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The division of vesicles requires the fission of
closed membrane necks but does not require
active processes

Reinhard Lipowsky

One important objective of soft matter science and synthetic biology is to construct synthetic systems

and processes that mimic the division of cells and organelles. Such division processes have been

achieved experimentally for giant vesicles and in silico for nanovesicles. Here, we analyze recent studies

of these division processes, focussing on results that have been obtained by our group, using a

combination of theory, experiment, and simulation. We show that the division of vesicles requires the

formation and fission of closed membrane necks but does not require chemomechanical coupling to

active processes such as nucleotide hydrolysis. Closed membrane necks are formed when the vesicle

volume is decreased or the membrane area is increased, provided the vesicle is enclosed by

an asymmetric bilayer with a sufficiently large transbilayer asymmetry between its two leaflets. The

membrane necks experience a constriction force that is controlled by the spontaneous curvature for

giant vesicles and by the stress asymmetry for nanovesicles. A sufficiently large constriction force leads

to neck fission and vesicle division as observed for vesicle membranes (i) with uniform lipid–protein

composition, (ii) with intramembrane domains of distinct lipid–protein compositions, and (iii) in contact

with condensate droplets. Most of these biomimetic division processes involve membrane proteins that

act to increase the transbilayer asymmetry but none of them is coupled to an active process such as

nucleotide hydrolysis.

1 Introduction

The vesicle membranes considered here share several funda-
mental properties with all cellular membranes. First, they
consist of molecular bilayers formed by lipid molecules and
membrane proteins as their basic and universal building
blocks. Second, both vesicle bilayers and cellular membranes
represent two-dimensional fluids. Third, this fluidity allows
both types of membranes to remodel their shape, molecular
composition, and topology. Here, we will emphasize the inti-
mate relationship between shape and topological transforma-
tions as provided by the fission of closed membrane necks,
which leads to the division of vesicles.

Membrane necks are intimately related to the budding of
vesicles, during which a small membrane bud is expelled from
the original mother vesicle. Giant unilamellar vesicles (GUVs)
can form both out-buds, corresponding to spherical or prolate
membrane segments that protrude into the exterior solution, as
well as in-buds that are expelled towards the interior solution.
One example for the formation of an in-bud is displayed in

Fig. 1. The upper row of this figure displays giant vesicle shapes
as observed experimentally in the Sackmann lab whereas the
lower row depicts axisymmetric vesicle shapes as determined
theoretically.1 The formation of such in-buds from GUVs has
been subsequently observed in many experimental studies.2–11

The in-budding of vesicles implies that the vesicle mem-
branes consist of asymmetric lipid bilayers that prefer to bend

Fig. 1 In-budding of a giant unilamellar vesicle (GUV): the shape trans-
formation starts from a discocyte shape, which resembles the shape of a
red blood cell and transforms into a two-sphere shape. The two spherical
segments are connected by a closed membrane neck (red arrow). The
broken vertical lines are axes of rotational symmetry. Reused with permis-
sion from ref. 1 [Copyright 1990, EDPSciences].
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towards the inner leaflet of the bilayer membrane. Within the
theory of curvature elasticity, in-budding implies that the
transbilayer asymmetry of the vesicle membrane can be char-
acterized by a negative spontaneous curvature. On the other
hand, a positive spontaneous curvature leads to out-budding of
GUVs, for which one example is shown in Fig. 2. Out-budded
GUVs have also been observed in many experimental
studies.12–27 For nanovesicles as shown in Fig. 3, budding
processes are controlled by the stress asymmetry between the
two bilayer leaflets.28,29

The closed membrane necks of out- and in-buds experience
constriction forces19,30 that compress the necks until they
undergo fission and induce the division of the out- or in-
budded vesicles. Such fission processes have been observed
for a variety of synthetic vesicle systems, which include: GUV
membranes with a uniform lipid composition and doped with
His-tagged green fluorescent proteins (GFPs);19 GUV mem-
branes with intramembrane domains that have distinct lipid–
protein compositions;27 formation and fission of membrane
necks by three proteins of the endosomal sorting complex
required for transport (ESCRT) without the ATPase Vps4;4,5,9

and nanovesicle membranes in contact with condensate
droplets.31 In general, the process of neck closure can follow
different pathways and may proceed in an axi-symmetric or

non-axisymmetric manner. In particular, several such pathways
must be distinguished for the closure of membrane necks
during the complete engulfment of condensate droplets.32

Most of the biomimetic division processes mentioned above
involve membrane proteins that act to increase the transbilayer
asymmetry but none of them is coupled to an active process
such as nucleotide hydrolysis.

In the context of bioenergetics, an active process is an
exergonic chemical reaction that reduces the free energy of
the biosystem and, thus, moves the system ‘downhill’ in its free
energy landscape.33 Exergonic processes can occur sponta-
neously without any free energy input into the biosystem but
are often catalyzed by proteins that act as enzymes for the
chemical reaction, thereby reducing the free energy barrier
encountered by this reaction. Endergonic processes, on the
other hand, increase the free energy of the biosystem, which
then has to move ‘uphill’ in its free energy landscape. There-
fore, endergonic processes do not occur spontaneously, apart
from rare fluctuations that subsequently decay back into a state
of lower free energy. However, endergonic processes can be
coupled to exergonic processes in such a way that the combi-
nation of both processes leads to an overall reduction of the
system’s free energy.

In the literature, it is often emphasized that active processes
move the biosystems ‘‘out of equilibrium’’. However, it seems
more appropriate to emphasize the free energy transduction34

arising from the coupling between active or exergonic ‘down-
hill’ processes and endergonic ‘uphill’ processes.

Protein-catalyzed hydrolysis of nucleotides such as ATP or
GTP are particularly important examples for exergonic
chemical reactions because they can drive many endergonic
processes, both in vivo and in vitro. In particular, nucleotide
hydrolysis can drive endergonic mechanical processes such as
motor transport or membrane deformations, thereby providing
examples for the chemomechanical coupling between exergo-
nic chemical reactions and endergonic mechanical processes.†

In this paper, we will focus on vesicle division processes
without chemomechanical coupling, that is, without the cou-
pling to active processes that drive this division. Indeed, as
explained in Section 4, the division of GUVs with uniform lipid–
protein bilayers can be induced and controlled by curvature-
elasticity alone without any coupling to exergonic chemical
reactions. Likewise, Sections 6, 7, and 9 demonstrate that
curvature-induced neck fission and vesicle division without
the involvement of active processes is observed for (i) vesicle
membranes with intramembrane domains,27 (ii) membrane
necks generated by three proteins of the endosomal sorting
complex required for transport (ESCRT),4,5,9 and (iii) nanove-
sicles interacting with condensate droplets.31 Section 5
describes active shape oscillations of GUVs driven by Min
proteins and ATP hydrolysis.18,20 In fact, these active shape
oscillations involve the cyclic closure and opening of membane
necks. However, in contrast to what one might expect, the

Fig. 2 Out-budding of a giant vesicle (red): the vesicle has a pear-like
shape at time t = 9 s, which transforms into an out-budded two-sphere
shape at t = 13.4 s. The two spherical segments are connected by a closed
membrane neck (white arrow). This shape transformation is obtained for a
sufficiently large and positive spontaneous curvature. Scale bar: 5 mm.6

Fig. 3 Budding of nanovesicles as observed in molecular dynamics
simulations.28 The budding process is induced by decreasing the volume
parameter n of nanovesicles from n = 1 to n = 0.7. The direction of budding
is controlled by the two leaflet tensions of the spherical bilayer: (a)
formation of an in-bud for a spherical vesicle with a and a stretched outer
and a compressed inner leaflet; and (b) formation of an out-bud for a
spherical vesicle with a compressed outer and a stretched inner leaflet.28

The closed membrane necks in (b) are indicated by black arrows. Note that
these nanoscale necks have an hour-glass shape. † Some authors prefer to use the term mechano-chemical coupling.
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membrane necks do not undergo fission and the GUVs do not
divide.

The literature on the division of cells and organelles often
emphasizes the coupling of these division processes to nucleotide
hydrolysis as catalyzed by membrane proteins. These proteins
include dynamin,35–37 ESCRT-III proteins4,5,9 together with the
ATPase Vps4,4,38,39 and the bacterial protein FtsZ.40–43 Dynamin
generates constriction forces at membrane necks coupled to GTP
hydrolysis. Three ESCRT-III proteins are sufficient to form and
cleave membrane necks,4,5,9 see Section 7 below, while the ATPase
Vps4 is only required for the disassembly of the ESCRT-III complex
from the membrane after neck fission has been completed.4 The
bacterial protein FtsZ polymerizes into a ring under the
membrane, and this ring contracts to initiate division of the
bacterial cell,40,42 a process that is coupled to GTP
hydrolysis.40,41,43 The chemomechanical coupling between nucleo-
tide hydrolysis and the membrane proteins dynamin, ESCRT-III
together with Vps4, and FtsZ is important in order to understand
the fission process in vivo but is difficult to reconstitute in vitro.
The reconstitution of FtsZ in GUVs, for instance, has been pursued
for more than a decade44–46 but FtsZ-induced division of vesicles
has not been achieved so far. Therefore, curvature-induced fission
of membrane necks without any chemomechanical coupling as
described here provides a simple and useful approach for the
division of vesicles in the context of soft matter science and
synthetic biology.

The paper is organized as follows. First, in the next Section 2,
we discuss the formation of membrane necks during vesicle
budding in more detail. In addition, we show that vesicles can
form multispherical shapes with several necks and that all necks
can be characterized by relatively simple geometric properties. We
also emphasize in Section 2 that closed membrane necks provide a
direct connection between the remodeling of vesicle shape and the
remodeling of vesicle topology. The subsequent Section 3
addresses the elasticity of fluid membranes, which undergo two
types of elastic deformations, membrane stretching and compres-
sion as well as membrane bending and flattening. Membrane
stretching and compression are controlled by mechanical
membrane tension whereas membrane bending and flattening
are controlled by curvature elasticity. Division of GUVs via His-
tagged GFP is addressed in Section 4; the absence of division for
GUVs that undergo active shape oscillations in Section 5; division
of GUVs with intramembrane domains in Section 6; division of
GUVs via three ESCRT protein but without nucleotide hydrolysis in
Section 7; different pathways for neck formation of GUVs interact-
ing with condensate droplets in Section 8; and neck formation and
division of nanovesicles induced by condensate droplets in Section
9. At the end, we provide a summary and a brief outlook on related
membrane processes.

