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General Preface

What is Biological Physics?

A short definition of Biological Physics is “The physics of the life processes”. As-
pects of the life processes are studied in light of the laws of nature, which are assumed
to be equally valid for living and dead matter, with physical concepts and methods.
A multidisciplinarian approach brings together elements from biology — knowledge
of the problem that is attacked — and from the physical sciences — the techniques
and the methodology for solving the problem. Biological Physics is unlike any other
physical (sub)discipline in one aspect: the observer and the examiner of the natural
phenomena, as well as the conceptualizer are themselves object of study.

While this leads to interesting knowledge-theoretical problems in biophysical fields
as the psychophysics of perception, normally this distinction is not important. In
principle, Biological Physics covers the physics of all of biology, including medicine,
and therefore its range is extremely broad. Hence, it is useful to classify research
in biological physics according to the biological level of aggregation: molecular,
cellular, supracellular and organismal. On every level one may further distinguish
structural organization and function, and the relation between the two. In addition
one may discriminate, even on a molecular level, processes of growth and structural
differentiation, regulation of the energetic and material properties of the internal
medium (thermodynamics, mass transport), sensory and neuro-motoric processes,
etc.

Why a Handbook of Biological Physics?

It will be clear that even with the above ways of differentiating between its fields
and subfields, Biological Physics is not a discipline that is easily covered by one or
a few monographs. Yet, there is a need to bring order in the growing complexity
of research in Biological Physics, to present the experimental results obtained in the
manifold of its (sub)fields, and their interpretation, in a clear and concise manner,
such that physicists with an interest in certain biological problems will find an in-
depth and yet digestible coverage of a particular field, while biologists may learn to
what extent the physical approach helps in solving problems in their respective fields.
Furthermore, for appreciating the significance of the many branches of Biological
Physics and to help guide the rapid evolution of the various subfields, it is necessary
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to take time for assessing the results gathered over the past years, connect them to
research in other, perhaps at first sight unrelated, fields and to reflect on the direction
in which the field should, or is likely to move.

A good way to answer the need for assessment and reflection is setting up a
series of interconnected volumes, each devoted to a certain subfield that is covered
in depth and with great attention to the clarity of presentation. A series conceived
in such a way that interrelations between fields and subfields are made clear, areas
are identified in which a concentrated effort might solve a long-standing problem
and, ideally, an evaluation is presented to which extent the application of physical
concepts and methodologies, with often considerable effort in terms of personal and
material input, has advanced our understanding of the biological process under study.
The Handbook of Biological Physics, of which the present work is the first volume,
is conceived to become such a series.

The Handbook of Biological Physics, an outline

Individual volumes of the Handbook are devoted to an entire “system” unless the
field is very active or extended (as, e.g., for membranes or vision research), in which
case the system will be broken down into two or more subsystems. A system can be
a “membrane”, a cell, the peripheral part of a sensory or motor system, part of the
brain, a complete perceptual system, a sensorimotor system, etc., as long as it has
been studied using biophysical methods. Depending on the subject, there will be an
emphasis on physical chemistry approaches (emphasis on structure at the molecular
level) and biophysical approaches (emphasis on mechanisms).

The guiding principle of planning the individual volumes is that of going from
simple, well-defined concepts and model systems on a molecular level, to the highly
complex structures and working mechanisms of living matter. That is, every volume
will be written in a bottom-up fashion. Each volume will contain an introductory
chapter defining the place of each of the other chapters into this bottom-up approach.
Ideally this introduction will define the “Black Box” and some of the sub-boxes
constituting the system. This chapter will usually be followed by a morphologi-
cal/structural chapter sufficiently detailed to form a basis for the later physiological
and biophysical chapters. Generally the volume will end with a closing chapter indi-
cating which parts of the black box have become somewhat “grey” or even “white”,
and providing an outlook into the future.

Planned volumes

It goes without saying that the Handbook of Biological Physics as outlined above is
an ambitious undertaking, which will take many years to complete. It is therefore
not possible to present an exhaustive list of planned volume topics. The “bottom-up”
approach adopted for individual volumes, is also the guideline for the entire series.
This means that the Handbook starts with a number of volumes devoted to molecular
and supramolecular systems, and will continue with several volumes on cellular and
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supracellular systems. Finally, a number of volumes is planned on the biophysics of
suborganismal systems and whole organisms.

Volumes presently completed, in statu nascendi, and tentatively planned are:

The Biophysics of Membranes I, Part 1 and 2.

The Biophysics of Membranes II, transport phenomena, signalling.
Vision I, molecular aspects and the retina.

Neuro-informatics I, neural modelling.

Neuro-informatics II, information processing.

Vision II, perception, pattern recognition, imaging.

Photosynthesis and electron transport.

Fluid dynamics and chaos.

Motion and contractile systems.

10. The vestibular system.

11. Hearing.

12. Electro-reception and magnetic field effects.

Of course, the above list is, apart from the first four or five volumes, tentative and
subject to change, and must not be construed as providing a complete overview of
research in Biological Physics. Further volumes will be added as the need arises.

In conceiving the Handbook of Biological Physics I have had help from many
sides. It is a great pleasure to acknowledge the brainstorming sessions with Anita de
Waard of Elsevier Science, who was instrumental in putting the idea of a Handbook
of Biological Physics on a sure footing. Without the expertise and constructive
help of Jos Eggermont in the initial stages of the project I doubt that the Handbook
would ever have seen the light. The support of Elsevier Science and its staff was
and continues to be, essential for the successful outcome of the enterprise. It is
our hope that the Handbook will find a warm welcome in the Biological Physics
Community, and that those who find occasion to read and peruse one of its volumes,
will communicate to us their criticisms and suggestions for the future development
of the project.

XIS W~

Leiden, Spring 1995
Arnold J. Hoff
Editor
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Preface to Volume 1B
Generic and Specific Interactions:
Introduction and Overview

All living matter is built up from cells. This has already been realized during the
last century. However, the general principles underlying the structure and dynamics
of these cells remained obscure for a long time. Recently, a combination of cell bi-
ology, genetics, biochemistry and biophysics has led to a new level of understanding
and to the new discipline of molecular cell biology.

One general construction principle which has emerged from molecular cell biol-
ogy is the use of membranes in order to organize space into different compartments.
First of all, each biological cell is enclosed by its outer plasma membrane which
controls the interaction between the cell and its environment. This applies both to
the relatively small cells of bacteria or prokaryotes, which have no cell nucleus, and
to the much larger cells of eucaryotes, which have such a nucleus. The latter class
of organisms contains all animals and plants as well as single-celled microorganisms
such as amoeba or yeast. In addition to the outer plasma membrane, all eucary-
otic cells contain internal membranes which represent the boundaries of the internal
organelles such as the nucleus, mitochondria, chloroplasts, etc.

On the molecular level, biomembranes are quite complex: they contain specific
mixtures of molecules which reflect their diverse biological functions. However, in
spite of this complex composition, all biomembranes exhibit an universal construction
principle. Indeed, the basic structural element of all biomembranes appears to be
a bilayer of lipid molecules which serves as a two-dimensional solvent for various
proteins. Therefore, the simplest model systems for biomembranes are provided by
lipid bilayers without any proteins. Such bilayers can be prepared in several ways
and can then be studied by physical methods. When dissolved in water, these bilayers
form closed vesicles which resemble the compartments formed by biomembranes.

The present volume on ‘Structure and Dynamics of Membranes’ covers various
aspects of biomembranes and lipid bilayers from the biophysical point of view. An
alternative title for this volume would be ‘Biologically inspired physics of mem-
branes’. The volume has two parts. Part A dealt with lipid water systems, the
morphology of vesicles and the applications of liposomes. Part B about ‘Generic
and Specific interactions’ covers membrane adhesion, membrane fusion and the in-
teraction of biomembranes with the cytoskeleton. What follows is a brief summary
of the contents of Part B.
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The first two chapters of Part B discuss the generic interactions of membranes from
the conceptual point of view. The first chapter by Lipowsky starts with an overview
over the different experimental techniques for membrane adhesion and then focuses
on the interplay between molecular forces and entropic interactions. The second
chapter by Andelman gives a review of the electrostatic interactions of membranes.

The next two chapters summarize the experimental work on two different bilayer
systems. In the chapter by Parsegian and Rand, lyotropic liquid crystals consisting
of large stacks of interacting bilayers are studied using the osmotic stress method. In
this latter approach, one applies an osmotic pressure to the membranes and measures
their separation by X-ray diffraction. The second system consists of bunches of lipid
bilayers which are observed in the light microscope. The behavior of these bunches
is difficult to understand and may indicate that lipid bilayers have a ‘hidden’ reservoir
of membrane area, see the chapter by Helfrich.

The adhesion of biomembranes is more complex than the adhesion of lipid bilayers.
Plasma membranes, for example, are usvally covered by many proteins which lead to
specific adhesion mechanisms. The processes of contact formation, focal bounding
and macroscopic contacts between cells are discussed in the chapter by Evans. Some
representative models for cell adhesion are described in the chapter by Bongrand. In
these systems, adhesion is controlled by specific adhesion molecules. For eucaryotic
cells, these adhesion molecules are usually connected to the cytoskeleton inside the
cells.

The cytoskeleton within eucaryotic cells consists of a network of relatively stiff
filaments. Three different types of filaments have been identified: actin filaments,
intermediate filaments and microtubuli. As explained in the chapter by Janmey,
much has been recently learned about the interaction of these filaments with the cell
membrane. This interaction is also crucial for cell shape, cell locomotion, and cell
division.

The two final chapters of Part B deal with membrane fusion. Indeed, there are
many biological processes in which membrane adhesion is the first step towards
membrane fusion. One example is provided by the transport vesicles which shuttle
between different compartments of eucaryotic cells. It seems that fusion can be
induced in several ways. As discussed in the chapter by Dimitrov, one generic
fusion mechanism which has recently become available is electrofusion induced by
electroporation. Another more specific mechanism is based on the interactions with
cations such as Ca?* as described in the final chapter by Arnold.

We thank all authors of this handbook for their cooperation and Clarissa Jansen
and Gudrun Conrad for their help with the editorial process.

Reinhard Lipowsky and Erich Sackmann
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1. Introduction

The interaction of biomembranes and lipid bilayers is characterized by the interplay
of energy and entropy [1]. The forces between the molecules lead to direct interac-
tions which are already present for immobilized or rigid membranes. The membranes
considered here are, however, not rigid but rather flexible and, thus, undergo ther-
mally excited shape fluctuations which lead to fluctuation-induced interactions [2].

The competition between direct and fluctuation-induced interactions represents an
interesting renormalization problem since it involves many length scales [3]. Indeed,
the spectrum of shape fluctuations contains a wide range of length scales from about
1 nm for displacements of single molecules to about 10 um for the flicker modes of
vesicles and cells.

The renormalization arising from these shape fluctuations acts to increase the
repulsive part of the direct interaction. In fact, sufficiently strong fluctuations over-
come the attractive part of the direct interaction and lead to unbinding or adhesion
transitions between bound and unbound states of the membranes {3—5]. Similar tran-
sitions occur for interfaces and polymers where they represent wetting and adsorption
transitions, respectively [6].

This chapter is organized as follows. The basic properties of the model membranes
considered here are briefly described in the remainder of this introductory section.
Section 2 contains a short review of the experimental methods which have been used
to study the adhesion and the cohesion of membranes. The direct interaction between
two rigid membranes is discussed from a theoretical point of view in section 3. The
effects of thermally excited fluctuations are first treated in a heuristic way in section 4.
The systematic theory starts in section 5 where the renormalization of the interaction
by bending undulations is described for the case of two membranes. Stacks and
bunches of many membranes are considered in section 6. The renormalization of
hydration forces by protrusion modes is studied in section 7.

1.1. From biomembranes to bilayers

Each biological cell is enclosed in an outer membrane which controls the interface
between the cell and its environment. In addition, all eucaryotic cells, i.e. all cells
of plants and animals, contain a large number of organelles such as the cell nucleus,
mitochondria or chloroplasts etc. which are also bounded by membranes {7, 8]. The
outer cell membrane can be observed through the light microscope. The peculiar
form of the red blood cell, for example, was already discovered more than 300
years ago with this experimental technique. More recently, electron microscopy has
revealed the amazing architecture of the interior membranes of the cell.

524
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The total membrane area of an eucaryotic cell is relatively large. The membranes
of a single liver cell, for example, have a total surface area of about 10° pum? while
its volume is about 5 x 103 um>. About 98 percent of this large area belong to the
inner membranes and only 2 percent to the outer membrane of the cell.

The basic function of biomembranes is to provide different spatial compartments
and to act as highly selective barriers for the exchange of molecules between the
different compartments. In this way, they sustain the concentration gradients between
these compartments. Because of this function, membranes must have been a crucial
ingredient for the origin of life. Indeed, it is rather unlikely that a self-replicating
mixture of macromolecules could survive without the enclosure by a membrane.

In addition, biomembranes have many other biological functions such as signal
transduction or mechanical support for polymer networks. Because of their diverse
biological functions, biomembranes are composed of specific mixtures of many lipids
and (amphiphilic) proteins. However, in spite of these specific differences in their
composition, all biomembranes have the same universal structure: The basic struc-
tural element is provided by a lipid bilayer to which the proteins are attached by
their hydrophobic (or lipophibic) domains.

1.2. Molecular structure of lipid bilayers

Lipids are amphiphilic molecules with a hydrophilic head group and usually two
lipophilic hydrocarbon chains. Single lipid molecules are essentially insoluble in
water. More precisely, each lipid can be characterized by a critical concentration
X. [9]. For lipid concentrations X < X,, one has a dilute solution consisting of
single molecules or monomers. As soon as X exceeds X., the lipid molecules ag-
gregate and form bilayers. Within these bilayers, the molecules are arranged in such
a way that the hydrophilic head groups form the two lipid-water interfaces bounding
the bilayer whereas the hydrocarbon chains are confined inside the bilayer and have
essentially no contact with the water. These bilayers are essentially 2-dimensional
systems: Their thickness is 4-5 nm whereas their lateral extension is usually of the
order of pum’s.

The critical concentration X, is very small and decreases with increasing length of
the hydrocarbon chains. For lipids with two identical chains containing 2V, carbon
atoms, one has X, ~ exp[—1.7N;] at room temperature [10, 11]. This exponential
dependence can be experimentally confirmed for small values of N.. For DPPC
(dipalmitoyl phosphatidyl choline) with N, = 16, extrapolation leads to the estimate
X. ~ 10712, i.e. less than one molecule per 10 um? water. Such a small concentration
cannot be measured directly.

For lipid concentrations X > X,, the monomer concentration within the solution
stays essentially constant and is given by X. whereas the concentration of bilayers
is proportional to X. Since X, is so small, the exchange of molecules between the
bilayers and the solution is very slow. As long as one considers phenomena which
are fast compared to this rather slow exchange process, one may assume that the
number of molecules within each bilayer is constant.

Since a lipid bilayer is an essentially two-dimensional system, it can exhibit distinct
thermodynamic phases. Indeed, lipid bilayers always exhibit a fluid phase at high
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temperatures and one or several gel or solid-like phases at low temperatures, see the
chapter by Sackmann in this handbook. Within the fluid phase, the molecule can
freely diffuse along the bilayer. The corresponding diffusion coefficients are usually
107-10~% cm?/sec, see the chapter by Almeida and Vaz in this handbook. In this
chapter, I will be primarily concerned with this fluid state of lipid bilayers.

1.3. Elastic properties of fluid membranes

Fluid membranes have rather special elastic properties. Since the shear modulus
within a fluid membrane is zero, there are only two types of elastic deformations for
such a membrane: stretching and bending [12-14].

The stretching of lipid bilayers is limited to rather small deformations since they
start to rupture as soon as their area is changed by about one percent [15]. In
this respect, they behave like a piece of paper. However, paper is not fluid but
polymerized or solid-like, and one can bend it smoothly only in one direction since
any other bending deformation necessarily implies a shearing deformation as well.
In particular, it is not possible to deform a flat piece of paper into a spherical segment
without creating folds and crinkles (this applies to any deformation which changes the
Gaussian curvature of the paper surface). In contrast, a fluid membrane can undergo
such a shape deformation in a smooth way: since there is no elastic response to
applied shear forces, the molecules follow these forces and start to flow within the
membrane.

Biomembranes also undergo complex shape transformations which imply that they
must be in a fluid state. One example is the formation of small ‘satellite’ vesicles
which bud off from a larger membrane, see chapter by Seifert and Lipowsky in
this handbook (this process necessarily involves a change in the Gaussian curvature
of the membrane). The fluidity of biomembranes is essential for many biological
functions. Therefore, the cell adjusts the lipid composition of its membranes in such
a way that they remain in a fluid state irrespective of the ambient temperature and
of other external conditions.

In principle, a fluid surface which does not experience any lateral tension but
undergoes thermally-excited fluctuations starts to behave as a random surface without
any average orientation as soon as its size exceeds a certain length scale, the so-
called persistence length &, [16]. This length scale depends on the bending rigidity
 and on the temperature 7', and is given by a molecular scale a x exp[4n«/cT] with
a dimensionless coefficient ¢ of order one [17, 18] (here and below, the temperature
T has energy units, i.e. T is a short-hand notation for Boltzmann constant kg Xx
temperature in Kelvin).

