-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Online Research Database In Technology

Technical University of Denmark DTU
oo

Fluid lipid bilayers: Intermonolayer coupling and its thermodynamic manifestations

Hansen, Per Lyngs; Miao, Ling; Ipsen, John Hjorth

Published in:
Physical Review E. Statistical, Nonlinear, and Soft Matter Physics

Link to article, DOI:
10.1103/PhysReVvE.58.2311

Publication date:
1998

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Hansen, P. L., Miao, L., & Ipsen, J. H. (1998). Fluid lipid bilayers: Intermonolayer coupling and its
thermodynamic manifestations. Physical Review E. Statistical, Nonlinear, and Soft Matter Physics, 58(2), 2311-
2324. DOI: 10.1103/PhysRevE.58.2311

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://core.ac.uk/display/13725976?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1103/PhysRevE.58.2311
http://orbit.dtu.dk/en/publications/fluid-lipid-bilayers-intermonolayer-coupling-and-its-thermodynamic-manifestations(321be16b-d03f-4566-bcbe-49317171eaff).html

PHYSICAL REVIEW E VOLUME 58, NUMBER 2 AUGUST 1998

Fluid lipid bilayers: Intermonolayer coupling and its thermodynamic manifestations

Per Lyngs Hanseh,Ling Miao, and John Hjort Ipsen
Department of Chemistry, Building 207, The Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 8 December 1997

A fluid membrane of lipid bilayer consists of two individual molecular monolayers physically opposed to
each other. This unique molecular architecture naturally necessitates the need to treat a lipid-bilayer membrane
as one entity of twacoupledtwo-dimensional systeménonolayery each of which possesses “in-plane”
degrees of freedom that characterize its physical or chemical state. Thermally excitable deformations of a lipid
bilayer in its geometrical conformation further impart to it “out-of-plane” degrees of freedom. In this paper we
discuss the issue afitermonolayer couplingn terms of a phenomenological model that describes the neces-
sary types of degrees of freedom and their interplay, which reflects different modes of intermonolayer cou-
pling. Furthermore, we investigate, based on the phenomenological model, the manifestations of the inter-
monolayer coupling both in the lateral ordering processes of the “in-plane” degrees of freedom and in the
conformational behavior of the bilayer membraf®1063-651X98)05508-1

PACS numbegps): 87.22.Bt, 68.10-m, 82.65.Dp, 87.22.As

[. INTRODUCTION tional to the chemical potential of the reservoir. The free
energy also involves local surface invariants up to the second
One structural element universal in all biological mem-derivatives of the surface: the mean curvatiie= 1/R;
branes is a bilayer entity, consisting of two individual mono-+1/R, and the Gaussian curvatuke=1/R;R,, where R;
layers that are composed of an astonishingly large number @fndR, are the two principal radii of curvature of the surface.
types of amphiphilic lipid molecules. Artificial lipid bilayers one of the physical parameters in the modeheasures the

may f_qrm_ spontaneously wh_en one or several types of aMgegree of the membrane flexibility and is called bending ri-
phiphilic lipid molecules, native to biomembranes or artifi- idity. %, is another bending rigidity, which becomes irrel-
cially synthesized, are dispersed in an aqueous environmefd{®' Y- Xo '

under a wide range of physicochemical conditions. They argvant when the surface 'topology of the membrane is fixed as
the simplest model systems of biomembranes, which calp often the case. The blllally_er aspect is accounted for only”by
both mimic, at different levels, the molecular complexity andtN€ constanto, termed “bilayer spontaneous curvature,
retain some of the essential physical properties of biologicaiVhich allows for asymmetrydifferencs in either the chemi-
lipid bilayers [1]. Our study deals with such model lipid- cal or the physical nature of the two constituting monolayers.
bilayer membranes. For a single-component lipid bilayer immersed in a homoge-
One of the most recognized properties of model lipid bi-neous environmentl, is assumed to be zero. Many studies
layers is the following: Under typical laboratory conditions, based on this model have provided a great deal of insight
model lipid bilayers often appedtuid, as their biological into the conformational aspect of the thermodynamic behav-
counterparts do, lacking any lateral positional ordering ofior of fluid lipid bilayers[1,4].
lipid molecules; also, they arigexible easily (at the impact Apparently, this model neglects the effects of the different
of typical thermal fluctuationschanging their surface con- types of “in-plane” degrees of freedom that pertain to a lipid
figurations. A phenomenological model, containing an im-bilayer: translationaldegrees of freedom to describe the po-
portant notion obending rigidity was proposed by Canham sitions of lipid molecules within each monolayegnforma-
[2] and Helfrich[3] to describe this property or the physics tional degrees of freedom to describe the large number of
governing “external” degrees of freedom. The model treatsconformations each lipid chain can assume, and finatiy-
a fluid lipid bilayer as asingleincompressible surface with positional degrees of freedom to describe the molecular
the elastic free energy compositions of each monolayer. On the other hand, it may
be expected that under changes of thermodynatai
chemical conditions these different types of degrees of free-
dom will undergo changes in their collective behavior or
lateral ordering processes and that large fluctuations associ-
A represents the total area of the bilayer surface and is prated with these degrees of freedom may arise naturally in the
portional to the total number of lipid molecules composingordering processes, leading to in-plane heterogeneity. In-
the bilayer. Thus, if the bilayer is in equilibrium with an deed, biophysical studies of model lipid bilayers have been
external lipid reservoirg,, being conjugate t@, is propor-  providing mounting evidence for thid,5]. For example, a
study of lipid bilayers of a binary mixture of dimyris-
toylphosphatidylcholin€DMPC) and distearoylphosphatidyl-
*Present address: Laboratory of Physical and Structural Biologycholine (DSs,PC) based on a small-angle neutron-scattering
National Institutes of Child Health and Human Development, Na-technique[6] clearly revealed the presence of coherent do-
tional Institutes of Health, Bethesda, MD 20892. mains rich in DSPC, a signature of the ordering in

K 9, —
5 (H=Ho)?+ koK. (1)
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the compositional degrees of freedom. Furthermore, the critievant to a first approximatiofil2]. In this paper we will

cal nature of the ordering in systems of equimolar mixture ofexplicitly take into account contributions of direct interac-
the two lipids was indicated by the divergence of a coherencgons to intermonolayer coupling and will argue, based on
length as a particular temperature was approached. Simil&@ur calculations, that such contributions, even when they are
critical demixing processes also take place in PC-cholesterdveak, are relevant in determining the thermodynamic behav-
mixtures, which are of particular interest to membrane physior of lipid bilayers.

ics [5,7]. Another important type of lateral ordering pro-  One of the major predictions given by those studies men-
cesses, known as the “main transition” or the “chain- tioned above is that in lipid bilayers under one form or an-
melting transition,” involve the conformational degrees of other of mechanical cqnstraints, lateral ordering processes
freedom and can occur even in single-component lipid bilayMaY Often be characterized by the appearance of modulated

; ; -Ostructures. In these modulated structures, domains with both
distinctly different degrees of ordering in the in-plane fields
and distinctly different curvatures appear in well-defined
sizes and in a spatially alternating fashion. The well-defined
sizes and surface corrugations of ordered domains find no

alog in lateral ordering processes in ordingiynple flu-

Ids and have been used to interpret ripple phases and other

molecules collectively undergo a change betweefhigh-
temperaturgdisordered state, characterized by a large num
ber of conformations, and @ow-temperatureordered state,
characterized largely by thigans conformation. It has also
been demonstrated that such chain-melting processes in m

model systems of lipidwith the PC headgroup and saturated ordered-domain phenomerj@.14]. In our work we have

acyl chaing bilayers studied appear pseudocritical, involving L
large fluctuations in the molecular densities in the two mono Made efforts to further the characterization of the modulated

layers. Clearly, these cases necessitate the need to deal pjuctures. In this paper we \.N.'" demonstrate that, under dif-
the in-plane degrees of freedom. erent thermodynamic conditions, modulated structures of

Any modeling of a fluid lipid bilayer has to reflect its different characteristics may exist and that, depending on

unigue molecular architecture and properties. A lipid b”ayerthermodynamm control parameters, the change from one

actually consists of two two-dimensional systefmonolay- type of modulated structure to anoth.er in pr_inciple may or
ers, each of which possesses a distinct set of “internal” Ma&Y not correspond to thermodynamic transitions.