2 Vesicle shapes with membrane
necks

In this section, we provide more examples for the formation of
membrane necks as observed for giant vesicles by optical

microscopy and for nanovesicles by molecular dynamics
simulations.

2.1 Closed membrane necks of giant vesicles

The formation of membrane necks during in-budding and out-
budding of giant vesicles is depicted in Fig. 1 and 2. In both
cases, the closed membrane neck provides a connection
between a large sphere of radius Rl and a small sphere of
radius Rs. Both spheres are punctured at the neck in the sense
that the membrane curvature exhibits a jump as we move
across the neck from the large to the small sphere or vice versa.
For the out-budded shape in Fig. 2, both spheres have a positive
mean curvature as given by Ml = +1/Rl and Ms = +1/Rs. For the in-
budded shape in Fig. 1, the large sphere has again a positive
mean curvature, Ml = +1/Rl, but the small sphere now has a
negative mean curvature, Ms = �1/Rs.

For the vesicles in Fig. 1 and 2, the two radii Rl and Rs as well
as the two mean curvatures Ml and Ms can be directly read off
from the optical images and can be used to define the effective
mean curvature Meff

ls of closed (ls)-necks via30

Meff
ls �

1

2
Ml þMsð Þ ¼ 1

2

1

Rl
� 1

Rs

� �
(1)

which interpolates between the two mean curvatures Ml and Ms

of the large and small sphere in a symmetric manner. The
effective mean curvature is positive for the closed neck of an
out-bud but negative for the closed neck of an in-bud. It is now
convenient to use the sign of the neck’s effective mean curva-
ture to distinguish positive from negative membrane necks.
Thus, positive and negative membrane necks are characterized
by positive and negative values of the effective mean curvature
Meff

ls of these necks. This distinction continues to apply for
multispheres consisting of more than two spheres connected
by more than one neck as in Fig. 4.

The second equality in eqn (1) is based on the simple
geometric relations between the mean curvatures and the radii
of spheres. However, the first equality in eqn (1) remains valid
even if the membrane segments adjacent to the closed

Fig. 4 Multispherical shapes of giant vesicles consisting of large spheres
with radius Rl and small spheres with radius Rs.

6 Using the definition for the
effective mean curvature Meff

ls of a neck, each neck in panels (a)–(c) has an
effective mean curvature Meff

ls that is positive whereas each neck in panels
(d)–(f) has such a curvature that is negative as follows from the definition of
Meff

ls in eqn (1). The multisphere in panel (g) consists of 24 equally sized
spheres with radius R* connected by 23 positive necks.
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membrane neck do not attain spherical shapes. The mean
curvatures Ml and Ms are then equal to the local mean curva-
tures adjacent to the neck. One example is provided by small
spheres that transforms into small prolates for sufficiently large
and positive values of the spontaneous curvature30 as observed
experimentally for out-budded GUVs.19

2.1.1 Stability of positive necks against neck opening.
A positive (ls)-neck connecting a large and a small sphere is
stable if the positive effective mean curvature Meff

ls of this neck
does not exceed the positive spontaneous curvature m of the
membrane.30 Thus, a positive (ls)-neck is stably closed if it
satisfies the stability condition47,48

0 o Meff
ls r m (stable positive neck). (2)

The limiting cases with Meff
ls = m correspond to limit shapes

that separate shapes with closed from shapes with open (ls)-
necks in the morphology diagram, see the example for positive
two-sphere shapes in Fig. 8, which involves two lines of limit
shapes denoted by Lpos

1+1 and Lpos
2� .

2.1.2 Stability of negative necks against neck opening.
On the other hand, a negative (ls)-neck connecting two
membrane segments k and l is stable if if the negative effective
mean curvature Meff

ls of this neck does not exceed the negative
spontaneous curvature m of the membrane.30 Thus, a negative
(ls)-neck is stably closed if it satisfies the stability condition47,49

Meff
ls r m o 0 (stable negative neck). (3)

The limiting cases with Meff
ls = m again correspond to limit

shapes that separate closed from open (ls)-necks in the corres-
ponding morphology diagram.

2.2 Multispherical shapes of giant vesicles

Some examples for multispherical shapes are shown in Fig. 4.
All multispheres involve at most two different sphere radii a
large one with radius Rl and a small one with radius Rs. This
property is a direct consequence of the shape equation for
spherical membrane segments.6,50 Furthermore, for an out-
budded multisphere as in Fig. 4a, c, e and f all necks are
positive, that is, all pairs of punctured spheres i and j that are
connected by closed membrane necks exhibit positive values of
the effective mean curvature

Meff
ij �

1

2
Mi þMj

� �
: (4)

In contrast, all necks of an in-budded vesicle as in Fig. 4b
and d are negative and characterized by Meff

ij o 0.
2.2.1 Different types of membrane necks. Inspection of

Fig. 4 shows that multispherical shapes typically involve differ-
ent types of membrane necks.50 For multispheres with Rl 4 Rs,
we can distinguish (ls)-necks between one large and one small
sphere from (ss)-necks between two small spheres and (ll)-
necks between two large spheres. In addition, it is also useful
to distinguish the (**)-necks of multispheres with Rl = Rs = R* as
in Fig. 4g from those with Rl 4 Rs. However, for all of these
necks, we can apply the definition of the effective mean

curvature Meff
ij in eqn (4) using an appropriate identification

of the two subscripts i and j with one of the subscripts l, s, or *.
The stability conditions for any type of neck against neck
opening is then given by 0 o Meff

ij r m for positive (ij)-necks
and by Mij r m o 0 for negative (ij)-necks.

2.2.2 Positive and negative multispheres. The property that
all membrane necks of a given multisphere have the same sign
allows us to further simplify the terminology and to distinguish
positive from negative multispheres. Positive multispheres as
in Fig. 4a, c, e and f are formed for positive spontaneous
curvature and involve only positive necks. On the other hand,
negative multispheres as in Fig. 4b and d are formed for negative
spontaneous curvature and involve only negative necks.

2.2.3 Multispheres with Nl large and Ns small spheres.
Each multisphere in Fig. 4 is built up from Nl large and Ns

small spheres, thereby forming an (Nl + Ns)-sphere. Both the
positive (1 + 6)-sphere in Fig. 4c and the negative (1 + 6)-sphere
in Fig. 4d consist of one large and six small spheres whereas the
(2 + 2)-sphere in Fig. 4f is built up from two large and two small
spheres. In general, each (Nl + Ns)-sphere is stable within a
certain stability regime, corresponding to a subregion of the
morphology diagram for the vesicle shapes.50,51 One example is
provided by the stability regime for positive (1 + 1)-spheres as
displayed in Fig. 8 below.

2.2.4 Multispheres as constant-mean-curvature surfaces.
The vesicle shape in Fig. 4g provides an example for a multi-
spherical shape consisting of equally sized spheres, for which
Rl = Rs � R*. In this case, the vesicle membrane forms a
constant-mean-curvature surface with mean curvature M* =
1/R* apart from the necks. Furthermore, all necks have the

same effective mean curvature Meff
�� ¼ 1=R�. Therefore, the

vesicle shape in Fig. 4g represents a constant-mean-curvature

surface with constant mean curvature M� ¼Meff
�� ¼ 1=R�.

In fact, all other multispherical shapes in Fig. 4 can be regarded
as generalized constant-mean-curvature surfaces with two
piece-wise constant mean curvatures.50

2.3 Budding of nanovesicles

The budding of nanovesicles has been studied by molecular
dynamics simulations. Two examples for such budding pro-
cesses are displayed in Fig. 3a and b. In both examples, the
initial condition for the simulations is provided by spherical
vesicles with an outer radius of about 40 nm, corresponding to
the first snapshots in Fig. 3a and b. The spherical vesicles in
these two panels have the same volume and are assembled
from the same total number of lipids in the two leaflets of the
vesicle bilayers but differ in the number of lipid molecules that
are assembled in each leaflet. Let us denote the number of
lipids assembled in the outer and inner leaflet by Nol and Nil,
respectively. These lipid numbers do not change on the time
scales of the simulations and thus represent useful control
parameters for these simulations.

The nanovesicles in Fig. 3a and b are assembled from the
same total number of lipids, Nol + Nil = 10 100, but differ in the
lipid numbers assembled within the two bilayer leaflets. Thus,
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the outer and inner leaflets of the nanovesicle in Fig. 3a consist
of Nol = 5700 and Nil = 4400 lipids whereas the nanovesicle in
Fig. 3b contains Nol = 6300 and Nil = 3800 lipids.28 Even though
the iipid numbers Nol and Nil represent useful control para-
meters for the in silico assembly, they provide only limited
insight into the mechanical and elastic states of the lipid
bilayers and their leaflets. Indeed, each leaflet of the bilayer
membrane can be stretched or compressed when it is subject to
a positive or negative leaflet tension.

2.3.1 Leaflet tensions. The leaflet tensions Sol and Sil in
the outer and inner leaflets of the nanovesicles can be com-
puted from the stress profiles across the vesicle bilayers.
For each ensemble of bilayers with the same total number of
lipids, Nol + Nil, one then finds a unique reference state with
tensionless leaflets, that is, with Sol = Sil = 0. For total lipid
number Nol + Nil = 10 100 as in Fig. 3, the reference state with
tensionless leaflets is obtained for Nol ¼ N�ol ¼ 5993 and
Nil ¼ N�il ¼ 10 100�N�ol ¼ 4107.28,29

The sum Sil + Sol of the two leaflet tensions is equal to the
bilayer tension S. The reference state of the bilayer is then
characterized by S = Sol + Sil = 0. To avoid membrane rupture,
the vesicle membranes are taken to experience only a low
bilayer tension. However, even for vanishing bilayer tension,
S = Sil + Sol = 0, the individual leaflets can still experience
significant leaflet tensions if one leaflet is stretched by a
positive leaflet tension whereas the other leaflet is compressed
by a negative and opposite leaflet tension, that is, if the two
leaflet tensions satisfy Sol = �Sil.

