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Current research into the morphology of lipid membranes focuses on
three areas: first, the transformations and fluctuations of the shape of
freely suspended vesicles; second, the morphology of membranes that
experience mutual interactions or external forces arising, for example, from
a macroscopic surface or from optical tweezers; and third, the behavior of
heterogeneous membranes with respect to bilayer asymmetry, intramembrane
domains and anchored polymers. Our understanding of the morphology of
lipid membranes has progressed substantially through the development of
experimental techniques and theories.
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Introduction

To a large extent, the fascinating morphology of
biological membranes is due to their fluidity, in other
words, to the ability of the molecules within them
to move laterally along the membranes. This property
becomes apparent when studying lipid bilayers that
contain only one or a few molecular components.
Indeed, in their fluid state, even relatively simple lipid
membranes exhibit a rather complex morphology, as will
be reviewed below.

First, I will consider the morphology of freely suspended
membranes. These membranes form closed vesicles
which exhibit a variety of different shapes and shape
transformations. In particular, toroidal vesicles have
now become accessible using new preparation methods
and have been observed to undergo a novel diffusion
process, termed conformal diffusion. Next, I will
discuss the morphology of interacting membranes: the
adhesion of vesicles to a macroscopic interface, the
mutual interaction of membranes within membrane
bunches, and the interaction of membranes with optical
tweezers. Finally, [ will review our current understanding
of the behavior of heterogeneous membranes. The
heterogeneity can arise from an asymmetry in the bilayer
composition, from the formation of intramembrane
domains, and from flexible or stiff polymers that are
anchored in the membrane.

This review covers experimental and theoretical work
that has been performed during the past few years. |
have also included some of the pioneering papers in
which a certain approach has been used for the first time.
In order to comply with the rules of this journal, I have
annotated only those papers which were published since
1994. For a more complete discussion of the structure

and dynamics of lipid membranes, the interested reader
is referred to a recent handbook [1°¢].

Freely suspended membranes

There are several preparation methods by which one can
produce relatively large vesicles (with a linear size of the
order of 10 um) which can then be studied by optical
microscopy. In a freely suspended state, these vesicles
can exhibit a large variety of different shapes and various
shape transformations, as illustrated in Figure 1.
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Fig. 1. Temperature-induced ‘endocytosis’. (a) A unilamellar

dimyristoyl phosphatidyl choline (DMPC) vesicle observed by
phase contrast microscopy during a temperature increase of less
than 1°C; (b) theoretical shapes of minimal bending energy with
constraints on volume, area, and total mean curvature. The shape
at far right represents a smalt spherical bud that is contained in the
larger sphere; both spheres are connected by a small neck or ‘worm-
hole’.

Shape transformations of vesicles

It was realized about twenty years ago that the shape
of vesicles composed of fluid membranes is governed
by curvature and bending elasticity [2-4]. Even so,
systematic attempts to change the vesicle shape via a
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control parameter such as temperature and to compare
experimental observations and theoretical calculations in
a quantitative way have been made only quite recently.
The example shown in Figure 1 represents one of the
first attempts in this direction [5]. In the past couple
of years, this work has been extended and refined
in various ways. As a result, we now have a rather
detailed theoretical model for lipid bilayers that have a
homogeneous composition [6,7°]. For a guide to the
literature on this subject, see [8¢].

Shape fluctuations

Lipid membranes undergo thermally excited bend-
ing undulations which consist of fluctuations with a
wide range of wavelengths from molecular dimen-
sions up to the membrane size. Fluctuations with
wavelengths which exceed about half a micrometer
can be observed directly, under the light microscope.
The intensity of these fluctuations depends on the
temperature and the bending rigidity (the elastic
modulus). Thus, these intensities can be used to
estimate the elastic modulus; larger values indicate
a more rigid membrane and smaller values a more
flexible membrane. For dimyristoyl phosphatidyl choline
(DMPC), the bending rigidities deduced in this way
lie in the range (1-2)x 10-19] =(20-40) kgT [9,10],
whereas micropipette aspiration techniques gave the
somewhat smaller estimate 0.6x10-19] =12 kgT [11].
For egg PC, the bending rigidities were found to be
(0.4-0.8) X 10-19] [12,13].