degrees of freedom. While the internal degrees of freedom in The stufgjileds andl the resfutl;[]s descérillaed_ SO fr?_r ﬁreﬁ?” ?aS(?d
one monolayer can in principle behave differently from thoseo! Mean-field analyses of the models, In which €eftects o
hermal fluctuations both in the in-plane degrees of freedom

in the other, there exists coupling between them: The fact din th trical ; i ¢ b

that the two monolayers have to follow the same geometr)?:q tmd (_a”g];eorr;r:e r;]cg I(ijon Orl':]a)(il%ng r? menm rrﬁirr:e arrf I:ne_

(for surface deformations on length scales larger than th ected. € mean-iield approximation concerning mem-
rane conformation is certainly valid in situations where me-

bilayer thicknessimposes one form of coupling; direct mo- hanical traint : d bil b ¢

lecular interactions, which may depend on the states of th&hanical constraints aré Imposed on a briayer membrane 1o

two individual sets of internal degrees of freedom, constitut uppress Its strong c_onformgtlonal fluct_uatlons. Howe_ver, we

another. Finally, the geometry of the bilayer surface, or th ave also been partlcularly mterested_m ur_lderst_andlng how
! f the intermonolayer coupling may manifest itself in the con-

“external” degrees of freedom, is thermodynamically reI-f tional behavior of fluid lipid-bil b h
evant due to the flexibility of the bilayer. Thus the thermo- ormational behavior ot Tiuid lipid-bilayer membranes when
strong fluctuations in both the internal and the external de-

dynamic behavior of systems of fluid lipid bilayers will be ces of freedom are present, a question that has not been

the result of a complex interplay between lateral orderinggr ) ) .
processes of relevant internal degrees of freedom and t riously addressed before. To this end we have considered

conformations of membrane surfaces. It is the theme of Ou§|tuations where the effect of mechanical constraints be-

paper both to discuss, in terms of a phenomenological modet°Mes vanishingly small and have nec;essarily ex.tend'ed our
f study beyond the scope of the mean-field approximation. In

-ghis paper we will also describe a simplified analysis based
of the model, some specific manifestations of the coupling iPh a f|eld—th(_aory approach, which we have carried out to dgal
both lateral ordering phenomena and in conformational be‘—NIth fluctuat.|on effects, and present the result of the an_aly.s[s.
havior of bilayers Previously, it has already been demonstrated that a fluid lipid
Recently, a nﬁmber of theoretical studig@—17] have bilayer under no mechanical constraints will displayaiten
modeled thé intermonolayer coupling with a simple form Ofextremely large length scales a conf_ormatlonal m_stablllty
bilinear coupling between bilayer local geomeiigpecifi- t(;\f/vaidsf pranlched-fi)olilm(te_r conﬂgura?o[:&ﬁ, ((e)ven i theth
cally, local curvaturesand a local difference in the two in- ettect of in-plane Tuctuations 1S negiected. LUne may thus
dividual in-plane density or concentration fields characteriz-'mu't'VGIy expect that strong flu'ctuat|ons n m-pla_ne de_glrees
of freedom will only promote this conformational instability.

ing, respectively, the physical or chemical state of the twg

monolayers and have further explored some of the thermol-ndeed’ our analysis shows that strong in-plane fluctuations

dynamic consequences of this particular form of coupling. ln][emfo;_ce Slh.ap? Eﬁtuat'fn.s and thathconser?u;e]ntly, the con-
some studie$10-12,14 care has been taken to explicitly forma 'OT:" Instabriity sets IIIn on muc.b'k;?utﬁ S ?l(tmere—
deal with the possibility that both of the monolayers may ore, perhaps experimentally accessiliEngth scales.

undergo ordering processes. However, any form of inter-

r_nonolayer coupling arising from direct molecular interac- Il. PHENOMENOLOGICAL MODEL
tions has been neglected, presumably based on the assertion
that direct interactions may have onlyv@akdependence on In this section we describe a phenomenological model for

specific states of the in-plane fields and therefore are irrelfluid lipid bilayers and discuss its physical significance. The
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model emphasizes the fact that a fluid lipid bilayer is an Pi— Pe T-T,
entity of two coupledmonolayers that always assurtep- b= e toe ——, (4)
proximately the same geometrical conformations, but that ¢ ¢

can display different behavior as far as the in-plane degre%herepi is the local composition field angl, and T, are the

of freedom are concerned. As is implicitly assumed in a phe.bomposition and temperature, respectively, characterizing

nomenological description of a physical system, specific mi-

i detail | Vb lected and the | the critical demixing that takes place in a flat monolayer.
croscopic detarls can fargely be neglected and the 1argé NUml i, effact the chemical potential regulating the composition

ber of.any relevant degIees of fregdorn .and the physic ndu=0 corresponds to the situation where the composition
governing them may be “coarse grained” into a few local ;

(spatially varying fields and a small number of phenomen _is set at the critical value. The other type of ordering pro-
spatially vary €lds and a small numpoer of phenome Ofcesses is the chain-melting processes in single-component
logical parameters, respectively. Particularly in our model o

AN . . —— .~ “lipid bilayers, as described in the Introduction. Since the
a fluid lipid bilayer, Eq.(1) is taken as the basic description chain conformational change involved in the chain melting is

A . Qlso manifested in a corresponding change in the molecular
curvatures, the bending rigidity, and the bilayer spontaneouaensitypi we choose the density field as the representative.

curvature. Similarly, in-plane degrees of freedom within : : ! .
each of the two monolayefabeled, arbitrarily, as 1 and 2 -IE—ze(g)hgllgomvE\:/Iittlr?g can then be approximately described by

are represented by a local scalar field on the surf@tté)

and the essence of the physical mechanisms underlying their bi=(pi—po)lpo, wE(T—Tp), (5)
ordering processes is captured in a few physical parameters.
Explicitly, the total free energy of a bilayer is given as andt<0. Herep, is a properly chosen average of the two

densities corresponding to the chain-ordered and the chain-

k ., kCo Y12 disordered states anf,, is the chain-melting temperature
Foilayer= | dA) oo+ EH _T(¢l_¢2)H+T¢1¢2 (5,22].
The main theme of our papéntermonolayer couplingis
lic . t g C - specifically represented by the last two terms in the first line
+ o= (Vp)?+ s da+ —d1—pdy+ = (V)2 . — : iy
2 2( ¢1) Wit gy h1mmdn 2( ¢2) of Eq. (2). The first form— kCqy( 1 — ¢,)H/2 is an explicit

model expression of the notion bflayer spontaneous cur-

vatureand is based on the following reasoning. In general,
any two opposing local elements of the two monolayers can
be different in their chemical or physical states, represented

In defining the local principal curvatures, we adopt the fol-by ¢;(x) and ¢,(X). It is thought that the different local
lowing sign convention: Once the two monolayers are lafields imply the preferences of the two monolayers for dif-
beled as 1 and 2, the surface normal is then chosen to poifgrent local mean curvaturg$2,14,23. Hence the constraint
from monolayer 2 to 1R; (i=1,2 here denotes the two local that the two monolayers must conform to the same local
principal directions, respectivelyis defined to be positive mean curvatures simply means that the different preferences
(negative if the corresponding local principal curve is con- of the two monolayers cannot be satisfied simultaneously,
cave(convex with respect to the chosen surface normal. leaving either one monolayer or both frustrated. However,
As is apparent in Eg2), we have employed a canonical the degree of the frustration due to such local transverse
model, the Landau-Ginzburg* theory[19], asymmetry can be minimized if a particular local mean cur-
vature is assumed. This particular value is the Idiklyer
Fizlf dA{E(V_)¢i)2+£¢i2+g¢i4_M¢i Cic12 spontaneous cirvaturegnd is apprpximgted b}Co(qSl
2 2 2 41 — ¢,)/2, whereCg,, having the physical dimension of the
(3 inverse length, is a phenomenological constant that depends
on the material properties of the bilayer. This form of cou-
as a generic description of any in-plane degrees of freedomling is precisely the bilinear coupling that has been pro-
under consideratiof20]. The bilayer nature of the system is posed in models similar to Eq2) to model the interplay
reflected by the possibility that each monolayer can undergbetween in-plane degrees of freedom and membrane confor-
an ordering process governed by the Landau free erfergy mations[8—-17].
It is worth emphasizing that the physical parameters in Eq. The second form of intermonolayer coupling,¢1 ¢, is
(3) should be defined as those that characterize the orderirigtroduced to describe the possibility that direct intermono-
process that takes place when the bilayer is mechanicalllgayer interactions may also depend on the physical or chemi-
constrained to béat. cal states of the monolayers and give contributions to the
We have in mind specifically two types of ordering pro- total free energy of a bilayer. Molecular interactions of dif-
cesses, to which this generic phenomenological descriptioferent origins may be responsible for this effect. For ex-
applies, although the description may also be relevant teample, lipid molecules residing separately in the two mono-
other classes of phenomena such as adsorptions to metayers interact via van der Waals interactions that depend
branes of small moleculegsterols, anesthetics, etd.21]. both on the chain-conformational states and on the spatial
One type is a phase separation process in a binary mixture gacking of the interacting molecules and in turn on the local
lipids, in which case the following correspondance can bdateral densities of the two monolayefg and ¢,. The con-
made: tribution from the cohesive part of van der Waals interac-