For the two nanovesicles in Fig. 3a and b, the bilayer tension
S vanishes for volume parameter n = n0, for which the vesicle
shape is displayed in the second column of Fig. 3. In panel (a)
of this figure, the outer leaflet tension is Sol = +0.87, corres-
ponding to a stretched outer leaflet, whereas the inner leaflet
tension is Sil = �0.82, corresponding to a compressed inner
leaflet. In the second panel of Fig. 3b, the outer and inner
leaflet tensions are Sol = �0.99 and Sil = +0.99, corresponding
to a compressed outer and a stretched inner leaflet. All tension
values are in units of kBT/d2 where d is the bead diameter of the
coarse-grained molecular model.28

2.3.2 Leaflet tension space and stress asymmetry of nano-
vesicles. The two leaflet tensions Sil and Sol span a two-
dimensional parameter space for nanovesicles, which defines
the leaflet tension space.29,52 The origin (Sil,Sol) = (0,0) of this
space corresponds to the relaxed reference state with tension-
less leaflets. The four quadrants of the (Sil,Sol)-plane represent
bilayers with four possible combinations of stretched and
compressed leaflets. To characterize the elastic response of
the two leaflets, it is also instructive to change variables from
the leaflet tensions Sil and Sol to the bilayer tension S = Sol + Sil

and the stress asymmetry defined by29,53

DSve � Sol � Sil. (5)

States of the vesicle bilayer with vanishing stress asymmetry,
DSve = 0, are located on the main diagonal of the (Sil,Sol)-plane
whereas states with vanishing bilayer tension, S = 0, are found

along the secondary diagonal, which is perpendicular to the
main diagonal. In general, all bilayer states above the secondary
diagonal in the (Sil,Sol)-plane are stretched by a positive bilayer
tension S4 0, whereas those below the secondary diagonal are
compressed by a negative bilayer tension S o 0. Likewise, all
bilayer states above and below the main diagonal exhibit a
positive and negative stress asymmetry, DS 4 0 and DS o 0,
respectively.

2.4 Closed membrane necks at different length scales

A comparison of Fig. 3b with Fig. 2 reveals that closed
membrane necks look quite different when we view them with
nanoscale or micron scale resolution. In the last two panels of
Fig. 3b, the black arrows point to closed membrane necks as
observed in molecular dynamics simulations. The lipid bilayer
has a thickness of about 4 nm and forms necks with an
hourglass-like shape. The neck is axisymmetric and has a
circular waistline. For a closed neck, the outer radius of this
waistline is equal to the bilayer thickness whereas the inner
radius vanishes. Inspection of the simulation snapshots in
Fig. 3b shows that the hourglass-shaped neck is highly curved
in the sense that its contour curvature is large and negative.

At the micron scale, the optical microscopy view of the
closed membrane neck is quite different, see white arrow in
Fig. 2. Indeed, when viewed with optical microsopy, the
hourglass-shaped membrane segment is no longer visible but
is replaced by the touching point of the two spheres connected
by the neck. Thus, one might view the point-like neck as a
direct consequence of the limited optical resolution. It turns
out, however, that this point-like neck correctly captures two
important properties of the neck. First, during neck closure, the
two principal curvatures diverge but the mean curvature attains
a finite limit. Second, this mean curvature of the neck is directly
related to the curvature radii of the two adjacent membrane
segments, which can be directly read off from the optical
images.

2.4.1 Closure of hourglass-shaped neck. We will now dis-
cuss the closure of the hour-glass shape in more detail. In
Fig. 3b, the waistline (wl) of the hourglass-shaped neck forms a
circle with radius Rne. Along this waistline, the neck is char-
acterized by two principal curvatures, the negative contour
curvature C1,wl o 0 perpendicular to the waistline and the
positive principal curvature C2,wl = 1/Rne 4 0 parallel to the
waistline. When the neck closes, the neck radius goes to zero
and the principal curvature C2,wl diverges. However, the mean
curvature

Mwl ¼
1

2
C1;wl þ C2;wl

� �
(6)

remains finite and satisfies the asymptotic equality

Mwl �Meff
ls ¼

1

2
Ml þMsð Þ (7)

in the limit of small Rne with the effective mean curvature
Meff

ls as given by eqn (1).20,50 Thus, as the neck closes, the
positive singular contribution from the second principal
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curvature C2,wl = 1/Rne 4 0 is cancelled by the negative singular
contribution arising from the contour curvature C1,wl, which
corresponds to the shape of a singular catenoid. The remaining
effective neck mean curvature Meff

ls has a finite value, which can
be positive or negative depending on the mean curvatures of
the large and small spheres connected by the neck.

2.5 Topological changes via fission of membrane necks

So far, we looked at stable membrane necks of GUVs and
nanovesicles as observed experimentally and in simulations.
The stable necks of GUVs satisfy the stability conditions in
eqn (2) and (3) with Mls replaced by Mij. These stability condi-
tions determine the stability regimes against neck opening.
One example is provided by the stability regime of positive two-
spheres as determined theoretically and experimentally in
Fig. 8 and 9 below. However, the most significant instability
of a closed neck is provided by the fission of this neck, which
leads to the division of a single vesicle into two daughter
vesicles. Such a division process represents a topological trans-
formation from a one-vesicle to a two-vesicle state. As a con-
sequence, membrane necks provide a direct connection
between the remodeling of vesicle shape and the remodeling
of vesicle topology.

The division of vesicles via the fission of membrane necks is
schematically displayed in Fig. 5 for out-budded and in-budded
two-sphere vesicles. The division of an out-budded vesicle as in
Fig. 5a leads to two separate daughter vesicles as in Fig. 5b. The
two daughter vesicles can then freely diffuse away from each
other within the exterior solution. In contrast, the division of an
in-budded vesicle as in Fig. 5c leads to two nested daughter
vesicles with the smaller daughter vesicle inside the larger one.
In this case, the smaller daughter vesicle can not escape from
the larger one.

In later sections, we will describe several biomimetic divi-
sion processes including (i) the division of GUVs with uniform
lipid–protein bilayers; (ii) the division of vesicles with intra-
membrane domains arising from lipid phase separation within
the membranes, and (iii) the division of nanovesicles in contact
with condensate droplets. In order to discuss these division

processes in a systematic manner, we first need to briefly review
the elastic properties of fluid membranes.

3 Elasticity of fluid membranes

We now view the biomembrane as a thin elastic sheet. Accord-
ing to classical elasticity theory,54 such a sheet can exhibit three
different elastic deformations as displayed in Fig. 6. The
shearing deformation in Fig. 6c does not represent a reversible
deformation, however, because such a deformation leads to
hydrodynamic flow within the membrane. Therefore, a thin
fluid-elastic sheet exhibits only two elastic deformations,
stretching and bending. These deformations are reversible:
the opposite of membrane stretching is membrane compres-
sion whereas the opposite of membrane bending is membrane
flattening. In Fig. 6, reversible deformations are indicated by a
double-arrow whereas the irreversible shearing deformations is
labeled by a single arrow. The stretching and compression of
membranes is governed by membrane tension whereas the
bending and flattening of membranes is controlled by curva-
ture elasticity. These control parameters will be briefly
described in the next two subsections.

3.1 Curvature elasticity

3.1.1 Curvature and bending energies. The bending and
flattening deformations of a fluid membrane are controlled by
curvature elasticity. In the spontaneous curvature model,30,47,55

curvature elasticity is described by the curvature energy

Ecu ¼
ð
dA 2kðM �mÞ2 þ kGG
� �

: (8)

where
Ð
dA represents an integral over the membrane’s surface

area A. The curvature energy Ecu in eqn (8) depends on two
geometric quantities, the (local) mean curvature M and the
(local) Gaussian curvature G of the membrane, as well as on
three curvature-elastic parameters, the bending rigidity k, the

Fig. 5 Division of two-sphere vesicles into two daughter vesicles by
fission of membrane necks (red arrows): (a) and (b) division of out-
budded vesicle by the fission of a positive membrane neck; and (c) and
(d) division of an in-budded vesicle by fission of a negative membrane
neck. The division process of an out-budded vesicle leads to two separate
daughter vesicles as in (b) whereas the division of an in-budded vesicle
generates two nested daughter vesicles as in (d).

Fig. 6 When biomembranes are viewed as thin elastic sheets, three
different elastic deformations can be distinguished: (a) stretching and
compression; (b) bending and flattening; as well as (c) shearing. The
double-arrows in (a) and (b) indicate reversible deformations of a fluid-
elastic sheet whereas the single arrow in (c) indicates that shearing
represents an irreversible deformation because it leads to hydrodynamic
flow within the membrane.
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spontaneous curvature m, and the Gaussian curvature modulus
kG. For membranes with a laterally uniform composition, the
three curvature-elastic parameters are laterally uniform as well.
For such a laterally uniform vesicle membrane, the Gaussian
curvature energy EG as defined by the second term in eqn (8)
becomes

EG ¼ kG

ð
dAG ¼ 2pwkG ¼ 2pð2� 2gÞkG (9)

in the absence of membrane pores or edges, with the Euler
characteristic w and the topological genus as follows from the
Gauss–Bonnet theorem.56 If the vesicle undergoes a shape
transformation that does not change its topology, the Gaussian
curvature energy EG in eqn (9) is a topological constant and the
vesicle shapes depend only on the membrane’s bending energy

Ebe ¼
ð
dA2k M �mð Þ2: (10)

This energy fulfills the inequality Ebe Z 0, with Ebe = 0 for
constant mean curvature M = m. In practise, the vesicle
membrane can only partially adapt its mean curvature to the
spontaneous curvature unless the vesicle forms a sphere or
multisphere with constant mean curvature M = m.

Even though the bending energy as given by eqn (10) is
relatively simple, it has been recently shown to provide a
quantitative description for the shapes of giant vesicles when
the vesicle membranes contain at least one molecular compo-
nent such as cholesterol that undergoes frequent flip-flops.6,19

3.1.2 Curvature-elastic tension.‡ To introduce the curvature-
elastic tension, let us consider a flat membrane segment with
vanishing mean curvature M = 0 but nonzero spontaneous curva-
ture m. It then follows from the bending energy Ebe in eqn (10) that
such a flat membrane segment of area A has the bending energy
2km2A. Therefore, flattening of a membrane segment, which
has the spontaneous curvature m and would prefer to attain a
curved conformation with mean curvature M = m, is governed by
the curvature-elastic tension30,57

s � 2km2 (11)

which represents a material parameter that is proportional to
the bending rigidity k and increases quadratically with the
spontaneous curvature m. Depending on the lipid composition
and the transbilayer asymmetry, the curvature-elastic tension
varies over seven orders of magnitude.57 Furthermore, the
curvature-elastic tension s as defined by eqn (11) can be directly
measured by micropipette aspiration of tubulated GUVs as well
as by repeated cycles of osmotic deflation and inflation of such
GUVs.58

3.2 Membrane tension of biomimetic membranes

From an intuitive point of view, membrane tension acts to
stretch or compress the membrane as shown schematically in
Fig. 6a, thereby changing the surface area of the membrane.