Bending undulations with sufficiently long wavelengths
are damped by the viscosity of the liquid surrounding the
membrane [14]. Recently, Evans et al. [15] postulated
another dissipation mechanism, one that arises from
the friction between the two monolayers of the
bilayer. The interplay between these two dissipation
mechanisms leads to interesting cross-over phenomena
in the relaxation times [16]. (These times are a
function of the wavelength; the functional dependence
[called a dispersion relation] depends on the dissipation
mechanism. Thus, one has one dependence for small
wavelengths, and another for large wavelengths.) The
relaxation times are consistent with results from neutron
spin echo experiments for a stack of bilayers [17].

Strong shape fluctuations pose several challenging the-
oretical problems, such as the constraint of constant
area (which implies an effective lateral tension for the
bending undulations [18,19,20°]) and the consistent
prescription of how to sum over all shape configurations
of the fluctuating membrane {21¢]. The bending undu-
lations also affect the size distribution of vesicles: until
recently, it was generally believed that this distribution
should have a broad maximum at intermediate sizes; in
contrast, a recent calculation [22°] predicts that the peak
of this distribution is at the minimal vesicle size.

The concept of a bending mode is no longer mean-
ingful when its wavelength becomes of the order of
the membrane thickness. On these small scales, the

molecular structure of the lipid—water interface should
be taken into account. This interface is roughened by
the relative displacements of the lipid head groups, as has
been observed in computer simulations [23,24] and in
scattering experiments [25-27]. The resulting molecular
roughness acts to reduce the bending rigidity [28°].

Ultraflexible membranes and branched vesicles

For bending rigidities that are large compared to kgT,
the bending undulations represent small perturbations
of the average shape. On the other hand, if the
bending rigidities were comparable to kgT, these
fluctuations would determine the shape as observed
in Monte Carlo simulations [29,30°]: unless they were
inflated by osmotic pressure (in which case they
eventually became spherical), vesicles composed of such
ultraflexible membranes were found to have the same
geometric properties as branched polymers.

Toroidal vesicles

Even though the shapes shown in Figure 1 are quite
different from the shape of a sphere, these shapes still
have the same topology as a sphere. A different topology
is obtained for toroidal vesicles with one or several
‘handles’. Toroidal shapes have long been studied by
mathematicians but the area and volume constraints as
applicable to vesicles have been included only quite
recently [31]. In addition, a new preparation technique
has been introduced by which one can produce such
vesicles from diacetylen PC [32].

One interesting aspect of toroidal vesicles with two
or more handles is the appearance of a new diffu-
sion process, termed conformal diffusion, which was
first predicted theoretically [33]. In this process, the
vesicle undergoes continuous shape changes which
correspond to conformal transformations of the shape
(see Fig. 2a—c). Very recently, such a process has
also been observed experimentally (X Michalet, D
Bensimon, personal communication). In another set
of experiments, toroidal vesicles which consist of two
concentric membranes connected by several necks have
been observed to undergo strong positional fluctuations
(Fig. 2d,e) [34**]. In addition, one expects strong
fluctuations in the radius of such a neck [35].

Interacting membranes

When dissolved in water, lipid membranes form a large
variety of structures in which the membranes experience
mutual interactions: multilamellar vesicles, oriented
bunches and stacks, ‘myelin structures’ consisting of
multilamellar cylinders etc. In addition, these membranes
can adhere to a macroscopic interface such as the
container wall or the water—air interface. In the latter
case, they experience an extended external force which
depends on the chemical composition and structure
of the interface. Finally, lipid membranes may interact
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Fig. 2. Conformal diffusion of a toroidal
vesicle with two handles: all shapes have
the same bending energy, surface area,
enclosed volume, and total mean cur-
vature. The shapes in (a) and (c) pos-
sess one symmetry plane perpendicular
to the plane of the figure. Toroidal vesi-
cles consisting of two nearby concentric
membranes connected by several necks
(indicated with arrows). Rows (d) and (e)
show two subsequent snapshots of one

with localized forces arising, for example, from optical
tweezers.