. (2

t .. 9
+ 55+ g% nbe
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tions may be modeled, to a first approximation, by the provalue of the total area of the bilayeA) as a consequence of
posedy,,¢1 ¢, Where y,, takes on negative values. In a thermal fluctuations of the bilayer surface about the mean
bilayer containing charged lipids, electrostatic interactionconformation. The mechanical foreecan be related to the
may lead to coupling between the two constituent monolayamount of mechanical workAA, required to change the
ers, in situations where ionic concentrations of the agqueousame area byAA,, (in turn, changeA;) and is often called
solutions surrounding the bilayer are very low so that theframe tensio26,30. Its magnitude must be larger thamn
hydrocarbon interior of the bilayer appears “transparent” toin the presence of surface fluctuations and also has a specific
electrostatic field$24]. In this case, and ¢, may repre-  dependence ow, [31]. Equivalently, an effective tension
sent, respectively, the densities or concentrations of thenay be associated with the area of the mean bilayer confor-
charged lipids in the two monolayers ang, can be either mation A,,, which is also related to the “bareé,. Since
positive or negative if the charged lipids in the two mono-most of our work only concerns the determination of mean
layers carry electric charges of either the same or oppositgjjayer conformations and does not explicitly treat the ther-
signs, respectively. There is experimental evidence that ing 5 iy ctuations of the bilayer surface, the “surface tension”
termonolayer_cpupllng of this nature is relevant in bilayersy,,; \ve will refer to should be thought of as the effective
formed from lipids with charged head grou®5]. Thus, for _ — ) )
a given system of lipid bilayer, the phenomenological param{€Nsion, denoted by, that is conjugate to the area of the
eter y;, will contain contributions from the different sources Mean equilibrium conformation. When in-plane fields and
and its specific value will depend both on molecular detaildh€ir ordering become relevant, such an effective tension
and packing properties of the consitituent lipids and on socontains also contributions from the ordering of the in-plane
lution properties of the aqueous environment surrounding théelds. To make the contributions of the in-plane fields ex-
bilayer. Conventional approximations have so far neglectegblicit, we defineo to be the effective tension in a bilayer
this form of direct interactions between monolaygt2,14), state where the in-plane fields are disordered. It is important
based on the argument that such direct interactions may ned keep in mind that this effective tension contains the en-
be significant in their strength compared to other relevantropic contributions from all the degrees of freedom associ-
effects such as bending and that neglecting them will noated with the membrane surface and therefore depends on
therefore lead to qualitative changes in our understanding akmperature and the bare physical parameters controlling
the systemg12]. However, we will demonstrate with our those degrees of freedom.
study that this coupling, even when it is weak, plays a non- Our last remark on the phenomenological mo@lcon-
trivial role in determining the characteristics of in-plane or-cerns the different types of symmetry it possesses. First of
dering processes in a bilayer. all, the physics of a bilayer must be invariant under transla-
The last physical parameter in E@®) to comment on is tions and rotations in the three-dimensional Euclidean em-
0. It has the physical dimension of energy per unit area, thabedding space. This symmetry is reflected in the fact that the
of surface tension, i.e., it measures the energy cost of insurface-related quantities present in the model are invariants
creasing somarea of a bilayer. Its definition and physical such as the total surface area and the mean surface curvature.
interpretation depend on whatea is being considered. If Second, Eq(2) is invariant under the “relabeling” or “in-
the arearefers to the total area of a lipid bilayer in equilib- version” of the two monolayers, which is formulated as
rium with some external reservoir of the lipid moleculeg, {¢,— ¢,,H——H} and will be referred to a®), hence-
is simply proportional to the chemical potential of the reser-forth. This symmetry is simply a formal expression of the
voir. However, only when the bilayer is subject to mechani-statement that the two monolayers composing the bilayer are
cal constraint$26] doeso, become a relevant parameter in considered to be subject to identical macroscopic physical
determining the thermodynamic behavior of the bilayer: Itand chemical conditions and that their phenomenological
has been understood that no matter wihgis, a freely sus- physical properties are considered identical as well. Situa-
pended(i.e., under no mechanical constrajnfiiid mem- tions where this symmetry is absent have been considered in
brane always appears crumpled on large length s¢dlés  other studie$9,32], but are outside the scope of the present
29]. When mechanical constraints are present,may be paper. One of the most interesting thermodynamic conse-
related to the strength of the mechanical force needed tquences of the modgR) concerns this symmetry: Under
enforce the constraints. There are different ways of implecertain conditions the two monolayers actually acquiife
menting mechanical constraints on a fluctuating fluid bilayerferent macroscopic states, despite the symmetry of the free
such as those discussed[i6] or that of confining the bi- energy. In other words, the symmetry may be spontaneously
layer between two wall§12]. In this paper we choose, for broken.
the sake of simplicity, to represent mechanical constraints In addition to the above two types of principal symmetry,
with a planar frame of a total ared,, which the bilayer the phenomenological mod€?) also possesses various ad-
spans, and we carry out our calculations in this representaditional types of invariances, which hold as different physi-
tion. It turns out that ifo, exceeds some threshold value cal parameters are set to zero. Whenis zero, the “re-
(which depends on other physical parameters such as terduced” form of Eq.(2) is invariant under an operatiofl,,
peraturek, etc), the mechanical constraint can be applieddefined af ¢,— — ¢1,$,— — ¢,,H— —H}. The origin of
with a finite mechanical forcésee belowand the bilayer in  this invariance lies partly in the formal symmetry of the
its thermodynamic equilibrium state assumes a certain exandau-Ginzburg free enerdfq. (3)] with respect to trans-
tended, instead of “crumpled” mean conformation. The areaformation{ ¢;— — ¢;} whenu=0. This formal symmetry is,
of this mean conformatioA,, may be different fronA, but  within the framework of thep? theory, a statement about the
scales with itlinearly, and it is also different from the mean fact that there are two coexisting phases below a critical
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point. O,, together with©,, forms another operatiod; lowing this convention,/c/g, having the physical dimension
=0,0,=0,0,={p1— — ¢»,o——¢,,H—H}, which  of length, then becomes the normalization unit for all length
also leaves Eq(2) invariant whenu is set to zerd33]. scales in the problem. This implies that henceforth, all physi-
Finally, another observation concerning symmetry maycal parameters should be considered dimensionless, normal-

help us understand the role of the parameges, which ized by the chosen energy uwiand the length unit/c/g. k
characterizes the strength of direct intermonolayer interacand C, are considered to take on some fixed values, from
tions. It is easy to see that for a bilayer constrained to be ifjvhich we obtain a(normalized length scale\y,, where
th_eflgt configuration(conforming to the frampe the two con- KQCZEKES- The inverse ok, may then be thought of as an
stituting monolayers become independent of each other whelke cjye bilayer spontaneous curvature. We will thus con-

v1,=0. Consequently, whem=0, the effective H=0) . L —

free energy respects the symmetry of each of the monolay&ider Situations wheré,, y,, u, anda, are the relevant

free energies with respect fap;— — ¢;}, i.e., is invariant control parameters. . . .

