tension (dE/dr > 0), pores nucleate
and grow, enabling solute efflux (Sandre et al.,
1999; Peterlin and Arrigler, 2008). Although
domain formation is not required for pore-forma-
tion, the probability of pore-nucleation might be
enhanced by surface defects, such as are pre-
sent at the boundary between co-existing phases,
since the energy required to open a pore (>40
K;T) is considerably higher than the thermal activa-
tion energy (Karatekin et al., 2003b). The long
life spans (~1 s) of the pores are likely supported
by two opposing processes, namely osmotic influx
of water and the leakage rate of solute through
the pore (Koslov and Markin, 1984). Subsequent
healing of the pore is promoted by the reduction
in the net membrane area and partial loss of the
encapsulated solutes, both of which reduce mem-
brane tension, o (Karatekin et al., 2003b). Thus,
during each membrane rupture event, only a frac-
tion of the intravesicular solute is released before
the bilayer reseals, leaving the vesicle hyperos-
motic, albeit with a reduced osmotic differential.
This then prompts subsequent cycles of water
influx, vesicle swelling, and rupture until sufficient
intravesicular solute is lost and the Laplace tension
in the membrane is able to compensate for the
residual osmotic pressure (Ertel et al., 1993).
The oscillatory phase separation above does
not require isolated vesicles but becomes inte-
grated with other known shape transformations in
GUVs experiencing tension (Seifert, 1997). Using
structurally complex GUVs, which hierarchically
embed smaller ones with different osmolyte con-
centrations, we found that the domain dynamics
becomes coordinated with the previously well-
known process of expulsion of internal ‘organelle’
vesicles (Video 8 and Figure 6) (Moroz et al.,
1997, Oglecka et al., 2012). The observations
above further show how local inhomogeneity in
the distribution of solute, namely sucrose in the
present case, in nested or hierarchical vesicular
compartments in single solutions can produce
localized oscillatory phase behavior in component
vesicles. These observations also suggest that the
oscillatory phase separation can be regarded as a
type of amplified mechanosensor for solute con-
centration differences and osmotic differentials.
The emergence of oscillatory domain dynamics
appears to be a well-coordinated membrane
response to osmotic stress through an isothermal
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Figure 3. Interrupted imaging of oscillatory phase separation. Z-stack projections of height-resolved fluorescence
images of the lower hemisphere of a GUV consisting of POPC:SM:Ch (1:1:1) labeled with 0.5% Rho-DPPE (pseudo-
colored red). The GUV encapsulates 200 mM sucrose, and the external dispersion medium is diluted in MilliQ
water. Images are acquired at 25°C at arbitrary time points; (A) Os, (B) 99s, (C) 148 s, (D) 299 s, (E) 550's, and
(F) 692 s. The first image was taken ~2 hr after imposing the osmotic gradient. Scale bar: 5 um.

DOI: 10.7554/eLife.03695.009

The following figure supplement is available for figure 3:

Figure supplement 1. Oscillatory phase separation in complex GUVs prepared by hydration.

DOI: 10.7554/eLife.03695.010

phase transition resulting from a highly coordinated interplay between elementary physical mech-
anisms (Figure 7). Specifically, the processes of (1) osmotically triggered water influx; (2) retention of
osmotic pressure and build-up of membrane tension ironing out thermal undulations; (3) appear-
ance of microscopic domains in the membrane subject to osmotic pressure and lateral tension;
(4) coarsening of domains; (5) appearance of a short-lived transient pore, which enable partial solute
efflux reducing osmotic pressure and membrane tension; and (6) consequent pore-closure resulting
in closed GUVs with reduced osmotic differential—repeat until the sub-lytic osmotic pressure is
reached. Although individual biophysical processes leading to the oscillatory domain dynamics during
this osmotic relaxation process are well-appreciated, the observations reported here bring to focus
several features of vesicle behavior, which are best poorly appreciated. First, the seemingly autono-
mous vesicle response—in which an external osmotic perturbation is managed by a coordinated and
cyclical sequence of physical mechanisms allowing vesicles to sense (by domain formation) and regu-
late (by solute efflux) their local environment-suggests a primitive form of a quasi-homeostatic regula-
tion in a synthetic material system (He et al., 2012), that is, a simple microemulsion produced from
simple components, namely, lipids, water, and osmolytes. Second, these observations illustrate how
out-of-plane osmotic activity of water becomes coupled with membrane's in-plane compositional
degrees of freedom producing an exquisite and complex response. It underscores the intrinsic
coupling between membrane phase and mechanical tension. Third, by highlighting the complexity of
lipid vesicles, these results offer an important caveat in implementing giant vesicles as experimental
models in scenarios where osmotic imbalances can dominate vesicle response.
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The findings reported here—illustrating a
complex dynamic relationship between the mem-
brane's compositional degrees of freedom with
external osmotic imbalance—might be biologi-
cally relevant. While large microscopic domains
of co-existing liquid phases are thought to not
exist in many living cells, a recent study reveals
such domain texture in yeast vacuole membranes
(Toulmay and Prinz, 2013). In this study, under
conditions of nutrient deprivation, pH changes,
and changes in the growth medium have been
shown to segregate into microscopic domains in
what appears to be a sterol-dependent manner,
reminiscent of synthetic giant vesicles. Since one
of the functions of yeast vacuoles is to regulate
osmotic pressure, it seems tempting to con-
sider whether vacuolar domains also undergo
large-scale domain reorganization under osmotic
Video 4. GUVs prepared by gentle hydration reproduce S.tImUh and contrilbute o the phy.5|o|og|ca| func-
the oscillatory domain dynamics. GUVs prepared by tl,o.n' The for'matlon.(and dissolution) of comp'o-
‘gentle hydration’ consisting of POPC:SM:Ch (1:1:1) sitionally differentiated membrane domains
labeled with 0.5 mol% Rho-DPPE (pseudo-colored blue), (e.g., |ipid rafts) is often associated with altera-
encapsulating 200 mM sucrose. Hypotonic conditions  tions in the conformations (and activity) of many
are established by dilution in deionized water at 25°C. signaling proteins (Simons and Toomre, 2000),
Vesicles exhibit osmotic swelling and oscillatory domain  which partition within them. It appears plausi-
dynamics comparable to that seen for electroformed ble that the domain reorganization stimulated
GUVs under the same conditions. by the osmotic activity of water might provide
DOI: 10.7554/eLife.03695.011 the cell a generic mechanism to respond to the
physical perturbation, such as by activating
mechanosensitive ion-channels and serving as sensors for signaling and stress transmission (DuFort
et al., 2011, Stamenovic and Wang, 2011, Wood, 2011). Fourth, although fatty acid based prebiotic
amphiphiles exhibit different mechanical properties (e.g., elastic properties and permeability charac-
teristics) compared to phospholipids, it appears likely that amphiphilic osmoregulation, such as we
witness, might have given a thermodynamic advantage to early protein-free protocells (Hanczyc et al.,
2003; Chen et al., 2004; Oglecka et al., 2012) to survive (and even utilize) drastic environmental
osmotic shifts.