However, this intuitive view represents an oversimplification
because it ignores the difficulty to measure membrane tension
and obscures important conceptual issues.

First, changes of the membrane’s surface area are necessa-
rily small because the membrane ruptures when its area is
stretched beyond a few percent. As a consequence, changes in
the membrane’s surface area are very difficult to measure.

3.2.1 Composite nature of membrane tension. Second, it
follows from the theory of curvature elasticity that the total
membrane tension Stot can be decomposed into two terms, the
mechanical membrane tension S, which acts to stretch or
compress the membrane as in Fig. 6a, and the curvature-
elastic tension s = 2km2 as in eqn (11). For tubulated GUVs,
the total membrane tension Stot is dominated by the curvature-
elastic tension s because, for such GUVs, s is much larger than
the mechanical membrane tension S.57 One should also note
that, for about 40 years, the mechanical membrane tension S
was distinguished from the Lagrange multiplier (or auxiliary)
tension conjugate to membrane area that enters the shape
functional for the constrained minimization of the bending
energy30,59 but these two tensions are, in fact, identical. This
identity follows from the minimization of the combined bend-
ing and stretching energy for a compressible membrane,
neglecting the small membrane area that may be stored in
the membrane’s shape fluctuations.49

3.2.2 Mechanical membrane tension is fundamentally dif-
ferent from interfacial tension. Third, the literature on
membrane tension is very confusing and full of misconcep-
tions. In particular, the mechanical tension of a membrane has
often been treated as the interfacial tension of a liquid–liquid
interface,60–67 in close analogy to thin liquid films and soap
bubbles.68–70 It is important to note, however, that interfacial
tension and mechanical membrane tension have fundamen-
tally different properties.71 Indeed, interfacial tensions are
always positive whereas mechanical membrane tensions can
be positive or negative and then lead to membrane stretching
or compression as in Fig. 6a. As a consequence, lipid bilayers
can attain five different elastic states depending on the stretch-
ing or compression of their two leaflets but only bilayer states
with two stretched leaflets are analogous to soap films.71

Furthermore, the mechanical membrane tension of a vesicle
membrane depends on the vesicle’s size and shape as one can
explicitly demonstrate by computing the mechanical tension of
multispherical vesicle shapes as in Fig. 4.30,50

3.2.3 Fluctuation tension for shape fluctuations. Fourth, at
finite temperature T, membranes undergo thermally-excited
shape fluctuations or bending undulations in order to increase
their configurational entropy. These shape fluctuations corre-
spond to normal displacements of the membrane from its
average shape and lead to a characteristic flicker spectrum,
which is rather different from the corresponding spectrum for
the shape fluctuations of a liquid–liquid interface.71

In fact, in contrast to liquid–liquid interfaces, fluid mem-
branes have a finite persistence length xp for the correlations of
their normal vectors, with different types of shape fluctua-
tions on length scales below and above the persistence length.

‡ Here and below, the term ‘‘curvature-elastic tension’’ replaces the term ‘‘spon-
taneous tension’’ as originally used in ref. 57.
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The persistence length of tensionless membranes depends
exponentially on the ratio of the bending rigidity k to the
thermal energy kBT72–74 and is thus rather large for phospho-
lipid bilayers with k I 20kBT at room temperature.

On length scales which are large compared to the persis-
tence length, tensionless membranes attain crumpled states
with no average orientation of their normal vectors as observed
in Monte Carlo simulations of dynamically triangulated
membrane surfaces.74 On the other hand, in the presence of
a positive mechanical membrane tension S 4 0, membranes
form bilayer pores on sufficiently large length scales.75,76 There-
fore, in the thermodynamic limit of a large membrane segment,
the membrane becomes either crumpled for S = 0 or porated
for S 4 0. As a consequence, there is no meaningful thermo-
dynamic limit of a fluid membrane and thus no thermo-
dynamic definition of the mechanical membrane tension,
again in contrast to the interfacial tension of a liquid–liquid
interface, for which the thermodynmic definition was intro-
duced a long time ago by J. Willard Gibbs.77,78

4 Controlled division of giant vesicles
4.1 Morphology diagram of lipid vesicles

For a lipid vesicle at constant temperature, the vesicle volume V
is determined by the osmotic conditions in the interior and
exterior aqueous solutions while the surface area A of the lipid
bilayer is controlled by the number of lipids assembled in this
bilayer. As a consequence, such a vesicle undergoes isothermal
shape transformations at constant vesicle volume V and at
constant membrane area A. For a vesicle membrane with
laterally uniform composition, all shapes of the vesicle can be
displayed in a two-dimensional morphology diagram that
depends on two dimensionless shape parameters.47

The basic length scale for the vesicle shape is conveniently
defined in terms of the vesicle’s surface area A via

Rve �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A=ð4pÞ

p
. The two dimensionless shape parameters that

span the morphology diagram are then given by the volume-to-
area ratio

�v � V

4p
3
Rve

3

¼ 6
ffiffiffi
p
p V

A3=2
(12)

and by the rescaled spontaneous curvature %m = mRve. In order to
determine such a diagram experimentally, one needs to vary %v
and %m independently. The volume-to-area ratio %v can be varied
by changes in the osmotic conditions. The quantitative control
of the spontaneous curvature %m is more difficult but has been
recently achieved by low densities of His-tagged proteins that
bind to the vesicle membrane and can be used ro fine-tune its
spontaneous curvature.19

4.2 Fine-tuning of spontaneous curvature

The spontaneous curvature of a GUV membrane can be con-
trolled by exposing the GUVs to an exterior solution of
His-tagged proteins, which bind to the membrane via certain
anchor lipids such as DGS-NTA(Ni) lipids.19,79 In order to

increase the configurational and translational entropies of
the membrane-bound GFPs, the membrane bends away from
these proteins as shown in Fig. 7. Therefore, the GFP molecules
create a certain bilayer asymmetry or spontaneous curvature m
of the GUV membrane. The magnitude of m increases with the
coverage of the membrane by the GFPs as in eqn (13) below.

The GFP coverage G of the membrane is defined by the
number of membrane-bound proteins per unit membrane area.
This coverage depends on the molar concentration X of the His-
tagged proteins in the exterior solution and on the mole
fraction of the anchor lipids in the membrane. To directly
measure the coverage G, it is particularly useful to consider His-
tagged proteins that are fluorescent as well. The coverage G can
then be obtained by calibrating the fluorescence intensity of the
membrane-bound proteins.

Using such a calibration method for green fluorescent
proteins (GFPs), the coverage G of His-tagged GFP was observed
to be proportional to the molar concentration X of the protein
in the exterior solution over a wide concentration range.
Furthermore, a quantitative analysis of the vesicle shapes
showed that the spontaneous curvature m is proportional to
the coverage G and given by19

m ¼ G� 27 nm ¼ a
mm

X

nM
(13)

with the prefactor a = 0.186 for 0.1 mol% and a = 1.86 for
1 mol% anchor lipids.

The curvature-concentration relationship in eqn (13) implies
that the GFP-generated spontaneous curvature m is quite large.
Indeed, it follows from eqn (13) with a mole fraction of 1 mol%
anchor lipids that the spontaneous curvature m has the value
m = 1/(23 nm) for the protein concentration X = 23.4 nM and
that m = 1/(540 nm) even for the tiny concentration X = 1 nM.
It is interesting to note that the magnitude of the GFP-
generated spontaneous curvature m as given by eqn (13) is
comparable to estimates for the spontaneous curvature gener-
ated by membrane-bound amphiphysin.80

4.2.1 Dilute regime of membrane-bound proteins. The
curvature-concentration relationship in eqn (13) also implies
that the average separation of the membrane-bound GFP
molecules is larger than 25 nm for the whole concentration

Fig. 7 Bilayer asymmetry and spontaneous curvature generated by green
fluorescent protein (GFP) molecules at the outer leaflet of a GUV
membrane. Each GFP has a His-tag, by which it binds to an anchor lipid
(orange headgroup). The spontaneous curvature m increases with the
coverage G of the membrane by the GFP molecules as in eqn (13). It
follows from the experimental study in ref. 19 that the average spatial
separation of the membrane-bound GFPs is at least 25 nm, which is
significantly larger than the GFP’s lateral size of about 3 nm.
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range studied in ref. 19. This separation is large compared to
the lateral size of a single GFP molecule, which is about 3 nm.81

Therefore, the curvature-concentration relationship in eqn (13)
corresponds to a dilute regime, in which the membrane-bound
GFPs are well-separated from each other and mutual contacts
between these molecules can be ignored.

4.3 Stability regime of two-sphere vesicles

The first step towards the division of giant vesicles is to prepare
two-sphere or (1 + 1)-sphere vesicles with closed membrane
necks that are stable with respect to neck opening. The corres-
ponding stability regime covers a large subregion of the mor-
phology diagram as determined theoretically and observed
experimentally, see Fig. 8 and 9.

4.3.1 Theoretical stability regime for positive two-spheres.
The preparation of a positive (1 + 1)-sphere vesicle can be
guided by the theoretically predicted stability regime for posi-
tive (1 + 1)-spheres as displayed in Fig. 8. Inspection of this
figure reveals that such vesicle shapes are stable against neck

opening for spontaneous curvatures �m4
ffiffiffi
2
p

and for volume-to-
area ratios %v that are located between two lines of limit shapes
denoted by Lpos

1+1 and Lpos
2� . The limit shapes Lpos

1+1 consist of one
large and one small sphere with the effective mean curvature
Meff

ls = m of the membrane neck corresponding to the equality in
eqn (2). The limit shapes Lpos

2� consist of two equally sized

spheres, which are located at �v ¼ 1=
ffiffiffi
2
p

and �m �
ffiffiffi
2
p

.
The geometry of (1 + 1)-spheres depends only on the volume-

to-area ratio %v but is independent of the spontaneous curvature
%m.30,50 Therefore, when we move in the stability regime of Fig. 8
along a horizontal line with constant %v but increasing %m, the
shape of the vesicle remains unchanged. Likewise, the geome-
try of (Nl + Ns)-spheres depends only on %v, Nl and Ns but not on
%m,30,50 which implies that the multispherical shape does not
change when we increase the spontaneous curvature %m for

constant volume-to-area ratio %v and fixed sphere numbers Nl

and Ns.
4.3.2 Experimental stability regime for positive two-spheres.