under the following two transformationgich;— — ¢y, b, Specifically, we have in mind a bilayer membrane th_at
spans a flat frame of are®, and assumes a nearly flat equi-

—dy,} and{p;— ¢d1,o— — ¢5,}. A nonzeroy,, explic- o ! ;
itly breaks this symmetry. We will elaborate on the point in librium configuration. Hence 'ghe external degrees of freedom
can be formulated precisely in terms of

more detail when we present and discuss our results.
We end this section of description of our phenomenologi-

cal model with an alternative expression of E8), which R=(X,Y,Z(X,y))=(X,Z(X)), 7)
will be more convenient to use in our calculations and is
written in terms of¢p= (¢, — ¢,)/12 and = (1 + ¢,)/2: wherex=(x,y) are coordinates designated to the flat frame

andZ(x,y) is the deviation from the flat configuration. Both
K . c . ts the surface area and the mean curvature of the bilayer can
oot E(H2—2CO¢H)+ §(V¢)2+ §¢2 then be expressed in terms of the first and second derivatives
of Z and expanded in a power series ordered@b¥(x,y) is
considered small enougffor nearly flat configurationsso
that in the following calculations harmonic approximation
will be used in treatindZ(x,y), in which the surface-related
g ., 9.,, terms in the free energy are approximated only by terms that
MR AR —Mlﬂ], (6)  are quadratic irZ.
' The minimization of the free enerd®) can be performed
conveniently in the Fourier space where all the fields are
expressed in terms of their Fourier components

I:bilayer: J dA

ity ,
5 ¥

g c -
o 5Vt

wheret,=t— vy,,/2. We will sometimes refer t¢p and ¢ as
the “difference field” and the “average field,” respectively.

Ill. MEAN-FIELD CALCULATIONS: LATERAL Z(i):f dzq Z((ﬁ)eiq.';
ORDERING IN FLUID LIPID BILAYERS (277)2 ’
In this section we focus on one aspect of the thermody-

namic behavior of a fluid lipid bilayeflateral ordering pro- d%q o

cessep to elucidate some of the thermodynamic conse- ¢(>Z):f H(q)e',

quences of theintermonolayer coupling mechanisms (2m)?

discussed in the preceding section. Our calculations are

based on “mean-field” considerations, which assume that 42
the thermodynamic state of a bilayer is determined by mini- ¢(§):j q l//(a)eid»x‘_ @)
mizing the free energy given in E) with respect to both (27r)?

the external and the in-plane fields. In other words, we not

only neglect the effects of strong in-plane fluctuations, butMinimization with respect t&(q) leads straightforwardly to

also do not explicitly treat the conformational fluctuations ofthe relationship between the equilibrium bilayer deformation

the bilayer. Furthermore, we mostly consider situations inand the equilibrium configuration of the in-plane difference

which the mean equilibrium geometrical conformation of thefield ¢,

bilayer is, if it is indeed not flat, not too far from the flat

configuration. These considerations about the external de- c

grees of freedom are valid whery, is sufficiently large. z(ﬁ): Lid)(c-i)_ 9
There are a number of physical parameters in the model K%+ o

[Eq. (6)] to be dealt with:og, tx, v12, g, andu, which all

have the physical dimension of surface energy densignd

¢, which have the unit of energy; and,, the inverse of _

which sets a length scale in the problem. It turns out that the Filayer= 00Ap Tt fertAp s (10)

precise values ot and g do not influence the qualitative ] . . . )
features of the thermodynamic behavior of the modelWherefe is an effective free energy density associated with

Hence, for computational convenience, they are set to 1. Fothe in-plane fieldsp(q) and (q), given by

Substituting this relationship into the free enef@y yields
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1( dq L R Hence a specific length scalegd/is associated with the ap-
feﬁApzzf —— [Py P(A)p(—q) pearance of nonzero solutions ¢f In other words, the or-
(27) dering of ¢ proceeds through the appearance of ordered do-
mains of particular size .

+py(@P(Q)p(—q)] The basic physical forces driving this appearance of or-
1 1 1 dered domains of well-controlled sizes are also apparent to
+f dx dy{ﬁ¢4+ m¢4+ Z¢2¢2—,uzp . see. The length scalg, defined above is in fact a length

scale for crossover: The bending rigidity when¢ becomes
(11 ordered (nonzerg, tends to bend the bilayer towards the

. R _ _ nonzero spontaneous curvatu@oéb) in order to minimize
p,4(q) andp,(q) have the expressions, respectively, the bending energy and is more effective on short length

scales, whileay; more effectively controls deformations of

- ) ;CZ 2 - ) long wavelengths and tends to keep the bilayer flat on large
Py(d)=ta+q TRl Pu(@)=tat+ y12+ 07, length scales¢, separates these two different regimes of
q ¢ (12) length scales. The compromise between these two competing
effects leads to the selection of the specific length scajg 1/
— . Similar mechanisms have been discussed in other studies
whereé.=\ kloy is a length scale determined by two com- [9,12,14.

peting physical effects, the bending rigidity and the surface | the actual determination of the phase diagrams, we

tension. _ .. focus on four types of principal states that are obvious to
Equation(11) shows that in the presence of the bilinear oongiger:(i) the flat, disorderedD) state, characterized by
coupling term, removing the “out-of-plane” degrees of free- #=0 and =0 (ii) a flat, homogeneously ordergdiO1)

dom introduces an extra contribution p)g(d), as expressed state, represented by

by the last term im¢(ﬁ). One of the most important conse-
quences of this effect is that, when the lateral ordering pro- ¢=0, ¢=const0, (15
cess, for example, the phase separation, takes place, the or- ) , ,

dered phases are often not macroscopically homogeneo pere there isho bilayer transverse asymmetry, i.e., where
but rather appear to be spatially modulated, i.e., consisting df'€ W0 monolayers are in exactly the same ordered state;
domains that alternate between the two coexisting ordereffii) @ flat, homogeneously order¢dO2) state, represented
states and have characteristic sizes. The mechanism under
ing this appearance of specific length scales in lateral order-
ing processes can be revealed by analyzing both Bd3.

and (12) (for the case ofu=0, for simplicity. Mean-field j, \hich the two monolayers actually assume different states
solutions for the two fieldg) andy are given by minimizing 55 3 nonzero value of the field indicates; in other words,
ferr with respect to both of the fields and the signgpg{d)  the bilayer develops global transverse asymmetry; afiaf)

and p,(q) primarily determine whether nonzero solutions curved, spatially modulate@) states, described by

for ¢ or ¢ exist. Sincep¢((i) and p,/,(ﬁ) are proportional to — —

the reduced temperatute-T— T, when other parameters ¢=¢' cogqox), y=y'%+y'? cog2qpx), (17)

Nser &c, andyq, are held fixed, reducing the temperature . . .

i - N , where the bilayer acquireslacal transverse asymmetry, in
amounts to deecreasmgéq) andp,(q). At high tempera-  .otrast with the HO2 state.
tures, bothp,(q) andp,(q) are positive; consequently, both  The description of the field configurations in the modu-
¢ and ¢ are zero, corresponding to a flat, completely disor-lated states given in Eq17) is an ansatz. The basic reason
dered D) state. As the temperature is lowered, the minimumfor using this ansatz lies in the length-scale selection associ-
of either p,(q) or p,(q) reaches zero first at a particular ated with the ordering of the field. The part of the ansatz
temperature and then becomes negative, leading to nonzefar the i field follows from an observation of the nonlinear-
solutions of the corresponding field. This particular temperaity of the effective free energ¢ll) or, more specifically, of
ture marks the onset of instability of the flat and disorderedhe term¢?y? in Eq. (11). If the sum fieldys were expressed
state of the biIayer with respect to the ordering of either thgn terms of the cosine series of periag, ¢2¢2 would y|e|d
¢ field or the ¢ field. The presence of the extra term in @ nontrivial term involving the lowest modes
p,(q) imparts a nontrivial characteristics to the ordering of (¢(")?y(@y(?). It is not difficult to see that wheg) be-
¢ field: In a weak-tensionregime, where£2/\2>1 or  comes nonzero, having nonzegd® and 4® of opposite
0<oo<of where signs may lead to lower free energy. Thus we propose the
ansatz to include this possibility. The numerical evidence
presented in Ref.14] also supports this ansatz. Another re-
lated point is that in our ansatz the wave number of the

modulationqg is also considered as a variational variable,
along with all the relevant amplitudes. Finally, our ansatz
N implies that the domains in the modulated states appear in
Ao= &c “(Véc/hsec— 1). (14 the form of stripes. In other words, we do not expect hex-

¢=const-0, ¢=const, (16)

o =k“C§, (13
0 0

the minimum ofp¢(ci) occurs at enonzero @ given by
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monolayer interaction is attractivey{,<<0) and relatively
strong, for such an interaction favors commensuration of the
two monolayers. As this direct interaction becomes less at-
tractive and then repulsive, the energetic requirement for one
monolayer to behave commensurately with the other be-
comes less stringent; consequently, either a modulated M
phase, where the bilayer develops a local transverse asym-
metry, or the HO2 phase, where the bilayer acquires a global
transverse asymmetry, becomes the equilibrium phase, de-
pending on both the interaction and the temperature.