Key biophysical considerations

Elementary physical mechanisms of membrane permeability (Fettiplace and Haydon, 1980, Deamer and
Bramhall, 1986; Rawicz et al., 2008), osmotic swelling (Taupin et al., 1975; Mui et al., 1993; Haleva and
Diamant, 2008, Peterlin and Arrigler, 2008; Peterlin et al., 2012), tension dependence of lateral phase
separation (Hamada et al., 2011; Portet et al., 2012, Uline et al., 2012), pressure-dependent membrane
phase separation (Givli et al., 2012), and membrane poration (Needham and Hochmuth, 1989, Zhelev
and Needham, 1993; Sandre et al., 1999, Brochard-Wyart et al., 2000, Karatekin et al., 2003a;
Karatekin et al., 2003b; Levin and Idiart, 2004; Farago and Santangelo, 2005; Riske and Dimova,
2005; Evans and Smith, 2011) have all been extensively studied and well-documented in the existing lit-
erature. Below, we recapitulate the key aspects of these mechanisms (and obtain rough estimates for key
observables), which constitute key parts of the emergent behavior reported herein.

Osmotic relaxation across semipermeable media

Consider a case in which dilution of the external dispersion medium results in the creation of an
initial osmotic differential of 200 mM (sucrose). Applying van't Hoff's equation (AP.,, = RTAc,
where R is the gas constant and T the absolute temperature), this concentration gradient corre-
sponds to an excess intravesicular osmotic pressure of 0.5 MPa. As a result of the pressure differ-
ence, an osmotic relaxation process sets in. Because of large differences in permeability of water
(~1073-10"* cm s7") and sucrose (~1078 cm s7'), however, the relaxation process is determined by the
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Figure 4. Mechanisms responsible for oscillatory phase separation in GUVs subject to osmotic differentials.
(A) Domain coarsening. Selected frames from Video 4 illustrating collision and coalescence of domains during
a swell segment of the GUV oscillations (Ly phase, pseudo-colored magenta). Images are 1s apart focused on
a region of interest located at the bottom of a GUV. Scale bar: 5 um. (B-C) Relationship between vesicle
swelling and phase-separation. Fluorescence images revealing (B) that largest domains are observed under
conditions of maximal swelling (t = 0's, 8 s, and 106 s). Scale bar: 10 um. (C) Control experiment using single
component POPC GUVs, labeled with 0.5% Rho-DPPE, encapsulating 200 mM sucrose, diluted in deionized
water at 25°C, confirm that the GUV swelling does not require domain formation and/or reorganization. Scale
bar: 10 ym. (D-F) Increase of cycle period during oscillatory domain dynamics. A bar chart showing succes-
sively increasing periods of domain growth/dispersion cycles in GUVs (D) 42.0 ym, (E) 26.3 pm, and (F) 10.7 pm
in diameter. A cycle period is defined as the time elapsed between two consecutive instances of appearance
of uniform fluorescence. Except for control in (C), all data were collected using POPC:SM:Ch (1:1:1) GUVs,
labeled with 0.5% Rho-DPPE, encapsulating 200 mM sucrose, diluted in deionized water at 25°C.

DOI: 10.7554/elife.03695.012

significant differences in time scales for permeation of water and the solute: rapid water permea-
tion governs the response of the solute-encapsulating hypertonic GUV by rapidly adjusting its
volume and reducing the effective pressure difference across the membrane (Haleva and Diamant,
2008; Peterlin et al., 2012).

The residual osmotic pressure then necessarily generates a lateral tension in the membrane,
which compensates for the internal fluid force. Following the law of Laplace (g = AP r/2), the imposed
osmotic pressure of 0.5 MPa translates into the applied membrane tension, g, of 2.5 N m~" for a vesicle,
10 pm in radius—approximately three orders of magnitude larger than necessary for membrane lysis
(~3-5 mN m™) (Portet and Dimova, 2010).