Adhesion of vesicles

A vesicle that is attracted towards another surface gains
adhesion energy but has to increase its bending energy.
This implies that the attractive surface potential must
exceed a certain threshold value before adhesion sets
in [36,37). Two geometries have been experimentally
explored: firstly, the mutual adhesion of two vesicles
that are sucked into two micropipettes under the optical
microscope [37,38] and secondly, one vesicle that is
attracted towards a solid substrate and that is observed by
reflection interference microscopy [39,40*]. In the latter
case, the bound vesicle is usually stabilized by gravity, that
is to say, it is filled with a solution that is denser than the
surrounding liquid. Recent theoretical studies show that
this stabilization has a substantial, deforming effect on
the adhering shapes (M Kraus, U Seifert, R Lipowsky,
unpublished data).

vesicle. The bars indicate 10 um.

By reflection interference microscopy, one can also study
the shape fluctuations within the contact region. This
has been done recently using stearyl oleyl phosphatidyl
choline (SOPC) vesicles [40**]. For relatively weak
adhesion, the vesicle membrane is observed to undergo
strong fluctuations, and one can measure both the mean
separation between membrane and adhesive substrate
and the roughness of the membrane. In this way,
one may estimate the effective interaction between the
membrane and the surface that is renormalized by the
bending undulations.

Renormalization of repulsive interactions

Two surfaces which have an effectively repulsive interac-
tion may be pushed together by an external pressure or
constraint. In this case, the bending undulations induce
a repulsive interaction which is long-ranged and behaves
as 1/I2 for large surface separation I This interaction
was originally predicted by scaling arguments [41]. The
widespread interpretation that this interaction reflects
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the collisions or close contacts between the surfaces is
misleading, because the probability for close contacts
decays according to 1/B for large ! (C Hiergeist, R
Lipowsky, unpublished data) [42°].

Renormalization of attractive interactions

If the two surfaces experience a mutual attraction, the
renormalization by bending undulations leads to an
unbinding transition, as first predicted theoretically [43]
and then observed experimentally using bunches of (gly-
colipid) digalactosyl diglyceride (DGDG) membranes
[44]. For neutral surfaces, this transition is predicted
to be continuous, but for charged surfaces, the direct
interaction may exhibit a potential-energy barrier in
addition to the attractive potential-energy well [45].
In the latter case, the fluctuating membrane ‘tunnels’
through sufficiently weak barriers but is trapped by
sufficiently large ones. Thus, the unbinding transition
is continuous for weak barriers and discontinuous
for strong barriers [46°] (A Ammann, R Lipowsky,
unpublished data).

Bunches and stacks of membranes

Bulk samples of a large number of oriented bilayers have
been studied for a long time. In this case, the separation
of the membranes can be controlled by the osmotic stress
method, in which the membranes are pushed together
by an osmotic pressure [47°]. One may also observe
bunches and stacks that consist of a relatively small
number of bilayers: one example is oriented bilayer
stacks at the air—water interface [48]. The behavior of
such systems has recently been studied theoretically by
approximate mean-field theories [49] and by Monte
Carlo simulations [50,51%]; analytical theory has also
been developed for bundles of one-dimensional strings,
which exhibit the same cooperative behavior as bunches
of two-dimensional membranes [42¢,52°].

Mutz and Helfrich [44] and Netz and I [50] found
that a freely suspended bunch containing N identical
membranes unbinds at a unique unbinding temperature
which is independent of N. Furthermore, in the limit of
large N, the transition is predicted to be rather abrupt
and thus to resemble a discontinuous transition, even
though it is still a continuous one [42¢]. If the stack
of N membranes is attracted towards a rigid surface, on
the other hand, it can undergo N successive unbinding
transitions in which one membrane after another peels
off [50,52¢]. Such peeling processes should always occur
during the formation of vesicles from oriented samples
and have been explicitly observed for many multilayer
systems (see, for example, [53,54¢]).