The experimentally observed stability regime for (1 + 1)-spheres is
depicted in Fig. 9a. This stability regime is enclosed by the same
two lines of limit shapes, Lpos

1+1 and L
pos
2� , as in Fig. 8. Three examples

for (1 + 1)-spheres are denoted by A0, B0, and C0. The corresponding
optical images are shown in Fig. 9b with white arrows pointing
towards the closed membrane necks of the GUVs.

4.4 Neck fission by constriction forces

Each positive membrane neck as displayed in Fig. 9b is subject
to a constriction force f pos as given by19,30

f pos = 8pk (m � Meff
ls ) (14)

with the bending rigidity k and the effective curvature Meff
ls of

the (ls)-neck as in eqn (1). This expression for the constriction
force can be derived from the bending energy Ebe of the out-
budded vesicle in the limit of vanishing neck radius Rne. This
bending energy has the asymptotic behavior30

Ebe (Rne) E Ebe (Rne = 0) + f posRne for small Rne.
(15)

Note that the constriction force f pos in eqn (14) is positive for
m 4 Meff

ls , which corresponds to the inequality in eqn (2). This
inequality defines the stability regime for (1 + 1)-spheres as
depicted by the orange subregion in Fig. 8. Furthermore, the
constriction force f pos in eqn (14) vanishes for m = Meff

ls ,
corresponding to the limit shapes Lpos

1+1 as described by the
equality in eqn (2). It is also meaningful to consider negative
constriction forces, f pos o 0, which act to increase the neck
radius and thus represent dilation forces. For the (1 + 1)-
spheres displayed in Fig. 9b, the constriction force varies over
the range 5.5 pN t f pos t 142 pN when we vary the GFP
concentration in the exterior solution.19 The same force range
has been estimated for the constriction forces in vivo as
generated by the proteins dynamin,37 ESCRT-III82 and FtsZ.43

Fig. 8 Stability regime (orange) for positive two-spheres with positive
spontaneous curvature %m. This stability regime is bounded by two lines
(dark orange) of limit shapes, Lpos

1+1 and Lpos
2� , which meet at the corner point

(blue open circle) with �m ¼
ffiffiffi
2
p

and v ¼ 1
	 ffiffiffi

2
p

. Along the red line enclosing

the pink subregime, the small sphere transforms into a small prolate; the
blue star is located at %mss = 13.29 and vss = 0.8259. The inset displays a
persistent (1 + 1)-shape, which varies with %v but does not depend on %m
and, thus, remains unchanged along the horizontal dashed line with a
constant %v-value.

Fig. 9 (a) Morphology diagram for two-sphere vesicles as determined
experimentally; and (b) corresponding two-sphere shapes A0, B0, and C0 as
observed by confocal microscopy. The closed membrane necks in (b) are
indicated by white arrows. All scale bars: 5 mm.19
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4.4.1 Vesicle division via neck fission. As the nanomolar
concentration X of His-tagged GFP is increased in the exterior
solution, the spontaneous curvature m, which is proportional to
X according to eqn (13), also increases. Likewise, as m becomes
larger, so does the constriction force fpos as given by eqn (14). A
larger constriction force implies a smaller free energy barrier
for neck fission as well as an increased fission rate as explained
in the following paragraphs. Therefore, by increasing the GFP
concentration in the exterior solution, we lower the free energy
barrier until the membrane neck undergoes fission, which
leads to the division of the giant vesicle into two daughter
vesicles as in Fig. 10.

4.5 Free energy landscape and barrier for neck fission

After the GUV has attained a dumbbell shape with closed
membrane necks, as indicated by the white arrows in Fig. 9b,
the fission of these necks transforms the one-vesicle (1-V)
dumbbell states into two-vesicle (2-V) states consisting of two
separate daughter vesicles as shown in Fig. 10. The corres-
ponding free energy landscape is schematically displayed in
Fig. 11a where the 1-V and 2-V states are separated by a free
energy barrier (BA). On nanoscopic scales, one may envisage
this barrier to arise from a cut across the membrane neck as
depicted in Fig. 11b. This cut creates two bilayer pores, which
are bounded by two ring-like bilayer edges, at which the
hydrophobic core of the vesicle bilayer is in partial contact
with the aqueous solutions. When these two pores close via the
hydrophobic effect, we obtain two separate daughter vesicles as
in Fig. 10 and 11a.

4.5.1 Estimate for free energy barrier. The free energy
barrier separates the 1-V state before division from the 2-V
state after division. A simple estimate for the height of this
barrier can be obtained as follows. A cut through the neck as in
Fig. 11b creates two bilayer pores. The radius of these pores is
comparable to the outer radius Rne of the closed membrane
neck, which is equal to the bilayer thickness cme I 4 nm. The
resulting free energy barrier is governed by the bilayer edges of

these two pores, at which the hydrophobic core of the vesicle
bilayer is partially exposed to the surrounding aqueous solu-
tions. The associated edge free energy is equal to the edge
tension led times the combined circumference 4pcme of the two
pores, which leads to the estimate DGBA I 4pcmeled for the
height of the free energy barrier.

To overcome this barrier, the constriction force f pos acting
against the closed neck must expend mechanical work of the
order of f poscme, thereby decreasing the neck radius Rne from
Rne I cme to Rne = 0. Using the expression for the constriction
force f pos in eqn (14), we then conclude that the membrane
neck is likely to undergo fission if30

f poscme = 8pk(m � Meff
ne)cme \ DGBA = 4pcmeled (16)

or, equivalently, if the excess curvature m � Meff
ne exceeds the

threshold value led/(2k). The edge tension led is expected to be
reduced by the constriction force, which compresses the neck
and can lead to a local thinning of the lipid bilayer close to
the neck.

4.5.2 Free energy barrier from Gaussian curvature energy.
The 1-V and 2-V states in Fig. 11a have essentially the same
bending energy Ebe as obtained from eqn (10), because the
closed neck of the 1-V dumbbell state is limited to a relatively
small membrane area and hardly contributes to this energy.
However, the two states have different topologies which implies
that the Gaussian curvature energy EG in eqn (9) makes a
different contribution to the 1-V and 2-V states.

The 1-V state before fission is topologically equivalent
to a single sphere with topological genus g ¼ 0 and Euler

Fig. 10 Controlled division of a giant vesicle: initially, the vesicle forms a
two-sphere shape with a closed neck when it is exposed to a 0.78 nM
concentration of His-tagged GFP in the exterior solution. After about
2 min, the exterior GFP concentration X is increased to X = 15.6 nM, which
then leads, after about 7 min, to the fission of the membrane neck and to
the division of the vesicle. Therefore, the membrane-bound GFP gener-
ates a large positive spontaneous curvature as in eqn (13) which leads to a
sufficiently large constriction force fpos as given by eqn (14), to cleave the
neck. Scale bar: 5 mm.19

Fig. 11 (a) Schematic free energy landscape for the division of a
nanovesicle.51 For this process to be exergonic or ‘downhill’, the free
energy difference DG21 � G2 � G1 between the 2-vesicle state (2-V) and
the 1-vesicle state (1-V) must be negative. In such a situation, the fission
process can proceed spontaneously without being coupled to an active
process such as nucleotide hydrolysis. The rate, at which this process
proceeds, is determined by the barrier height DGBA, that is, by the free
energy difference between the intermediate barrier (BA) state and the 1-V
state; and (b) enlarged view of the intermediate BA state for the fission
process, which determines the barrier height DGBA by forming two bilayer
pores above and below the horizontal dashed line, which indicates a cut
through the closed neck. The two pores are bounded by two bilayer edges,
at which the hydrophobic core of the vesicle bilayer is in partial contact
with the aqueous solutions.
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characteristic w = 2 whereas the 2-V state after fission is
characterized by w = 4 and g ¼ �1. It then follows that the
topological transformation from the 1-V to the 2-V state
changes the Gaussian curvature energy EG by

DEG � EG (2-V) � EG (1-V) = 4pkG, (17)

which represents the main contribution of the vesicle’s curva-
ture energy to the free energy difference DG21 in Fig. 11a.
Because the GUVs in Fig. 9b and 10 undergo fission in the
absence of any active process or chemomechanical coupling,
the fission processes from the 1-V to the 2-V states must be
exergonic or ‘downhill’ in free energy as in Fig. 11a, which
implies that the free energy difference DG21 must be negative as
in Fig. 11a. Using the estimate DG21 I DEG with the change
DEG of the Gaussian curvature energy as given by eqn (17), we
then conclude that the Gaussian curvature modulus kG must be
negative.19,30

Previous experimental studies83,84 and computer simula-
tions85 provide evidence that the Gaussian curvature modulus
can indeed be negative with kG I �k. For the GUV membranes
in Fig. 9, the bending rigidity k was measured to be k I
48kBT,19 which implies the estimate kG I �k I �48kBT and
leads to the free energy difference DG21 I DEG = 4pkG I
�603kBT. Therefore, the division of the GUVs in Fig. 9 and 10 is
a strongly exergonic process and can occur spontaneously in
the absence of any active process.

5 Active closure and opening of
membrane necks

The controlled division of GUVs as described in the previous
section proceeds without the chemomechanical coupling to any
active process. Intuitively, one would expect that such a cou-
pling facilitates the division process. In the present section, we
look at GUVs that contain Min proteins in their interior solu-
tions. The binding of the Min proteins to the inner leaflets of
the vesicle bilayers is coupled to ATP hydrolysis.86,87 This
coupling generates active shape oscillations of the GUV which
involve the recurrent closure and opening of the membrane
neck as displayed in Fig. 12.18,20 However, somewhat surpris-
ingly, this coupling to ATP hydrolysis does not lead to the
fission of the membrane neck. As explained further below, this
absence of neck fission and vesicle division is intimately related
to the stability regime of (1 + 1)-vesicles as depicted in Fig. 8.

5.1 Binding of Min proteins to GUV membrane

The interior solution of the GUV in Fig. 12 contains two Min
proteins, MinD and MinE, as well as ATP. The Min proteins
bind to and unbind from the inner leaflet of the GUV
membrane. When loaded with ATP, MinD forms dimers (or
oligomers)88–91 that attach to the inner leaflet. Subsequently,
MinE binds to membrane-bound MinD, and the resulting
MinD–ATP–MinE complex stimulates ATP hydrolysis by MinD,
causing both proteins to unbind again from the membrane.
These molecular processes at the molecular scale are amplified

to the micron scale by the GUV membrane, which undergoes
active shape oscillations coupled to ATP hydrolysis as displayed
in Fig. 12.