It is instructive to note, however, that the actual tension that develops in the membrane is much
lower. GUVs prepared by electroformation invariably display large variations in size, shape, and area
to volume ratio. As a result, upon immersion in hypotonic solution, osmotic influx of water first trans-
forms the initial non-spherical shapes into spherical ones (Hamada et al., 2011). The drop in the
osmolyte concentration during this transformation effectively reduces the osmotic pressure difference,
which the vesicle experiences, compared to the applied one. Note also that this reduction in osmotic
pressure during the initial shape transformation is different for different vesicles within single populations.
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Video 5. Evidence for domain merger by collision and
coalescence. Time-lapse wide-field fluorescence images
of the lower hemisphere of POPC:SM:Ch (1:1:1) GUVs
labeled with 0.5 mol% Rho-DPPE (pseudo-colored
yellow), encapsulating 200 mM sucrose, diluted in MilliQ
water at 23°C. Domain—-domain coalescence, followed
by line-tension driven shape transformations, drives
domain growth. Frames are collected at 1 s intervals.
DOI: 10.7554/eLife.03695.013

00:00

Video 6. Oscillatory domain dynamics in mixed ternary
system known to exist in single liquid state in the absence
of net osmotic differential. Time-lapse wide-field
fluorescence images of DOPC:DPPC:Ch (5:2:3) GUVs
labeled with 0.5 mol% Rho-DPPE (pseudo-colored
yellow), encapsulating 200 mM sucrose, diluted in MilliQ
water at 23°C. Frames are collected at 1 s intervals.

DOI: 10.7554/eLife.03695.014
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Thus, although quantifying actual membrane ten-
sion in our experiments is difficult, the observations
of tense membranes and subsequent poration
indicate that the osmotic perturbation is sufficient
for most GUVs to surpass their maximum volume
limit, developing appreciable membrane tension
and pressure differences.

Development of membrane tension
in hypotonic media

GUV membranes in isotonic media are flaccid
(Figure 1A,C). The actual membrane area, A, is
higher than the projected area A,. The excess
area, AA (=A — A,), ensures that the flaccid GUV
is essentially free of tension (o) and exhibits
thermally-excited undulations (Seifert, 1997).
In a hypotonic bath, the GUV assumes a spherical
shape and the membrane fluctuations become
suppressed (Figure 1B,D), dilating the vesicular
volume by >15%. During this transformation, A,
also increases proportionately. In the low-tension
regime, where the shape fluctuations are not
completely ironed out, A, increases logarithmi-
cally with @. This is followed by a high tension
regime, in which A, climbs linearly with g because
of the stretching of the molecular areas. The
area dilation (a) in the membrane is given by the
superposition of an area increase due to reduc-
tion of membrane undulations and expansion in
area per molecule (Evans and Rawicz, 1990).

kT
8k

c

a=

M

o
In(1 =
n(1+cok, )+ E

where k and E are the elastic moduli for bending
and area expansion, respectively, and the coef-
ficient ¢ for tension is 1/24m. The cross-over
between the two regimes occurs at the critical
tension of E (=kT/8mk.), which for a typical
phospholipid membrane falls between 0.1-1
mN m~'. Because of their large dimensions,
GUVs develop appreciably greater membrane
tensions (>> 1 mN m™") under even small osmotic
gradients (mM range), placing our experiments
in the high-tension regime. This is also confirmed
by the routine formation of pores evident in our
data (see above).

Pore-induced relaxation of
membrane tension

(Sandre et al., 1999; Brochard-Wyart et al., 2000; Karatekin et al., 2003a; Karatekin et al.,
2003b) An increase in the projected area (A,) of the membrane in the presence of tension can be
expressed in terms of a hypothetical radius, R,, which the vesicle would adopt were its membrane

tension absent (g = 0).

4R = ATTR?

’|+% (2)
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Figure 5. Evidence for the formation of microscopic pores during each individual cycle of oscillatory phase separation.
(A-L) Wide-field fluorescence images of microscopic pore formation (~5-15 pm in diameter; indicated by arrows)
observed in three consecutive swell-burst cycles of a phase-separating GUV. A single pore appears during each
phase separation cycle and reseals within 1's. The POPC:SM:Ch (1:1:1) GUV labeled with 0.5% Rho-DPPE (pseudo-
colored yellow), encapsulates 200 mM sucrose, and is immersed in deionized water at 25°C. Images collected 20 min
after imposition of the osmotic differential. Height-resolved (increment, 0.5 pm) images shown at arbitrary time intervals
following the first frame. (A-L) 05, 0.3s,0.65,0.95s,9.35s,9.65,9.9s,10.15, 1535, 15.6 5, 15.9 5, and 16.1 s. Scale bar:
15 um. Cascades of pores have been observed more than five times.

DOI: 10.7554/eLife.03695.015

The following figure supplement is available for figure 5:

Figure supplement 1. Evidence for pore-formation.

DOI: 10.7554/eLife.03695.016

After a pore opens, the tension in the membrane, g, drops to . Thus,

4mR? =4m7R? +17r° (3)

1+%
E

1+Z
E

which yields an estimate for the critical radius to which the pore must grow to relax the membrane
tension completely.

o 1/2
r.=2R, [?0] @

Rearranging the Equation (3) in terms of critical radius, the stress equation can be written in terms
of a vesicle's geometric parameters (under conditions of no leakage).