Tension-induced adhesion

Lateral tension suppresses the bending undulations and
thus suppresses fluctuation-induced repulsion. There-
fore, lateral tension can induce adhesion. This phe-
nomenon has recently been studied with respect to the
adhesion of vesicles [40°*] (U Seifert, personal com-

munication) and the adhesion of oriented membrane
segments [51°]. Helfrich {55,56%] has argued that, for
PC and for phosphatidyl ethanolamine (PE) bilayers, a
detailed comparison between experiment and theory
for this tension-induced adhesion process implies a
hidden reservoir of membrane area. He has postulated
that this area is stored in a membrane superstructure
which consists of an array of saddle-shaped membrane
segments. Additional evidence for such a superstructure
has been obtained with clectron microscopy [56°] but
more experiments are certainly needed in order to clarify
this issue.

Shape transformations induced by optical tweezers
Optical tweezers provide localized light traps and can be
used to manipulate various objects in the micrometer
size range. Recently, such tweezers have been directly
applied to DMPC bilayers and were found to induce
novel shape transformations (see Fig. 3) [57**]. For
the cylindrical geometry shown in Figure 3a, the
tweezers seem to induce a tension which transforms the
cylinder into a chain of pearls (Fig. 3d), in analogy to
the Plateau-Rayleigh instability of capillary tubes: the
cylinder has a surface area (and, thus, a surface free
energy) which exceeds the area (and the free energy)
of the chain of pearls. The selected wavelength for
inducing membrane instability has been determined
in the framework of a hydrodynamic model [58°].
Dramatic effects on the membrane morphology can also
be observed when these optical tweezers are applied to
bunches of bound membranes (R Bar-Ziv, R Menes, E
Moses, SA Safran, personal communication).

Heterogeneous membranes

Biomembranes contain a large number of different lipid
and protein components which are organized in a rather
complex manner. Firstly, the lipid—protein bilayer is
asymmetric (i.e. the composition of the two monolayers
is different) [59]; secondly, the lateral composition along
the membrane is non-uniform, as both lipids and
proteins are organized into intramembrane domains
[60,61]; and thirdly, the membrane is decorated with
macromolecules that stick out from the membrane
and govern the interaction of the membrane with its
surroundings. These aspects of membrane heterogeneity
can be studied in different types of model membranes.

Flexibility of multicomponent membranes

Several attempts have been made to estimate the
bending rigidity of a lipid bilayer that contains several
components. For a membrane with two phospholipid
components, the simplest approach is to use a lever
rule for the inverse bending rigidities [62]. If the
membrane contains a small number of molecules with
a conical shape, the lateral diffusion of these molecules
leads to a reduction of the bending rigidity [63], as has
been estimated recently from refined theoretical models
[64*] (RR Netz, P Pincus, personal communication).
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Fig. 3. Cylindrical tube of DMPC that is perturbed by optical tweezers undergoes a pearling instability. (a) Initial application of the tweezers
at time t=0; (b) t=9s; () the tweezers are turned off at t=30s; (d) periodic structure at a different position of the tube after t=223s. The

length of the displayed tube segment is 81.5 um. (Courtesy of E Moses).

On the experimental side, the bending rigidity of
phospholipid/cholesterol mixtures has been studied in
some detail: it was found to increase fourfold for DMPC
bilayers with 30 mole percent cholesterol [10] and
threefold for SOPC bilayers with (40-50) mole percent
cholesterol [11,65].

Bilayer asymmetry and curvature

It has been known for a long time that small vesicles
that are composed of two different lipids, such as PC
and PE, exhibit a strong asymmetry in the composition
of the two monolayers of the bilayer [66]. This
compositional asymmetry reduces the mismatch, or
frustration, between the spontaneous curvatures of the
two monolayers as has been recently discussed for
surfactant vesicles [67].