The presence and the relative energetics of the D, M, and
HOL1 states have already been largely understood for the spe-
cial case wherey;,=0, due to the previous studies reported
in Refs.[12] and[14]. However, our study reveals two new

12 results. First, there can exist more than one type of modu-

FIG. 1. Mean-field phase diagram in the parameter spaCéated bilayer s.truc_tures a_s.distinct thgrmodynamic pha§es and
spanned by, andyy,, for &, 2=0o/xk=0.04,\32=1, andu=0.  thermodynamic singularities may arise, associated with the
The labeling of the phases is the same as defined in the text. Notéansitions between the different modulated structures. In
that the M1 region is actually a region of two-phase coexistence, thparticular, by adopting the ansatz given in Etj7), we have
M2 region that of four-phase coexistence, the HO1 region that ofliscovered that, for a range of values o£@; <& 5 (see
two-phase (:oexisten(:ez and the HO2 rggion also that of two-phasie Appendix for the definition OEc_ﬁ/I)' a line of second-
coexistence. Dashed lines represent lines of second-order phaggjer transitiongending at two critical end point&, ; and
transitions; solid lines represent lines of first-order transitions, mPce,z) exists, separating two distinct types of modulated

particular, the line ofy,,=0 is a line of four-phaséillustrated in . 1) ; _
the cartons where solid lines and dashed lines represent the m_ﬁFUCt“res- a M1 structure, Whe% is nonzero, buty=0,

degenerate states each of the two monolayer fields can assune: Wher.e the modulation is solely associated with the dif-
coexistence. Open circles denote critical poitasLifshitz point ~ ference field, and a M2 structure, where the average field
P_, two critical end pointsP ; and P »; filled circles denote also becomes nonzero and modulatet half of the wave-
points of multiple-phase coexistence ). Analytical expressions length for¢), with nonvanishing amplitudes @f® and (?)

for some of the transition lines are available and are given in th¢37]. Schematic representations of the surface conformation
Appendix, as well as the coordinates of the special points. and the in-plane states of a bilayer in these two types of

agonal or circular domains to appear. Such modulated phasQ?SO(_jUIated phases are given in Fig. 2. EQIZ>§°'M " _the
were predicted in both Ref§9] and[32] only for bilayer ~€9ion of the M2 structure disappears and the two critical end

systems where thermodynamic or chemical conditions exPOints merge with the multiple-phase coexistence pBipt
plicitly impose a bilayer transverse asymmetry; in other Second.ys,, representing someirectintermonolayer in-
words, the phenomenological free energies for those systenigractions, plays a relevant role, even when it is small, in
will no longer have the symmetry under the bilayer inversiondetermining the thermodynamic behavior of a bilayer. As
(0,). Such cases are not considered in this paper. Fig. 1 shows, in the low-temperature regian,=0 is actu-

The relative energetics of the types of principal states deally a line of coexistence of four degenerate phases, the two
scribed above are then calculated, numerically and analytHO1 phases and the two HO2 phases, as a result of the last
cally whenever possible, as different control parameters argpe of additional symmetry discussed in Sec. Il. A nonzero
varied. The results of the calculations are summarized in the;,, however small, performs the role of a “symmetry-
following series of two-dimensional phase diagrams wherebreaking field” and removes this degeneracy: Whep<0,
two specific physical parameters are chosen as the contrghe HO1 phases are the equilibrium phases; wher 0, the
parameter$34]. Analytical expressions that can be obtainedHO2 phases become the equilibrium phases, where the bi-
for certain phase boundaries and special points are relegatéayer transverse symmetry is spontaneously broken.
to the Appendix. Similarly, both the second-order D-M1 and M1-M2 tran-

Figure 1 is a phase diagram illustrated in the parametesitions can be put in the context of symmetsge Sec. I It
space spanned hty and vy,,, but for a fixed value ok;cz is easy to see that, at the D-M1 transitions, the symmetry of

=1 and a fixed value oggZE;O/Kzo,m[ge] and for the the free_ energy(6) under the operatic_)ns represented @y
special value ofu=0. This phase diagram serves to illus- 21d O is spontaneously broken, while the symmetry under
trate the basic predictions from our study of the phenomencthe operation of0; is still respected by the M1 structure.
logical model(6). All the principal states under our consid- The second-order transition between the M1 and the M2
erations appear in this phase diagram as equilibrium phasegtructures finally breaks th@;-associated symmetry.

The physics underlying the appearance of these different Situations where the “chemical potentialii is nonzero
phases in different regions of the parameter space can largefe Perhaps more often encountered than the special case of
be understood intuitively. The flat, disorderé) phase ap- #=0.In Fig. 3 we display a collection of six phase diagrams
pears in the high-temperature region. The low-temperaturdlustrated in the parameter space spannedbgnd ., for
HO1 phase, where the two monolayers are in an identicaix different values ofy;,, respectively. The values of?
ordered state, shows up in the region where the direct inte@nd£2 are the same as those used for obtaining Fig. 1. Each
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modulated phase®f the M2 naturg that ends in a critical
point P y; second, below the point of multiple-phase coex-
istenceP,, two HO2 phases also exist on the=0 line, in
addition to the two HO1 phases that have already been pre-
dicted[12].

What is also clear from Fig. 3 is that the M2 structure is
the more prevalent form of modulation predicted by the
model, occupying considerable regions in the parameter
space. One characteristic of this structure is that the wave-

length of modulation 1y, varies with the control parameters,

in contrast to the M1 structure, in whialy remains fixed at
the value given by Eq.14).

Of course, the phase diagrams presented aboveato
imply theabsolutethermodynamic stability of the considered
principal phases. In other words, there may exist in some
regions of the parameter space other types of phases that may
have lower free energy than those we have considered. One
likely candidate of such other phases would be a phase of
“vesicle chains” (if the bilayer surface is thought to keep its
topology of a single connected surfack could be imagined
that this phase may have lower free energy in regions of low
temperatures and low effective surface tensions, than the
HO1 and the HO2 phase, for example. In fact, the relative
thermodynamic stability of lamellar phas¢dO1-like) to
vesicle phases has been explored in RET].

(b) At the outset of this section we pointed out that our mean-
field calculations are only valid when a “sufficiently large”

FIG. 2. Schematic illustration of the corresponding surface con-;0 is present. We end this section with a remark on the
formation () and individual profiles of the two in-plane field®{  hreakdown of the mean-field considerations. Our mean-field

and ¢,) of a bilayer in(a) the M1 structure andb) the M2 struc-  c5|cylations state that the free energy density of an equilib-
ture. The local bilayer transverse asymmetry is indicated by therium state is given bysee Eq(10)]

phase shift in the profiles ap; and ¢».