2 4(R?-R?
i=’|_r_2_¥ (5)
g, r r

C C

This equation describes two conditions for tension-relaxation following pore opening. First, as the pore
grows, the first negative term in the equation above increases, reducing membrane tension consistent with
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Video 8. Oscillatory phase separation during
expulsion of daughter GUVs. A video assembled
from time-lapse fluorescence images of phase-

separating GUVs containing internal ‘organelle’
vesicles. GUVs consisting of POPC:SM:Ch (2:2:1)
labeled with 0.5 mol% Sphingomyelin-Atto647N
(SM-647N) (pseudo-colored green), encapsulate

1 M sucrose, and diluted in MilliQ water at 25°C.

The video reveals shifting patterns of osmotic pressure

Video 7. Evidence for pore formation. Equatorial view of
a POPC:SM:Ch (1:1:1) labeled with 0.5 mol% Rho-DPPE
(pseudo-colored green), encapsulating 50vol % glycerol,
diluted in MilliQ water at 25°C. Pore formation can be
clearly seen at 1.1 s, just prior to the disappearance of
domains and size shrinkage of the GUV.

DOI: 10.7554/eLife.03695.017

and tension during expulsion of the internal vesicles
after an osmotic differential had been established. Key
steps include (A) a homogeneous, flaccid mother
vesicle encapsulating tense daughter vesicles, at a
time point prior to vesicle expulsion; (B) just after
expulsion, the daughter GUV remains tense exhibiting

oscillatory phase separation, while the mother GUV is

) ) ) o left deflated and homogenous due to the sudden loss
the physical picture that pore opening causes lipids ¢ volume; (C) The mother GUV subsequently
to distribute over a smaller area, thus reducing ten-  pecomes inflated by influx of water; and (D) the

sion. Second, the efflux of the vesicular content fol-  mother GUV begins to exhibit oscillatory phase
lowing the opening of the pore reduces R, making  separation.

the second negative term larger, reducing tension ~ DOI: 10.7554/eLife.03695.018

(0). Together, they set the stage for pore closure.

Solute leakage and pore lifetimes
Solute efflux through an open pore in an osmotically stretched membrane occurs under a complex
hydrodynamic scenario. Pore radius, vesicle volume, and osmotic pressure differences all change
with time, and persistent excess solute concentration maintains conditions for water influx, all of which
influence shear stresses associated with the net outward flow. Below, we consider the effusion
mechanism following Levin and Idiart (Idiart and Levin, 2004; Levin and Idiart, 2004).
A simple diffusion analysis, such as summarized below, provides a comparison between the amount
of solute released in each cycle for the experimental life-time of microscopic pores, which we witness.
Diffusive current through a pore of size, r, is given by

j= 7Tr2C2, )
R

where c is the sucrose concentration, D is the solute diffusivity, and R represents the vesicle radius.
Comparing the diffusive current with the rate of drop of sucrose concentration within the GUV, then yields,

e S 7)

Oglecka et al. eLife 2014;3:€03695. DOI: 10.7554/eLife.03695 13 0f 18


http://dx.doi.org/10.7554/eLife.03695
http://dx.doi.org/10.7554/eLife.03695.017
http://dx.doi.org/10.7554/eLife.03695.018

LI FE Biophysics and structural biology | Cell biology

Figure 6. Osmotic gradients sensed by the membrane and visualized by oscillatory phase separation in nested
vesosomes. Selected frames from Video 7 showing hierarchical membrane structures of POPC:SM:Ch (2:2:1) GUVs
labeled with 0.5% SM-Attob47N (pseudo-colored green), encapsulating 1 M sucrose, submerged in MilliQ water at
25°C. In panel (A), we define the entrapping mother vesicle as M and daughter vesicle of interest as D. Both M and
D initially exhibit homogenous fluorescence from their membranes, but store different amounts of tension (M is
flaccid, while D appears tense). (B) The homogeneous fluorescence from D is replaced by the appearance of
optically resolved domains. In the meantime, M becomes more spherical. (C) The domains of D have increased in
size, and M has now reached an almost spherical shape. (D) Expulsion of the tense D vesicle. This image acquired
during a transient pore formation suggests that the intravesicular pressure and/or crowding is reduced via preferential
expulsion of daughter. This event, we surmise, also delays the onset of domain formation by reducing the swelling
of the M vesicle. (E) M is returned to a flaccid state, remaining homogenously fluorescent, consistent with the
reduction in swelling and a reduction of osmotic pressure. At the same time, D experiencing a new hypotonic
medium gets engaged in swell-burst cycles. (F) Further inflation of GUVs leads to M adopting a tense spherical
configuration, while yet retaining homogenously fluorescent state, while D's domain sizes continue to grow.
(G) The continued swelling of M finally leads to phase separation. (H) Domains in M disappear producing homoge-
neous state, consistent with the oscillatory phase separation under osmotically generated tension. Panels correspond
to (A-H)Os, 65,1455, 185,205, 62's, 103 s, and 118 s. Scale bar: 10 um.

DOI: 10.7554/eLife.03695.019

Solving the differential Equation (7) above, we find that the concentration decay adopts an
exponential profile,

c=c,e’” 6)
where the characteristic effusion time Tis
_ 4R?
"=37D v

Using D = 1077 m?%/s for sucrose in water and pore size, r = 5 pm, we find that for a GUV of radius
10 pm, the effusion time is ~0.5 s, comparable to our experimental estimate for the lifetime of pores
(<1 s). This then suggests that pore lifetimes are sufficient to allow partial solute leakage (fractional
loss, ~1/e) required to relax membrane tension and promote pore closure through effusion alone per
cycle. Although the actual dynamics of solvent and solute transport across osmotically imbalanced
vesicles are likely to be much more complex, the model above provides approximate estimates for the
expected values.

