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Compositional-mechanical instability of interacting mixed lipid membranes
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We consider lateral phase separations in mixed vesicles that are comprised of neutral and charged lipids and
which interact with each other at close distances. Their demixing transition is driven by the electrostatic
interaction between the bilayers, and is due to enhanced screening of the in-plane repulsions by counterions
shared between the two surfaces. Buckling of the membranes further facilitates the phase separation and lowers
the interbilayer energy. We propose this instability as a precursor for vesicle f{Si363-651X97)01401-3

PACS numbg(s): 87.22.Bt, 64.60-i, 68.10—m

Biological cell membranes are essentially molecular bi-and concentration fluctuations has been reported in studies of
layers comprised of several kinds of phospho- and glycolipimixed mono- and bilayers in which two chargeutral am-
ids, with incorporation of many different proteins and ste-phiphilic components prefer different local curvatufdd]:
roids[1]. The functioning of such a membrane often dependsmportant examples include the complications of thermody-
crucially on its ability to reorganize the spatial distribution of namic phase separatiofl2,13 and the special case of
its constituents in response to changes in temperature, pHdjblock copolymer mixture$14]. As far as we are aware,
and salt concentration, etc., and to interactions with othehowever, mostsee below studies of the above kinds have
membranes(In this respect, multicomponent biomembranesbeen restricted exclusively to a single surface.
are fundamentally different from the simpler one-component Much work has, of course, been done on the explicit na-
surfactant bilayers whose properties have been studied iture of the forces betweenpair of charges surfaces in aque-
considerable detail under highly controlled conditig@$).  ous solution15]. But in this classic problem the density of
Motivated by the need to understand these biologically reeharge on each surface is generally assumed to remain uni-
lated phenomena, lateral phase separations within the indierm, i.e., there is no possibility of charge reorganization that
vidual monolayers of unilamellar vesicles consisting of mix-might result in lateral spatial inhomogeneity, and the surface
tures of neutral and charged lipids have been extensivelgurvatureis also taken to be constaforresponding to, say,
investigated 3,4]. Divalent cations such as €ahave been a planar, or spherical, geomelryrhe total interaction free
shown to be especially effective, both in driving the lateralenergy, as a function of distance, is then evaluated within
demixing of componentf5] and in promoting eventudl-  various continuum(e.g., Poisson-Boltzmanri15], integral
sion between vesicleg6]. In all of this work, however, the equation[16], and computer simulatiotMonte Carlg [17]
lipid phase separation is assumed to occur in isolated bilayapproaches. Attention has also been focused on the possibili-
ers in the absence of interactions with other membranegies for coupling between electrostatic repulsions and the
Theoretical attention has been focused on the extent to whicthermally excited curvature undulations of interacting bilay-
the demixing of lipids in simple bilayers is affected by their ers [18], with specific emphasis on the effective bending
being charged7]: a key result of these studies is that elec-elasticity[19,20 and thermodynamic stability of multimem-
trostatic interactions between charged lipids have a strongligrane states and lamellar pha$2g]. In all of these cases,
stabilizing effect, i.e., keeping them mixed and inhibiting however, the distribution of surface charge density is implic-
segregation. itly assumed to remain constant; see, however, the papers

Charge inhomogeneity in fluid amphiphilic membranescited in recent reviewf22] for discussions that are relevant
has been addressed recently by Fogden and NiriBamnd to the interaction between a pair of heterogeneous and
Guttman and Andelmaf®], who were primarily concerned charged membranes.
with estimating the role of electrostatic contributions in de- For a number of important biological problems such as
termining the bending elasticity of amphiphilic mono- and cell-cell or vesicle fusion, one needs to address directly the
bilayers[10]. They considered both small amplitude, long spatial reorganization of surface chamyed the deformation
wavelengthheightperturbations of a single surfaeadspa-  of nearby, stronglyinteracting membranes. In the present
tial modulation of its charge density, in the linearized work we explore the possibility that interactiobstweerbi-
Poisson-Boltzmann regime. It was shown, for example, thakayers of neutral and charged lipid mixtures can affect sig-
in this approximation the lowest free-energy state for a plahificantly the onset and nature of the lateral demixing be-
nar surface corresponds to uniform charge density. If, on theween their components. We show in particular that these
other hand, the height profile is allowed to include undula-interactions serve tpromotethis phase separation, e.g., that
tions, then “in-phase” spatial modulation of the charge den-the intrabilayen(latera) demixing occurs at higher tempera-
sity is favored: regions with higher positive curvature aretures and lower concentrations than for isolated vesicles.
found to have greater concentrations of charged specieg§quivalently, we conclude that interbilayer repulsive interac-
since the associated counterions there enjoy larger local votions are lowered by the onset of phase separation in the
umes. Related work involving the coupling of local bendingindividual membranes. This demixing is shown to be further
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enhanced byucklingdeformations that arise in response to