Fui — —
of these phase diagrams has its distinct topology and a  fy,e~ ZLW:O’O"_feﬁ(UO/Kx)\s_cZ'tAy')’lza//«)a (18)
p

change in the value of,, may lead to the evolution of the

topology of thet,-u phase diagram from one type to an- ) _ o )

other. This figure again demonstrates the relevance of th¥heréfes is the equilibrium contribution from the in-plane
directintermonolayer interactions. Several characteristic feall€/dS and is always negativéhe disordered phase corre-
tures of thet .- phase diagrams can be related to the ph(,isg,ponds to the zero valueHence there will be loci in the
diagram in Fig. 1. In most of the six phase diagrams, thP@rameter space whefg;y.; becomes zero. For example,
second-order transition from the flat, disordered D to theVe€ May imagine a situation in which all parameters ut
modulated M phases persists over a range of small values §f€ fixed. Reducing, leads to more and more negative val-
w and can be seen as the evolution of the second-order D-M4€S Offeir, and at some particular value of, the negative
transition in Fig. 1 ag. becomes nonzero. The HO1-M tran- contribution from the in-plane fields cancels arg. Hence
sition becomes first order at the two tricritical poirRg, ; the mean-field theory itself suggests that below this point the
and P ,. This mechanism is the same as that discussed imean-field state is no longer thermodynamically stable. It is
Ref.[12]. The critical pointP, ,, terminating a line of two- certain, therefore, that in the absence of mechanical con-
M2-phase coexistence directly corresponds to the secongtraints the mean-field approach does not apply.

order M1-M2 transition line in Fig. 1. Finally, the lines of

cpexistence betwe_zen Fhe HO1 and HO2 phases in the phase IV. FIELD-THEORY CALCULATION:

diagrams shown in Figs.(® and 3f) are also the direct CONFORMATIONAL INSTABILITY

consequence of the four-phase coexistence line in Figs1 . o _

also shown in Fig. @)]. The purpose of this section is again to demonstrate the

The phase diagrarifig. 3(d)] for the special case where importance of thentermonolayer couplingin particular, the
v1,=0 deserves further comments on its relation to theaspect represented by the bilinear coupling between mem-
phase diagrams obtained in some of the previous workgrane conformation and the in-plane difference field, by ex-
[12,14], which deal with only the situation of;,=0. The  a@mining the r_nann‘estatl_on pf_the poupllng in the conforma—
gross topology of the phase diagram in Fi¢d)3s similar to tional behavior of fluid lipid bilayers. The mean-field
those of the previously obtained phase diagrams. Howevefgalculations presented in the preceding section require that
two specific features can be distinguished in Figi)3First,  there should be sufficiently strong mechanical force or “suf-
there exists a line of the first-order transitions between twdiciently large” o, to suppress strong conformational fluc-



PRE 58 FLUID LIPID BILAYERS: INTERMONOLAYER ... 2319

712:'0'75 YIZ:-O‘S

P
cHO p

t, -2 HO1 HO1 t, -2f HO1 HOI1

) FIG. 3. Collection of six phase diagrams in
%2 o0z 00 o0z 04 04 02 00 02 04 the parameter space spannedtbyand u, calcu-
lated correspondingly for six different values of
Y12 (@ ¥12=—0.75, (D) y1,=—0.5, (0 y1=
(@) (b) —0.25, (d) y12=0, (6) y1,=0.25, and(f) y1»
=0.5.£,%=0.04 and\ . =1 are again fixed, as
in Fig. 1. The conventions for labeling the
phases, phase boundaries, and special points are
the same as those used in Fig. 1. In addition,
dotted lines are used to indicate the loci in the
parameter space where the corresponding modu-
lated structures are of the M1 type, although
these loci are not phase boundaries. Three types
of critical points appear in these phase diagrams:
two tricritcal points P; and Py ,, a critical
point terminating the line of coexistence between
two HO1 states. j,o, and a critical point termi-
2 nating the line of coexistence between two M2
M M states. Points of multiple-phase coexistence are
Pm: Pma1, andPp,,. Analytical expressions for
(© (d) the two tricritical points are given in the Appen-
_ dix. Note that only the M2 and the HO2 regions
2™ in these phase diagrams are regions (fo-
phasg coexistence, corresponding to the degen-
eracy of the states iy and — ¢. Note also the
difference between the scale of theaxes used
in (a)—(c) and that used irfd)—(f).

-0.4 -0.2 0.0 0.2 0.4 -2

() M

tuations of a fluid membrane and keep it in a nearly flatior: (a) On small length scaléls<&,, the bending rigidity is
equilibrium configuration. In that case, the conformationalin control and the membrane appears flatH,=0) and is
behavior of the membrane appears “trivial.” In this section stable against thermal fluctuations afij on large length
we extend our analysis beyond the scope of the mean-fielgcales|>&,, conformational entropy dominates and the
theory and consider limit situations when, approaches 0, membrane surface collapses into a large collection of
i.e., when mechanical constraints are no longer enforced. strongly fluctuating “branched-polymer”-like configurations
Such situations are particularly interesting. As we haveg18].

already (briefly) mentioned(see Sec. )| a fluid membrane The physical mechanism underlying the crumpling of a
under no mechanical constraints does not maintain extenddtlid membrane is purely entropic and lies in the nonlinearity
conformations, or rather, appears crumpled, on large lengtimherent in the bending elastic energy in EL), which leads
scales even when the in-plane degrees of freedom are ntd interactions between bending modes of different wave-
relevant. In fact, there exists a specific length sgglethe  lengths. The consequence of such interactions is thatfthe
persistence lengthbeyond which the bilayer surface loses fective bending rigidity governing a long-wavelength) (
correlation in its local orientations38]. In other words,§,  bending mode is actually smaller than that controlling a
separates two distinct regimes of length scalgs ¢orre-  shorter-wavelengthl§) bending mode. In other words, the
sponding to two types of membrane conformational behavimembrane appears “softer” on large length scales. Statisti-
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cal mechanical analysis of E¢l) has provided a quantita- in Z(x,y) and include anharmonic terms up to the quartic

tive expression of this entropic effef@7,28: power inZ (while retaining only quadratic terms in the in-
plane difference fiel[dand perform a simplified analysis of
ke o1)=x(lg)— 3kBTIn(I_) (19 the free energy based on a field-theory apprdddh In this
e0 0 A lo/" analysis, the renormalization of the physical parameters

) ) _ other thank is neglected, an approximation that does not
An estimate of the persistence length, which has been conyffect our principal conclusiong@ more systematic analysis
firmed by computer-simulation studi¢89], follows imme-  pased on renormalization-group theories is presented else-
diately from Eq.(19), where[42]). The present analysis yields a “renormalized”

dmi(ly) height-height correlation functio@(ﬁ) that contains nonlin-
gpzloex%ﬁ , (20 ear corrections calculated to one-loop order and the effective
B bending rigidity is again obtained as the coefficient of gfie
corresponding to the length scale at whigh, becomes termin the small expansion of G(q)]~*. An inspection of
zero. Model systems of lipid bilayers that are commonlythe expanded elastic free ener8] shows that only two
used in laboratory studies do not exceed micrometer-rangEeynman(self-energy diagrams contribute to thg* term of
sizes; also, they typically have(ly) ~ 10k T 0om, Wherely  the renormalizedG(q)]~~. These diagrams have the same
=10 nm. A quick calculation based on EQO) reveals that topologies as those involved in the calculation that led to the
&, for these systems is far larger than their sizes. Hence theenormalized bending rigidity given in Ed20) [27]; the
conformational stability of these systems is ensured in prinenly difference is in the expression for the lingaarmonig-
ciple, as is often the case. However, we will argue with ourgrger correlation functiorG,(q), which in our calculations
results that such statements may no longer hold when ing given by Eq.(21). Furthermore, the nonlinea@anhar-
plane fields and their thermal fluctuations become relevant.monic) contribution arising from the bilinear coupling be-
It is intuitively easy to anticipate that the effects of ther- yyeen ¢ and the mean curvature generates only vertices that

mal fluctuations of in-plane fields, specifically, the differencemake no contributions at the one-loop level. Summing over

field ¢, would be enhancing conformational fluctuations of : : : N1 g
the membrane surface. In fact, the mean-field theory aIreadEﬁhZ ]E\c/)\/rcrxndé?g;a[;r;ssgzu:qﬂg/g;nthe renormaliz@l(q)] " (in

points towards such effects. For simplicity, we will only con-
sider situations where the physical parameteis zero and 1 1
the generalization to cases whete is nonzero is fairly — = _
straightforward. The mean-field theory, which neglects the G(q) Go(q)
nonlinearity of the bending energy, then makes the following

prediction for the height-heightZtZ) correlation function ~Wherepy=1/1 and A=1/a, represent the long- and short-