Materials and methods

Materials
Sphingomyelin (chicken egg) and cholesterol were purchased from Carbosynth, Berkshire, UK. POPC
(egq) (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and Rhodamine-DPPE (lissamine rhodamine
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Figure 7. Schematic representations of physical mechanisms and changes in membrane properties during
vesicular osmoregulation. (Left panel) (A) GUV in isotonic medium exhibiting a flaccid morphology.

(B-C) Immersion in a hypotonic bath initiates an osmotically triggered influx of water rendering the GUV tense.
(D-F) The optically uniform vesicular surface breaks up into a pattern of microscopic domains, which grow by
collision and coalescence. (G) Transient appearance of a microscopic pore (~0.3-0.5 s lifetime), enabling solute
efflux and tension relaxation, which drives pore closure, producing closed GUVs with a reduced osmotic
differential and homogenous surface. Steps (B-G) repeat until the sub-lytic solute concentration differential is
reached and the Laplace tension in the membrane is able to compensate for the residual osmotic pressure.
(Right panel) Temporal cascades of osmotic pressure (H) and oscillations in membrane tension (I) during osmotic
relaxation of giant vesicles subject to hypotonic bath. Note that the relative rates implied in the schematic are
only best-guess estimates.

DOI: 10.7554/eLife.03695.020

B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt), (also abbreviated
Rhodamine-DHPE) were acquired from Avanti Polar Lipids, Alabama, USA. Sphingomyelin-Atto647N
(SM-647N) was from Atto-Tec, Germany. Sucrose and glucose were from USB Corporation, Cleveland,
OH, USA.

Electroformation of giant unilamellar vesicles

Appropriate amounts of chloroform solutions of desired lipid mixtures doped with a small concen-
tration of lipid-conjugated fluorescent dye were deposited onto clean ITO-coated glass surfaces
within the area delimited by a small O-ring, and allowed to dry. Subsequently, the resulting dried
lipid cake—containing ~60 pg of lipids and 0.5 mol% lipid-conjugated dye—was hydrated with 300 pl
sugar solution of choice, flooding the O-ring enclosed area to the rim. The hydrated sample was
then carefully covered by placing a second ITO-coated glass slide, avoiding entrapment of air bubbles.
Electroformation (Angelova et al., 1992) was carried out at 45°C, above the gel-fluid transition
temperatures of the lipid mixtures, using a commercial Vesicle Prep Pro (Nanion, Munich, Germany)
chamber. Application of an AC current at 5 Hz and 3 V for 120 min yielded high abundance of 5-50 um
sized GUVs with excellent reproducibility.

Gentle hydration method for giant unilamellar vesicle preparation
Same as electroformation above, except that no electrical current was applied (Morales-Penningston
et al., 2010).
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Wide-field deconvolution microscopy

A DeltaVision microscope (Applied Precision, Inc., Washington, USA), fitted with a PLAPON 60X0O/1.42
NA oil-immersion objective from Olympus and DAPI, TRITC, FITC, and CY5 Semrock filters (New York,
USA), was used for imaging of GUVs in real-time using wide-field deconvolution fluorescence microscopy.
Samples were imaged in 8-well chambers fitted with coverslip bottoms (Nunc, Rochester, USA).
The 8-well chamber was fitted inside a custom made housing attached to a heating/cooling system,
which also was designed to regulate the temperature of the objective. This assured that temperature
differences between the sample and the lens would be kept to a minimum, and thus potential convec-
tive water flow inside the sample avoided. The temperature was monitored using a thermostat that
was submerged into the sample volume. Briefly, 5 pl of sugar-encapsulating GUVs were placed inside
a well and gently diluted in 200 pl of deionized water (18 megaohm cm). The osmolyte-loaded GUVs
subsequently settled to the bottom of the coverslip. Osmotic differentials were generated in all experi-
ments by diluting the extra-vesicular bath with deionized water.

Data processing
Images were processed using ImageJ—a public-domain software obtained from http://rsbweb.nih.gov/ij/.

Acknowledgements

We thank A Matysik for technical help. We thank C Bain, O Farago, and N Grenbech-Jensen for illumi-
nating discussions and suggestions. We thank the Expert Reviewers, Editor, and an anonymous critic
for their comments, references, and insights, which have helped strengthen the manuscript. This
work is supported by a grant from Biomolecular Materials Program, Division of Materials Science and
Engineering, Basic Energy Sciences, U. S. Department of Energy under Award # DE-FG02-04ER46173
(ANP). KO and RSK acknowledge support from the Singapore Ministry of Education AcRF Tier Il Grant
number MOE2009-T2-2-019. KO, ANP, and BL acknowledge additional support from Nanyang
Technological University through the Centre for Biomimetic Sensor Science.

Additional information

Funding

Funder Grant reference number Author

U.S. Department of Energy DE-FG02-04ER46173 Atul N Parikh

Ministry of Education - Singapore MOE2009-T2-2-019 Kamila Oglecka,
Rachel S Kraut

Nanyang Technological University Center for Biomimetic Kamila Oglecka,

Sensor Science Bo Liedberg,

Atul N Parikh

The funders had no role in study design, data collection and interpretation, or the decision
to submit the work for publication.