For lipid bilayers, the bending rigidity has typical values « ~ 10-20 T [19, 20].
This implies that the persistence length is very large compared to the largest acces-
sible size of the bilayers. Therefore, under normal circumstances, lipid bilayers (and
biomembranes) do not behave as random surfaces with no average orientation. Nev-
ertheless, they do exhibit thermally-excited fluctuations such as bending undulations
or protrusion modes. As explained in this chapter, these shape fluctuations have a
rather strong effect on the interaction between the membranes.
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2. Experiments on membrane adhesion

There are several experimental methods by which one can probe the adhesion and
cohesion of membranes. These methods will be briefly reviewed in the following
section.

First, those methods will be discussed by which one can obtain information about

the interaction of two surfaces:
(1) With the surface force apparatus, one can measure the direct interaction be-
tween two rigid lipid bilayers which have been immobilized onto mica sur-
faces [21-241];

(i1) The cohesion of two membranes can be controlled by micropipet aspiration.
In this case, the flexibility of the membranes can be changed by varying the
lateral tension [15, 25-27]; and

(iii) The adhesion of one flexible membrane to a solid surface can be studied by
reflection interference microscopy [28, 29].

In addition, several methods will be discussed which provide information about

the interaction of two membranes within a stack or bunch of many membranes:

(1) The osmotic stress method for bulk samples of lamellar phases [30-36];

(ii) Surface reflectivity of X-rays [37, 38] or neutrons [39] for membranes bound
to an interface; and

(iii) Phase contrast microscopy of accidental adhesive contacts within bunches
which contain a relatively small number of bilayers [40, 41].

It should be emphasized that this list of experimental methods is not complete. For

example, useful structural information has also been obtained with nuclear magnetic
resonance {42], a technique which is not described here.

2.1. Surface force apparatus

From a conceptual point of view, one would first like to know the interaction between
two rigid membranes. To some extent, this interaction can be measured by the surface
force apparatus {21-24]. This apparatus consists of two glass cylinders with a radius
of the order of 1 cm. Curved layers of mica are glued onto these cylinders. The
cylinders are mounted onto a spring system in such a way that the axes of the two
cylinders are perpendicular. Thus, as the crossed cylinders are moved against each
other via the spring system, they interact only over a relatively small area across the
intermediate liquid solution. Within this interaction ‘zone’, the two mica surfaces are
expected to be rather smooth down to molecular length scales. A first version of the
surface force apparatus appeared in the work of Derjaguin and coworkers [43] and
has been further developed during the last two decades, especially by Israelachvili
and coworkers.

For two planar surfaces which are separated by a liquid layer of constant thick-
ness [, the interaction free energy per unit area will be denoted by V(I). This quantity
will also be called the direct interaction since it directly reflects the forces between
the molecules. The total interaction free energy H is then given by

H= / dz V() @D
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where the integration extends over the total area of the surfaces. This expression for
‘H can also be used for two curved surfaces with [ = {(x) provided
(i) The curvature radii of the surfaces are large compared to the minimal separa-
tion Iy, of the two surfaces, and
(i1) The interaction V'(I) decays rapidly to zero and the integral in (2.1) is deter-
mined by those regions for which [ is still of the same order of magnitude as
Im [44].
It is then appropriate to expand the separation [(x) around l(0) = I;. For two
crossed cylinders of radius R, this leads to

oo

H~2rR [ dL V() for B> ln. 2.2)

Im

Now, the total force F between the two cylinders is given by
F(lp) = —0H/0lm = 27rRV(ly) for R > In. 2.3)

Therefore, if one measures the functional dependence of the force F' on the minimal
separation [, one also knows the direct interaction V().

The force F between the crossed cylinders is measured via the deflection of the
spring, and the shortest separation I, of the two surfaces within the interaction ‘zone’
is determined via an optical technique using multiple-beam interference fringes.

The force F is balanced, within the surface force apparatus, by the spring system.
If the spring is harmonic with spring constant K, stable force equilibrium is only
possible if the gradient of the force satisfies

Ky > 0F/3l ~ 2nROV/al. (2.4)

In general, this inequality will not hold for a certain range of l-values. As soon as
one reaches the boundaries of such an unstable I-range, the surfaces will jump closer
together or further apart. Therefore, it is useful to vary the spring constant K in
order to determine the quantity 8V/d! from the onset of these jumps [22, 23].

In principle, one has to immobilize a lipid bilayer on each mica surface in order
to measure the direct interaction of these bilayers as a function of their separation.
In practice, these immobilized bilayers have been built up by subsequent deposition
of two monolayers. In order to avoid desorption of the lipid from the mica surfaces,
the solution in the apparatus has to be presaturated with lipid monomers. On the
other hand, one may also study the interaction of ‘partial bilayers’ for which some
fraction of the lipid has desorped into the solution.

An example for the experimental data obtained in this way is shown in fig. 1 [22].
The data correspond to full and partial bilayers of DLPC (dilauroyl phosphatidyl
choline) which are electrically neutral. In fig. 1, the quantity F/R and the direct
interaction V' = F/2nR are plotted as a function of the bilayer separation [. At
small separations, V(I) ~ F(l)/R exhibits a strong repulsive part, the interpretation
of which has led to some controversy, see section 7 below. At large separations,
the direct interaction has an attractive part arising from Van der Waals forces. In
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Fig. 1.  Direct interaction V = F/2xR between DLPC bilayers as measured by the surface force
apparatus. The open circles correspond to full bilayers, the full circles to ‘partial’ bilayers where the two
monolayers not in contact with the mica surfaces have been partially desorbed [22].

general, all electrically neutral bilayers lead to a functional dependence of the direct
interaction V ~ F/R on the bilayer separation ! which is similar to the one shown
in fig. 1.

If the force applied by the spring system vanishes, the two surfaces have a finite
separation, see fig. 1. This separation is, however, different from the equilibrium
separation of two planar bilayers. The latter separation is determined by

1
P=-3V/dl~ — a—E— (2.5)
2rR 0l
where P is the external pressure, i.e. force per unit area, acting on the membranes.
For P = 0, the separation [ = [y is determined by 8V/al = 0, i.e. by the minimum
of V(I).

For full DLPC bilayers, the data in fig. 1 imply that the pressure P = —3V/dl

grows rapidly to 10® Pa ~ 10 atm as the bilayers are further pushed to separations
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l < lgp ~ 2.5 nm. In aqueous solution, these bilayers can sustain even much larger
pressures of the order of 10® Pa ~ 10 atm when their separation is reduced to a few
monolayers of water [31, 35]. These latter pressures can be applied to multilayer
systems as described below in section 2.4. Such high pressures are not accessible
via the surface force apparatus since the mica layers start to deform elastically.

2.2. Micropipet aspiration of giant vesicles

Additional experimental information about the interaction of membranes can be ob-
tained from the adhesion of vesicles in aqueous solution as controlled by micropipet
aspiration [15, 25, 27]. The shape of these vesicles can be directly observed in the
optical microscope, see fig. 2.

The vesicle is sucked into a pipet of radius Ry, by a suction pressure Ppyip which is
smaller than the pressure P,y of the aqueous medium outside of the pipet and of the
vesicle. For a sufficiently large pressure difference Pou — Fpip, the vesicle consists
of a capped cylinder of radius Ry, and of a spherical segment of radius Rs,. The
cap of the cylinder has the curvature radius Rpp. It then follows from Laplace’s law
that 25 /Ry, = Pn — Ppip and 2X /Ry, = Py — Pou where X and P, are the lateral
tension within the membrane and the pressure inside the vesicle, respectively. This
implies

Pow — Ppip = 22(R,;; - Ry') > 0.

If such a pressurized vesicle is attracted towards another surface, it is pulled out of
the pipet. As a result, a certain volume V of water is transferred out of the pipet into
the surrounding medium provided that the vesicle volume remains unchanged during
this process. The corresponding work which has been performed on the system is

Fig. 2. Adhesion of two lipid vesicles which are brought into contact by two micropipettes. The vesicle
radii are ~ 10 um. The vesicle at the bottom is almost spherical since it is exposed to a relatively large
suction pressure. (Courtesy of E. Evans.)
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equal to
V(Pm - Ppip) + V(Pout - Pm) = V(Pout - Ppip)-

On the other hand, the vesicle membrane now has a certain contact area .4, with
the second surface. Since the membrane within the contact region can still undergo
some shape fluctuations, its separation from the second surface is not constant but
will have a mean value £ = () (which should be constant away from the boundary of
the contact area). In addition, the shape fluctuations renormalize the direct interaction
V(1) and act to increase its repulsive part, see section 5 below. As a result, one has an
effective interaction Vegr(£) and, thus, the interaction free energy A, Vys(£) < 0 (here
and below, the interaction free energy for completely separated surfaces is taken to
be zero, i.e. Veg(l = co) = 0). If this free energy is balanced against the work to
transfer the water volume V, one obtains the estimate

|Veff(€)l =~ V(Pout — Ppip)/A*- (2.6)

In this way, one can determine the adhesion energy |Veg(€)| per unit area. So far,
the mean separation £ has not been measured directly in these experiments.

Initial aspiration into a pipet with radius Ry, ~ 3 um occurs at relatively small
pressure differences Poy — Ppip ~ 10~! Pa ~ 10-% atm. Using Laplace’s law, this
leads to a lateral tension X ~ 10~* mJ/m?. This tension can be increased up to the
tension of rupture, L ~ a few mJ/m? [15], which corresponds to the pressure
difference Pou — Bpip = 10~2 atm. Since the lateral tension X reduces the shape
fluctuations of the membranes, see section 4 and 5, the effective interaction Vg(l)
becomes more similar to the direct interaction V(I) with increasing tension X.

2.3. Reflection interference contrast microscopy

Vesicles in solution which are attracted towards a glass surface can be studied by
reflection interference contrast microscopy [28, 29]. The vesicle, which is separated
from the substrate by a liquid layer of variable thickness [, is illuminated through
the glass surface (the same experimental technique has been used for a long time to
study thin wetting films between gas bubbles and a solid substrate [45, 46]).

The light is reflected back both from the membrane and from the interface between
the solid and the aqueous solution (it is useful to coat the glass by a thin layer of
another solid material such as magnesium fluoride). The interference fringes arising
from these two reflections are then observed in the optical microscope. Several
examples of such interference patterns are shown in fig. 3.

The shape of the interference fringes already indicates if the vesicle is in a state of
strong or weak adhesion. For relatively weak adhesion, the fringes undergo strong
fluctuations which correspond to the thermally-excited fluctuations of the vesicle
membrane. In addition, from a detailed analysis of the contrast of the interference
fringes, one can obtain the separation ! of the vesicle membrane from the solid
substrate with a resolution of about 1 nm (the lateral resolution is about 0.2 um).



532 R. Lipowsky

Fig. 3. Membrane of a bound vesicle as observed by reflection interference contrast microscopy.
(a) Relatively large lateral tension which suppresses all shape fluctuations, and (b) Pronounced shape
fluctuations for relatively small tension. (Courtesy of J. Ridler and E. Sackmann.)

So far, this experimental technique has not provided any quantitative information
on the interaction free energy V. This could be achieved by a combination of
reflection interference contrast microscopy and micropipet aspiration. In such an
experiment, the vesicle is pushed towards or pulled from the solid surface by a
micropipet, and the separation of the vesicle from the solid substrate is simultaneously
measured by interference microscopy.

The analysis of the shape fluctuations as shown in fig. 3 indicates that the mem-
brane of the vesicle experiences an effective lateral tension [47]. Since these vesicles
contain sugar molecules which cannot penetrate the membrane, there is an osmotic
pressure Pos between the inside and the outside of the vesicle. The correspond-
ing tension is given by X = RP,/2 ~ RNT/2 where N is the number of sugar
molecules per unit volume inside the vesicle (it is assumed here that the solution
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outside the vesicle does not contain sugar). This tension must not exceed the tension
of rupture, Xmax, which is of the order of a few mJ/m2 [15]. For a vesicle with
radius R ~ 10 um and Xy ~ 5 mJ)/m2, for example, the sugar concentration must
be smaller than 1 molecule/(16 nm)? or 0.4 mM.

2.4. Multilayer systems under stress

Most lipids form lamellar phases which consist of large stacks of lipid bilayers. If
the membranes are in a fluid state as assumed here, these stacks represent smectic
liquid crystals. A typical bulk sample contains several liquid crystal domains in
equilibrium with excess water.

The bilayers within such a large stack are separated by thin layers of solvent and,
thus, undergo some shape fluctuations. As mentioned, these fluctuations renormalize
V(l) into Vigr(1). The mean separation £ is now determined by

P = —0Ves(£)/0¢ 2.7

where P represents the external pressure acting on the stack of membranes. The mean
separation ¢ can be measured by X-ray or neutron scattering. Since the pressure P

10° .
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Fig. 4. Disjoining pressure P of PC bilayers as a function of the mean separation £ for the three solvents
water, formamide, and 1,3-propanediol [34].
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can be varied over several decades, one can experimentally determine the functional
dependence of £ on P [30-36]. Some experimental data obtained in this way are
shown in fig. 4; in this case, the disjoining pressure of PC bilayers was measured
for three different solvents.

By definition, P = O corresponds to a state in which the lamellar phase is in
equilibrium with the reservoir of excess water. On the other hand, one may add
some polymers such as dextran to the excess water which cannot enter the lamellar
phase. This so-called osmotic stress method leads to the osmotic pressure Pog =~ NT
for small N where IV is the number of polymers per unit volume of excess water. In
practice, this osmotic pressure on the stack of membranes can be varied over several
orders of magnitude from 102 to 10® Pa (or from 1073 to 10 atm). One can extend
this pressure range up to 108 Pa (or 10* atm) by using hydrodynamic pressure or by
equilibrating the lamellar phase with a vapor phase which is in equilibrium with a
saturated salt solution. These methods are described in more detail in the chapter by
Parsegian and Rand in this handbook.

2.5. Surface reflectivity of X-rays and neutrons

Membranes which are attached to an interface or surface can be studied by surface
reflectivity of X-rays [37, 38] or neutrons [39]. In these experiments, the incoming
beam is reflected at an interface, and the intensity of the specularly reflected beam
is measured as a function of the angle of incidence (or the momentum transfer
perpendicular to the interface). One may then compare these data with the reflectivity
as obtained from theoretical models for these profiles.

One example for this type of experiment is the recent observation of a stack of
bilayers at the water-air interface [37, 38]. In this case, the surface of a suspension
containing vesicles of DMPC (dimyristoyl phosphatidyl choline) was studied by
X-ray reflectivity. The reflectivity data showed a strong dependence on temperature,
see fig. 5. At relatively low temperatures, these data are consistent with the formation
of a lipid monolayer at the water-air interface. As the temperature is increased, a
series of sharp peaks is observed in the reflectivity which indicate the formation of
bilayers adjacent to the monolayer. This could arise from the adhesion of the DMPC
vesicles to the surface and from the subsequent fusion of these vesicles induced by
the adhesion [48].

So far, this method has not been used to study the separation of the bilayers as a
function of an external control parameter. It should be possible, however, to combine
surface reflectivity methods with the osmotic stress method to obtain information
about the effective interaction of the membranes close to the surface.

2.6. Optical microscopy of membrane bunches

Bunches of several lipid bilayers can be observed in swollen samples by optical
microscopy [40, 41]. An example is shown in fig. 6. In this figure, horizontal
bunches of membranes are connected by single bilayers. Inspection of fig. 6 shows
that these bilayers are rather straight away from the bunches but are rounded close to



Generic interactions of flexible membranes

10°
. ]
& |
—
@ 107
-2
10 | ] | | | L
10 20 30 40 50 60
Angle of Incidence (mrad)
10’
]
] s
100_M :.
o 3 V\’-
- ] *
1 ] .
10, * FERRAEERNS
] W~
] . 2
] ‘“
-2
10= T T T T T
10 20 30 40 50

Angle of Incidence (mrad)

535

Fig. 5. X-ray reflectivity R from the surface of a suspension of DMPC vesicles. The reflectivity is
normalized by the Fresnel reflectivity Rg. (a) At T = 25°C, the data are well-fitted by the theoretical
curve as calculated for a . olayer; and (b) At T = 29°C, additional peaks appear after some hours

which should ar..~ from additional bilayers adjacent to the monolayer [38].
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Fig. 6. Phase contrast micrograph of bunches of PC bilayers. The thick lines (which are roughly

horizontal) represent bunches containing several bilayer, the thin lines (which are roughly vertical

are presumably single bilayers which form bridges between two neighboring bunches. (Courtesy ot
W. Helfrich).

these bunches. This geometry is discussed in more detail in the chapter by Helfrich
in this handbook.

In general, a membrane which adheres to another, essentially flat surface exhibits
the contact curvature radius [49, 50]

Ry = v/%/2[Ver(D)] 2.8)

where Vi(£€) is the adhesion free energy per unit area as before. Thus, the measured
value of R, leads to a rough estimate for |Vege(£)| if one knows the bending rigidity «.

As explained in section 5.6 below, the adhesion free energy |Veg(£)| increases
with increasing lateral tension X since this tension acts to reduce the repulsion
arising from shape fluctuations. Thus, the contact curvature radius R. decreases
with increasing Y. In the limit of large X, the bilayer forms an effective contact
angle g with the membrane bunch which satisfies

|[Verr()] = (1 — cos ). (2.9)

From this relation, one can estimate the lateral tension X, using the experimentally
determined contact angle s and the estimate for |Vig(£)|, as obtained from the
measurement of the radius R, of contact curvature. The lateral tensions deduced in
this way lie in the range 3 x 1076 mJ/m? < ¥ < 10~? mJ/m? [40, 41].
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3. Direct interaction between two rigid membranes

In this section, the direct interaction between two rigid membranes will be discussed
from the conceptual point of view. As explained before, an example is provided by
two lipid bilayers which have been immobilized on mica surfaces. Here and below,
it will be tacitly assumed that the membranes do not fuse and thus do not change
their topology. In the absence of fusion, the membranes cannot penetrate each other,
and their direct interaction contains the hard wall potential

~_ [oo forl<O,
V*‘W(l):{o for I > 0. (3.1

Vanishing separation, [ = 0, corresponds to direct contact between the lipid head
groups of the two bilayers.