> — : - wavelength cutoffs, respectively.
Go(q) in the high-temperature region where the in-plane An expression for the effective bending rigidity follows

fields are disordered: from the evaluation of the integral in ER3):

1
—kgT 1+5 kg4, (23

A
pP“Go(p)
Po

1 xq* A2 B
- - — i - 2 Siz 1 (21) - }\SCZ
Go(d) KeT| ™ £,2+nl+0? ke(l)=K(80)| ==
§¢ +Ngo

where¢,, defined byg;ZEtA—)\S’CZ, may be considered as 3KaT 12 14172
an effective correlation length for the in-plane difference _ "8 |n(A|)+__Z’|n L3 2)]
field. Hence¢,, increases as the temperature is reduced. The am 2N% \1+A7%,
effective bending rigidityx., identified as the coefficient of (24)
theq? term in the smally expansior40] of 1/G,(q), is then
given by The first term is the result from the harmonic approximation,

which we have already encountered in E2p). The second

)\;CZ term arises from the one-loop correction and consists of two
Ke=kK| 1— =2, -2 (22) parts: The first is the same nonlinear contribution given in
£ sc Eq. (19 and the second is a nontrivial nonlinear contribution

The effect that the fluctuations in th# field have in reduc- frg(rannt?: 2?;236‘;”%0ﬂgﬁng(jggécgg}g;ur knowledge, has not
ing the bending rigidity is made apparent by the mean-fielab P S'. i ' —
correction to the bending rigidity. Furthermore, E&2), From Eq.(24) an effective persistence lengfpy, “renor-

which predicts the onset of strong surface fluctuationg as mﬁ‘gzed Ey éhe. f|L:thuatIO?S Of theflnr;plar;fejlfference)l
becomes divergingly large, itself signals the breakdown of €/d: ¢an be derived as a function of the effective in-plane
the mean-field theory when the membrane is no longer suiforrelation lengttg,, by settingx¢(l)=0 and replacing by
ject to mechanical constraints. &p in the equation£, decreases as the in-plane correlation
Taking into consideration the nonlinearity of the bendinglength increases at lowering the temperature. To illustrate
energy, therefore, becomes necessary in dealing with thgemi-quantitatively the extent of the reduction in the mem-
presence of strong surface fluctuations. To this end, we exdrane persistence length due to the in-plane fluctuations, we
pand our model free enerdg) in terms of the power series consider a particular situation where the persistence length
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coincides with the in-plane correlation length. The order ofwhere the bilayer transverse symmetry is spontaneously bro-
magnitude of the persistence length then depends(ag) ken, either locally(as in the modulated phagesr globally
and Ag.. A numerical investigation shows that, with a rea- (as in the HO2 phageMoreover, we have pointed out the
sonable estimate of.=0(10)a, and «(ap) =10kgT, the  effect of (even weak y;, as a “symmetry-breaking” field,
persistence length will be of the ord§5=§d,=0(102)ao. which in the low-temperature region of the parameter space
By comparing this withagexgd4wk(ay)/3kgT], the “bare”  selects the HO1 phases while attractive and selects the HO2
persistence length, it is easy to see that the reduction in thghases while repulsive.
magnitude of the persistence length is rather striking. Fur- The model we have presented and studied is only a phe-
thermore, this remarkable extent of the reduction is very ronhomenological one and even at this level only a minimal one.
bust, not significantly influenced by the precise value of theWe have no concrete knowledge on how to establish a spe-
cutoff. cific, quantitative link between some of the model param-
eters and a given experimental system of lipid bilayers. For

V. DISCUSSION example, the paramet&@, has not been quantitatively and
) i dsystematically analyzed and determined; we have introduced
We have presented a phenomenological model for flui —

lipid bilayers, which focuses particularly on the interplay be-&" effective tensiorry to model the effects of mechanical

. : [ ilei i i traints are
tween monolayer cooperative phenomena and |ntermon0§?tgitrii'1m§é:éh::$ tlﬁeeéeglg}egéifﬁiﬂ]:&??rz ?2:]59 mul
layer coupling within a bilayer. One basic aspect of inter- p 9

monolayer coupling, which has its origin in both the bilayertllamellar vesicley a fixed area-volume rati@s in the case

architecture and the flexibility typical of a fluid bilayer, has ©f Single large unilamellar vesiclesetc. Also the model,

been described in many previous studies of lipid bilayers ir{)eing phenomenological, inevitably misses some specific de-

i~ . i i [ i in an experimental
terms of a bilinear coupling between local transverse asym-aIIS of complicated interactions at work in P

metry (represented by the difference in the local Order_system, as well as some other degrees of freedom present in

paramete fields, and ; ofthe two monolayersand local 1 0L FEVET S L8 NG I LR
mean curvature of the bilayer. However, we have included ir{_| ’ P

our model another aspect of intermonolayer coupling, WhiCUare useful as guidelines to systematically study and assess

arises from direct interactions between monolayers and ha grough experiments the complexity of the ordering phenom-

modeled it in terms of the simplest phenomenological formenaina fluid bilayer. First of all, a very crude estimate based

yisbidby. Furthermore, we have modeled with a planaron the order-of-magnitude values of some of the relevant
129192 '

. ) i : physical parameters shows that the predicted domain sizes in
physical frame and an effective physical tensignthe ef- e modulated phasdsee Eq.(14)] fall into the range of
fects of mechanical constraints that stabilize bilayer confor]ength scales that are experimentally accessible or encoun-

mations. . . —.,.
Our study of the phenomenological model has Iargelytered. Typical values of the effective surface tensiog)(in

been based on a mean-field analysis, in which neither thgIant vesicles have been measur@f], which span the

-7 -1
thermal fluctuations in the in-plane fields nor those in the'@N9€ frome~" (0.000 to e"* (0.4 dyn/cm. Thg gl;tgesn

bilayer conformation are explicitly dealt with. The main re- quo(t)id valuefof _theh bendlngb rigidity is bSIXlthl' d
sults of the analysis are summarized in Figs. 1-3 in terms oft}l _BTfoom' Ifc 'S_C osen to be comparableRgT room aN )
a series of phase diagrams illustrating both the equilibriunf>o = is taken to be in the range of tens of nanometers, then it
phases, a flat, disorderé®) phase, a flat, homogeneously is straightforward to see that the period of modulation is
ordered(HO1) phase with no bilayer transverse asymmetry,Predicted to lie in the range of several hundreds to thousands
another flat, homogeneously order@tO2) phase, but with ~ Of angstroms. Moreover, the phase diagrams we have pre-
bilayer transverse asymmetry, and finally, phases of modusented constitute a generic picture of the complexity that
lated (M1 and M2 structures and thermodynamic transitions Might be encountered in experiments. As the lipid species
between the different phases. composing a bilayer are varig@vhich a varyingy,;, may
Similar types of mean-field calculations have been perrepresent as the molecular composition of a lipid mixture is
formed in other studies of phenomenological models of lipidchangedwhich may amount to changing), or as the area-
bilayers and modulated phases have also been predicte@lume ratio is tunedwhich may result in a change i),
[9,12,14. Our analysis has not only been more systematidndividual sequences of equilibrium phases and thermody-
and extensive in exploring the effects of different phenom-namic transitions observed may resemble or differ from one
enological parameters, but more importantly has also reanother. At the same time, however, the phenomenological
vealed two new results. First, we have shown that, in differtheory also indicates the possibility of “simple” mecha-
ent regions of the parameter space, modulated structures nfsms underlying complex phenomena.
different characteristics, specifically M1 and M2, can exist Some of the characteristic features of the predicted phase
and changes from one structure to another can involve thebehavior may have already been observed in certain experi-
modynamic singularities(phase transitions Second, we mental systems. For lipid bilayers of PC near their main
have demonstrated the nontrivial role of the direct inter-(chain-melting transitions, the relevance of the coupling be-
monolayer interactioas represented by;,), even when it tween bilayer deformations and the monolayer density fields
is weak. Explicitly, we have shown that an attractive inter-(or chain conformational statekas been supported by ex-
monolayer interactiony;,<0) tends to reduce the region of periments[17]. Thus, in the presence of a nonzero surface
stability of the modulated phases in the parameter spacéension or, equivalently, a nonzero osmotic pressure differ-
while a repulsive interactiony;,>0) always favors phases ence across a bilayer or a confinement potential, one might
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expect that the main phase transition is accompanied by dmear dependence into account would give rise to terms such
approximately sinusoidal modulation of the bilayer confor-as /H? and ¢H, which could also be written down based
mation as well as a periodical modulation of the density oron considerations of the inversion symmetry of the bilayer. It
thickness profile characteristic of the M2 structure, as thavould be expected that the presence of these terms in the
corresponding Landau-Ginzburg description involves a nonbilayer free energy leads to certain modifications of our
zero ordering fielduxT—T,, [see Eq.(5)]. Recent experi- mean-field predictions. However, it may be argued that these
ments[43] in fact show that upon cooling from the high- terms do not affect the existence of the D-M1 and M1-M2
temperature fluid phase, PC lipid bilayers transform into dransitions, although they must lead to quantitative changes
metastable “ripple phaseP 4 (), which is stable for hours both in the precise locations of these transitions in the pa-
[44]. This phase is characteristically different from the well- rameter space and in the wavelength of modulation of the
known primary ripple phase, with a larger periodicity modulated phases. It may also be readily seen that these
(around 270 A, compared to a typical 130 A of the primaryterms will not influence the transitions between those phases
ripple), a symmetric profile of the ripplécontrasting the in which the bilayer remains flat.