Author contributions

KO, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or revising
the article; PR, BL, Analysis and interpretation of data, Drafting or revising the article; RSK, ANP,
Conception and design, Analysis and interpretation of data, Drafting or revising the article

References

Akimov SA, Kuzmin Pl, Zimmerberg J, Cohen FS. 2007. Lateral tension increases the line tension between
two domains in a lipid bilayer membrane. Physical Review E, Statistical, Nonlinear, and Soft Matter Physics
75:011919. doi: 10.1103/PhysRevE.75.011919.

Angelova MI, Soléau S, Méléard P, Faucon JE, Bothorel P. 1992. Preparation of giant vesicles by external AC electric
fields. Kinetics and applications. Progress in Colloid and Polymer Science 89:127-131. doi: 10.1007/BFb0116295.

Ayuyan AG, Cohen FS. 2006. Lipid peroxides promote large rafts: effects of excitation of probes in fluorescence
microscopy and electrochemical reactions during vesicle formation. Biophysical Journal 91:2172-2183.
doi: 10.1529/biophysj.106.087387.

Oglecka et al. eLife 2014;3:€03695. DOI: 10.7554/eLife.03695 16 of 18


http://dx.doi.org/10.7554/eLife.03695
http://rsbweb.nih.gov/ij/
http://dx.doi.org/10.1103/PhysRevE.75.011919
http://dx.doi.org/10.1007/BFb0116295
http://dx.doi.org/10.1529/biophysj.106.087387

e LI FE Research article

Biophysics and structural biology | Cell biology

Ayuyan AG, Cohen FS. 2008. Raft composition at physiological temperature and pH in the absence of detergents.
Biophysical Journal 94:2654-2666. doi: 10.1529/biophys].107.118596.

Barziv R, Frisch T, Moses E. 1995. Entropic expulsion in vesicles. Physical Review Letters 75:3481-3484.
doi: 10.1103/PhysRevLett.75.3481.

Baumgart T, Hess ST, Webb WW. 2003. Imaging coexisting fluid domains in biomembrane models coupling
curvature and line tension. Nature 425:821-824. doi: 10.1038/nature02013.

Baumgart T, Hunt G, Farkas ER, Webb WW, Feigenson GW. 2007. Fluorescence probe partitioning between
L-o/L-d phases in lipid membranes. Biochimica Et Biophysica Acta-Biomembranes 1768:2182-2194.
doi: 10.1016/j.bbamem.2007.05.012.

Boroske E, Elwenspoek M, Helfrich W. 1981. OSMOTIC shrinkage of giant egg-LECITHIN vesicles. Biophysical
Journal 34:95-109. doi: 10.1016/S0006-3495(81)84839-4.

Brochard-Wyart F, de Gennes PG, Sandre O. 2000. Transient pores in stretched vesicles: role of leak-out. Physica
A-Statistical Mechanics and its Applications 278:32-51. doi: 10.1016/S0378-4371(99)00559-2.

Chen D, Santore MM. 2014. Large effect of membrane tension on the fluid-solid phase transitions of
two-component phosphatidylcholine vesicles. Proceedings of the National Academy of Sciences of USA
111:179-184. doi: 10.1073/pnas.1314993111.

Chen IA, Roberts RW, Szostak JW. 2004. The emergence of competition between model protocells. Science
305:1474-1476. doi: 10.1126/science.1100757.

Deamer DW, Bramhall J. 1986. Permeability of lipid bilayers to water and ionic solutes. Chemistry and Physics of
Lipids 40:167-188. doi: 10.1016/0009-3084(86)90069-1.

DuFort CC, Paszek MJ, Weaver VM. 2011. Balancing forces: architectural control of mechanotransduction. Nature
Reviews Molecular Cell Biology 12:308-319. doi: 10.1038/nrm3112.

Ertel A, Marangoni AG, Marsh J, Hallett FR, Wood JM. 1993. Mechanical-properties of vesicles. 1. Coordinated
analyses of osmotic swelling and lysis. Biophysical Journal 64:426-434. doi: 10.1016/S0006-3495(93)81383-3.
Evans E, Rawicz W. 1990. Entropy-driven tension and bending elasticity in condensed-fluid membranes. Physical

Review Letters 64:2094-2097. doi: 10.1103/PhysRevlLett.64.2094.

Evans E, Smith BA. 2011. Kinetics of hole nucleation in biomembrane rupture. New Journal of Physics
13:doi: 10.1088/1367-2630/13/9/095010.

Farago O, Santangelo CD. 2005. Pore formation in fluctuating membranes. Journal of Chemical Physics
122:44901. doi: 10.1063/1.1835952.

Fettiplace R, Haydon DA. 1980. Water permeability of lipid-membranes. Physiological Reviews 60:510-550.

Givli S, Giang H, Bhattacharya K. 2012. Stability of multicomponent biological membranes. SIAM Journal on
Applied Mathematics 72:489-511. doi: 10.1137/110831301.

Haleva E, Diamant H. 2008. Critical swelling of particle-encapsulating vesicles. Physical Review Letters
101:078104. doi: 10.1103/PhysRevLett.101.078104.

Hallett FR, Marsh J, Nickel BG, Wood JM. 1993. Mechanical-properties of vesicles. 2. A model for osmotic
swelling and lysis. Biophysical Journal 64:435-442. doi: 10.1016/S0006-3495(93)81384-5.