Bilayer asymmetry in large vesicles has been induced by
two methods [68], (BLS Mui, HG Dobereiner, TD
Madden, PR Cullis, personal communication): in the
first method, in a lipid mixture containing the neutral
lipid PC and a small amount of phosphatidyl glycerol
(PG), the anionic PG was redistributed by means of a

pH gradient; in the second method, lysolipid molecules,
which have only one hydrocarbon chain, were added to
the outer monolayer of the vesicle membrane. In both
cases, the bilayer asymmetry led to pronounced shape
transformations of the vesicles.

It has been found theoretically that a small asymmetry of
the bilayer will have a rather strong effect on the shape
transformations induced by a change in temperature
[5]. In this way, a small asymmetry on molecular scales
becomes amplified up to mesoscopic scales. This is one
example of the sensitivity of lipid membranes to small
perturbations in their molecular structure.

Curvature-induced segregation within membranes

In a multicomponent bilayer, surfactants or lipids with
a conical shape will diffuse towards membrane regions
with an appropriate curvature. Thus, the curvature of
the membrane may induce phase segregation between
the different molecules, as has recently been discussed
theoretically [69]. Fischer [70°] proposed a similar
mechanism in order to explain the dynamics of budding.
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The lipids that are enriched in the curved membrane
region could lower the bending ridigity of this region.
This would increase the curvature and thus the
concentration of lipids within this region (provided these
lipids do not repel each other too strongly). Such positive
feedback could lead to very flexible domains within
the membrane and could explain the high degree of
flexibility of vesicles composed of phospholipids and
cholates which have recently been reported to penetrate
the skin [71°].

Different mechanisms for domain formation

Mixtures of lipids exhibit two-phase coexistence re-
gions, where several thermodynamic phases coexist
[72+,73°]. In many cases, a fluid phase and a solid
or gel phase coexist. In addition, some mixtures,
such as dielaidoyl PC/dipalmitoyl PE [74], phos-
pholipid/cholesterol [75,76,77*], and palmitoyl oleyl
phosphatidyl serine (POPS)/didodecanoyl PC [78°],
exhibit two-phase coexistence regions where both
phases are fluid. If the bilayer is prepared in a coexistence
region, it will undergo phase separation, which leads to
the formation of intramembrane domains.

Integral proteins in biomembranes may be randomly
distributed or may aggregate within the membrane.
X-ray scattering, with the momentum transfer confined
in the plane of the membrane, is a new experimental
tool by which one may distinguish these different states
[79]. From the theoretical point of view, the effective
interaction between two integral proteins contains
several contributions: short-range interactions, which are
usually attractive, arising from the perturbation of the
molecular structure of the lipid bilayer [80,81]; long-
range repulsive interactions between conicai molecules
arising from the bending deformations of the bilayer
[82,83]; and long-range attractive interactions induced
by the thermally excited bending fluctuations [83].

Another mechanism for domain formation is provided
by polymerizable lipids: lipid molecules that have two
or even more reactive units can be polymerized within
the bilayer membrane. As a result, one obtains ‘fuzzy’
domains consisting of a branched polymer which is
completely embedded in the bilayer [84].

Ordered domains and curvature modulations

The domains that are produced by phase separation of
lipid bilayers often form ordered patterns, as originally
observed by freeze fracture and electron microscopy
[85]. From the theoretical point of view, striped
phases and hexagonal arrays of domains have been
studied using essentially flat membranes under lateral
tension [86,87,88%], and uniaxial striped domains have
been studied using cylindrical vesicles [62,87]. If the
domains and the membrane matrix have different
elastic properties, the membrane will exhibit curvature
modulations induced by the phase separation.

Domain-induced budding and fission

‘When subjected to low levels of lateral tension, a fluid
domain can undergo a budding process, as shown in
Figure 3 [89,90]. Inspection of this figure shows that
the length of the domain boundary decreases during
the budding process. Thus, this shape transformation
is driven by the edge or line tension of this domain
boundary. Simple estimates also show that the bud
is likely to break off from the membrane matrix.
Such budding and fission processes have been observed
experimentally for vesicles composed of DMPC and
cholesterol [91].