asymmetric profile of the primary ripple phasand an ap- Of CO.UTSE, thermal .fluctuation.s, which have begn ne-
preciable lateral variation in the bilayer thickngdg]. This  glected in the mean-field analysis, may also modify the
Pg/(~) may turn out to be the same as a so-called mean-field predictions in various aspects. The modulated

phase observed in earlier freeze-fracture stufidd. The  phases in our analysis are considered to be striped. Based on
bilayer structure in the\-P, phase also has a symmetric an argument formulated by Toner and Nelson, however, it
profile of modulation and sometimes characteristic groovegnay be anticipated that thermal fluctuations eliminate any
are found on the ridges of the ripples. Analysis of the lateralong-range correlations between the orientations of the
defects suggests that there is no acyl-chain tilt with respect ttripes. In other words, topological defects may be expected
the overall bilayer plan@46]. These properties would be the to decorate the modulatedtriped phaseq55]. The region
characteristics expected of the predicted M2 structure of oupf stability of the modulated phases in the mean-field phase
model should the thickness of each monolayer be thought tgiagrams may also be modified by thermal fluctuations. It
depend on the corresponding in-plane figld5]. Moreover, has been established that in systems involving mechanisms
upon further cooling, theP, () phase becomes unstable of length-scale selec_tion thermal fluctuations can destabilize
with respect to a nonmodulateld,, phase[43]. This se- @ homogeneous, disordered phase towards a modulated
quence of phase transitions and the characteristic phases ipbase and furthermore change the nature of the transition
volved overall seem to be qualitatively consistent with thebetween the two phases from second order to first qesr
predicted cooling scenarios that involve modulated structure§hus, in the presence of thermal fluctuations, the D-M phase
(see the phase diagrams in Fig. 3his rather plausible in- boundaries may appear in different locations in the param-
terpretation of theP 4 () would imply that the ripple phase €ter space from those shown in the mean-field phase dia-
involves alternating domains where lipid chains appear eithegrams and may be of first order rather than second order.
ordered or disordered. In fact, this idea has been advocated !N Sec. IV we have extended our analysis of the phenom-
by several other studid€7,48 and is supported by the ex- enological model(2) beyond the scope of the mean-field
perimental finding that more than 20% of the lipids in this theory to investigate some of the macroscopic effects of the
particular ripple phase appear in a state more characteristigtermonolayer coupling in situations where mechanical con-
of the fluid phase of lipid bilayerg49]. straints are no longer enforced and consequently strong fluc-
Another class of lipid systems that display phenomena Oguations in the bilayer conformation are expected. Qualita-
length-scale selection are systems of lipid mixtures. Bilayefively stated, our main conclusion is that strong fluctuations
surface modulations of very long lengths with accompanyinqt?_ the in-plane fields, through the bilinear coupling between
Compositiona| variation have been fou[ﬁﬂ]_ For examp|e7 ||ayer local mean curvature and the In-p|ane difference
in PC-cholesterol mixtures that show coexistence of the gef]ield, enhance bilayer conformational fluctuations and this
and the liquid-ordered phas¢s] domains have been ob- !nterplay leads to a dramatic reduction of the effective bend-
served by using scattering techniques to have sizes that ran§g rigidity. This result implies that in the absence of exter-
from 40 to 60 A and that depend on both the temperature ang@al mechanical constraints, a fluid lipid bilayer may lose the
the overall composition of the mixturés§1,52. It has also correla_tion between its surface normals beyond a persistence
been found that the domain size and the associaeatter-  length¢, [38,57) that can be reduced by “turning on” strong
ing) intensity actually grow as the temperature is decreasedluctuations in the in-plane fields. As our estimate made in
This trend is also predicted for the M2 phase by our modeBec. IV shows, this effective persistence length may be re-
calculations. duced to a range that is likely accessible to laboratory ex-
We note, however, that the mean-field analysis discussegeriments. In other words, the “crumpling instability,” or
so far is based on the specific mod@), which presents the conformational collapse, of a bilayer may be observed at
perhaps the simplest phenomenological description of a fluidealistic length scaleésee Sec. IY. Moreover, this mecha-
lipid bilayer and therefore inevitably implies certain simpli- nism may provide a minimal explanation for the dramatic
fication of some physical effects. One such effect, neglecteihfluence that cosurfactants can have on the structural stabil-
in our model, is the dependence of the bending rigidity of aity of amphiphilic multimembrane systeni38,57.
monolayer on the corresponding in-plane field. Theoretical Finally, it is worth pointing out that the bilayer softening
studies of lipid bilayers of mixturef53] have predicted a effect of in-plane fluctuations is also present in bilayers that
linear dependence, i.ex (o)~ Ko+ a,.¢;, and recent ex- are under mechanical constraints, although it does not imply
perimentd54] have started to explore this issue. Taking thisconformational instability of the bilayers. This effect has ac-
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tually been used to interpret the phenomenon of “anomalou3he regions of the M1 and the M2 structures are separated
swelling” observed in multilamellar systems of one- by a line of second-order transtions, given by
component PC lipids when the systems are cooled towards

their main phase transition points7,58. The measurement ty= _(2qg+ Vi) — \/z(a(qo)+2qg+ y12)2_4qg_
of an effective or “apparent” bending rigidity by an analysis (A5)
of flicker noise (bilayer shape fluctuatiopsof individual
vesicles has also demonstrated this effé&y. Finally, the first-order transitions between the M1 and the
HO2 phases fall onto a straight line, described by
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This appendix collects the available analytical expression§A3) and(A4). The two critical end points?ce ;andPce ,are
for some of the lines of phase transitions and special point!€ points of intersection of the critical M1-M2 lingeq.
in the phase diagrams shown in Figs. 1 and 3. In Fig. 1 théA5)] with the first-order M HOL1 line [Eq. (A4)] and the
line of the second-order transitions between the D and HOi'rS"'O"ZOler M1-HO2 [Eq. (A6)],2 respectively. For a fixed
phases is simply given by Nse, €cm defines the value o7 at which Pg; and P,
merge.
tA=— Y12 (Al) In Fig. 3 the critical surfaces separating the high-

N ) ] . temperature(D) phase from the modulatedM) phase are
The critical line separating the D and the M1 phases is degjyen py

scribed by

APPENDIX

- 1
ta=a(qo), (A2) (ta+ v O+ €(¢(0))3=M,
whereq, is the wave number of modulation whose definition
is given in Eq.(14) 1
ta=a(do)— 5 (#*)*. (A7)

g |\
a(qo)=§;2( \E—l) : (A3) . _— .
) N The coordinates of the two tricritical poinB ; andPy ,

) i . are obtained by substituting into EGA7) the following two
The line of first-order transitions between the HO1 and theexpressions for©), respectively:

M1 phases is expressed as

_ \/ghz_ () SO+ [v12F a(Qo)+4q2§][7’12+ a(do)] .
th= : (A4) 2[y1ot a(do) +4d0] + [ Y12+ @(qo) ]
=

(A8)
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