Hamada T, Kishimoto Y, Nagasaki T, Takagi M. 2011. Lateral phase separation in tense membranes. Soft Matter
7:9061-9068. doi: 10.1039/c1sm05948c.

Hanczyc MM, Fujikawa SM, Szostak JW. 2003. Experimental models of primitive cellular compartments:
encapsulation, growth, and division. Science 302:618-622. doi: 10.1126/science.1089904.

He XM, Aizenberg M, Kuksenok O, Zarzar LD, Shastri A, Balazs AC, Aizenberg J. 2012. Synthetic homeo-
static materials with chemo-mechano-chemical self-regulation. Nature 487:214-218. doi: 10.1038/
nature11223.

Idiart MA, Levin Y. 2004. Rupture of a liposomal vesicle. Physical Review E, Statistical, Nonlinear, and Soft Matter
Physics 69:061922. doi: 10.1103/PhysRevE.69.061922.

Karatekin E, Sandre O, Brochard-Wyart F. 2003a. Transient pores in vesicles. Polymer International 52:486-493.
doi: 10.1002/pi.1007.

Karatekin E, Sandre O, Guitouni H, Borghi N, Puech PH, Brochard-Wyart F. 2003b. Cascades of transient pores in
giant vesicles: line tension and transport. Biophysical Journal 84:1734-1749. doi: 10.1016/S0006-3495(03)74981-9.

Koslov MM, Markin VS. 1984. A theory of osmotic lysis of lipid vesicles. Journal of Theoretical Biology 109:17-39.
doi: 10.1016/50022-5193(84)80108-3.

Levin Y, Idiart MA. 2004. Pore dynamics of osmotically stressed vesicles. Physica A-Statistical Mechanics and its
Applications 331:571-578. doi: 10.1016/j.physa.2003.05.001.

Morales-Penningston NF, Wu J, Farkas ER, Goh SL, Konyakhina TM, Zheng JY, Webb WW, Feigenson GW. 2010.
GUV preparation and imaging: minimizing artifacts. Biochimica Et Biophysica Acta-Biomembranes 1798:1324-1332.
doi: 10.1016/j.bbamem.2010.03.011.

Moroz JD, Nelson P, BarZiv R, Moses E. 1997. Spontaneous expulsion of giant lipid vesicles induced by laser
tweezers. Physical Review Letters 78:386-389. doi: 10.1103/PhysRevlett.78.386.

Mui BLS, Cullis PR, Evans EA, Madden TD. 1993. Osmotic properties of large unilamellar vesicles prepared by
extrusion. Biophysical Journal 64:443-453. doi: 10.1016/S0006-3495(93)81385-7.

Needham D, Hochmuth RM. 1989. Electro-mechanical permeabilization of lipid vesicles - role of membrane
tension and compressibility. Biophysical Journal 55:1001-1009. doi: 10.1016/S0006-3495(89)82898-X.

Needham D, Nunn RS. 1990. Elastic-deformation and failure of lipid bilayer-membranes containing cholesterol.
Biophysical Journal 58:997-1009. doi: 10.1016/5S0006-3495(90)82444-9.

Oglecka K, Sanborn J, Parikh AN, Kraut RS. 2012. Osmotic gradients induce bio-reminiscent morphological
transformations in giant unilamellar vesicles. Frontiers in Physiology 3:120. doi: 10.3389/fphys.2012.00120.

Oglecka et al. eLife 2014;3:€03695. DOI: 10.7554/eLife.03695 17 of 18


http://dx.doi.org/10.7554/eLife.03695
http://dx.doi.org/10.1529/biophysj.107.118596
http://dx.doi.org/10.1103/PhysRevLett.75.3481
http://dx.doi.org/10.1038/nature02013
http://dx.doi.org/10.1016/j.bbamem.2007.05.012
http://dx.doi.org/10.1016/S0006-3495(81)84839-4
http://dx.doi.org/10.1016/S0378-4371(99)00559-2
http://dx.doi.org/10.1073/pnas.1314993111
http://dx.doi.org/10.1126/science.1100757
http://dx.doi.org/10.1016/0009-3084(86)90069-1
http://dx.doi.org/10.1038/nrm3112
http://dx.doi.org/10.1016/S0006-3495(93)81383-3
http://dx.doi.org/10.1103/PhysRevLett.64.2094
http://dx.doi.org/10.1088/1367-2630/13/9/095010
http://dx.doi.org/10.1063/1.1835952
http://dx.doi.org/10.1137/110831301
http://dx.doi.org/10.1103/PhysRevLett.101.078104
http://dx.doi.org/10.1016/S0006-3495(93)81384-5
http://dx.doi.org/10.1039/c1sm05948c
http://dx.doi.org/10.1126/science.1089904
http://dx.doi.org/10.1038/nature11223
http://dx.doi.org/10.1038/nature11223
http://dx.doi.org/10.1103/PhysRevE.69.061922
http://dx.doi.org/10.1002/pi.1007
http://dx.doi.org/10.1016/S0006-3495(03)74981-9
http://dx.doi.org/10.1016/S0022-5193(84)80108-3
http://dx.doi.org/10.1016/j.physa.2003.05.001
http://dx.doi.org/10.1016/j.bbamem.2010.03.011
http://dx.doi.org/10.1103/PhysRevLett.78.386
http://dx.doi.org/10.1016/S0006-3495(93)81385-7
http://dx.doi.org/10.1016/S0006-3495(89)82898-X
http://dx.doi.org/10.1016/S0006-3495(90)82444-9
http://dx.doi.org/10.3389/fphys.2012.00120

e LI FE Research article

Biophysics and structural biology | Cell biology

Peterlin P, Arrigler V. 2008. Electroformation in a flow chamber with solution exchange as a means of preparation
of flaccid giant vesicles. Colloids and Surfaces B-Biointerfaces 64:77-87. doi: 10.1016/j.colsurfb.2008.01.004.