The hard wall potential Vi, represents a useful theoretical model since it contains
no energy scale. In practice, the immobilized and planar membranes experience a
variety of interactions arising from intermolecular forces. These interactions will be
denoted by AV ({). Thus, the direct interaction between two planar membranes is
taken to have the generic form

V() = Vi) + AV (D). 3.2)

As explained before, one has —dV/dl = P, i.e. the disjoining pressure, —3V/dl,
arising from the direct interaction is balanced against the external pressure P.

In general, there are several intermolecular forces which contribute to V' (I). First,
consider the simplest case of two identical lipid bilayers which (i) are electrically
neutral, and (ii) interact across a water layer which contains no macromolecules or
colloids. In this case, the interaction potential AV(l) is composed of a repulsive
hydration and an attractive Van der Waals interaction and has the schematic form as
shown in fig. 1. These two contributions will be discussed in sections 3.1 and 3.2,
respectively. The electrostatic interaction of charged membranes is considered in
section 3.3, and the direct interaction mediated by macromolecules in section 3.4.

3.1. Hydration forces

For small separations of the order of 1 nm, lipid bilayers experience strong repul-
sive forces which have been originally discovered for multilayers under external
stress [35]. In these multilayer systems, one has to exert a pressure of the order of
102 Pa ~ 103 atm in order to obtain bilayer separations below 1 nm. For two bilay-
ers immobilized on mica, one also finds a strong repulsive force at short separations
[21, 33] but the pressure is limited to P < 4 x 10% Pa ~ 40 atm since the mica
surfaces are elastically deformed for higher pressures.

It was generally believed for some time that these hydration forces are governed
by the intrinsic structure of the lipid water interfaces. An alternative explanation has
been proposed, however, in which these forces arise from the protrusions of the lipid
molecules [51]. These two explanations have led to some controversy [52, 53]. We
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have recently argued that, in general, both hydration and protrusion will contribute
towards the short-ranged repulsion between the bilayers [54, 55].

In this section on direct interactions, I will focus on the hydration forces between
immobilized or rigid membranes which should arise from the intrinsic structure of
the lipid water interfaces. This interface can be described by a density profile which
represents the variation of an appropriate order parameter density with the distance
y from the lipid surface. From the theoretical point of view, one would like to
calculate this intrinsic structure of the lipid-water interface. There have been several
attempts in this direction based on density functionals. However, since there is no
satisfactory theory for water, the choice of the appropriate order parameter is not
obvious. Various candidates have been proposed such as local water polarization
[56, 57], orientation of hydrogen bonds [58] or electrostatic potentials [59-62].

If the lipid water interface were laterally smooth on the scale of the water molecules,
the density profile would exhibit oscillations within the water which would represent
the successive packing of water layers. However, the water molecules in front of the
lipid surface ‘sees’ hills and valleys, the size of which is set by the lipid head groups.
In a fluid bilayer, this corrugation exhibits no long-range order and the lateral average
leads to a density profile for which the oscillatory part is strongly suppressed [54].
The profile should then be characterized by exponential tails ~ exp[—y/Iny] which
defines the hydration length lny. Such an exponentially decaying profile follows from
the classical van der Waals theory for fluid-fluid interfaces and is also obtained from
the more recent density functional theories mentioned above. One must note, how-
ever, that the hydration length Iy is a phenomenological parameter in all of these
theories.

Now, if two lipid water interfaces are brought into close contact across a water
layer, their density tails become distorted which leads to an exponential repulsion
between the two bilayers as described by the interaction

AV(l) = Viy exp[—1/ly]. (3.3)

The exponential form for AV(l) arising from the intrinsic structure of the lipid wa-
ter interface was originally introduced in order to explain the experimental results
obtained for multilayers under external stress. One must note, however, that the
bilayers within a lamellar phase are not immobilized and thus undergo shape fluc-
tuations which renormalize the direct interaction as given by (3.3). One type of
shape fluctuations which change the hydration interaction are protrusion modes in
which individual lipid molecules make small excursions perpendicular to the bilayer
membrane, see section 7 below.

The total disjoining pressure observed for multilayers under applied stress is given
by P ~ P,exp[—£/l;] where ¢ is the mean separation of the bilayers. The observed
decay length [, is not universal but varies from 0.1 to 0.3 nm and the measured
pressure amplitude P, is estimated to be in the range 4 x 10’ Pa < B <4 x 10° Pa.
The theory described in section 7 below predicts the general inequality Iny < ;.
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3.2. Van der Waals forces

Water and lipid molecules have permanent dipole moments. If these dipoles have no
average orientation, their interaction potential decays as ~ 1/79 for large separation r.
In addition, these molecules possess induced dipole moments which are related to
their spectrum of absorption frequencies. The corresponding interaction potentials
also decay as ~ 1/r®. These interactions between permanent and induced dipoles
are collectively called Van der Waals forces, see, e.g., [63].

Now, consider two identical lipid bilayers separated by a solvent layer of thick-
ness [. The bilayers have a typical thickness a; of about 4 nm. For [ <« a;, one
may replace the two bilayers by two identical half spaces separated by the solvent
layer. The Van der Waals interaction between two such half spaces is given by

AV () = H 1 with H < Q. (3.4)
127 12

The Hamaker constant H consists of two parts,
H = Hy(T,lpy) + Hy, (3.5)

arising from the static (or zero-frequency) polarizabilities of the molecules and from
their polarizabilities at finite frequencies, respectively. The static part Hy is propor-
tional to temperature T and depends on the Debye—Hiickel screening length ipy. If
the aqueous solution contains n; ions of type i per unit volume and if each ion of
type 4 has the electric charge gi, the Debye—Hiickel screening length is given by

172
Ipy = [ET/ Zniqiz] (3.6)

where ¢ is the dielectric constant of the solvent. In the SI units used here, one has
£ = xeo with the dimensionless coefficient x and g9 ~ 8.85 x 1012 C2/Jm; for
water, x ~ 78.5.

In the limit of small Ipy/I, i.e. if the Debye—Hiickel screening length is small
compared to the separation of the bilayers, one has [63]

Ho(T, lpn) ~ Ho(T, 00)e™2/ton, (3.7)

Therefore, the static part of the Hamaker constant is strongly reduced in the presence
of salt.

The Van der Waals interaction has been measured by the surface force apparatus
for bilayer separations up to I ~ 6 nm [22, 23]. It was found that the half space
approximation which leads to AV(l) ~ 1/1% as in (3.4) is appropriate (i) up to
[ ~ 5 nm for pure water (for which Ipy ~ 1 pm) and (ii) up to { ~ 4 nm for a
NaCl solution of 0.2 M (for which Ipy ~ 0.7 nm). For two composite bilayers, each
consisting of one monolayer of DPPE (dipalmitoyl phosphatidyl ethanolamine) and
one monolayer of DGDG (digalactosyl diglyceride), the Hamaker constants were
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found to be (i) H = (=7.5 £ 1.0) x 10~2! J for pure water, and (ii) H ~ H| =
(=3.1+0.6) x 1072 J for the NaCl solution of 0.2 M.

In these experiments, the Hamaker constant H can be estimated both from mea-
surements of the long-ranged attractive tail (as obtained by inward jumps in [ using
a variable spring constant Ky, see section 2.1) and from measurements of the direct
interaction V({) close to its minimum (as obtained by outward jumps). For DGDG
bilayers, both estimates were quite similar. Such an agreement was not found, how-
ever, for bilayers of DPPC and DPPE. For these phospholipids, the Hamaker constant
estimated from the long-ranged attractive tail was about five times smaller than the
one obtained from the minimum of the interaction potential. It has been argued
that this difference arises from the correlations between the dipoles of the lipid head
groups [64].

For membrane separations [ large compared to the bilayer thickness a,, the half
space approximation is no longer appropriate and one must consider the corrections
arising from the finite thickness a,. For [ >> a,, the bilayers represent essentially
two-dimensional sheets which implies

AV(l) ~ a? /1* for large L. (3.8)

The value of the prefactor can be calculated if one applies the Lifshitz theory of
Van der Waals forces to two planar and parallel films of hydrocarbon separated by
water. The resulting expression for AV (l) which is somewhat complicated has been
recently analyzed in detail [65].

In the absence of salt, the Van der Waals interaction is dominated by the zero-
frequency part; the corresponding Hamaker constant Hy is almost constant up to
[ ~ 10 nm. On the other hand, if the Debye—Hiickel length is sufficiently small, the
zero-frequency part is completely suppressed, and the van der Waals interaction is
approximately given by

Hy |1 2 1
AV()~ — | = — + (3.9)
127 |12 (+a1)? (+2a1)?

with Hamaker constant H; < 0. This approximation applies as long as one can
ignore retardation effects which lead to AV (I) ~ 1/1° for sufficiently large 1.

Note that the aqueous solution in biological systems is always ‘salty’ and charac-
terized by a screening length Ipy of the order of 1 nm. Therefore, the zero-frequency
part of the Van der Waals forces should play no role in these systems.

3.3. Electrostatic forces

Lipid bilayers may become charged by adsorption of ions from the solution or by
dissociation of their head groups. They then exhibit electric double layers which usu-
ally lead to repulsive interactions between the surfaces as predicted by the classical
Poisson—Boltzmann theory [66—68].

Within this continuum theory, each electric double layer is decomposed into a
charged surface (which has no depth profile) and a diffuse layer of ions in front of
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this surface. In general, one has both counterions and coions. The electric charges
of the coions have the same sign as the surface charges whereas the counterions
are oppositely charged. Therefore, the electrostatic potential acts to localize the
counterions towards the surface. This is balanced by the entropy of mixing of these
ions which acts to delocalize their density profile.

Now, consider two planar and parallel membranes which have the same surface
charge @ per unit area () can be positive or negative). The coordinate perpendicular
to these membranes is denoted by z. The two interacting lipid-solvent interfaces are
located at z = 0 and z = [, respectively. The solution can contain several ions of
type j with electric charges g;. Between the two parallel surfaces, the ion densities
depend only on z; the corresponding density profiles will be denoted by n;(2).

Within mean-field theory, the electrostatic potential ¢ satisfies the Poisson—-Boltz-
mann equation

d? X0
__w = _ﬂz (3.10)
922 oy
with
_T () — T 5 e—aiw/T
Q) = gznj(z)_ =D e : (3.11)
J J

The summation over j runs over all types of ions. The densities 7; are defined by
fi; = nj(£) with ¢(£) = 0. As before, T' and ¢ are the temperature and the (average)
dielectric constant of the solution. Note that the Poisson—Boltzmann equation has
the same form as the equation of motion for a classical particle with ‘coordinate’ ¢
which moves in the potential —{2(z)). This analogy is useful in order to classify the
possible solutions of this equation.

Charge neutrality of each electric double layer leads to the boundary conditions

o0/dzlp=—Q/e and 0Y/0z|; =+Q/e. (3.12)
Because of the symmetric geometry, one has
0Y/0z=0 for v =vm=1v(/2) (3.13)

at the midplane between the two charged surfaces. In the limit of large separation [,
¥ attains the limiting value v, with

002/0 =0 aty = y. (3.14)
The solution of these equations leads to the disjoining pressure
P = e[2(¢m) — 2ip)] = TZ [n;(1/2) — njp). (3.15)
J

Thus, the disjoining pressure is controlled by the excess densities n;(1/2) — njp.

The relation (3.15) is useful since one may estimate n;({/2) and thus P from the
density profiles for a single electric double layer. In the latter case, one has the
simple boundary condition

Y(z = 00) = ¥ (3.16)

for the electrostatic potential.
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3.3.1. Small screening length
First, consider the situation in which the aqueous solution contains salt and the lipid-
solvent interface is charged by the adsorption of ions from the solution. An example
is provided by the adsorption of Ca?* cations onto phospholipids from a solution
of CaCl,.

If there are no counterions arising from the surface, the function £2(¢)) consists
of pairs of coions and counterions arising from the bulk solution. This implies that
2(«)) has its minimum at ¢ = ¢ = 0 and

1
Q) =~ 2(0) + sz/l%m (3.17)

for small ¢ with the Debye—Hiickel screening length

12
b = (ET/ anijz)
J

as before. This harmonic approximation for {2(y)) leads to the linearized Poisson—
Boltzmann equation. For a single lipid-solvent interface with surface charge den-
sity @, the solution of the linearized equation is given by

1(2) = (Qlpu/e)e™ /"o, (3.18)
For two such interfaces interacting across a solvent layer of thickness [, one may

use the estimate ¥y, = ¥(1/2) ~ 24;(1/2) which arises from the weak overlap of the
two electric double layers. It then follows from (3.18) that

P = e[2(ym) — ()] = e[2(2¢41(1/2)) ~ 2(0)]

(3.19)
=~ (2Q%/)e !/ ton,
Since P = —3AV(l)/9l, one obtains the electrostatic interaction
AV(l) ~ (2Q*Ipn/e)e "/t (3.20)

which decays exponentially with the screening length /py. This exponential decay
for large I is valid beyond the approximations used here. The amplitude of AV (J),
on the other hand, should represent a reliable estimate
(i) if the surface charge density @ is sufficiently small (which justifies the har-
monic approximation to {2(3)) and
(ii) if the bilayer separation [ is larger than the screening length Ipy (which justifies
the weak overlap approximation).
As an example, consider the adsorption of Ca?t ions from a CaCl, solution onto
DPPC (dipalmitoyl phosphadity! choline). For a CaCl, solution of 1 mM, the surface
charge density was estimated to be Q ~ 0.005 C/m? which corresponds to about one
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adsorbed Ca?* ion per 100 lipid head groups [22]. The screening length of the bulk
solution is lpy =~ 8 nm. This implies the pressure amplitude 2Q?/e ~ 7.2 x 10* Pa
and the interaction amplitude 2Q?Ipy /e ~ 0.18 mJ/m?.

The electrostatic interaction has been measured using the surface force apparatus
for PC (phosphadityl cholin) and PE (phosphadityl ethanolamine) bilayers in solu-
tions of CaCl, or MgCl, [22]. These membranes are charged by the adsorption of
Ca®+ or Mg?* ions. For separations beyond a few nm, the experimental data confirm
the exponential dependence AV (l) ~ exp[—I/Ipn]. Using the surface charge density
@ as a fit parameter, quantitative agreement between experiment and theory has been
obtained.

The interaction of phospholipid bilayers which are charged by the adsorption of
divalent ions such as Ca’t has also been studied for multilayers under osmotic
stress {32]. As mentioned, these bilayers undergo shape fluctuations which renor-
malize the direct interaction AV (l). These effects will be discussed in sections 5
and 6.

3.3.2. Large screening length
Next, consider the situation in which the bulk solution contains very few ions and the
screening length Ipy is very large. ‘Pure’ water, for example, is a 10~7 M solution
of H;O" and OH~ ions and has lpy ~ 1 um. In the absence of ions in the bulk
solution, surface charges and counterions arise by dissociation of surface groups.

If the solution contains only counterious of charge g, the charge density is given
by

p = qhe" /T, (3.21)

For a single lipid-solvent interface, the solution of the Poisson-Boltzmann equation
leads to the counterion density

2Te 1

_ 3.22
@ (z+I1gc) 322

ni(z) =

with the Gouy—Chapman length
logc = -2Te/qQ = 2T¢e/|qQ)- (3.23)

The latter length scale contains the whole dependence on the surface charge density.

For two lipid-solvent interfaces interacting across a solvent layer of thickness
[, one may again use the weak overlap estimate n{l/2) ~ 2n(l/2) provided the
separation ! is sufficiently large. It then follows from (3.15) with ny = O that the
disjoining pressure is given by

P =Tn(l/2) ~ 16Te/¢*>. (3.24)
The corresponding direct interaction is given by

AV(l) = ceT?/g*l  for large L. (3.25)



544 R. Lipowsky

The weak overlap estimate gives ¢ = 16 whereas the solution of the Poisson—
Boltzmann equation for the slab geometry leads to ¢ = 272 ~ 19.7. Thus, in the
limit of a large screening length, the electrostatic interaction decays as ~ 1/I for
large 1.

The interaction of charged bilayers in pure water has been studied for multilayer
systems under osmotic stress [30]. These bilayers were composed of a mixture
of electrically neutral PC and negatively charged PG (phosphatidyl glycerol). The
direct interaction should then decay as AV(l) ~ 1/l for separations [ below the
Debye—Hiickel length Ipy =~ 1 pm of pure water. For such an interaction, the
renormalization by the shape fluctuations is small, see section 5.2, and the effective
interaction within the multilayer system should resemble the direct interaction AV ().
Indeed, the experimental data for the pressure as a function of separation could be
well fitted with the theoretical form as given by (3.25) for 3 nm < I < 10 nm
(the fitted surface charge density was @ ~ one elementary charge/14 nm? which
corresponds to one elementary charge per two lipid head groups).