the spatial inhomogeneity in surface charge density, a phe- 0L i
nomenon that we argue is intimately related to the more "‘
general coupling between strain and composition in binary sk
elastic systemf23-25. K
In treating first the case of flat membranes, we start with 6
the classic mean-field theory of the electrostatic free energy
of interaction of two apposing charged surfaces in aqueous 4l
solution. Since we will show that the important coupling
between interbilayer interactions and intramembrane phase o
separation occurs in the small distance limit, where the ef-
fects of added salt become irrelevabby, it is convenient ol 1 1111
to ignore electrolytes in the solution and to treat the case of 0 0.5 1.0
pure counterion screening. Our results will be valid, then, in X

the limit where the separation between surfaces is small
compared tdoththe Debye lengtland the Chapman length FIG. 1. Spinodal curves, plotted in the form of inverse dimen-
[defined below in the discussion of E@Q)]. Note also that sjonless temperature vs mole fractionX of charge lipid, for dif-

we do not include penetration of the bilayers by the electrigerent physical situations considered in the text: familiar uncharged
field, nor do we take into account here the finite tthkr(eSS case,- - - -; one lipid charged, but interaction distance large

any other structural propertieef the membranes, in formu- (D> ¢), —; same, buD small (<&); — — —; and buckling in-
lating their electrostatic interactions. cluded, smalD, —.—.—. — (see text
Let o denote the number density (fositive, say charge
per unit area on each surface, ar(d) the number density of S . . .
. ! = € ) ; prove crucial in our discussion below of the coupling be-

(negative counterions at point in the intervening aqueous . ) . . .

. ; : . . tween intermembrane interaction and intrabilayer phase
medium. The dimensionless electrostatic potential iatde- separation
noted byey/kT= ¢(r). Then the totalHelmholtz free en- P X

ergy of the systentvolume V), in units ofkT, can be written The_ free energy formulated above _only_ includes the elec-
. : o trostatic contributions relevant to a pair wfiformly charged
in mean-field approximation as

membranes apposing each other in aqueous solution,
whereas the membranes we have in mind are planar bilayers
composed of anixtureof neutral and charged phospholipids.
Let X denote the molefraction of charged lipid, so that the
surface densityr of charged molecules can be written in the
form o=X/a, wherea is the area per molecule. The com-
plete surface free-energy densify,, is then the sum of the
electrostatic contribution,(X,D) plus a term describing the
lipid mixture in theabsenceof charge. For this second term
Here Uo is a volume typ|Ca.| of each Counterion, and thewe use the F|Ory mean-field theory of binary m|Xtu[é§]

second integral extends over both surfacgs @ssumed to  (assuming the same area per molecule for the two lipid spe-
lie at a distance R from one another. Within Poisson- cjeg:

Boltzmann theory, the electrostatic free energy per unit area,
va=F /A, can straightforwardly be, shown to have the form

Fei= Jvd3r{n(r)ln[v0n(r)]—%n(r)fl’(r)}

+J d?ra(r)e(r). )
S

1
Yiotal= 7e|(X;D)+a[X In X+(1=X)In(1-X)

za[m(szaZvo)—lHﬁ D>1/lge  (2a)
_ B +xX(1=X)]. (3
Yel= oy
20 In( -2

5 +470?1gD D<1llgo. (2b)

Here x is the usual parameter expressing the preferégce
>0), in units of kT, for like-like intermolecular interactions
Herelg=e?/ekT is the usual Bjerrum lengtfl5] ande is  in the binary mixture. For example, in trebsenceof elec-
the dielectric constant of water. trostatic effectdi.e., y,=0), setting equal to zero the second
Note that the characteristic concentration-dependerderivative of y with respect toX gives the familiar mean-
length scale is the Chapman lengthl/|go, separating as it field equation [26] for the demixing spinodal curve:
does the above two distance regimes forwhich we shall  xs{(X) = (1/2)/X(1—X). Thus, neglecting electrostatic ef-
refer to henceforth as the strori§<D) and weak(&>D) fects, the lipid mixture becomes unstakeith respect to
coupling limits, respectively. The electrostatic repulsivephase separatiomt they-dependent molefractions shown by
force per unit area between the membrarés;— 6y, /6D, the dotted curve in Fig. 1. The critical consolute point is at
diverges as @D in the &D limit, and this repulsion has an X, =1/2 with y.=2.
obvious inhibitive effect on membrane fusion. Note also that Now consider the effects of electrostatics on the neutral
in Eqg. (2b)—as distinct from in Eq(2a)—each term involves and charged lipid phase separation. First, treatindgttgee D
a nonseparable combination @ and o, a fact which will  limit (D> ¢), we substitute Eq(2a for v, in Eqg. (3) and
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replaces by X/a. Setting equal to zero the second derivativethe phase boundaries. Using the limiting form¢(fD) ap-
(with respect toX) of the resulting expression foy,.,, we  propriate to small separatioit®,D’ <¢), we find thaty, is