Inspection of Fig. 12 shows that the experimentally observed
vesicle shapes in the top row are well described by the theore-
tically calculated shapes in the bottom row. These calculations
are based on a time-dependent spontaneous curvature m and
on the minimization of the bending energy for each instanta-
neous m-value.20 This approach is justified by the separation of
time scales between the time period of the Min oscillations,
which is about one minute,92,93 and the time it takes a giant
vesicle to relax to a new stable state, which is only a few
seconds.94,95

As a result of such a minimization procedure, the sponta-
neous curvature is found to have positive values for all vesicle
shapes in Fig. 12. This sign of the spontaneous is curvature is
unexpected because the Min proteins bind to the inner leaflet
of the GUV, in contrast to the His-tagged GFP molecules that
bind to the outer leaflets of the GUVs in Fig. 9b. However, the
positive values of the spontaneous curvatures generated by the
Min proteins are consistent with the view that the MinD
proteins dimerize in the presence of ATP and then bind to
membranes via the C-terminal sequences of the two MinD
monomers.88–91 Such a membrane-bound MinD dimer resem-
bles a polymer chain that is anchored to the membrane at both
ends. If the average separation of the two anchor points exceeds
a small fraction of the polymer’s end-to-end distance, the
membrane bends away from the anchored polymer,96,97 which
leads to a positive sign of the spontaneous curvature for the
GUV membrane in Fig. 12.

Fig. 12 Active shape oscillations of a giant vesicle that forms a dumbbell-
shape with cyclic closure and opening of its membrane neck: com-
parison of experimentally observed18 with theoretically calculated vesicle
shapes.20 All vesicle shapes are axi-symmetric; the axes of rotational
symmetry are provided by the vertical dashed lines in the bottom row
with the theoretical shapes. Each shape oscillation involves both up-down
symmetric vesicle shapes (blue) and shapes (red) for which this symmetry
is broken. The four shapes in (a)–(d) represent a complete cycle with an
average cycle time of 55.9 s. After (d), the up-down symmetry is restored
and the vesicle shape goes back to (a). The neck radius Rne is equal to 1.17
mm in (a), 0.78 mm in (b), 0.12 mm in (c) and 0.52 mm in (d). The cyclic
process is driven by Min proteins and ATP hydrolysis.
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5.2 Cyclic closure and opening of membrane neck

The active shape oscillations of the GUV involve the cyclic
closure and opening of the membrane neck. In fact, the GUV
in Fig. 12 undergoes 26 complete shape oscillations, corres-
ponding to a total time period of about 24 minutes. Fig. 12
displays one oscillation cycle, which involves both vesicle
shapes (blue) with an up-down symmetry as well as shapes (red),
for which this symmetry is broken. The cycle in Fig. 10 is
completed by the symmetry-restoring transformation from panel
(d) to panel (a) and has an average time period of 55.9 s.20

The cyclic closure and opening of the membrane neck as
shown in Fig. 12 implies that the constriction force also
oscillates between positive and negative values. Indeed, neck
closure from panel (a) to panel (b) and from panel (b) to panel
(c) requires a positive constriction force, f pos 4 0, whereas neck
opening from panel (c) to panel (d) and from panel (d) to panel
(a) requires a negative constriction force, f pos o 0. This con-
clusion is confirmed by computing the constriction force f pos

via eqn (14), using the m-values as obtained by the best fit of the
theoretical and experimental shapes, see Fig. 12.§

5.3 Theoretical analysis of experimental observations

The theoretically computed shapes in the lower row of Fig. 12 are
obtained from the shape equation for axi-symmetric shapes.20,47

The volume-to-area ratio %v as given by eqn (12) has the constant
value %v = 0.670 during the whole shape oscillation. Comparison
with the stability regime in Fig. 8 reveals that this value of %v is
somewhat below the line of limit shapes Lpos

2� which is located at

�v ¼ 1
	 ffiffiffi

2
p
¼ 0:707. Therefore, the different shapes of the GUV as

displayed in Fig. 12 are located somewhat below the stability
regime for (1 + 1)-spheres. This conclusion is in agreement with
the numerical values of the oscillating neck radius. Indeed, the
largest neck radius is found to be 1.17 mm as in Fig. 12a whereas
the smallest neck radius is 0.12 mm or 120 nm as in Fig. 12c. Even
though the latter neck radius is not resolvable by conventional
optical microscopy, this radius is still much larger than the radius
of a closed neck, which is about 4 nm, corresponding to the
thickness of the lipid bilayer.

5.4 Prevention of neck fission

As previously explained in Section 4.4, the free energy barrier
for neck fission can be estimated from the two bilayer edges
that are created by cutting the neck as in Fig. 11b. For a closed
neck with radius Rne I cme, the two bilayer edges create the
free energy barrier of height DGBA I 4pcmeled with the edge
tension led. For an open neck with radius Rne c cme, this free
energy barrier is increased to DGBA I 4pRneled. Furthermore,
the smallest neck radius for the oscillating vesicle in Fig. 12 is
given by min(Rne) = 120 nm, corresponding to Fig. 12c. There-
fore, the fission of this neck has to overcome a free energy
barrier that is increased by at least a factor min(Rne)/cme I 30

compared to the barrier for a closed neck. We thus conclude
that all dumbbell shapes in Fig. 12 involve very large free energy
barriers for the fission of their membrane necks, which pre-
vents this fission and, thus, the division of the GUV.

6 Giant vesicles with intramembrane
domains
6.1 Intramembrane domains in multi-component
membranes

Biological and biomimetic membranes are fluid, contain several
molecular ocmponents, and represent two-dimensional systems.
From a theoretical point of view, such membranes should be able
to undergo phase separation into two distinct fluid domains, in
close analogy to liquid mixtures in two or three dimensions.98,99

This theoretical prediction about fluid–fluid coexistence in mem-
branes has now been firmly established by many experimental
studies, in particular for GUV membranes consisting of ternary
lipid mixtures.13,21,100–104 In fact, fluid–fluid coexistence has even
been found in giant plasma membrane vesicles that contain a
wide assortment of different lipids and proteins.105,106

6.2 Domain-induced budding

Intramembrane domains are enclosed by a domain boundary
with a line free energy that is proportional to the length of this
boundary. The line free energy per unit length defines the line
tension ldb of the domain boundary, which is always positive
and acts to shorten the domain boundary. The competition
between the line tension ldb and the vesicles’s bending energy
leads to the budding of intramembrane domains as predicted
theoretically98,99,107,108 and confirmed by several experimental
studies of GUVs.13,14,21,102,103,109,110

6.3 Neck closure and multispheres

Vesicles with two intramembrane domains, denoted by a and b,
can form two-sphere vesicles when their volume is reduced by
osmotic deflation as depicted in Fig. 13. For a b-domain with a

Fig. 13 Shape transformations of spherical vesicles consisting of one a-
domain (red) with positive spontaneous curvature and one b-domain
(blue) with positive or negative spontaneous curvature mb: (a,b) for positive
mb, the spherical vesicle in (a) transforms into an out-budded two-sphere
vesicle as in (b); and (c,d) for negative mb, the spherical vesicle in (c)
transforms into an in-budded two-sphere vesicle as in (d). In both cases,
the volume-to-area ratio %v is reduced by osmotic deflation (-) from %v = 1
for the initial spherical shapes to %v o 1 for the final two-sphere shapes. This
transformation is reversible so that the initial shape can be recovered by
osmotic inflation (’).111

§ In this computation, the effective mean curvature Meff
ls of the experimentally

observed shapes is approximated by the corresponding curvature of the limit
shapes L2* which have the same m-values as the experimental shapes.
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positive bilayer asymmetry and, thus, a positive spontaneous
curvature mb 4 0, the volume reduction leads to an out-budded
(1 + 1)-sphere as in Fig. 13b. On the other hand, for a b-domain
with a negative bilayer asymmetry and, thus, a negative spon-
taneous curvature mb o 0, the volume reduction leads to an
in-budded (1 + 1)-sphere as in Fig. 13d. More precisely, the
stability conditions for the closed necks in Fig. 13 involve both
the mean curvatures of the two spheres as well as the two
spontaneous curvatures ma and mb of the a and b domains. In
addition, these stability conditions can involve the line tension
ldb of the (ab)-domain boundary depending on the Gaussian
curvature moduli of the two domains.111

6.4 Intramembrane domains with distinct bilayer
asymmetries

Using microfluidics, GUV membranes have been recently pre-
pared that possess different lipid compositions in their two
leaflets and, in addition, form intramembrane domains a and b
with distinct bilayer asymmetries.27 Additional contributions to
these asymmetries arise from anchor lipids that prefer one of
the two membrane domains and bind different proteins from
the exterior and/or interior solutions. As a consequence, one
can now fine-tune the spontaneous curvatures ma and mb of the
a and b domains independently. The GUVs prepared in this
way form membrane necks that undergo fission as displayed
in Fig. 14.