3.3.3. Small surface separations
As mentioned, the theoretical predictions for the electrostatic interaction AV(l) as
given by (3.20) and (3.25) are in agreement with experimental observations pro-
vided the membrane separation [ is sufficiently large. At small separations, on the
other hand, there are various complications which will be briefly discussed in this
subsection.

For small separations, the counterions with charge q will have an almost constant
density given by n ~ 2/Q|/|g|l. If this estimate is used in (3.15), one obtains the
disjoining pressure

P = Tn(l/2) ~ 2T|Q|/|all. (3.26)

In practice, the behavior P ~ 1/l is changed by two effects:

(i) In general, the surface charge @ is not constant as the two surfaces approach
each other. Instead, some of the counterious will recombine with the surface
charges and, thus, @) will be reduced with decreasing separation [. This process
is called charge regulation; and

(ii) At small separations, the discrete nature of the molecules comes into play

and provides some steric constraints. Sometimes, the finite size of the surface
groups can be taken into account by separate ‘Stern layers’ in front of the
surfaces which have a thickness of the order of 0.1-0.2 nm [66-68].

Within the Poisson—Boltzmann theory, the electrostatic interaction between equally
charged surfaces is repulsive for all separations [. It turns out, however, that more
refined theories which include correlations between the ions can lead to an attractive
interaction between two equally charged surfaces. Such an attraction was first pro-
posed in the context of interacting polyelectrolytes [69]. In the context of charged
surfaces, such an attraction was observed in Monte Carlo simulations of two surfaces
separated by a layer of divalent counterious [70]. It has also been obtained from
an improved density functional theory (the so-called anisotropic hypernetted chain
approximation) [71]. In these theoretical studies, the electrostatic interaction is found
to be attractive for small separations of the order of 1 nm.
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3.4. Forces mediated by macromolecules

Membranes within biological systems interact with many macromolecules [7, 8].
The outer surface of the plasma membrane, for example, is often covered by the
glycocalix which consists of branched polysaccharides covalently bound to mem-
brane proteins. On the inner surface, the plasma membrane is attached to networks
of relatively stiff filaments which are part of the cytoskeleton inside the cell. In ad-
dition, the plasma membrane usually contains a large number of different adhesion
molecules which play a crucial role in the specific adhesion between cells and be-
tween cells and the extracellular matrix. Cell adhesion molecules are relatively stiff
rodlike molecules with a linear extension of the order of 20 nm. These molecules are
embedded in the plasma membrane (and are usually connected to the cytoskeleton).
In many cases, the adhesion of two adjacent plasma membranes is provided by bound
pairs of such adhesion molecules which form bridges between the membranes.

A model system for these complex interactions is provided by systems containing
lipid bilayers and polymers. From the physical point of view, polymers can be
characterized by several length scales. First of all, they have a certain length, Na,
where N and a are the number of monomers and the length of these monomers,
respectively. Secondly, linear polymers are characterized by a certain persistence
length, &: the polymer is hard and easy to bend on scales which are smaller and
larger than &, respectively.

Many biopolymers seem to have a relatively large persistence length £, which is
comparable or exceeds its total length Na; in this case, the polymer behaves as a
worm-like chain which exhibits an average direction. On the other hand, if Na > &,
polymers crumple or fold up in order to increase their configurational entropy. This
leads to a more compact 3-dimensional structure with a gyration radius, Ry < Na.
In good solvents, these structures are random coils and R; ~ N for large N with the
Flory estimate v ~ 3/5 (in 3-dimensional systems). In bad solvents, the polymers
collapse and become densely packed with Rg ~ N'/3,

A single lipid bilayer may attract or repel the monomers of the polymer leading to
adsorption or desorption, respectively. These two situations lead to different types of
interactions between two membranes across a polymer solution. First, consider the
case in which the polymers do not adsorb onto the surfaces. Then, depletion layers
build up in front of the membrane surfaces. It then follows from mean-field type
theories that the polymer-induced interaction is attractive [72]. Such an attractive
interaction has been observed in experiments on vesicle adhesion using micropipet
aspiration [73].

Now, consider polymers which are adsorbed onto the two interacting surfaces. The
size of the adsorbed polymer is set by the gyration radius, R, of the free polymer.
Therefore, the polymer-induced interaction AV () must decay rapidly to zero for
[ > R,. For smaller surface separations [, the interaction has been predicted to
depend on the equilibration of the adsorption layers with the solution [74, 75]. First,
assume that these adsorbed polymers are in chemical equilibrium with a polymer
reservoir (which is characterized by a bulk chemical potential). Then, mean-field
type theories again lead to an effective attraction, AV (l) < 0, between two identical
surfaces [75].
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The effective interaction induced by adsorbed polymers has been experimentally
studied using the surface force apparatus [76, 77]. The observed behavior is rather
complex. It is found that equilibration between the adsorbed polymers and the
bulk solution is difficult to attain. Instead, it seems that many experiments have
been performed with essentially constant adsorption or coverage rather than constant
chemical potential. Furthermore, the form of AV(l) was found to depend on the
magnitude of the adsorption. For example, it was found for polyethylene oxide in
aqueous solution (a good solvent system) that AV ({) exhibits a strong attraction with
a minimum at [ ~ 2R, for low adsorption but becomes purely repulsive for high
adsorption.

If the exchange of polymers between the adsorption layers and the bulk solution
is blocked, there will be an osmotic pressure Pps between these two subsystems.
The disjoining pressure between the two interacting surfaces can then be estimated
from the osmotic pressure in the midplane. The simplest estimate is obtained if one
assumes that the adsorbed polymer layers resemble a concentrated polymer solution
with monomer density ngm, ~ 1/l. Mean-field theory gives the osmotic pressure
Py ~ n2, and thus P ~ Py ~ 1/I> [76]. This leads to a repulsive interaction
AV () ~ 1/1.

If one assumes that the adsorption layers correspond to a semi-dilute polymer
solution, one has a self-similar density profile nyo(z) ~ 1/28=D/* with Gv—1)/v ~
3/4 for good solvents [74, 78]. Scaling arguments give the osmotic pressure Pos/T ~
n‘?n'ﬁ,/ Gr=1 in the semi-dilute regime. One then obtains the estimate P ~ Py ~
[nmo(1/2)1?*/3»=1 ~ 1/ and thus the repulsive interaction AV(l) ~ 1/1% [75]. The
experimental data seem to be consistent with AV (I) ~ 1/1? for intermediate values
of { and with AV (l) ~ 1/1 for small [ [77].

4. Bending undulations and fluctuation-induced interactions

For bilayers immersed in a liquid solution, the direct interaction V(1) as described in
the previous section will be renormalized by thermally-excited fluctuations. Several
types of fluctuations can be distinguished:

(i) Bending modes or undulations in which the surface area of the membrane
remains unchanged;

(ii) Stretching modes for which the area per molecule is changed. Since the hy-
drocarbon film within the membrane is essentially incompressible, stretching
of the bilayer area implies a thinning of the bilayer thickness; and

(iii) Protrusion modes in which the lipid molecules are displaced perpendicular to
the bilayer, and thus change the surface area of the lipid-solvent interface.

In this section and the two subsequent sections 5 and 6, I will focus on the effect of
bending modes which should be the typical shape fluctuations on length scales large
compared to the bilayer thickness. Stretching modes will be briefly considered in
section 4.4. The effect of protrusion modes on the hydration force will be discussed
in section 7.
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4.1. Bending modes as an ideal gas of humps

Consider a large membrane segment which is confined by an external potential
arising, e.g., from two walls as shown in fig. 7. The confined membrane has less
configurational entropy than the free membrane. Indeed, all fluctuations of the free
membrane which exceed a certain wavelength £ are strongly suppressed by the
external potential. On the other hand, those fluctuations with a wavelength below ¢
are essentially not affected by the confinement. One is thus led to consider an ideal
gas of uncorrelated membrane segments which have a longitudinal size &.

Now, assume that the membrane is in the fluid state and undergoes bending un-
dulations. As shown in appendix A, these fluctuations lead to a roughness of the
membrane segment as given by

&L~ (T/R)%g 4.1

with temperature T" and bending rigidity . The bending rigidity « has the dimensions
of an energy. For phospholipid bilayers in their fluid state, it typically varies between
0.2 x 1071 J and 4 x 10~'° J which implies 0.2 > T'/x > 0.01 at room temperature
T ~ 0.04 x 10~19 J [19, 20].

Thus, each segment forms a hump of longitudinal and perpendicular extension
€ and &, respectively, and thus of volume V ~ §ﬁ§ 1. Using the ideal gas law
PV = T for a single degree of freedom and the relation (4.1), one then arrives at
the pressure [2]

P ~T?/k€]. 4.2)

Thus, the bending undulations lead to a disjoining pressure P which decays slowly
with the roughness & .

—

&)

P~

él N
h Ld

Fig. 7. A fluctuating membrane confined by two walls. The fluctuations consist of essentially uncorre-
lated humps with longitudinal extension £, and typical height £ .
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Alternatively, one may allude to the equipartition theorem and postulate that each
such hump has a free energy AF ~ T. This implies that the hump free energy per
unit (projected) area behaves as

Vi = AF/& ~ T/¢f ~ T?/x€}  for large €. 4.3)

This free energy per unit area represents a fluctuation-induced interaction between
the membrane and the confining potential. The disjoining pressure is now obtained
from P = —aVg/9,.

For the confinement geometry as shown in fig. 7, the scale £ is proportional
to the spacing of the two walls. Likewise, two interacting membranes are usually
characterized by a roughness which is proportional to their mean separation £. It is
then convenient to express the fluctuation-induced interaction Vg between the surfaces
in terms of £ and to write

Va(0) ~ cgT?/xf? for large £. (4.4)

The most precise value for the dimensionless coefficient cq has been obtained from
Monte Carlo simulations [79-81] as described in section 5.2 below. For two identical
membranes with bending rigidity «;, one has x = x;/2, and the Monte Carlo data
lead to Vi ~ 2cgT?/k1£* with 2cq = 0.115 £ 0.005 ~ 372/256.

4.2. From membranes to strings

The scaling argument described in the previous subsection is not restricted to the
case of fluid membranes which undergo bending undulations. It is useful to apply the
same line of reasoning to 1-dimensional strings in two dimensions. In the context of
condensed matter, the term string refers to a fluctuating line governed by a finite line
tension o. This tension represents the work (per unit length) which is necessary in
order to increase the length of the string. One example is provided by stretched (or
directed) polymers. For a string segment of linear size £, the roughness £, scales
as

€L~ (T/0) 2. (4.5)

Thus, the string behaves as a (directed) random walk where the longitudinal scale
& plays the role of ‘time’.

In this case, the volume V occupied by a ¢ -hump of the string is given by
V ~ §€.. If one now repeats the above arguments, one arrives at the fluctuation-
induced interaction

Va(0) ~ T? /o 2. (4.6)

Such an interaction was first derived in the context of commensurate-incommensurate
transitions [82] and is implicit in some earlier work about steps on crystal sur-
faces [83]. Comparison with the relation (4.4) shows that the fluctuation-induced
interaction Vi for strings has the same functional dependence on the separation £ as
for fluid membranes. Thus, one expects that the shape fluctuations of strings and
of fluid membranes have a rather similar effect on the direct interaction of these
objects. This expectation is indeed confirmed, see below.
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4.3. Effect of lateral tension

It was tacitly assumed so far that the fluctuating membrane does not experience any
lateral tension. Now, let us again consider the situation as shown in fig. 7, where
the membrane is confined by two rigid walls, but let us now assume that it also
experiences a lateral tension, Y. Such a tension will act to reduce the membrane
roughness [84, 85]. In fact, the membrane will now exhibit the same roughness as
an interface governed by surface tension. As shown in appendix A, this roughness
&1 is given by

£l =~ (T/27r2)1/2,/1n(§”/a||) 4.7

where a) denotes the small-scale cutoff. The latter length scale is set by the size
of the lipid head group. Thus, the dependence of £, on £ becomes very weak:
even a relatively large membrane segment with & /a ~ 10* corresponding to a
linear size of ~ 10 um will only give a factor /In(¢)/a)) ~ 3. Therefore, one has
£, ~ (T/X)V/? and the size of &, is primarily determined by the lateral tension X.

Repeating again the scaling arguments of section 4.1, one now obtains the fluctua-
tion-induced interaction [86]

Va(€r) ~exp [ — 2(¢1/lz)?] (4.8)
with the length scale
Iy = (T/2x2)'/2, (4.9)

In this case, the membrane roughness £, is not proportional to the mean separation
¢ of the membrane from the rigid walls or from another membrane. A systematic
treatment shows that one now has £ ~ ¢3 and a hard wall interaction is renormalized
into [87]

Va(f) ~ exp[-¢/is). (4.10)

Thus, when expressed in terms of the mean separation ¢, the fluctuation-induced
interaction decays exponentially for large £. The amplitude of this interaction is
discussed in appendix A.

4.4. Stretching versus bending modes

So far, pure bending modes have been considered. In this case, the excess area
necessary for the elastic deformation is provided by the flow within the membrane.
In principle, this excess area could also be provided by stretching the membrane.

Membrane stretching is governed by the modul K of the area compressibility.
For a flat membrane segment of area Ag, the lateral tension X leads to the area
change AA with ¥ = K,AA/Ap. This tension should not exceed the tension of
rupture, Xmax, at which the membrane breaks apart.
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For lipid bilayers, the area compressibility modul K and the tension of rupture
Y 'max have been measured by micropipet aspiration techniques and were found to be
of the order of K ~ 0.2 J/m? and Xpu ~ a few mJ/m?, respectively [15]. This
implies that lipid bilayers rupture for relatively small area changes of the order of
AA/Ag ~ 1072,

Now, consider the extreme case in which a flat membrane is deformed into a
bump and the whole excess area is created by stretching. If the segment has area
Ap ~ §”2 and the bump has height £, , the change of area is AA ~ Ao(gl/§||)2 and
the excitation energy is AE ~ KxAo(AA/Ag)* ~ Katl /éﬁ. In addition, this elastic
deformation also involves some bending energy which is, however, always small
compared to the stretching energy. If such a deformation is thermally excited, one
must have AE ~ T which implies

€1~ (T/Kn) ). (4.11)

This roughness arising from stretching modes must now be compared with the rough-
ness arising from pure bending as given by (4.1). In this way, one finds the crossover
length scales

Eie = (k/KA)Y? and &, ~ k/(TKA)'2 4.12)

The roughness is dominated by stretching modes for wavelengths & < §.. Using
the typical values, x ~ 107! J and Kx =~ 0.2 J/m?, one obtains the roughness
€1« ~ 0.7 nm and the wavelength &, ~ 3.5 nm which is of the order of the
membrane thickness.

Similar estimates are obtained if one considers the fluctuation induced interaction
arising from the stretching modes considered here. The latter interaction behaves as
Vi ~ T2/ K€% (the latter form also applies to peristaltic modes of the bilayer [53]).
If this is compared with the fluctuation induced interaction Vg ~ T2/k€2 arising
from pure bending modes, one again obtains the above crossover scales.

Thus, pure bending modes should be the dominant fluctuations on length scales
which are large compared to the membrane thickness. Stretching modes, on the other
hand, become important for wavelengths which are of the order of the membrane
thickness. For these latter excitations, the continuum description used here is, how-
ever, no longer reliable. Instead, the discrete molecular structure of the membranes
should be taken into account, see section 7.

5. Renormalized interactions

In the previous section, bending undulations have been treated in a heuristic manner.
In this section, the interplay of these shape fluctuations with the direct interaction
arising from molecular forces between two membranes will be studied in a systematic
way.

If the attractive part of the direct interaction is sufficiently strong, or if the tem-
perature is sufficiently low, the membranes form a bound state and the effect of the



Generic interactions of flexible membranes 551

bending undulations is rather small. However, as one decreases the strength of the
direct attraction or increases the temperature, the bending undulations lead to a strong
renormalization of the direct interaction. As a result, one finds a finite temperature
T, at which the membranes undergo an unbinding transition [3].

For T > T, the shape fluctuations drive the membranes apart even in the presence
of the direct attraction. In this latter case, one can enforce a bound state by applying
an external pressure or a lateral tension.

S.1. Systematic theory for two membranes

Now, let us consider two interacting membranes with bending rigidities x; and x;
which are, on average, parallel. The separation (or relative displacement field) !
of these two membranes is governed by the configurational energy (or effective
Hamiltonian) [3, 88, 89]

1
H{l} = /dzx {Pl + V) + 3 n(Vzl)z} 5.1
with the effective bending rigidity

k= K1k /(K] + K2). (5.2)

The limiting case in which the second membrane represents a rigid surface or wall
with kp = o0, is included here since (5.2) reduces to k == k1 in this limit.

The probability for a given configuration of [ is governed by the Boltzmann weight,
exp[—H{l}/T]. In principle, one now has to sum over all possible configurations in
order to calculate the partition sum and other statistical quantities. In practise, one
has to use some approximate methods which are briefly summarized in the following.

(i) Superposition of direct and entropic interactions. The simplest method is a su-
perposition of direct and entropic interactions. Using such an approach, the excess
free energy per unit area, AF, of two bound membranes with separation [ can be
estimated as

AF(ly= AE - TAS ~ V() + Va(), (5.3)

with the fluctuation-induced interaction Va(l) ~ cgT?/xl2.

The equilibrium value of the mean separation ¢ is now determined from d0AF/
9¢ = 0. This method is reliable if V(1) is purely repulsive, see section 5.2. It fails,
however, if V(I) has an attractive part which decays faster to zero than 1/I? for
large I.