have constant across the interfaifethe spacings satisfy
X _ (5/-2X b A D X2 s ,
Xsd )—m, >¢ 4 D7 = %2 EXHX(XP=X"%) = 2(X=X")]. (7)

for the spinodal lingsee the solid curve in Fig)1Note that  Evaluating the above in the region of the critical point for the
the effect of charge is to suppress the demixing relative tgmallD limit (X,=0.63 andy.=3.7—see dashed curve mini-
the norelectrostatic situationy, is considerably increased mum in Fig. 1, i.e., substitutingX=X.+g, X'=X.—¢,
from 2 to 5.2, and the limiting molefractions at which the y=y.+¢’, we find D>D’. It follows that the spacing is
mixed phase becomes unstable incre@se, the solid curve reduced in regions that are poor in charged lipids, while it is
spinodal lies above, aridside the dotted one This largeD  increased in those that are rich in charged lipRisase sepa-
behavior is consistent with the lowering of the transitionration inside charged interacting membranes thus unavoid-
temperaturéTa1/y) discussed by Traublet al.[17] in their  ably produces mechanical instability the largeD limit, on
study of lateral phase separation in single—x) bilayers of  the other hand, we find that flat membranes decompiise

mixed neutral and charged lipids. out mechanical instabilityconsistent with the separable, un-
In the small D limit, however, replacingy, in Eq. (3) by  coupled from of Eq(2a) with respect taD andX].
Eq. (2b), the spinodal becomes The membrane deformation across a phase boundary sug-
gests that lipid demixing forD<¢ is a combined
X) = (32 =X 4mlgD D<¢ ©) compositional-mechanical instability. To explore this possi-
Xsil X(1—-X) a ’ ' bility further, we impose a simultaneous modulation in both

compositionX and spacind® along both membranes. More
This spinodal is shown by thdashedcurve in Fig. 1 and, explicitly, we write
most significantly, is found to lidelow the solid one(y, _
decreasing, for example, from 5.2 to 3.7—here we have ne- X— X=X+ X, cosqy (8a)
glected the second term in Ep), consistent with the small
D limit). That is, as the charged membranes approach tand
distancesD comparable tc¢, de-mixing is enhanced. At a _
temperature corresponding to=4, say, thehe lipids mix in D—D=D+Dgcosqgy, (8b)
all proportions if and only if the bilayers are sufficiently far

apart only at spacings smaller thanwill phase separation and determine when this modulation lowers the overall free

be induced by the intermembrane interactions. Note that thenergy of the interacting system. In doing_so, we need to

effect of one membrane component being charged is not sinedd—to the integral of Eq3), with X,D—X,D(y), and us-

ply to introduceD dependence into the Flory parameter ing Eq. (2b) for vy, (D <¢)—the energy cost associated with

when the bilayers approach to small distances. Rather it igradients inD andX:

the effect of counterion entropy which is dominant, as seen - -

by the fact that the relevant spinodaf. Eq. (5), even upon ) d?D)? dx\?

the neglect of the second term on the right-hand]side a Fgrad:f dry « d_yf d_y ©

different form (X dependengethan that in the case of both

lipids being neutral. with the integration extending over the area of each mem-
In the demixed phase, inside each bilayer, we must enbrane. Herex is the bending energy of the membrarig$

counter interfacial boundary lines separating regions that ar@Chapters 1 and)sandI is the usual coefficient giving rise

rich in charged lipidgwith molefractionX) from regions that  to surface tension between the two components of the mix-

are poor in charged lipidgnolefractionX’ <X). Equilibrium  ture[23]. We expand in powers X, andD, and keep all

demands that the chemical potential of the counterppasd  terms except for those which are third order or higher. Then,

that of the charged lipidg, are each constant across theseintegrating over the surfaces, we obtain for the overall free

boundaries. Recalling thai(z) is the dimensionless electro- energy per unit area the result

static potential az (with z=0 andz=D denoting the posi-

tions of the midplane and right-hand surface, respectjyely 1 87-rIBDL 3 1
we have Y= Yol X,D)+ 7o) —2x+ — gt
mlkgT=—¢(0)+In[von(0)], (6a) oo [1 X k],
+2Faq Xq+ EF'F Eq Dq—a BXqu.
and
(10)
uL kg T=+¢(D)+In X+ x(1—X)2. (6b)