Cone

Sphere

© 1995 Current Opinion in Structural Biology

Fig. 4. Shape transformations of heterogeneous membranes. (a) An
intramembrane domain (B) in a membrane matrix (a) undergoes a
budding transformation as soon as its size has reached a certain
threshold value; stages are indicated by (1), (2) and (3). (b) A mem-
brane segment that is decorated with an anchored polymer (bold,
wavy line) is bent by this polymer.

Membranes decorated by anchored polymers

A polymer can be attached to the bilayer membrane in
several ways: by a lipid anchor, where one end of the
polymer is covalently bound to the head group of the
lipid molecule [92,93]; by hydrophobic sidegroups of
the polymer which are inserted into the bilayer [94,95];
and by membrane-spanning hydrophobic domains of the
polymer. The last method is the typical situation for
membrane-bound proteins.

I have recently shown that such an anchored polymer
tends to exert fluctuation forces on the bilayer membrane
that bend the membrane away from the polymer (see
Fig. 4) [96*]. This mechanism could explain some of the
shape transformations of DMPC vesicles experimentally
induced by changing the conformation of the anchored
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polymers [94,95] (J Simon, M Kiihner, H Ringsdorf, E
Sackmann, personal communication).

Anchored rods and specific adhesion

Cell membranes adhere via specific cell adhesion
molecules, which are relatively stift rod-like molecules
anchored in the bilayer membrane. In some cases, pairs
of such molecules act as receptors and counter-receptors
(or ligands) and form molecular bridges between the
membranes [97,98,99*]. The binding energy of such
molecular bonds can be larger than the energy required
to uproot one of the receptors from the membrane;
this effect has been observed with agglutinin-bonded red
blood cells [100].

One receptor-ligand pair that has recently been studied
in some detail is biotin and avidin or streptavidin
[1012,102¢]. In particular, it has been observed that
dilauroyl PC vesicles that contain biotin with dipalmitoyl
PE anchors start to aggregate if one adds streptavidin to
the aqueous solution and to unbind again if one adds
soluble biotin, which competes with the anchored biotin
for binding streptavidin [102*]. During the aggregation
process, the shape of the vesicles remains essentially
unchanged, implying that the vesicles are bound by
focal bonds consisting of one or a few clustered
biotin—streptavidin—biotin bridges.

Conclusions

During the past couple of years, our understanding of the
morphology of lipid membranes has improved substan-
tially. On the one hand, new experimental techniques,
such as interference reflection microscopy and optical
tweezers, have been further developed that give rather
detailed information on membrane behavior and allow
us to manipulate the bilayer membranes in new ways. On
the other hand, many qualitative ideas have been turned
into systematic theories which make definite predictions
about the cooperative behavior of these membranes. In
many cases, theoretical considerations and experimental
observations are in fair agreement.

The experimental and theoretical work has also shown,
however, that the membrane behavior on mesoscopic
scales is quite scnsitive to small perturbations of
the membrane structure on molecular scales. Such
perturbations can arise, for example from chemical
heterogeneities such as colipids with unsaturated hydro-
carbon chains or from hydrophobic molecules embedded
in the bilayer. In general, these additional molecules lead
to local variations in the spontaneous curvature of the
lipid membrane, increase the molecular roughness of the
lipid water interfaces, and change the activation energies
for structural defects such as pores.

In order to eliminate variables on the molecular
level, the preparation procedures for lipid membranes
should be further improved. In addition, more efforts
should be devoted both to experimental work and to

computer simulations in which one systematically studies
the dependence of material parameters (such as the
bending rigidity) on the chemical composition of the
membranes.

Finally, another very promising avenue for future
research involves lipid membranes coupled to polymer
networks. One prominent example is the coupling
between the cell membrane and the filaments of
the cytoskeleton, which is believed to determine
the mechanical properties of the cell such as cell
shape, cell locomotion, and cell division. On the
molecular level, a lot has been learned recently about
the membrane—cytoskeleton interaction [103*]. What
remains to be done is to build model systems in which
the cooperative behavior arising from this interaction can
be studied in a systematic way.
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