(ii) Functional renormalization. A more systematic approach is based on the func-
tional renormalization group (RG). Roughly speaking, the direct interaction V(I)
represents the interaction between two surface segments of linear size a where a
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is the smallest wavelength available to the shape fluctuations. Within the RG ap-
proach, one then calculates the effective interaction, V'(I|t), between two segments
of linear size a; = aexp(t) with £ > 0. This interaction contains all fluctuations of
wavelength Ly with a < L < a;. As t is increased, one successively includes more
and more shape fluctuations and thus obtains the effective interaction on larger and
larger scales.

It is interesting to note that, when applied to interacting strings in two dimensions,
one obtains essentially the same RG transformation as for fluid membranes [88].
Therefore, the functional RG also predicts that fluid membranes governed by bending
rigidity and strings governed by tension behave in an analoguous way.

(iif) Renormalized interactions of strings. Strings are 1-dimensional objects and, thus,
are much easier to study theoretically than 2-dimensional membranes. In the con-
tinuum limit, the separation ! of two interacting strings in (1 + 1) dimensions is
equivalent to the spatial coordinate of a quantum-mechanical particle in one dimen-
sion [90]. Since one has many tools to analyze the corresponding Hamilton operator,
one can often obtain explicit results for the renormalized interaction of these strings.

(iv) Two-state model. The analogy with strings leads to a refined scaling picture
which is based on a two-state model. In this model, adjacent membrane segments
are ‘locally bound’ or ‘locally unbound’. The exact critical behavior is recovered if
one makes plausible assumptions about the probability to form locally bound pairs,
see section 5.4.

(v) Computer simulations. The methods described so far are quite powerful if one
wants to determine the asymptotic behavior of the renormalized interactions for large
separations of the surfaces. In real systems, one is often limited to a certain regime
which is dominated by corrections to the asymptotic behavior. Such corrections
arise, for example, from the molecular structure and usually lead to some ‘crossover’
behavior on intermediate length scales. In order to obtain information about these
intermediate or even microscopic length scales, it is most effective to study the model
by computer simulations, see section 5.5.

In the following subsections 5.2-5.5, I will consider interaction potentials P+ V(1)
which have both a repulsive and an attractive part and which are characterized by a
single minimum. Two cases will be explicitly discussed:

(i) The direct interaction V() is purely repulsive and the attractive part is provided

by the pressure term PI; and

(ii) The direct interaction V(1) has both a repulsive and an attractive part and the

membranes experience no external pressure, i.e. P = 0.

In general, the direct interaction can be more complicated and may exhibit a
potential well at small values of [ and a potential barrier at larger values of I. Such
potentials will be discussed in section 5.6.
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5.2. Disjoining pressure from hard wall

In order to compare the different theoretical methods, let us first consider the simple
interaction

W) = Viw(D) + Pl 54)
in which the membranes are pushed together by the external pressure P but are not
allowed to cross because of the hard wall repulsion Vi (0).

Within the superposition approach, one now has the excess free energy

AF() = Vaw() + caT?/kl* + PL. (5.5)

The mean separation £ now follows from dAF(£)/d¢ = 0 which leads to

P =2cqT?/sf3. (5.6)

The same behavior is found within the functional RG approach. Under the RG
transformation, the hard wall potential Vi () is mapped onto a completely repulsive
fixed point, and the behavior as given by (5.6) follows from the renormalization of
the pressure term, P, close to this fixed point. In fact, this RG flow can already be
obtained from the simple scale transformation

vz =z/b and 1 —1=1/b (5.7)

which leaves the elastic part

/dzm % w(v? l)2

of the effective Hamiltonian invariant. When this scale transformation is applied to
[ d*zPl, one obtains

P — P =b»P with )\, =3. (5.8)

In the language of the RG, P is a relevant perturbation with scaling index Ap. Then,
standard scaling arguments imply that the correlation length £ behaves as

§” ~ I/PU” with Y| = I/Ap =1/3 5.9

for small P and that £ ~ £, ~ §.
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Fig. 8. The mean separation {z) = £/ls as a function of the pressure Q = P/ P as obtained from MC

simulations for the hard wall interaction. The length scale (zz)é/ Z is the rescaled roughness, the length
scale £ is proportional to the longitudinal correlation length. The pressure scale Py and the length

scale Iy are given by Py = (T'x)!/2 /a|3| and Isc = a(T/x)!/2, respectively [79].

The critical behavior £ ~ ¢, ~ & ~ 1/P!/3 has also been confirmed by MC
simulations which represents, in fact, the most reliable method to determine the
coefficient cg.

The MC data for the rescaled variables (z) ~ ¢, \/(22) ~ £, and Q ~ P are shown
in fig. 8 {79]. In this double-logarithmic plot, the straight line represents the behavior
£~ &, ~ 1/P/3 which is clearly confirmed by the data. The ratio £, /£ approaches
the constant value ¢; = 0.445+0.010 for small P. The coefficient cg which governs
the fluctuation-induced interaction V4 and the corresponding disjoining pressure is
found to be

2cq = 0.115 £+ 0.005. (5.10)

For two identical membranes with bending rigidities s, = x;, one has xk = /2
which implies V(1) =~ ZCﬂTZ/mlz. Thus, when expressed in terms of x, the co-
efficient of Vy(l) is equal to 2¢4. It is interesting to note that within the numerical
accuracy, one has 2¢q ~ 372/256 which is half the value as estimated in ref. [2] for
a stack of many membranes, see also section 6.4 below.

It is instructive to study the corresponding behavior of two identical strings which
interact with the same interaction as given by (5.4). If both strings have the same
line tension oy = o3, one finds that Va(l) ~ 2cqT?/011? with 2¢y ~ 1.89 [91].
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Comparison with (5.10) shows that the amplitude of V4 is much larger for strings
than for membranes. On the other hand, the ratio £, /¢ approaches the constant
value c; =~ 0.447 for two strings which is identical with the corresponding value for
membranes.

Thus, for the hard wall interaction, the simple superposition of Vi (I)+ Pl and V(1)
represents a reasonable approximation. This is also true for a large class of direct
interactions which are sufficiently long-ranged. In fact, this superposition approach
is reliable as long as the attractive part of the interaction potential is sufficiently long-
ranged and decays more slowly than ~ 1/12 for large I. These potentials belong to
the so-called weak fluctuation regime [6]. In particular, the superposition approach
may be used for unscreened electrostatic interactions AV(I) ~ 1/1 as in (3.25). This
leads to £ ~ l/Pl/ 2 [92, 93]. However, in the presence of short-ranged attractive
forces, the simple superposition is no longer reliable.

5.3. Attractive interactions and unbinding transitions

Two identical membranes experience attractive interactions arising from Van der
Waals forces. If the membranes carry no electric charges and the solvent contains
no macromolecules, this van der Waals attraction dominates the direct interaction
V(1) for large membrane separations !.

The precise form of this Van der Waals interaction has been discussed in sec-
tion 3.2. For large separations, the form as given by (3.9) leads to AV(l) ~ 1/I%.
Since AV(Il) < 1/I? for large I, such an interaction belongs to the universality
class of short-ranged interactions. The simplest example for this universality class
is provided by the square-well potential with

U forO<li<l,,

AV = {0 for 1, < 1, (5.11)

which depends only on two parameters: the potential depth U < 0 and the potential
range ly. In general, any attractive interaction can be characterized by an effective
potential depth and by an effective potential range. Such an interaction may then be
approximated by a square-well potential with the appropriate values for U and I,.

If one now considers the superposition, AF(l) = Vhy (1) + AV (1) + Va(l), one finds
that the qualitative form of AF(l) depends on the temperature T as schematically
shown in fig. 9(a). For low T, the function AF(l) exhibits its global minimum at
small { which represents the bound state of the two membranes. For high T, the
global minimum of AF'(l) is at [ = co which corresponds to the unbound state of the
membranes. At the characteristic temperature T, = /k|U|l2/cq, the bound and the
unbound state have the same free energy. Therefore, the superposition predicts that
the membranes undergo an unbinding transition at this temperature which proceeds
in a discontinuous manner [3, 94].

The parameter dependence for T, as obtained within the superposition approach is
confirmed by more systematic methods. This approach fails, however, as far as the
character of the transition is concerned since the unbinding transition proceeds, in
fact, in a continuous fashion. This was first shown by renormalization group (RG)
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Fig. 9.  Unbinding transition as obtained (top) from a simple superposition of fluctuation induced
and direct forces, and (bottom) from functional renormalization. The unbinding temperature is denoted
by T«.

methods [3]. The corresponding RG transformations are displayed in fig. 9(b). As
shown in this figure, the unbinding transition is governed by a critical fixed point of
the RG transformation.

It is easy to understand the continuous character of the unbinding transition by
analogy with strings in two dimensions. As mentioned, the separation of these strings
corresponds to the spatial coordinate of a quantum-mechanical particle moving in the
interaction potential V/(I). The probability distribution P(l) for the string separation
[ is governed by the ground state within this potential well. This ground state is
localized at low temperature but becomes delocalized in a continuous manner as the
unbinding temperature is approached from below.

The unbinding transition for square well potentials has also been studied by Monte
Carlo simulations [79]. From these simulations, one finds that the unbinding tem-
perature depends strongly on the small-scale cutoff for the bending undulations.

As an example, consider two relatively stiff membranes with x| = Ky = 2k =
1019 J which interact with a square well potential with the relatively small potential
range I, = a, /10 where a, denotes the membrane thickness as before. For a lipid
bilayer, one typically has @, ~ 4 nm which implies the small potential range I, ~
0.4 nm. In this case, the unbinding temperature T, has been determined for several
choices of the small-scale cutoff a). As a result, one finds 7. /Troom =~ 0.7, 1 and 1.5
for a Jai =1, 1.6, and 2, respectively [79]. Thus, the unbinding temperature 7
is roughly proportional to the small-scale cutoff a) for the bending undulations.
Extrapolation to zero a leads to the estimate 7. /Troom = 0.4 0.1 for this particular
interaction potential.

As far as the critical behavior is concerned, RG calculations, MC simulations
and the analogy with strings show that the mean separation £ and the roughness
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€1 = /(I — £)2) scale as £ ~ &, ~ (T/x)!/2¢; and diverge as
£~ 1/|T =T.Y withe =1 (5.12)

as the transition temperature T, is approached from below. The same critical be-
havior applies to all short-ranged interaction potentials AV(l) which decay faster
to zero than ~ 1/12 for large I as follows from scaling arguments, RG calculations
and the analogy with strings [86, 91]. These interactions belong to the so-called
strong-fluctuation regime which is characterized by universal critical behavior at the
unbinding transition [6]. On the other hand, interaction potentials AV (I) which decay
as ~ 1/12 for large [ belong to the so-called intermediate fluctuation regime which
is characterized by rather complex critical behavior [6, 88, 89].

5.4. Two-state model for unbinding transition

The analogy with strings leads to a refined scaling picture for the unbinding transition
from which one recovers the critical behavior as described in the previous subsection.
This picture is based on the observation that two membranes which interact via a
square-well potential can attain two different local states, see fig. 10: (i) They are
‘locally unbound”’ if their separation exceeds the range of the potential; and (ii) They
are ‘locally bound’ if their separation is smaller than this potential range. The
probabilities for these two different local configurations will be denoted by Py, and
Pap, respectively. In configuration (i), the strings still have a finite separation and
then suffer a loss of entropy, AFy,. For bending undulations as considered here, the
entropy loss per unit area of ‘locally unbound’ membrane segments is given by (4.3)
and thus AFy, ~ T?/k €3.

The excess free energy per unit area of a bound pair will be denoted by AFy.
Thus, the excess free energy per unit area of the two strings can be estimated as

AF = AF, Py + AP Pop. (5.13)

: / |V

LOC.BOUND LOC.UNBOUND

Fig. 10. Locally bound and locally unbound segments of the fluctuating membrane. The potential range
is denoted by ly.
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If the unbinding transition is continuous, the roughness £, will grow continuously.
In such a situation, both the entropy loss AFy, ~ 1/¢% of the ‘locally unbound’
configurations and the probability Py, for bound pairs must vanish in a continuous
way, and Py, = 1 — Py, = | as the transition is approached. The excess free energy
APy, for bound pairs, on the other hand, arises from configurations which have a
separation of the order of the potential range I, and, thus, will not depend on &, .
Therefore, the unbinding transition occurs when AF3, vanishes.

For a square well potential of depth |U|, the excess free energy for bound pairs can
be estimated as AFsy, ~ —|U|+cT?/kl2 where the first and the second term represent
the interaction energy and the entropy loss within the square well, respectively. Thus,
one obtains T, = 1/x|U|l2/c. This parameter dependence of T, is certainly valid for
strings as follows from explicit transfer matrix calculations and is in agreement with
the results of Monte Carlo simulations for membranes.

In order to determine the critical behavior of £, from the free energy AF as given
by (5.13), one has to know how the probability Py, depends on this length scale.
In the absence of any interactions, the probability distribution P(l) is a Gaussian
distribution with width ¢, and thus has the scaling form P(l) =~ 2(1/€.1)/&. with
£2(s) = const for small s. This implies Pap, ~ 1/€, for large £, . For two strings
in two dimensions which attract each other by a short-ranged potential, one has the
exponential distribution P(l) ~ exp[—1/£,]1/€. which also leads to Py, ~ 1/€,. If
one assumes that this property also applies to two fluid membranes which attract
each other by a short-ranged potential, one obtains

AF ~ e\T? k€% + eo( — |U| + cT?/kl2) /€. (5.14)

Minimization of this expression for AF with respect to £, leads to a continuous
transition at T = T, ~ +/k|U|12/c and to the critical behavior &, ~ 1/|T\ — T|¥
with ¢ = 1. Thus, one recovers the behavior as obtained by the other more systematic
methods which have been discussed in the previous subsection.

In two dimensions, the scaling properties of two interacting strings are identical
with the corresponding properties of the adsorption of ideal (or Gaussian) chain
molecules [95]. In the latter context, a two-state model has been proposed some
time ago [96]. A similar model has also been used by Helfrich who argued that
APFy, is determined by the reflections of the membrane at the hard wall and that
this could lead to a discontinuous unbinding transition [97]. In contrast, the two-
state model described here predicts a continuous transition; it has been generalized
to bunches of N interacting membranes [98] as will be discussed in section 6.5.2
below.

It is important to note that the scaling relation Py, ~ 1/£, which seems to be
rather natural does not hold in general as has been shown explicitly for interacting
strings. For example, two strings which interact only via the hard wall interaction
are characterized by the relation Py, ~ 1 /§2f" with (o = 3/2 [99, 100]. Another
more complex example is provided by strings with direct interactions which behave
as AV (1) =~ W/I? for large [ and thus belong to the intermediate fluctuation regime.
Using the transfer matrix results of ref. [101-103], one obtains the contact probability
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P ~ 1/62 with ¢o = 1+ (w + 1/4)"/2 and w = 20W/T? where o is the line
tension as before. The plus and the minus sign correspond to effectively repulsive
and effectively attractive interactions, respectively.

If one again assumes that strings and fluid membranes as considered here have anal-
ogous scaling 4properties, membranes with the hard wall interaction are characterized
by Py, ~ 1/£3° with (o = 3. Likewise, if the membrane interactions belong to the
intermediate fluctuation regime, scaling implies Py, ~ 1/6% with ¢o = 2+ (w + 1)1/2
and w = cyxW/T?. The small value of ¢y should lead to ¢y, > 1.

5.5. Unbinding transitions for realistic interactions

The direct interaction V() for lipid bilayers without electric charges consists of the
short-ranged repulsive hydration interaction and the long-ranged attractive van der
Waals interaction; it has a single minimum at [ = ly and decays to zero for large [. If
the Debye—Hiickel screening length is sufficiently small, the zero-frequency part of
the Van der Waals interaction arising from the permanent dipol moments is strongly
screened and the amplitude of this interaction is determined by the Hamaker constant
H ~ Hy, compare (3.9).

In the absence of shape fluctuations, the mean separation £ of the membranes is
determined by 8V (£)/0¢ = 0. If one applies an external pressure P, the minimum of
V(1) is shifted towards smaller values of [ and the mean separation ¢ decreases. This
leads to the functional dependence of P on £ as shown in the left part of fig. 11. The
three sets of data shown in this part of the figure correspond to three different values
of the Hamaker constant H. In the absence of shape fluctuations, the membranes
are bound together as long as |H} > 0 and unbind only in the limit of zero H.

At finite temperature, the bending undulations act to increase the mean separation £.
This is shown in the right part of fig. 11 for two rather flexible membranes with
bending rigidities k1 = k; = 0.2 x 10~'° J at room temperature [48]. The same
values of the Hamaker constant H have been chosen as in the left part of the figure.
Comparison of the data in the left and in the right part shows that the effect of the
shape fluctuations is more pronounced for smaller values of |H]|.

In another set of simulations, the Hamaker constant was varied for zero pressure.
Extrapolation of these data led to the critical Hamaker constant |H,| = (3.0£0.5) x
1021 T for k1 = Ky = 0.2x 1071 J at room temperature i.e. for the same temperature
and for the same bending rigidities as in fig. 11 [48]. Likewise, one finds the critical
value |H,| = (1.541.0) x 10~2! J for the larger rigidities x; = xp = 0.4 x 1071° J at
room temperature. Thus, H, is roughly proportional to the inverse bending rigidity.