Note that theaverageinterlayer spacind is fixed, while the
Requiring thatu and w_ each be constant, however, is a fluctuation amplitudgqth Fourier componeptD,, is deter-
condition thathas no solution for flat membraneRather, we  mined from a variational calculation.
are forced to introduce a discontinuity in the layer spacings More explicitly, minimizing the above expression with
D andD’ associated with the regions on opposite sides ofespect toD, gives a simple proportionalityin the long
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wavelengthg— 0 limit) between the amplitudes of the buck- presented in the present communication is closely analogous
ling and composition fluctuations: if one replaces external stress by the intermembrane electro-
static repulsion and internal strain by tBespacings. Indeed,

in the original work of Cahri23], the coupling of composi-
tion to “coherency(lattice mismatc)i’ strain significantly
shifts thezeraload spinodal, although the effect happens to
Using this result to substitute fdd, in Eq. (10) leads to a involve alowering of the demixing temperature, rather than
free energy per unit areg(X,D;X), the vanishing of whose a raising, as in our present work. The sign of the coupling
second derivativgwith respect toX,) corresponds, in the effect in the Cahn problem is associated with the fact that the
g—0 limit, to the interaction andouckling-renormalized average elastic strain energy density is necesspasitive

Dq Xq Xq
B = TXTaDha X (1D
D [X+aD°kq*] X

spinodal given by whereas in our case the phase separation is reasierbe-
/ | cause of the enhanced electrostatic screening arising from
_ 1/2 4mlgD shared counteriondrom both surfacesat short interaction
Xsgf X) + : (12) . . .
X(1-X) a distances. Related, more recent treatments of this basic

physical phenomenon are found in the theory and simula-

It follows immediately that the spinodal is lowered still fur- iohe of Desai aand coworkef&5] on spinodal decomposi-

ther (see the dot-dashed curve shown in Figbgyond the 5 in order-disorder systems with long-range forces, and in
unbuckled smalD result(dashegl Note that the first term in the microscopic model by Laberge, Fratzl, and Lebowitz
Eq. (12) is identical to the spinodal obtained in the familiar P?] who treat explicitly the directional coarsening—
case of purely charge-neutral mixtures. That is, the net smallting” _observed in lattice-mismatched binary alloys sub-
D effect of counterion sharingntermembrane interaction jected to uniaxial external loads.
and co_upllng between composition ar!d buckling, is to offset, Finally, we note that for simplicity in our work we have
essentially completely, the electrostatic terms that discouraggoked the usual mean-field continuun{Poisson-
phase separation. Note further that the proportionality begg|t;mann theory in describing the consequences of elec-
tween the amplitudeB, and X, given by Eq.(11) is con-  rostatics on compositional-mechanical instabilities in inter-
sistent with our having found earlier that the constancy of the, ing mixed membranes. While correlation corrections and
chemical potentials in E((6) implies thatD increases with  atomic scale ion-solvent-head group effects are surely opera-
X according to Eq(7): an expansion of Eq(7) about the  {jye in the smallD limit of interest to us, we do not believe
critical point yields the proportionality in Eq11). Indeed,  (hey are relevant to gualitative understanding of the phe-
Eq. (11) followed from a free-energy minimization that is homena discussed in this paper. Note also that, because we
equivalent to guaranteeing the equality,06. . are specifically treating phospholipid bilayers, we have im-
I'n the present d'escrlptlon then, our scenario for vesmlq)”dﬂy assumed that values of the bending energiesof
fusion induced by intramembrane decomposition would bghe membranes are sufficiently large that undulation forces
as follows. For largeD spacings the membrane bilayers of penyeen them are negligible. Accordingly, when the inter-
two respective vesicles, which both contain the same conceyemprane electrostatic repulsions are reduced by the
tration of charged lipids, are stabilized against demixing byconter-ion-sharing, lateral-phase-separation and buckling
electrostatic repulsiofsolid curve in Fig. 1 As long asD  nechanism, attractive forces between the surfaces can be
greatly exceeds, the electrostatic interactidpetweerthem o me more effective in promoting eventual fusion. Similarly,
does not affect their phase behavior. When Iespacing  pecayse we consider only titial instability (and do not
drops below¢, however, a composition-mechanical insta- i estigate, for example, the wavelengths that characterize

bility is triggered The separatioD in regions that are de- s ensuing spinodal decompositipthe actual values of the
pleted in charged lipid decreases significantly and fusion bebending energy—and its spatial variation with charge
comes possible due to the local reduction in eIectrosta’tigensity_are of no consequence.