Peterlin P, Arrigler V, Haleva E, Diamant H. 2012. Law of corresponding states for osmotic swelling of vesicles.
Soft Matter 8:2185-2193. doi: 10.1039/c1sm06670f.

Popescu D, Popescu AG. 2008. The working of a pulsatory liposome. Journal of Theoretical Biology 254:515-519.
doi: 10.1016/}.jtbi.2008.07.009.

Portet T, Dimova R. 2010. A new method for measuring edge tensions and stability of lipid bilayers: effect of
membrane composition. Biophysical Journal 99:3264-3273. doi: 10.1016/j.bpj.2010.09.032.

Portet T, Gordon SE, Keller SL. 2012. Increasing membrane tension decreases miscibility temperatures; an
experimental demonstration via micropipette aspiration. Biophysical Journal 103:L35-L37. doi: 10.1016/j.
bp;}.2012.08.061.

Rawicz W, Smith BA, McIntosh TJ, Simon SA, Evans E. 2008. Elasticity, strength, and water permeability of bilayers
that contain raft microdomain-forming lipids. Biophysical Journal 94:4725-4736. doi: 10.1529/biophys}.107.121731.

Riske KA, Dimova R. 2005. Electro-deformation and poration of giant vesicles viewed with high temporal
resolution. Biophysical Journal 88:1143-1155. doi: 10.1529/biophysj.104.050310.

Sandre O, Moreaux L, Brochard-Wyart F. 1999. Dynamics of transient pores in stretched vesicles. Proceedings of
the National Academy of Sciences of USA 96:10591-10596. doi: 10.1073/pnas.96.19.10591.

Seifert U. 1997. Configurations of fluid membranes and vesicles. Advances in Physics 46:13-137.
doi: 10.1080/00018739700101488.

Simons K, Toomre D. 2000. Lipid rafts and signal transduction. Nature Reviews Molecular Cell Biology 1:31-39.
doi: 10.1038/35036052.

Stamenovic D, Wang N. 2011. Stress transmission within the cell. Comprehensive Physiology 1:499-524.
doi: 10.1002/cphy.c100019.

Taupin C, Dvolaitzky M, Sauterey C. 1975. Osmotic-pressure induced pores in phospholipid vesicles. Biochemistry
14:4771-4775. doi: 10.1021/bi00692a032.

Toulmay A, Prinz WA. 2013. Direct imaging reveals stable, micrometer-scale lipid domains that segregate proteins
in live cells. Journal of Cell Biology 202:35-44. doi: 10.1083/jcb.201301039.

Uline MJ, Schick M, Szleifer I. 2012. Phase behavior of lipid bilayers under tension. Biophysical Journal 102:517-522.
doi: 10.1016/j.bp}.2011.12.050.

Veatch SL, Keller SL. 2005. Miscibility phase diagrams of giant vesicles containing sphingomyelin. Physical Review
Letters 94:148101. doi: 10.1103/PhysRevLett.94.148101.

Walde P, Cosentino K, Engel H, Stano P. 2010. Giant vesicles: preparations and applications. Chembiochem
11:848-865. doi: 10.1002/cbic.201000010.

Wood JM. 2011. Bacterial osmoregulation: a paradigm for the study of cellular homeostasis. Annual Review of
Microbiology 65:215-238. doi: 10.1146/annurev-micro-090110-102815.

Wood JM. 1999. Osmosensing by bacteria: signals and membrane-based sensors. Microbiology and Molecular
Biology Reviews 63:230-262.

Zhelev DV, Needham D. 1993. Tension-stabilized pores in giant vesicles - determination of pore-size and pore
line tension. Biochimica Et Biophysica Acta 1147:89-104. doi: 10.1016/0005-2736(93)90319-U.

Oglecka et al. eLife 2014;3:€03695. DOI: 10.7554/eLife.03695 18 of 18


http://dx.doi.org/10.7554/eLife.03695
http://dx.doi.org/10.1016/j.colsurfb.2008.01.004
http://dx.doi.org/10.1039/c1sm06670f
http://dx.doi.org/10.1016/j.jtbi.2008.07.009
http://dx.doi.org/10.1016/j.bpj.2010.09.032
http://dx.doi.org/10.1016/j.bpj.2012.08.061
http://dx.doi.org/10.1016/j.bpj.2012.08.061
http://dx.doi.org/10.1529/biophysj.107.121731
http://dx.doi.org/10.1529/biophysj.104.050310
http://dx.doi.org/10.1073/pnas.96.19.10591
http://dx.doi.org/10.1080/00018739700101488
http://dx.doi.org/10.1038/35036052
http://dx.doi.org/10.1002/cphy.c100019
http://dx.doi.org/10.1021/bi00692a032
http://dx.doi.org/10.1083/jcb.201301039
http://dx.doi.org/10.1016/j.bpj.2011.12.050
http://dx.doi.org/10.1103/PhysRevLett.94.148101
http://dx.doi.org/10.1002/cbic.201000010
http://dx.doi.org/10.1146/annurev-micro-090110-102815
http://dx.doi.org/10.1016/0005-2736(93)90319-U