For |H| < |H4| or T > T, the membranes fluctuate so strongly that the renormal-
ized interaction is purely repulsive on large scales and the membranes are unbound.
Within the functional renormalization group approach, this regime is governed by
the same purely repulsive fixed point which also governs the hard wall interaction.

The numerical values for H, just discussed are obtained for the special choice
ap = aL = 4 nm where a is the small-scale cutoff and a, is the membrane
thickness as before. A change of the cutoff a will have a strong effect on H.
(or on T,). Indeed, for the square-well potential, the unbinding temperature T, is
roughly proportional to a) as discussed in the previous subsection.
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Fig. 11. Disjoining pressure P as a function of the separation £. The three curves on the right with
Hamaker constants |H| = 5, 15, and 25 x10~2! J correspond to room temperature; the three curves on
the left represent the behavior in the absence of shape fluctuations. The difference between these two
sets of curves shows the strong renormalization of the direct interaction by bending undulations [50].

One must note, however, that this effect of the small-scale cutoff a|| for the bending
undulations was obtained under the tacit assumption that there are no other mem-
brane fluctuations which act to renormalize the direct interaction. In fact, the direct
interaction is also renormalized by protrusion modes as will be discussed in section 7.
These protrusions also increase the repulsive part and thus decrease the attractive
part of V({). Therefore, the effective interaction between membrane segments which
have a lateral extension a; ~ ay will already be less attractive than V(1)

5.6. Direct interactions with a potential barrier

So far, I have discussed direct interactions V() which are (i) purely repulsive or
(ii) are attractive for large ! and repulsive for small /. In general, one may have
more complicated interactions which exhibit an attractive potential well for small
! and a repulsive potential barrier for larger I. Such an interaction can arise, for
example, from the competition of Van der Waals and electrostatic interactions.

In the presence of such a potential barrier, the displacement field { of the interacting
membrane can be trapped by the barrier. This happens if the shape fluctuations are
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sufficiently weak or the barrier is sufficiently strong. One example is provided
by barriers which decay more slowly than ~ 1/I2 for large I (and thus belong to
the weak-fluctuation regime). As the attractive part of the potential is decreased,
the membrane will now undergo a discontinuous unbinding transition. This can be
shown explicitly for strings in two dimensions [104] and must hold for membranes
which are more easily trapped than strings.

Strings in two dimensions tunnel] through any potential barrier which decays faster
than ~ 1/1? for large [ [104]. The latter interaction potentials belong to the strong-
fluctuation regime. Therefore, in this regime, strings always undergo continuous
unbinding transitions. Functional renormalization group calculations originally indi-
cated that membranes can also tunnel through a potential barrier provided this barrier
is sufficiently small [92]. In addition, a systematic study of the fixed point structure
of the renormalization group transformation seemed to imply that fluid membranes
can tunnel through any such a barrier [105-107]. However, this is not consistent
with simple stability arguments as described in the following.

It is instructive to consider first a symmetric interaction potential V(I) with two
degenerate minima at finite values of I [105]. A simple example is provided by the
direct interaction

00 forl <0,
—|Uwel for 0 <1 < lye,
V() =< Upa for lye < 1 < lye + lpa, (5.15)
—|Uwel  for lye + lba <1 < 2lwe + lpa,
o0 for 2lwe + lpa < I,

which exhibits two attractive square-well potentials of depth |Uye| and range lwe
separated by a short-ranged potential barrier of height Uy, and thickness lp,, see
fig. 12(a).

Let us assume that the membrane is confined within one of these wells and let us
see if such a state is stable with respect to thermal excitations in which a membrane
segment is displaced into the other potential well. Such a conformation corresponds
to an ‘island’ bounded by an edge where the edge goes through the potential barrier.
This line of reasoning is completely analogous to the so-called Peierls argument for
phase transitions in bulk systems.

The edge consists of membrane segments which go through the potential barrier
of thickness ly,. Therefore, this edge has an effective width a . ~ (x/ T)/2ly,. The
line tension o of the edge can then be estimated as o ~ U¢ifa, . where the effective
barrier height UET is given by

U = Uy + |Uwe| — cT?/k12,.

On small scales, the edge should behave as a string which implies that the small-scale
cutoff ay. for edge deformations is given by ay, =~ (o/ T)a?..

For a displaced membrane segment or ‘island’ of linear size L), one has the
edge energy ~ oL and the edge entropy ~ In(3)L| /ay. arising from the different
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Fig. 12. Direct interactions V(I) with a potential barrier: (a) Symmetric potential consisting of two

wells with depth |Uwe| and range lwe separated by the barrier of height Uy, and thickness Iy,; and (b)
Asymmetric potential consisting of one well between the hard wall at I = 0 and the barrier.

shapes of the edge (in this estimate, the edge is viewed as a random walk with
three possibilities at each step). This leads to the excess free energy of the edge as
given by

AFC = [C]O’ it 62T 1n(3)/a”e]L||. (516)
This excess free energy is positive if T < Ty, where Ty, satisfies
Toa ~ (USHIR) ' (5.17)

as follows from the above estimates for o and aj.. In general, the effective barrier
height UE depends on T and the relation (5.17) represents an implicit equation
for Tha.

Thus, the membrane fluctuations experience an effective barrier and the original
state should be stable for T < T},. The membrane then stays in one of the two
wells and thus exhibits two degenerate states with two different mean separations
£y = lye/2 and £y =~ lpy + 3lye/2. This implies that the membrane cannot tunnel
through the intermediate potential barrier and will undergo a discontinuous transition
between the two different states for T < Th, [105]. Such a discontinuous transition
has been recently observed in Monte Carlo simulations [108]. For T' > Ti,, on the
other hand, the edge entropy wins, the membrane feels no effective barrier and thus
has a unique ground state.

Now, consider a membrane which experiences the asymmetric potential

00 forl <0,
—|Uwe| for 0 <1 < e,

vy = Ul for we (5.18)
Uba for lye <1 < lwe + lpas

0 for lye + Ipa < I,
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see fig. 12(b) as appropriate for unbinding from a potential well in the presence of
a potential barrier.

Assume that the membrane is originally confined within the potential well. A
segment of linear size L then has the free energy

AFy ~ (= [Uwe| + 3T? /1%, ) L.

If this segment is thermally excited to overcome the potential barrier, it will form
a ‘hump’ with free energy AFy ~ AF;, + ¢4T where the first term represents the
edge free energy (arising from the potential barrier) and the second term represents
the entropy loss of the Ly-hump. The excess free energy of the hump is given by
AF = AF) — AFy and thus by

AF = (|Uwe| — &3T?/5l%e) L + [c10 — caT In(3)/aye] Ly + caT. (5.19)

The unbinding transition should occur when the coefficient of the Lﬁ—term vanishes.

In this case, the free energy of the membrane confined in the potential well is equal
to the free energy of the unbound membrane. This leads to the estimate

Toe ~ (K|Uweli2e)'/ (5.20)

for the unbinding temperature.

However, this whole argument is only self-consistent as long as the membrane still
feels an effective barrier at 7' = Ty,. At the latter temperature, the effective barrier
height UEf = Uy, and the corresponding temperature Ty, ~ (kUpal2,)!/? as follows
from (5.17). For T < Tj,, the membrane cannot tunnel through this effective barrier.

Therefore, the membrane will undergo a discontinuous unbinding transition from
the potential well to infinity provided Twe < Tya. For Tywe > Tia, on the other hand,
there is no effective barrier at T' = T, which implies that the unbinding transition
should be continuous. If one expresses Ty, and Tye in terms of the parameters of
the potential, one finds that the unbinding transition should be discontinuous for
relatively large potential barriers with UpalZ, > |Uwell2, but should be continuous
for relatively small potential barriers with Upal2, < |Uwe|l2.. Thus, the membrane
tunnels through relatively weak barriers but is trapped by relatively strong ones.

These two types of transitions must be separated by a multicritical point. Within
the functional renormalization group approach, such a multicritical transition should
be described by a multicritical fixed point which has, however, not been found for
fluid membranes as considered here [105-107]. This seems to be a deficiency of
functional renormalization which remains to be clarified. A similar discrepancy has
been recently pointed out for wetting transitions in d dimensions [109]. In this case,
functional renormalization predicts that discontinuous transitions do not occur for
d < d. ~ 2.6 whereas Peierls type arguments imply that such transitions can occur
as soon as d > 2.

Thus, if the direct interaction contains a sufficiently high potential barrier, the
membrane should unbind in a discontinuous way at zero pressure. By continuity,
this implies discontinuous transitions at nonzero pressure, P > 0 [92]. Indeed, the
interaction potential Vp(l) = PI + V(1) will then exhibit two local minima separated
by a large barrier, and one will have discontinuous transitions between two different
states which are both characterized by a finite value of the mean separation.
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5.7. Tension-induced adhesion

As explained within the hump picture, lateral tension acts to suppress the bending
undulations and thus to suppress the fluctuation-induced repulsion. In fact, this
interaction now becomes short-ranged and cannot compete with the attraction arising
from long-ranged Van der Waals forces. Therefore, if the direct interaction V() is
governed, for large I, by attractive Van der Waals forces, the membranes form a
bound state in the presence of lateral tension [85]. An unbinding can only occur
if the Hamaker constant |H| or the lateral tension X go to zero. This situation is
completely analogous to the behavior of wetting layers in fluid systems [110].
In the limit of small 5, the fluctuation-induced interaction has the form

Va(eL) ~ T /k(e2€L/127 1) (5.21)

with the length scale I = (T/27 X)1/2, see appendix A. Thus, the fluctuation-induced
interaction is still governed by bending undulations as long as £, < I5.

If the shape fluctuations are governed by bending modes, the parallel correlation
length & satisfies £ ~ (16x/T)!/2¢, , see appendix A. This relation together with
the inequality £, < Ix implies ¥ <« 16n/§ﬁ. For a membrane segment of linear
size §; = 1 pm and bending rigidity x = 107! J, the bending undulations are not
affected by the lateral tension X if X <« 10~% mJ/m?.

In the limit of zero X, the membranes must attain a bound state for T < T,
or |H| > |H,|, i.e. if the Van der Waals attraction is sufficiently strong. On the
other hand, they will continuously unbind for T > T, or |H| < |H.|, i.e. if the
Van der Waals attraction is sufficiently weak. In the latter case, one may estimate
the behavior of the mean separation ¢ by superimposing V(I) and V4(£,) as given
by (5.15). One then finds that

{~ € ~lp=(T/2n5)\/? (5.22)

for small X and T > T. (or |H| < |H.|).

The scaling relation £ ~ 1/5/2 has been obtained in ref. [41] from a superposition
of the fluctuation-induced interaction V; and the direct interaction AV () ~ H/I? as
obtained from the half space approximation for the Van der Waals forces, see (3.4).
The same scaling relation is obtained if one treats the tension term,

/ d*z % Z(VI?,

as a perturbation of the completely repulsive hard wall fixed point of the RG trans-
formation [50]. The rescaling transformation z — z’ = z/b and | — I’ = [/b now
leads to

Y =Y =b73% with Ay =2, (5.23)
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which implies

for small X and T' > T,. Since the hard wall fixed point governs all direct interactions
with |H| < |H.|, the asymptotic behavior of ¢ should be given by ¢ ~ cly =
o(T /27 X)1/? where the dimensionless coefficient ¢ does not involve the Hamaker
constant H. The same behavior will apply to all interactions within the strong
fluctuation regime. On the other hand, interactions within the intermediate fluctuation
regime will again lead to nonuniversal behavior.

6. Stacks and bunches of membranes

Lipid bilayers in solution often form stacks or bunches (or multilayers or lamellar
states) in which several membranes are, on average, parallel to each other. Large
oriented stacks corresponding to lyotropic liquid crystals have been studied for a long
time by X-ray and neutron scattering methods. On the other hand, bunches contain-
ing only a relatively small number of membranes are also accessible to experiments:
freely suspended bunches can be directly observed in the light microscope whereas
multilayers attached to a fluid-vapor interface can be investigated by surface reflec-
tivity measurements. Likewise, stacks of bilayers spread on a solid substrate such
as a glass slide are often used in order to prepare lipid vesicles.

Thus, consider such a stack of many membranes which has been prepared by
deposition of lipid onto a planar solid substrate. Far from this surface, the membranes
will attain a constant mean separation £. As in the case of two interacting membranes,
the mean separation ¢ within the stack is determined by the interplay of direct
interactions and undulations.

As far as the membrane roughness arising from these undulations is concerned, it
is now important to distinguish several length scales. On scales which are smaller
or comparable with the membrane separation £, the membranes exhibit the humps
of lateral size £ and roughness £, as discussed previously. On length scales which
are larger than ¢, one must distinguish the case of a finite stack from the case of an
infinite stack.

An infinite stack of membranes corresponds to a lyotropic liquid crystal. In this
case, a single ‘tracer’ membrane within the stack exhibits the logarithmic roughness

Ly ~ E,/ln(Ln/fn) for L” > §” (6.1)

This behavior is derived in appendix B from a harmonic model for the lyotropic
liquid crystal. Thus, a single membrane within the infinite stack is almost but not
quite flat on large scales.

If the stack contains a finite number of membranes and if it is free, i.e. not attached
to another interface or wall, its ‘center-of-mass’ coordinate will also undulate. As
shown in the next subsection the roughness of this coordinate scales as

Lo ~/T/(N + DriL) for large L (6.2)
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for a stack consisting of (N + 1) identical membranes with bending rigidity ;. For
small N, the regime described by (6.1) is not accessible and the roughness of a single
membrane is governed by the roughness Loy as soon as L) > §. For large N, one
has the additional crossover length

Lo ~ e{[(N + Dry/T) In [(N + Dry/T)}? ~ gvVNIn N, (6.3)

Thus, on length scales Ly with § <« Ly < Lu, a single membrane exhibits the same
logarithmic roughness as in the infinite stack. For L > L., on the other hand, the
roughness is governed by Lo, as given by (6.2).

In the following, I will focus on length scales which are smaller or comparable
to . The bending undulations on these length scales determine, together with the
direct interaction, the mean separation of the membranes within the stack.

6.1. Model for many interacting membranes

Consider a bunch of (IV+ 1) membranes which are, on average, parallel to a reference
plane. The distance of membrane (n) from this reference plane is denoted by the
height variable h,, with n =0,1,...,N.

The configurational energy (or effective Hamiltonian) for this bunch is given by

N N
H{h} = /dzw{ ZVn(hn —hp_1)+ PZ(hn —hnao1)
n=1 n=1
(6.4)

+

i o (Vzhn)z}.

n=0

N | —

Note that

N
> (hn = hn1) = hy — ho.

n=I1

The asymmetric stack corresponds to kg = oo and k,, = k; forn > 1.

Even though the membrane positions within the stack are described by (N + 1)
fields h,, only N of these variables are coupled by the direct interactions Vi (0).
This is obvious for the asymmetric stack on top of a rigid wall since the position of
this wall does not fluctuate and hg = const. In general, one has a ‘center-of-mass’
coordinate [y which decouples from the N relative displacement fields I, = hy, —hp—1
with n > 1.

For (N + 1) identical membranes with bending rigidity «;, the ‘center-of-mass’
coordinate is given by

1 N

lo= —— S " h,. 6.5
TN+1& 6:5)
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It is not difficult to find an orthogonal transformation from the variables hqg, ..., Ay
to new variables o, ...,yn for which yo = /N + 1]y and the remaining variables
Y1,...,yn are linear combinations of the relative displacement fields 1;,...,Ix. In
this way, one can show that the ‘center-of-mass’ coordinate Iy is decoupled from the
relative displacement fields /,, and is governed by the effective Hamiltonian

Ho{lo} = / d*z —;- (N + Dry (V2)°. (6.6)

Thus, the corresponding bending rigidity is (N + 1)x1. It then follows from the
scaling properties of bending undulations that the ‘center-of-mass’ roughness Lo, =
[{(o — (lo})*)]'/? scales as

Loy ~ \/T/(N + l)ﬁlL” 6.7)

for a bunch of lateral size Lj. This roughness decays to zero as 1/v/N + 1 with
increasing N.

The separation of the membranes within the stack are determined by the mutual
interactions or forces. In the absence of shape fluctuations, the balance of forces
within the stack implies

P =P, = -0V,(,)/0l, forl,=24¢,. (6.8)

More precisely, the disjoining force per unit area which membrane (n — 1) exerts
onto membrane (n) is given by P, é, where é, is the unit vector perpendicular to the
membranes which points from (n — 1) to (n). Likewise, membrane (n) exerts the
force density —FP,é, onto membrane (n — 1).

In the presence of shape fluctuations, the direct interaction V,(l) becomes renor-
malized into V,X(1), and the balance of forces becomes

P =P, =-3VRu,/al, forl, =4,. (6.9)

This equation may be regarded as a definition of the renormalized interaction between
the membranes.

6.2. One-membrane approximation

Now, consider a stack of (IV + 1) identical membranes interacting with identical pair
potentials, V,,(I) = V(I). In the limit of large N, the membrane stack corresponds
to a lyotropic liquid crystal. Far from the boundaries of such a crystal, all relative
displacement fields I, = h, — h,_; will have the same mean value, {l,) = £. On
length scales which are large compared to the correlation length &, a single ‘tracer’
membrane makes arbitrarily large excursions from its average position, see (6.1).
In the one- and two-membrane approximations discussed below, the corresponding
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roughness which grows only logarithmically with the membrane size will be ignored.
One may then assume that, each membrane feels an effective potential

1
Ut (hy) = UET + > S (hy — (hn))? (6.10)

which is harmonic for small fluctuations of h, around its mean value (h,).