repulsion.
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loys under external stress, where it has been sH@8r24]  and partial financial support from the National Science Foun-
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[1] R. B. GennisBiomembranes: Molecular Structure and Func- [4] B. R. Lentz, D. R. Alford, M. Hoechli, and F. A. Dombrose,

tion (Springer-Verlag, New York, 1989 Biochemistry21, 4212(1982.
[2] Micelles, Membranes, Microemulsions and Monolayedsted [5] S. W. Hui, L. T. Boni, T. P. Stewart, and T. Isac, Biochemistry
by W. M. Gelbart, A. Ben-Shaul, and D. Rou§pringer- 22, 3511(1983.
Verlag, New York, 1994 [6] D. E. Leckband, C. A. Helm, and J. Israelachvili, Biochemistry
[3] W. Knoll, G. Schmidt, H. Rotzer, T. Henkel, W. Pfeiffer, E. 32, 1127(1993.

Sackmann, S. Mittler-Neher, and J. Spinke, Chem. Phys. Lip- [7] H. Trauble, M. Teubner, P. Wooley, and H. Eibl, Biophys.
ids 57, 363(199)). Chemistry4, 319(1976.



55 COMPOSITIONAL-MECHANICAL INSTABILITY OF ... 835

[8] A. Fogden and B. W. Ninham, Langmuit 590 (1991J). [17] See, for example, R. Kjellander, T. Akesson, B. Jonsson, and
[9] G. D. Guttman and D. Andelman, J. PhyBrance Il 3, 1411 S. Marcelja, J. Chem. Phy87, 1424(1992.
(1993. [18] R. Podgornik and V. A. Parsegian, Langmajr557 (1992.
[10] H. N. W. Lekkerkerker, Physica A67, 384 (1990; M. Win-  [19] P. Pincus, J.-F. Joanny, and D. Andelman, Europhys. L&tt.
terhalter and W. Helfrich, J. Phys. Che@®6, 327 (1992. 763(1990.
[11] S. Leibler, J. Phys(Parig 47, 507 (1985; S. Leibler and D. [20] R. de Vries, J. PhysgParig Il 4, 1541(1994.
Andelman,ibid. 48, 2013(1987. [21] T. Odijk, Europhys. Lett24, 177 (1993.

[12] T. Taniguchi, K. Kawasaki, D. Andelman, and T. Kawakatsu,[zz] S. Leiken, V. A. Parsegian, D. C. Rau, and R. P. Rand, Ann.

J. Phys.(Parig 1l 4, 1333(1994%; 3, 971(1993. Rev. Phys. Chemd4, 369(1993; D. Andelman, inHandbook
[13] \(]igLéL»Harden and F. C. MacKintosh, Europhys. L&, 495 of Physics of Biological Systemedited by R. Lipowsky
[14] N. Daﬁ and S. A. Safran, Europhys. Lelt, 975(1993. . (23] Séﬁvfghsye/:vc;o&ztﬁg%%g'(119’6C;;a1p6] 1127'9(1962).

[15] See, for example(a) R. J. Hunter,Foundations of Colloid [24] A. Onuki, J. Phys. Soc. Jp&8, 3065(1989.

Science(Clarendon Press, Oxford, 198Yol. 1; (b) J. N. Is- . .
raelachvili, Intermolecular and Surface Force@Academic, [25] 28685?2;;4'? M. Somoza, and R. C. Desal, Phys. RebO0E

New York, 1992; (c) S. A. Safran Statistical Thermodynam- ) o

ics of Surfaces, Interfaces, and Membragaddison-Wesley, [26] See, for example, discussion in Chap. 1 of S. A. Safran, Ref.
Reading, MA, 1991 [15(0)]. _

[16] H. Greberg and R. Kjellander, Mol. Phy&3, 789(1994, and [27] C. A. Laberge, P. Fratzl, and J. L. Lebowitz, Phys. Rev. Lett.
references contained therein. 75, 4448(1999.