6.5 Curvature discontinuity along domain boundary

The theory of curvature elasticity leads to the prediction that
the mean curvature of a GUV membrane is discontinuous
across the ab domain boundary and attains two different
values, Ma,db and Mb,db on the a- and b-side of this boundary.
The discontinuity of the mean curvature is described by the
matching condition111

ka ma �Ma;db

� �
� kb mb �Mb;db

� �
¼ 1

2
kGa � kGbð ÞCkdb (18)

where the a and b domains have the spontaneous curvatures ma

and mb, the bending rigiditie ka and kb as well as the two
Gaussian curvature moduli kGa and kGb, and C8db represents
the second principal curvature parallel to the domain bound-
ary, which is continuous across this boundary. For the limiting

case, in which both domains have the same curvature-elastic
parameters, the matching condition in eqn (18) reduces to

m ¼ 1

2
Ma;db þMb;db

� �
, which is identical to the neck closure

condition for limit shapes as given by m = Meff
ls in eqn (2) and

(3). The curvature discontinuity as given by eqn (18) has been
confirmed by a systematic analysis of the observed out-budded
vesicle shape, see the first image in Fig. 14.27

7 GUV division by ESCRT proteins

ESCRT proteins are involved in many cellular processes and in
particular in the fission of membrane necks via the formation
of ESCRT filaments that bind to membrane segments close to
the membrane neck. The ESCRT-induced fission of membrane
necks can be demonstrated by in vitro experiments for the
division of GUVs based on a minimal set of three ESCRT-III
proteins from yeast cells (Saccharomyces cerevisiae)4 and from
parasitic protozoa (Entamoeba histolytica).5,9 In the present
context, it is important to emphasize that this minimal set of
three ESCRT-III proteins achieves GUV fission without any
coupling to an active process. In vivo, the ESCRT complex also
involves ATP hydrolysis by a membrane ATPase such as Vps3
but this coupling to ATP hydrolysis is only required for the
disassembly of the ESCRT complex from the membrane after
the neck fission has been completed.4

7.1 Sequential remodeling of GUVs by three ESCRT-III
proteins

The remodeling of GUVs by three ESCRT-III proteins can be
dissected into three sequential remodeling steps corresponding
to protein binding to the GUV membranes, formation of
membrane necks, and division of GUVs by fission of membrane
necks.4,5,9 First, when added to the exterior solution, the
ESCRT-III protein¶ EhVps20 is bound to the GUV membrane;
this membrane forms in-buds after the addition of the second
ESCRT-III protein EhVps32, which is an ortholog of the protein
Snf7 in yeast; finally, the membrane necks of the in-buds
undergo fission and the in-buds are released as small inter-
luminal vesicles into the interior of the giant vesicle when the
third ESCRT-III protein EhVps24 is added to the exterior
solution. None of the three ESCRT-III proteins EhVps20,
EhVps32, and EhVps24 hydrolyses ATP. The sequential remo-
deling of GUVs by the three ESCRT-III proteins is displayed in
Fig. 15.

7.2 Models for the neck closure by ESCRT-III proteins

Several models have been proposed to explain how the
membrane-bound ESCRT proteins lead to closed membrane
necks and generate a sufficiently large constriction force at
the membrane neck to cleave this neck.112 In these models, the
proteins are assumed to form a layer that adheres to the
membrane segment close to the neck. Two such models are
displayed in Fig. 16. In the dome model,113,114 the protein layer

Fig. 14 Time series of confocal images for the division of a GUV with two
intramembrane domains, a liquid-ordered (red) and a liquid-disordered
(green) domain.27 In the first image at time t = 240 s, the red domain forms
a bud with an open domain boundary and an open membrane neck. In the
second image at t = 300 s, this open neck has become closed and the red
domain forms a spherical out-bud. The last image at t = 330 s demon-
strates that the closed neck undergoes fission, thereby dividing the two-
domain GUV into a green and a red daughter vesicle. Scale bar: 20 mm. A
detailed analysis of the first image reveals that the membrane exhibits a
discontinuity along the domain boundary as predicted theoretically.111 ¶ The prefix ‘‘Eh’’ stands for Entamoeba histolytica.
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grows into a dome-like scaffold as schematically shown in
Fig. 16a. In the spiral spring or cone flattening model,114,115

on the other hand, the protein layer forms a cone-like scaffold
as in Fig. 16b that flattens during its growth. For both models,
one can compute the constriction force generated by the
protein layers at the membrane neck.114 This force is predicted
to vary from 60 to 100 pN in the dome model and from 100 to
140 pN in the flattening cone model.

8 Giant vesicles in contact with
condensate droplets

Condensate droplets are formed by liquid–liquid phase separa-
tion in aqueous solutions of macromolecules such as polymers
and proteins. Such macromolecular solutions, also known as
aqueous two-phase systems, have been applied for a long time
in biochemical analysis and biotechnology116 and are inti-
mately related to water-in-water emulsions.117,118 The interac-
tions of condensate droplets with vesicles leads to a variety of
different morphologies of the vesicle-droplet systems such as
partial and complete wetting of the membranes by the droplets;
in-budding and out-budding of the vesicle membranes; com-
plete engulfment of the droplets by the vesicle membrane;
formation of membrane nanotubes, which can attain multi-
spherical, cylindrical, or unduloidal shapes; transformations
from nanotubes to nanosheets consisting of membrane ‘‘pan-
cakes’’.32 Here, we will focus on the complete engulfment of the
condensate droplets by the vesicle membranes because these

engulfment processes create closed membrane necks as dis-
played in Fig. 17.

8.1 Complete engulfment of condensate droplets

Aqueous phase separation leads to the formation of two coex-
isting liquid phases, denoted by a and b. In general, both the
exterior aqueous solution outside of the vesicle and the interior
aqueous solution within the vesicle can undergo phase separa-
tion. The condensate droplets are then formed by nucleation of
the minority phase which occupies a smaller volume fraction
after phase separation compared to the majority phase. In
general, the minority phase is determined by the overall con-
centrations of the macromolecular solution. In Fig. 17a and b,
the minority phase is provided by the b phase which is formed
by nucleation within the majority phase a; in Fig. 17c and d, the
b droplet occupies a volume fraction that is larger than the
volume fraction of the a droplet.

Complete engulfment of condensate droplets as shown in
Fig. 17 is driven by a relatively large interfacial tension of the
ab-interface between the two coexisting liquid phases a and b.
More precisely, the vesicle-droplet system leads to complete
engulfment if the interfacial tension Sab is large compared to
the curvature-elastic tensions sag = 2kagmag

2 and sbg = 2kbgmbg
2

of the ag and bg membrane segments in contact with the a and
b phases.32

8.2 Different pathways for the closure of membrane necks

The closed membrane necks displayed in Fig. 17 are formed by
the closure of open membrane necks. The neck closure process
can proceed via different morphological pathways which are
distinguished by the sign of the constriction force f acting at the

Fig. 15 Sequential remodeling of an individual GUV membrane (red) by
three ESCRT-III proteins, which are added to the exterior solution: (a)
binding of EhVps20 (green) to the GUV membrane; (b) binding of EhVps32
(unlabeled) leads to the formation of many in-buds connected to the
mother vesicle by membrane necks; and (c) binding of EhVps24 (purple)
leads to fission of the in-buds which are then released as intraluminal
vesicles (red) into the interior solution.5,9

Fig. 16 Two theoretical models for the fission of a membrane neck
by ESCRT-III proteins, which bind to the inner leaflet of the neck and
assemble into a protein layer at the membrane: (a) in the dome
model,113,114 the protein layer grows towards the in-bud (green arrows),
thereby forming a dome-like scaffold for the membrane neck; and (b) in
the spiral spring or cone-flattening model,114,115 the protein layer grows
away from the in-bud (green arrows), forming a cone-like scaffold for the
neck that may flatten during the growth process. In both (a) and (b), the
membrane-bound protein layer generates a constriction force onto the
membrane neck, which depends on the adhesion free energy between
protein layer and membrane.114
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neck. The constriction force f depends on the curvarure-elastic
parameters of the two membrane segments ag and bg and may
also depend on the line tension lcl of the contact line between
the membrane and the droplet. More precisely, the constriction
force f depends on the line tension lcl if the contact line radius
Rcl vanishes together with the neck radius Rne as the neck
closes.32,111

However, the contact line radius may attain a finite limit
when the neck radius vanishes. One example for such a
behavior is depicted in Fig. 18, which applies to Gaussian
curvature moduli kG,bg and kG,ag that satisfy kG,ag o kG,bg.
In such a situation, the closed membrane neck is formed by
the bg membrane segment and the associated constriction
force f is then given by

f = 8pkbg(mbg � Meff
ij ) (19)

for positive spontaneous curvature, mbg 4 0, with the effective
mean curvature Meff

ij of the closed neck. As before, Meff
ij is a

purely geometric geometry that is positive for necks connecting
two spherical membrane segments i and j with positive mean
curvatures Mi and Mj. On the other hand, if the Gaussian
curvature moduli of the two membrane segments satisfy the
inequality kG,ag 4 kG,bg, the membrane neck is formed by the ag
segment and the corrresponding constriction force is obtained
from eqn (19) by replacing all subscripts bg in this equation by
subscripts ag.

8.2.1 Neck closure for positive constriction forces. For a
positive constriction force, f 4 0, and different Gaussian
curvature moduli, kG,ag a kG,bg, of the two membrane seg-
ments, the contact line is shifted away from the closing
membrane neck as schematically shown in Fig. 18 for kG,ag o
kG,bg. Estimating the Gaussian curvature moduli in terms of the
bending rigidities via kG,ag I �kag and kG,bg I �kbg, the
inequality kG,ag o kG,bg implies the inequality kag 4 kbg. The
closing neck is then formed by the bg membrane segment with
the less negative Gaussian curvature modulus and the smaller
bending rigidity. Furthermore, the shift of the contact line away
from the neck’s waistline as in Fig. 18 also has the consequence
that the contact line attains a finite radius Rcl in the limit of
zero neck radius Rne = 0.

8.2.2 Neck closure for negative constriction forces. For a
negative constriction force, f o 0, the vesicle-droplet system is
governed by a combination of the membrane’s bending energy
and the interfacial free energy of the ab interface, which is
proportional to the interfacial tension Sab. In the limit of small
neck radius Rne, the free energy E2Dr of the two-sphere shape in
Fig. 17c and d has the asymptotic behavior32

E2Dr(Rne) = E2Dr(Rne = 0) � |f|Rne + cabSabRne
2 (20)

with the dimensionless coefficient cab � 2p
	

1þ sin y�a
� �

4 0.
The free energy in eqn (20) exhibits a local mimimum at

Rne = |f|/(2cabSab), (21)

corresponding to a narrow neck with finite radius Rne 4 0.
8.2.3 Absence of neck fission and vesicle division. As

shown in Fig. 19b, complete engulfment by giant vesicle
membranes has been observed for phase separation of interior
PEG-dextran solutions, generating two spherical subcompart-
ments, with one subcompartment enclosing the PEG-rich a
droplet whereas the other subcompartment was filled with the
dextran-rich b droplet. However, these two subcompartments
remained connected by a long membrane nanotube as in
Fig. 19c, which implies that the membrane neck did not
undergo fission.120 The elongation of the membrane neck into
a membrane nanotube has also been observed in ref. 121 where
the nanotubes were denoted as ‘‘tethers’’. This morphological
pathway is unique to contact line necks of membranes in
contact with condensate droplets and is not possible for
domain boundary necks of two-domain vesicles as discussed
in Section 6. Indeed, the latter vesicles do not involve an ab
interface and their energy does not include the interfacial free
energy Eab B SabRne

2, which is, however, necessary in order to
stabilize a narrow neck with finite radius Rne 4 0 as described
by eqn (21) and displayed in Fig. 19c.