The one-membrane approximation is obtained if one ignores the fluctuations of
the two nearest neighbor membranes and treats them as two rigid walls at positions
hn-1 = (hp) — € and h,4; = {(h,) + £, respectively. This geometry was first used
by Helfrich in order to estimate the excess free energy (or loss of entropy) of the
membrane confined in the stack [2]. As mentioned by de Gennes and Taupin, [16]
this approximation represents the analogue of the Einstein model for lattice vibrations
or phonons of solids.

Several authors have used this geometry in an attempt to determine the effective
potential Uff(h,,) starting from the direct interactions V(I) between nearest neigh-
bor membranes [111-115]. In this work, the mean separation ¢ was treated as an
independent parameter even though its value is determined by the interaction poten-
tial V(I). In some cases, the bare potential acting on the membrane was taken to be
(111, 113, 115]

Ut(hp) = V(€ + hn = (hn)) + V(€ — hn + (ha)). (6.11)

This latter approach has two additional problems:

(i) Since one has [, + [,+1 = 2¢, the two independent degrees of freedom I,
and [, have been reduced to a single degree of freedom. In fact, if the
separation [,, increases, the separation [, = 2¢ — I, must decrease. Thus,
all fluctuations in which l,, and 1, are displaced in the same direction are
suppressed. In the context of lattice vibrations of solids, this is a well-known
defect of the Einstein model: it gives an approximate description of optical
phonons in which neighboring atoms move against each other but fails to
describe acoustical phonons in which neighboring atoms move in phase. In
the limit of long wavelengths, the energy of acoustical phonons goes to zero
whereas the energy of optical phonons attains a finite limit. Thus, thermal
fluctuations will primarily excite acoustical phonons which are not contained
in the Einstein model; and

(ii) If the direct interaction V(I) has an attractive part and thus a minimum, the
superposition potential as in (6.11) may have two (degenerate) minima. If the
membrane experienced such a potential, its position could attain two possi-
ble values as explained in section 5.6 [105]. However, such a spontaneous
symmetry breaking would be an artefact of the approximation used to ob-
tain (6.11).

6.3. Two-membrane approximation

In order to overcome the limitations of the one-membrane approximation, one may
focus on a pair of nearest-neighbor membranes within the stack with n = a and
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L(x) hp(x)
a
W ha(x)

Fig. 13. Geometry of two-membrane approximation for a bunch of membranes. The outer membranes
o and B are replaced by rigid walls at positions (hq) and {(hg), respectively.

n=a+ 1=0, see fig. 13. These two membranes interact with each other and with
the two adjacent membranes withn=a—-1=aand n =056+ 1 = f, see fig. 13.

Within such a two-membrane approximation which is of the mean-field type, the
two membranes with n = « and n = (3 are replaced by rigid walls with positions
(ha) = (ha) — €4 and (hg) = (hp) + £, respectively. In addition, the two-membrane
interactions V,(h, — he) and Vg(hg — hy) are approximated by the renormalized
interactions VR(h, — (hs)) and by V}((hg) — hyp), respectively. If one now expands
these interaction energies in powers of h, — (h,) and h, — (hs), one obtains

VR (ha — (ha)) + VI ({ha) — ho)

(6.12)
~ VR(8) + V& (p) — Ply + P(hy — ha)
for small fluctuation amplitudes. If the last term is combined with all terms of
‘H{h} as given by (6.4) which depend explicitly on h, and hp, one obtains the same
effective Hamiltonian H{h,, hs} as for two interacting membranes which are subject
to the external pressure P. Therefore, the relative displacement field [ = hy, — h, is
governed by

H{l} = / d%{Pl +V(l)+% n(Vzl)z} (6.13)

with the effective bending rigidity « = /2. This model was the starting point for
the systematic theory in section 5, see (5.1). Therefore, within this approximation,
the renormalized potential of two membranes within the bunch is identical with the
renormalized potential of two isolated membranes. This reduction of a stack of
membranes to two membranes was introduced by us in refs [3, 92] and [93].
Within this two-membrane approximation, one can determine the mean separation
£ as a function of the external pressure P. On the other hand, if £ is fixed by external
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constraints such as the lipid-solvent composition, one may choose P in such a way
that it leads to the required value for £.

Even though the geometry shown in fig. 13 does not include all configurations of
the two membranes in the stack, these two membranes can fluctuate more freely than
the single membrane between two rigid walls as used in the one-membrane approxi-
mation. In particular, the two-membrane approximation includes those configurations
in which these two membranes are displaced in the same direction. Finally, no spu-
rious symmetry breaking can occur within the two-membrane approximation if the
direct interaction V(I) has only a single minimum.

6.4. Hard-wall interaction

The simplest pair potential for the membranes in the stack is again provided by
V() = V(D) + P, (6.14)

i.e. by the competition between the repulsive hard wall interaction and the attractive
pressure term. Two identical membranes interacting with such a potential have
been discussed in section 5.2. As explained in this latter section, this potential
is renormalized into

V() = 2eaT?/ k112 + Pl

with 2¢q = 0.115 £+ 0.005 ~ 372/256 where ; is the bending rigidity of each
membrane.

In the case of (IV + 1) identical membranes with bending rigidity x;, the renor-
malized pair potential should have the form

V() ~ 2cq(N + 1)T?/k0% + Pl (6.15)

in the limit of small P where, a priori, the coefficient cg(N + 1) is expected to
depend on N. However, extensive Monte Carlo simulations for a stack of three and
of four membranes strongly indicate, that the coefficient ¢ is in fact independent
of N [80, 81].

The MC data for three membranes are shown in fig. 14. These data lead to the
numerical estimate 2cq(3) = 0.113 & 0.005. Likewise, the MC simulations for four
membranes show that all three separation variables [, [, and /3 have the same
asymptotic behavior governed by 2cu(4) = 0.113 £ 0.005. Within the numerical
accuracy of these estimates which is of the order of one percent, the three values for
cy are identical.

This asymptotic separability is not restricted to stacks of identical membranes. It
has also been confirmed for asymmetric stacks in which membrane (0) at the bottom
of the stack has infinite rigidity and thus corresponds to a rigid wall. In this case, the
membrane pair (01) which contains membrane (0) is governed by ket = x1 Whereas
all other pairs are governed by ket = k1/2. Therefore, the effective pair potential
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Fig. 14. Monte Carlo data for three membranes which repel each other by hard wall interactions: (a) The

mean separation (z), the roughness (zz)é/ 2 and the longitudinal correlation length é" as a function of the
pressure Q = P/ Ps as in fig. 8; and (b) The ratio of the mean separation for the three-membrane system
and of the mean separation for the two-membrane system seems to approach unity for small ¢ [80].

should be V(1) ~ cqT?/x,1? for the (01) pair and V(1) = 2¢qT?/k,1? for all other
pairs. This is exactly what is observed in the MC simulations.

As mentioned before, the value 2¢cq = 0.1154:0.005 is very close to 372 /256 which
is exactly half the value proposed originally [2] and deduced experimentally by X-ray
scattering on lamellar phases in oil-water-surfactant mixtures, see appendix B. The
value of the coefficient cq has also been estimated, in the limit of large N, using
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functional renormalization [116]. As a result, one obtains the estimate 2¢,, ~ 0.081
which is somewhat too small.

Another geometry which has been studied by MC simulations are N identical
membranes with bending rigidity x; confined between two rigid walls {117, 118].
The separation of these two rigid walls was taken to be (N + 1)¢ so that the mean
separation of all nearest neighbor surfaces is close to £. The excess free energy
density Afn(£) per membrane was determined via the internal energy density which
can be measured directly in the MC simulations. The MC data were well fitted by
the asymptotic form Afy(f) =~ 2cNT2/n1€2 with 2¢; ~ 0.080, 2¢; ~ 0.093, and
2¢s ~ 0.097 for N = 1, 3 and 5 membranes [117]. Extrapolation of these data to
large N gave the estimate 2c,, ~ 0.106 which is somewhat smaller than the value
2¢q = 0.115 ~ 37%/256 as obtained in the pressure ensemble. The latter value
should be more reliable, however, since it is independent of N and thus involves no
extrapolation procedure.

Thus, for the competition of the hard wall interaction and the external pressure,
the two-membrane approximation becomes presumably exact in the limit of small P,
i.e. as the membranes unbind, provided one studies those scaling properties which
involve only pairs of nearest-neighbor membranes. In other words: each pair of
neighboring membranes behaves asymptotically as if it were not affected by the
presence of the other membranes within the stack. This implies that the contact
probability Py, for two membranes within the bunch should satisfy Py ~ 1 /53’ with
{o = 3 as for two isolated membranes.

If one considers the behavior of more than two membranes, more subtle critical
effects are expected by analogy with strings. Indeed, bundles of strings which
interact via hard wall interactions are characterized by the contact probabilities
Pap ~ 1/629M with ¢o(n) = (n? — 1)/2 where Py, describes the probability to
find a locally bound bundle of n strings [119, 120]. Therefore, one expects the
analogous scaling relation Ppp ~ 1 /§§f'(") with {y(n) = n? — 1 for the probabili-
ties Py to find locally bound bunches of n membranes within the larger stack of
N membranes.

Scaling and renormalization group arguments imply that these scaling properties
are valid as long as the direct interactions between two nearest-neighbor membranes
are short-ranged and effectively repulsive (and one does not include next-nearest
neighbor interactions or n-membrane interactions with n > 2). For this class of direct
interactions, the mean separation of two adjacent membranes should asymptotically
behave as in the case of two isolated membranes. It is not obvious, however, that
this asymptotic separability also applies in the presence of attractive forces between
the membranes.

6.5. Cohesion of freely suspended bunches

Bunches of identical lipid membranes in aqueous solution have been experimentally
studied by phase contrast microscopy. For membranes composed of the sugarlipid
DGDG, Helfrich and Mutz observed unbinding transitions for bunches between two
and twenty membranes, see fig. 15 [4]. The transitions showed no hysteresis and
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Fig. 15. Unbinding transition of a bunch of DGDG bilayers as observed by phase contrast microscopy.

(right) For T ~ 22.4°C, the membranes undulate very strongly and then appear as thick fuzzy lines; and

(left) For T' ~ 22.1°C, the membranes form a bound state which corresponds to the sharp dark line. The

water between the membranes has been squeezed into the large water pocket. The bars represent 10 pm.
(Courtesy of W. Helfrich.)

thus appeared to be continuous. The bilayers within the bunch should attract each
other by Van der Waals forces and thus should experience direct interactions with a
single minimum. Now, one would like to know if the critical phenomena at these
unbinding transitions depend on the number of membranes contained in the bunch. It
turns out that the transition temperature is independent of the number of membranes
but that the critical behavior depends on this number.

6.5.1. Computer simulations of three membranes

In order to be more specific, consider the case of three membranes with identical
bending rigidities k1 = k2 = x3. The configuration of membrane (n) is described
by the height variable h,, with n = 0, 1 and 2. The two nearest neighbor pairs
experience, apart from the hard wall repulsion, a direct interaction of the square well
form as given by

U forO0<l<ly,

6.16
0 forl, <l ( )

AV = {

with U < 0.
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Fig. 16.  Effective interaction potential of three membranes. Neighboring membranes interact via
repulsive hard wall and attractive square well interactions with potential depth U < 0 and potential
range ly.

It is convenient to introduce new coordinates yo, y;, and y, via the orthogonal
transformation

yo = (ho + b1 + h2)/V/3 = V31,
y1 = (h — ho)/V2=1,/v2, and (6.17)
v2 = V2(hy — h)/V3 + (b1 — ho)/V6 = V21 /V/3 + 11/ V6.
In this way, the ‘center-of-mass’ coordinate lo = yo/ V3 s separated off from the
two coordinates y; and y, which are linear combinations of the relative displacement

fields Iy = h; — ho and I, = hy — hy. The two fields y; and y, are governed by the
effective Hamiltonian [121, 122]

1 2
H{yi. 92} = / dzz{vwl.ym Py (vzyn)z} (6.18)
n=0
with the effective potential
VL) = V(V2y) + V((V3y% —11)/V2). (6.19)

This two-dimensional potential is shown in fig. 16. It consists of two hard walls
which form a wedge with angle # = 7/3. The attractive potential well lies in front of
these walls. In the corner of the wedge, the depth of the potential is 2|U|; otherwise,
it is |U].
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The bunch considered here is up-down symmetric in the sense that it is invariant
under an exchange of the two outer membranes. This symmetry implies that these
two outer membranes must unbind simultaneously at the unbinding temperature T, =
T3(3) (where the superscript s indicates that the bunch is symmetric).

The above model for three membranes has been studied by extensive Monte Carlo
simulations [5, 121]. Over the accessible range of length scales, the membranes
undergo a continuous unbinding transition but the observed critical behavior is clearly
different from the case of two membranes. The best fit for the mean separation
¢ = (I}) = (L) leads to the power law £ ~ 1/|T — T$(3)|¥ with the effective
critical exponent ¢y = 0.91 + 0.04 which differs from the presumably exact value
1 = 1 for two membranes. The critical unbinding temperature 73(3), on the other
hand, was found to be identical with the corresponding temperature T3(2) for two
membranes [5].

The range of length scales which is accessible in the MC simulations of three
membranes is limited by finite size effects and rather long equilibration times. Much
more accurate data can be obtained by numerical transfer matrix calculations for three
strings in two dimensions. Analysis of these data shows that the critical behavior of
three strings is again very similar to the one of three membranes [5, 122, 123]. For
three identical strings, interacting with the same pair potentials, the mean separation
¢ = () = €, = () of two neighboring strings within the bundle diverges as
£y ~ 1/|T — T$(3)[¥ with 1 ~ 0.94 over the accessible range of length scales which
is again different from the exact value ¢y = 1 for two strings. In contrast, the
unbinding temperature T5(3) for three strings is again found to be identical with the
corresponding temperature T3(2) for two strings within the numerical accuracy.

Originally, we thought that the observed N-dependence of the critical behavior
could be understood in terms of an effective repulsion between the two outer mem-
branes which arises from the loss of entropy of the confined membrane in the middle
{121, 122, 124]. Such a mechanism is present in the so-called necklace model for
interacting strings [125-127]. However, the necklace model predicts a discontinuous
unbinding transition for three identical strings whereas the transfer matrix results
clearly showed that the transition is continuous. In addition, the necklace model
does not provide any clue why the unbinding temperature 73 should not depend on
the number of membranes (or strings).

On the other hand, continuous transitions but with N-independent critical expo-
nents were subsequently found

(i) within two mean-field theories [128, 129], and

(i) by solving the string problem via Bethe Ansatz methods in which one essen-
tially ignores the precise value of the potential energy of bound string triplets
(i.e. the depth of the potential in the corner of the wedge, see fig. 16) [100,
130, 131].

The latter energy is effectively determined by 3-membrane interactions. The in-
fluence of these interactions has been studied in a systematic way by field-theoretic
renormalization which predicts that this interaction leads to a pronounced crossover
on intermediate scales but that it is irrelevant on sufficiently large scales [120].
Thus, the critical exponent for the asymptotic behavior is presumably ¥ = 1 for
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all NV but the approach to asymptotic exhibits an intermediate scaling regime with
an effective N-dependent exponent ¢ < 1. The asymptotic critical behavior will be
difficult to see in real systems whereas the intermediate scaling regime observed in
the simulations might also be accessible to experiments.

6.5.2. N-state model for unbinding transition
The fact that the unbinding temperature 77 does not depend on N can be understood
within the following scaling theory [98] which represents an extension of the two-
state model described in section 5.4. Locally, three membranes (or strings) which
interact via square well potentials can attain three different types of configurations,
compare fig. 17:

(i) All three membranes are ‘locally unbound’ if their separation exceeds the

range of the interaction potential;

(i1) two of the three membranes form a bound pair whereas the third one is ‘locally

unbound’; and

(iii) all three membranes form a bound triplet.

The probabilities for these three different local configurations will be denoted by
Pub, Pab, and Psp, respectively.

For configuration (i), the loss of entropy per unit area will be denoted by AF,;, for
each separation variable. On the other hand, the excess free energy per unit area for a
bound pair and a bound triplet will be denoted by AF,, and AF3, respectively. For
interactions between nearest-neighbor pairs of membranes, one has AF3, ~ 2AFyy,.
Thus, the excess free energy per unit area of the bunch can be estimated as [98]

AF ~ 2AF Py + (AFp, + AFp )Py + 2AF Py, (6.20)

If the unbinding transition is continuous, the probabilities Py, and P3, must vanish
in a continuous way whereas Py, ~ 1 as the transition is approached. In addition, the
scaling properties at such a transition will be governed by the single length scale £,
which determines the roughness of the separation variables [; and [,.

~ N

===

(a) (b) (c)

Fig. 17. Three-state model for unbinding transition of three identical membranes: (a) Locally unbound
segments, (b) locally bound pairs, and (c) locally bound triplets.
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So far, these arguments are rather general and apply to any kind of shape fluc-
tuations (in particular, these arguments would also apply if the membranes exhibit
an additional microroughness as proposed in ref. [132]). If the membranes undergo
bending undulations, the entropy loss per unit area of ‘locally unbound’ membrane
segments is given by AFy, ~ T?/k¢3. In order to determine £, from this free
energy, one has to know how the probabilities Py, and P, depend on this length
scale.

At a continuous transition, the probability distribution P(l;, >) for the two sepa-
ration variables {; and [ will exhibit the general scaling form

Py, ) ~ (v /€L Q1 /€1, 1 /€1)

where I, is the range of the square well potential. If the scaling function £2(sy, s2) is
finite for small arguments s, and s;, one has Py, ~ (Iy/€1) and Pap ~ (Iy /€ 1P~ ’Pzzb.
In general, one will have P3, < Pap as long as one considers only two-membrane
forces which act between nearest-neighbor pairs of membranes.

The behavior of £, can now be determined by minimizing the excess free en-
ergy AF with respect to £€1. The unbinding transition occurs when AFy, van-
ishes. Therefore, the transition of three membranes occurs at the same temperature
TS as the transition of two. For a square well potential of depth |U]|, one has
AFy, ~ —|U| + ¢T?/kl2 where the first and the second term represent the interac-
tion energy and the entropy loss within the square well, respectively. Thus, one has
TS ~ /&|U|lZ/c.

The minimization of AF leads to a continuous unbinding transition at 7' = T}
with €, ~ 1/|T$ — T|¥. The critical exponent 7 has the universal value ¢ = 1 if
the probability for bound pairs behaves as Py, ~ 1/€,. On the other hand, if the
probability distribution P(ly,1,) appeared to be singular for small arguments over
a certain range of length scales, one would have Py, ~ 1 /51[" for these scales.
This would lead to the same unbinding temperature 7% but to the effective critical
exponent ¢ = 1/(1 + b).

The scaling arguments just described can be directly extended to symmetric bunches
containing an arbitrary number N of membranes. One again finds the N-independent
unbinding temperature 75 whereas the critical behavior of £, depends on the be-
havior of the probability distribution for small values of the separation variables.
Furthermore, the behavior discussed here is not restricted to the case of square well
potentials but also applies to realistic Van der Waals interactions and to all other
attractive interactions within the strong-fluctuation regime.

The N-state model described here implies that the unbinding transition of N
membranes is continuous for all values of IV provided the direct interaction potential
of adjacent membranes has a single minimum and no potential barrier. In contrast,
it has been argued in ref. [94] that the unbinding transition of a membrane stack
becomes discontinuous as a result of balloon-type fluctuations. For two-membrane
forces, these latter fluctuations should be very exceptional compared to the bending
modes considered here and thus should not determine the nature of the unbinding
transition.
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On the other hand, if the direct interaction between two adjacent membranes has
a sufficiently high potential barrier, two different states can coexist as explained in
section 5.6. If one changes the temperature and the lipid-solvent composition (or
an effective external pressure), the phase diagram should then exhibit two-phase
coexistence regions where two lamellar phases with two different spacings coexist
as has been observed in some experimental systems.

6.6. Adhesion to a substrate or another interface

As mentioned, many preparation methods lead to bunches of membranes which
stick to a solid substrate or another interface. Thus, let us consider a bunch of
N identical membranes with bending rigidity x; which adheres to another surface.
This represents the limiting case of the model as given by (6.4) in which the bottom
membrane with n = 0 has infinite rigidity. In general, the interaction Vi(l) = V(1)
between the substrate and the membrane with n = 1 will differ from the mutual
interaction V(I) between two membranes within the bunch.

If the interaction potential V; is relatively weak compared to the mutual interaction
potential V, the separation of the two outer membranes of the bunch will stay finite
while the whole bunch unbinds from the substrate at a critical temperature 72 < T
[100, 131]. In this case, the bunch has the effective bending rigidity kess = Nxy. If
the substrate potential V(1) is taken to be a square well potential with depth |Us| and
range ly, the unbinding temperature T2 is proportional to \/Nr;|Us|lZ which must
be smaller than T ~ /x|U|i2.

On the other hand, if V; is comparable with or stronger than V, the stack undergoes
a sequence of unbinding transitions at successive temperatures T23(n) with TS <
T3(n) < T2(1) [5, 122]. Thus, all unbinding transitions occur in a finite temperature
range, and the last membrane unbinds at the temperature T2(1). At all of these
transitions, the critical behavior is universal and the critical exponent ¢y = 1. For
large n, the unbinding temperatures 72(n) attain the limiting value T?. In this limit,
one expects T2(n) — T% ~ 1/n*. Extrapolation of the numerical data obtained for
n < 3 gives the rough estimate A ~ 2 [5]. On the other hand, the analytical solution
for strings via the Bethe ansatz leads to A = 1 [100, 131].

In real systems, this sequence of unbinding transitions corresponds to a stack on
top of a substrate from which the utter most membranes peel off one after another.

7. Hydration forces and protrusion modes

The shape fluctuations which have been considered in the previous sections represent
bending undulations. These should be the typical excitations on length scales which
are large compared to the membrane thickness. However, the concept of a bending
mode is no longer well-defined as soon as the wavelength becomes of the order of
the membrane thickness. On these latter length scales, the molecular structure of the
lipid-water interface should be taken into account. This interface is roughened by
the relative displacements or protrusions of the lipid molecules as has been observed
in computer simulations [133, 134] and in scattering experiments [36, 135, 136]. In
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contrast to bending modes, protrusions change the surface area of the lipid-water
interface [51, 54] and are thus governed by an effective interfacial tension.

Protrusion modes must be distinguished from ‘blisters’ [137] which have been
proposed in order to explain the hydration interaction between bilayers attached
to mica surfaces. Such a blister consists of a curved bilayer domain which is not
attached to the mica surface and which is governed by its bending energy. Therefore,
in contrast to protrusions, blisters are special bending modes.

In this section, the effect of protrusion modes on the membrane interactions will
be discussed. First, pure protrusions will be considered in which the molecules are
displaced but not tilted [51]. These protrusions renormalize the direct hydration
forces [54, 55]. The tilts of the molecules determine the membrane curvature. The
interplay of protrusion and bending will be discussed in the last section 7.5.

7.1. Single protrusion modes

As explained in section 3.1, two rigid bilayers immobilized onto mica surfaces ex-
perience a strong repulsion for small separations of the order of 1 nm. It is believed
that these hydration forces between the bilayers arise from the intrinsic structure
of the lipid water interfaces. Phenomenological theories predict that this perturbed
water structure leads to the direct interaction

AV () = Viyexpl—1/lny]. 7.1

The hydration length I,y should be given by an appropriate correlation length within
the water, see section 3.1.

Now, consider a single protrusion mode in which one lipid molecule pulls out from
one of the rigid membranes and bridges the intermediate water gap of size ! [51].
The lipid molecule is taken to have the shape of a small column with constant cross-
section and circumference ag. Such a protrusion has energy AE = Xyapl where X
represents the free energy of the interface between the nonpolar part of the molecule
and the water (or another polar solvent). Now, the probability for such a fluctuation
can be estimated by the Boltzmann weight, exp(—AE/T) = exp(—1/ls) with the
length scale

lee = T /a5 (7.2)

For a molecule with circumference ap =~ 3 nm and interfacial free energy Xy ~
0.02 J/m?, this length scale is Iy ~ 0.07 nm at room temperature with T = 4.12 x
1021 ],

Thus, the protrusions of the lipid water interface introduce another length scale,
the protrusion length I, Within the single mode picture, this scale is in fact equal
to lsc. In general, one has Iy, = 2yl with a dimensionless coefficient z, > 1 as
will be shown below. Thus, the interplay between hydration forces and protrusion
modes can be understood in terms of two length scales, the hydration length I,y and
the protrusion length ;.
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There is one obvious problem with a picture based on single protrusion modes.
Since Iy is of the order of 0.1 nm, a protrusion of a single molecule which bridges
a water gap of about 1 nm is very unlikely. In real systems there are, however, two
different effects which act to increase the effective range of protrusions [54, 55]:

(i) The molecules protrude collectively. If several molecules protrude in a co-
herent fashion, they can form, e.g., transient roof-like ripples. In this way,
collective protrusions can bridge a water layer of 1 nm even though the rela-
tive displacements of neighboring molecules are only of the order of 0.1 nm;
and

(ii) The profile of the water structure in front of the lipid surface is shifted by the

protrusions. ‘

These two effects will now be taken into account.

7.2. Models for collective protrusion modes

In order to go beyond the single mode picture, let us consider a rough membrane
in which all molecules can be displaced with respect to the flat state. A snapshot
of such a membrane is shown in fig. 18. In addition, we will include the direct
hydration interaction between the membranes as given by (7.1). The separation of
the protruding molecule i from the other membrane is now described by the local
displacement field I; which varies along the membrane surface. Each molecule
interacts with n nearest neighbors. All molecules have the same cross-sectional

Fig. 18.  Snapshot of membrane segment which is roughened by collective protrusion modes. Note

that the vertical and the horizontal scale of this figure are different: Relative displacements of two

neighboring molecules are typically of the order of 0.1 nm whereas the diameter of the molecules
is about 0.8 nm [55].
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area Ag. The energy of such a membrane configuration is given by [54, 55]

H{Y/T = (a0Zo/Tn)lli — ;| + > AV (l)/T (1.3)

(id) i

and its statistical weight is given by the Boltzmann factor ~ exp[—H{{}/T].

Protrusions change the area of the lipid water interface. Therefore, these fluctu-
ations are governed, on large scales, by an effective interfacial tension, X, which
must be distinguished from the microscopic tension, Xy, of the hydrocarbon solvent
interface. The solvent layer between two such interfaces resembles a thin wetting
layer.

Extensive Monte Carlo simulations and renormalization group calculations have
shown that the discrete model defined by (7.3) belongs to the same universality class
as the so-called Gaussian model

H{I}/T = / dzx{ % (Zpr/ TV + V(l)} (7.4)

for which the discrete sites ¢ are replaced by a continuous coordinate and the term
(agZpe/Tn)|l; — ;] is replaced by (X / 2T)(VI)%. The effective interfacial tension
Lpr 1s related to Xy via [54]

Zor = cx(aoX0)?/T = csT/1%. (7.5)

The dimensionless coefficient c5; can be estimated from the Monte Carlo simulations
and is found to be ¢y ~ 0.067. Using the above estimate for Iy, one then has
Spr ~ 0.056 J/m?.

The discrete model as given by (7.3) describes the interaction of one protruding
and one flat lipid solvent interface belonging to two different lipid bilayers. For the
interaction between two flexible bilayers, there are two changes.

First of all, each bilayer is bounded by two lipid solvent interfaces. The protrusion
of one bilayer will, in general, involve both interfaces of this bilayer in order to avoid
bilayer cavities which would cost a lot of energy. If the bilayer were incompressible,
the two lipid solvent interfaces would have constant separation which would imply
that the interfacial free energy X for its protrusions is increased by a factor of two.

On the other hand, if both bilayers exhibit protrusions, the effective interfacial
tension X, for their relative displacement field is decreased by a factor of two.
Since Xy ~ Zg, these two effects compensate each other to a certain extent and
lead to an overall increase of X by a factor of v/2. The finite area compressibility
of the bilayer will act to reduce this factor.

As mentioned, these models for collective protrusions have been studied by Monte
Carlo simulations and renormalization group methods [54, 55). The results of these
calculations are briefly summarized in the following subsections.



582 R. Lipowsky

7.3. Disjoining pressure from hard wall

It is again instructive to consider the simple interaction
(@) = Vaw(D) + PI (7.6)

which describes the interplay of the hard wall repulsion and the external pressure P.
In the limit of small pressure, one obtains the exponential dependence

P = Bye ™/t (l,/0)1/* (1.7)

on the mean separation £ = (), and the Gaussian dependence

P~ Py, Le—z(ei/zm)2 (7.8)
on the roughness £, = ((I — £)?)!/2. The protrusion length I is found to be

loe = (T/27Zpe)'? = 2T /a0 Zo (7.9)

with the dimensionless coefficient z,, >~ 1.5. Thus, the collective protrusions increase
the value of this length scale by about 50 percent.

The pressure amplitudes B,y and B, are obtained from the Monte Carlo simu-
lations as

Phw/Psc = Qhw = 0.5 and Ble_/Psc = Qhwl 0.9 (7.10)
with the pressure scale
Py = apXo/Ao. (7.11)

For ap = 3 nm, Ag = 0.7 nm2, and X = 0.02 J/m?, one has P, ~ 8.6 x 107 J/m3
which lies within the range of the experimentally observed values for the disjoining
pressure.

7.4. Disjoining pressure from exponential hydration

Now, let us consider the exponential hydration interaction AV () = Viy exp[—1/lny]
as in (7.1). The bilayer interaction is now given by

Vo(l) = Vaw(l) + Viy exp[—1/lny] + PL. (7.12)

In this case, one finds two different scaling regimes depending on the relative size
of the hydration length Iy and the protrusion length .

The protrusion-dominated regime is defined by [y > 2lyy. In this case, one obtains
the same ¢-dependence or £, -dependence for the disjoining pressure P as for the hard
wall case. Thus, the two relations (7.7) and (7.8) are still valid with the protrusion
length I, as given by (7.9).
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The hydration-dominated regime, on the other hand, is defined by I, < 2l1y In this
case, one has a nontrivial competition between the direct hydration and the collective
protrusions. In the limit of small pressure, this competition leads to the exponential
dependence

P~ P/t (7.13)
on the mean separation ¢ with the decay length

L = {1+ (pr/2lhy)*] Iny.- (7.14)
The amplitude P; is given by

1-p;20-1

Py = (Zpe/af) Viy "Ly (7.15)
where a is the diameter of the lipid molecule and

p = (lor/lny)*/ [(Upe/Iny)? + 4]. (7.16)

This functional dependence for /; and P> has been obtained by renormalization group
calculations and confirmed by Monte Carlo simulations, see fig. 19. Within the
hydration-dominated regime, the roughness £, is related to the pressure P via

Pr Py e 260/l (7.17)

The Gaussian dependence on &, is the same as in the protrusion-dominated regime
but the amplitude P», depends on the hydration length. For ly/lic = 1.5 and 3, one
obtains P /Py ~ 1.4 and 2.5, respectively.

As shown in fig. 20, the roughness £, is always small compared to the mean
separation £ for the collective protrusion modes studied here, and the relative dis-
placements of the lipid molecules are only of the order of a few A.

In summary, the disjoining pressure P depends exponentially on the mean sepa-
ration £ as P ~ exp[—£/;] in both regimes but with a non-universal decay length I,.
In the protrusion-dominated regime with Iy > 21y, one has

ly =l = 2T /00Xy Wwith zp; ~ 1.5. (7.18)
In the hydration-dominated regime with I, < 2lpy, this length scale is given by
I = lny + 25,72 /4(a0 0) Iny (7.19)

as follows from (7.14). Thus, the length scale /; depends, in general, on temperature
T, on the parameter combination aoXp (which represents an effective edge tension
of the lipid molecule), and on the hydration length lpy.

At fixed temperature T, the repulsive interaction will be dominated by protrusion
and by direct hydration forces for small and for large values of the parameter agX,
respectively. Likewise, protrusion and hydration forces dominate for small and for
large values of the hydration length, respectively. Thus, depending on the lipid and
on the solvent, a real system may belong to either of both interaction regimes.

For fixed lipid and solvent, on the other hand, one will have a transition at a
characteristic temperature T' = T, which is implicitly given by Ip(T) = 2l (T). It
follows from the above expressions for these length scales that T, = 2a¢Xolhy/ zpr if
one ignores the T-dependence of the interfacial free energy Xy and of the hydration
length lyy. For the hydration-dominated regime at low temperatures T < T, the
physical decay length {; increases quadratically with increasing T', while it increases
linearly with T' for the protrusion-dominated regime at T > T,.
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Fig. 19.

,_llIl‘llllllllllllllll|lllil_

Ll

llll

lJJJlLl

0lnglllllllllllllllJlJlllIll

llllllllllllllllllI]Illllll

0 05 10 15 20 25

zpr/zhy

—llllllllllllllll

T YTIII]lllll|l||]|llll|ll|llll|

/
llllIIIJJJ_IIIlllllllllllllllllllllll

0 0.5 1.0 1.5 2.0 2.5

y4
or/ Zhy

R. Lipowsky

(a) The decay length z = Ii/lsc and (b) The pressure amplitude Q, = P,/ PFic as a function

of the ratio lpr/lny. The length scale lsc and the pressure scale Py are defined in (7.2) and (7.11),
respectively. The four dots represent the best fits to the Monte Carlo data; the error bars for @, are
relatively large while the error bars for z are smaller than the size of the symbols. The solid curves

represent the functional dependence in (7.14) and (7.15) [54].
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Fig. 20. The squared roughness (z2)c = (¢4 /lsc)* as a function of the mean separation (z) = £/lsc. The
three sets of data correspond to the hard wall (o) and to exponential hydration interactions with Iy, /lsc =
1.5 (o) and Iy /lsc = 3 (). The roughness is always small compared to the mean separation [55].

7.5. Protrusions versus bending undulations

Protrusions are excitations of the lipid solvent interfaces which change the interfacial
area and are thus governed by an effective interfacial tension. These excitations
should be dominant on length scales which are smaller than or comparable with the
bilayer thickness. On the other hand, for larger length scales, the typical fluctuations
are expected to be bending modes governed by bending rigidity as discussed in
previous sections.

Protrusions act to reduce the bending rigidity. If a single molecule protrudes from
the bilayer, it is easier to bend this membrane away from this protrusion. This effect
can be studied within a simple model in which one considers protrusions on top
of a curved membrane [55]. More precisely, the membrane has a neutral surface
which is taken to be incompressible and characterized by a bare bending rigidity .
The p