Fig. 17 Complete engulfment of condensate droplets: (a) and (b) con-
focal microscopy image and schematic drawing of a completely engulfed
b droplet, formed by nucleation within the majority phase a in the exterior
aqueous solution.119 The contact line neck is characterized by a negative
value of the effective mean curvatue; and (c) and (d) image and drawing of
completely engulfed a and b droplets arising from phase separation in the
interior aqueous solution.120 In all panels, the third liquid phase g is a
spectator phase, which is not involved in the phase separation.

Fig. 18 Axisymmetric membrane neck (purple/red) spanned by a small
segment of the ab interface (dotted green), which has the shape of a
spherical cap and forms the intrinsic contact angle y�a with the ag
membrane segment (red). The radius Rcl of the circular contact line
exceeds the radius Rne of the circular waistline of the neck. Such a
displacement of the contact line away from the neck’s waistline represents
one possible pathway for the axisymmetric neck closure when the two
membrane segments have different Gaussian curvature moduli kG,ag and
kG,bg with kG,ag o kG,bg.
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9 Nanovesicles in contact with
condensate droplets

In the previous section about giant vesicles in contact with
condensate droplets, we discussed several pathways for the
closure of the membrane neck. On the one hand, the
membrane necks were taken to close in an axisymmetric
manner, which represents the usual assumption in the litera-
ture. On the other hand, the membrane necks of the giant
vesicles adjacent to the condensate droplets did not undergo
fission.

In contrast, complete engulfment followed by neck fission
has been observed in molecular dynamics simulations, which
also revealed that the closed membrane neck can attain an
unusual tight-lipped shape that prevents the fission of this
neck.31,122 Whether the vesicle-droplet system takes the axisym-
metric or the non-axisymmetric pathway for the closure of the
membrane neck depends on the line tension lcl of the contact
line. In contrast to the line tension ldb of a domain boundary,
the line tension of a contact line can be positive or negative. In
fact, the sign of the contact line tension is controlled by the
stress asymmetry DSve = Sol � Sil between the two leaflet
tensions Sil and Sol as shown by extensive molecular dynamics
simulations.31 These simulations revealed that the line tension
is negative for relatively small stress asymmetries, including the
case of symmetric bilayers, but becomes positive for relatively
large stress asymmetries.

9.1 Fission of axisymmetric membrane necks

For relatively large stress asymmetries between the two bilayer
leaflets, the contact line tension is positive and the membrane
neck adjacent to the condensate droplet closes in an axisym-
metric manner as shown in Fig. 20. Such a closure process
leads to the fission of the membrane neck and the division of
the nanovesicle, see last snapshot in Fig. 20 at time t = 12 ms.

If the droplet size is too large, complete engulfment is not
possible without membrane rupture.30,31 This geometric con-
straint is obvious from an intuitive point of view and follows
from the isoperimetric inequality.31,123–125 In such a situation,
the engulfment process is terminated when the droplet has
been engulfed only partially, that is, when the contact area
between droplet and membrane is significantly smaller than
the surface area of the droplet.

9.2 Tight-lipped shape of membrane neck

The complete engulfment of the droplet can also proceed in a
non-axisymmetric manner and then leads to a strongly non-
circular contact line and to a tight-lipped shape of the closed
membrane neck.31 Such an unusual neck shape, which pre-
vents the fission of this neck, see the time-lapse snapshots in
Fig. 21, was first observed in molecular dynamics simulations
for complete engulfment of condensate droplets by planar
bilayers.122 Tight-lipped membrane necks are also formed
during the endocytosis of rigid nanoparticles.29

10 Summary and outlook

This paper addresses the division of vesicles via the formation
and fission of closed membrane necks as studied by theory,
experiment, and simulations. Using the effective mean curva-
ture Meff

ij of closed necks as in eqn (4), we can distinguish
positive from negative necks, a distinction that can be general-
ized to positive and negative multispheres as illustrated in
Fig. 4. For GUV membranes with a laterally uniform composi-
tion, both positive and negative necks are governed by simple
stability relations as given by eqn (2) and (3). These stability
relations provide inequalities between the effective mean cur-
vature Meff

ij of the membrane neck and the spontaneous curva-
ture m. The effective mean curvature is a purely geometric
quantity that can be directly deduced from the optical images
of GUVs.

The stability regime for positive two-sphere vesicles is dis-
played in Fig. 8. This stability regime has been confirmed
experimentally by studying GUVs doped with His-tagged GFP

Fig. 19 (a) Giant vesicle membrane (red) enclosing a PEG-rich droplet a
(black) and a dextran-rich droplet b (green). The vesicle is surrounded by
the spectator phase g (black); (b) osmotic deflation of the vesicle leads to
the formation of a membrane neck that connects the spherical membrane
segments around the a and b droplets; and (c) further deflation of the
vesicle leads to the elongation of the membrane neck into a membrane
nanotube between the two spherical membrane segments. Scale bar:
25 mm. Reused with permission from ref. 120, John Wiley and Sons, 2017.

Fig. 20 Endocytosis of condensate droplet (green) via axisymmetric
engulfment, followed by the division of the nanovesicle (purple-grey) into
two nested daughter vesicles: at time t = 0 ms, the droplet is partially
engulfed by the vesicle membrane, which forms an open membrane neck.
At t = 4 ms, the neck closes and the droplet becomes completely engulfed.
The neck undergoes fission at t = 9 ms, generating a small intraluminal
vesicle around the droplet. The vesicle membrane contains Nol = 5500
lipids in its outer and Nil = 4600 lipids in its inner leaflet. Such an
axisymmetric process is observed for positive line tensions, lcl 4 0, of
the contact line.31
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(Fig. 9). The GFP molecules bind from the exterior solution to
anchor lipids within the GUV membranes as in Fig. 7. The
coverage of the membrane by the protein molecules can be
controlled by the mole fraction of the anchor lipids and by the
nanomolar protein concentration in the exterior solution. As a
result, one finds that the spontaneous curvature m increases
linearly with the nanomolar protein concentration X as
described by eqn (13). In addition, the theory predicts that
the constriction force fpos at a positive neck is proportional to
the excess curvature (m � Meff

ij ) as in eqn (14). For a sufficiently
large constriction force, the closed membrane neck undergoes
fission as observed experimentally for a sufficiently large
increase of the GFP concentration in the exterior solution
(Fig. 10). The free energy landscape for neck fission and vesicle
division is provided in Fig. 11 with a visualization of the
corresponding free energy barrier.

Membrane necks can undergo active shape oscillations
between open and nearly closed states as described in Section
5 and displayed in Fig. 12. These oscillations are driven by Min
proteins that bind to the inner leaflet of the GUV membrane
and hydrolyze ATP. The GUV displayed in Fig. 10 undergoes 26
complete oscillations with an average oscillation period of
55.9 s. Thus, the nearly closed membrane neck is stable against
fission for at least 24 minutes. The smallest neck radius is
estimated to be 120 nm (Fig. 12c), which cannot be resolved by
conventional light microscopy but is still sufficiently large to
create a high energy barrier that prevents the fission of the
neck. The absence of neck fission for the GUV in Fig. 12
provides strong evidence that the vesicles need to form (almost)
closed membrane necks in order to undergo division via neck
fission.

Closed membrane necks can also be formed by the osmotic
deflation of GUVs with intramembrane domains as schemati-
cally shown in Fig. 13. The division of such vesicles with
positive membrane necks has been recently observed experi-
mentally, see the example in Fig. 14. Likewise, the formation

and fission of negative necks can be induced by three ESCRT-III
proteins and then leads to intraluminal vesicles as displayed
in Fig. 15.

On the other hand, GUVs in contact with condensate dro-
plets form two-sphere shapes as illustrated in Fig. 17 but the
membrane necks of these shapes did not undergo fission so
far. Instead, the necks were observed to become extended into
long nanotubes as displayed in Fig. 19. The absence of neck
fission for these vesicle-droplet systems can be explained by the
competition between the interfacial tension Sab of the droplets
with a negative constriction force, f o 0, as described by
eqn (20) and (21).

Droplet-induced fission has, however, been observed in
molecular dynamics simulations for positive line tension of
the contact line as shown in Fig. 20. These simulations also
revealed that a negative contact line tension leads to closed
membrane necks with an unusual, tight-lipped shape as
in Fig. 21.

The view presented here can be further scrutinized by future
studies. One interesting topic is to vary the geometric and/or
curvature-elastic parameters for the shape oscillations of vesi-
cles with Min proteins (Fig. 12) because it should be possible to
truncate these oscillations and to induce neck fission by bind-
ing additional molecules to the outer leaflet of the GUV.
Another interesting topic is to vary the curvature-elastic parameters
of the GUVs exposed to condensate droplets, thereby finding
parameter values that lead to vesicle division. Using molecular
dynamics simulations, one should be able to study the behavior of
domain boundaries and contact lines during neck closure of
nanovesicles. These studies will further eludicate the concept of
Gaussian curvature moduli at the nanoscale.

Finally, the behavior of membrane necks as discussed here
for biomimetic membranes will also be relevant for cellular
membranes. One example is the remodeling of intracellular
membranes by enveloped viruses which create replication factories
connected to these membranes. Two examples for such a virus-
induced remodeling of the membrane architecture are displayed
in Fig. 22 for the membrane of the endoplasmic reticulum.

Fig. 21 Non-axisymmetric engulfment of condensate droplet (green),
leading to a tight-lipped shape of the membrane neck that prevents neck
fission: vesicle bilayer (purple-grey) with Nol = 5963 lipids in its outer and
Nil = 4137 lipids in its inner leaflet. At t = 0, the droplet is partially engulfed
by the vesicle membrane with an axisymmetric contact line, as indicated
by the white dashed circle. The axial symmetry is broken at t = 5 ms, as
follows from the strongly non-circular and highly elongated contact lines
for t Z 5 ms, as indicated by the white dashed rectangles. Such a non-
axisymmetric process is observed for negative line tensions, lcl o 0, of the
contact line.31

Fig. 22 Remodeling of the endoplasmic reticulum (ER) by viruses that
create replication factories: electron tomographs of replication factories
as built by dengue viruses in (a) and by hepatitis C viruses in (b). The ER
membrane in (a) forms in-budded vesicles (Ve) with inward-pointing
membrane necks, whereas the ER membrane in (b) is reshaped into out-
budded double-membrane vesicles (DMV) with outward-pointing
membrane necks. Some of the necks are indicated by yellow arrows.
Scale bars: 50 nm.126
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