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A molecular interaction model is used to describe the phase diagram of two-component phospholipid bilayer membranes of 
saturated phospholipids, DCnPC , with different acyl-chain lengths, n = 12,14,18,20. The interaction between acyl chains of 
different length is formulated in terms of a hydrophobic mismatch which permits the series of binary phase diagrams to be 
calculated in terms of a single 'universal' interaction parameter. The properties of the model are calculated by computer-simula- 
tion techniques which not only permit determination of the specific-heat function and the phase diagram but also reveal the local 
structure of the mixture in the different parts of the phase diagram. The local structure is described pictorially and characterized 
quantitatively in terms of a correlation function. It is shown that the non-ideal mixing of lipid species due to mismatch in the 
hydrophobic lengths leads to a progressively increasing local ordering as the chain-length difference is increased. A pronounced 
local structure is found to persist deep inside the fluid phase of the mixture. The local structure is discussed in relation to the 
features observed in the specific-heat function, for which theoretical data, as well as experimental data obtained from 
differential-scanning calorimetry are presented. 

I. Introduct ion  

One-component lipid bilayers exhibit a series of 
themotropic phase transitions [1] which are of rele- 
vance to biological membranes [2,3]. One of these 
transitions is the gel-fluid phase transition. Natural 
membranes are not one-component systems but con- 
tain a large number of different lipid species in addi- 
tion to proteins. Such multi-component systems have 
complex phase diagrams with regions of thermody- 
namic coexistence. In an attempt to understand the 
phase equilibria in the multi-component systems basi- 
cally two major types of simple few-component model 
membrane systems are commonly studied: (i) one-com- 
ponent lipid bilayers incorporated with polypeptides, 
proteins, sterols, etc., and (ii) two- or more component 
lipid mixtures. 

It is still a controversial issue as to whether phase 
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transitions and phase equilibria in lipid membranes 
have any direct influence on the functioning of mem- 
branes [1,2,4,5]. Non-lamellar membrane phases, such 
as hexagonal and cubic phases, have been suggested as 
important for a variety of membrane functions [6]. In 
relation to the gel-fluid phase transition in lamellar 
bilayer phases, the most common counter argument to 
attaching significance to membrane phase equilibria in 
a functional context is that most membrane systems are 
thought to be in a type of 'fluid' phase under physio- 
logical conditions. Furthermore, it is often tacitly as- 
sumed, as inferred by cartoons for the classic fluid- 
mosaic membrane model, that a fluid membrane phase 
may be thought of as a random liquid mixture with no 
appreciable degree of local ordering or structure. This 
assumption is not generally fulfilled, since it is well- 
known that the nature of this fluid phase reflects the 
underlying phase equilibria and phase diagram of the 
membrane considered as a multi-component mixture. 
In fact multi-component systems support cooperative 
phenomena which determine not only the phase dia- 
gram but also the local and the global structure of the 
different phases, in particular the fluid phase. 
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Recently, a series of model membrane studies have 
been published about the nano-scale structure and 
connectivity of coexisting domains in the gel-fluid coex- 
istence regions of binary lipid mixtures, such as 
DClaPC-DCIsPC [7-11]. It has been convincingly 
demonstrated by fluorescence recovery and EPR probe 
measurements that such domains exist and that their 
percolation properties are important for in-plane bi- 
molecular reactions in membranes [12]. It is likely that 
coexistence of gel and fluid lipid domains is relevant 
for function in some types of biological membranes 
[13]. None of these experimental studies, which were 
applied to the gel-fluid coexistence region, have as yet 
been extended to study local structure in the fluid 
phase possibly because of the inherent difficulty of 
distinguishing between different types of fluid lipid 
domains. 

In this paper we provide evidence, based on a theo- 
retical model study, that the underlying phase equilib- 
ria of binary lipid mixtures lead to pronounced local 
ordering in the fluid phase. This type of lipid mi- 
crostructure is more subtle and extends over smaller 
length scales than those characterizing the lipid do- 
mains in the gel-fluid coexistence region. The local 
ordering in the fluid phase is dynamically maintained 
by fluctuations and leads to dynamic membrane het- 
erogeneity which may well be of importance for mem- 
brane function [14,15]. In this case the local structure is 
described in terms of compositional fluctuations indi- 
cating that the local concentration of a given lipid 
species may be different from the global (average) 
concentration. The typical spatial correlation length 
(s ~) of the local ordering depends on the thermody- 
namic conditions, specifically the temperature and the 
composition, as well as the distance from certain fea- 
tures in the phase diagram. The local ordering is more 
pronounced the more non-ideal the mixture becomes. 
In the present work we have studied these conditions 
by considering a class of binary lipid mixtures where 
the degree of non-ideality can be varied in a simple 
way. Specifically we have studied two-component phos- 
pholipid bilayer membranes of saturated phospho- 
lipids, DC,PC, with different acyl-chain lengths, n = 
12,14,18,20. The larger the difference in acyl-chain 
length becomes, the more non-ideal the mixture be- 
haves [16]. Typical values of the correlation length (s ~) 
for these mixtures are in the range s ~ < 5-50 A but 
becomes much higher near special points in the phase 
diagram (critical mixing points or incipient critical 
points). 

Local ordering on the scale of less than 50 A is 
difficult to detect directly in conventional experiments 
(such as optical spectroscopy), whereas compositional 
fluctuations on length scales larger than approx. 100 .~ 
can be detected by small-angle neutron scattering 
[17,18]. The fluctuations in local ordering may be de- 

tected indirectly via their manifestation in bulk mem- 
brane properties, such as the specific heat [20] which, 
however, is most sensitive to fluctuations involving both 
fluid and gel lipid domains. In the present work we 
took a two-faceted approach to the problem of mem- 
brane fluctuations and local ordering. First we used a 
molecular interaction model for binary lipid mixtures 
together with computer-simulation techniques which 
allow not only global thermodynamic properties to be 
determined, such as specific heat and phase diagram, 
but also permit direct inspection of the lateral organi- 
zation of the bilayer mixture. Secondly, we performed 
differential-scanning calorimetry experiments across 
the gel-fluid coexistence region of the DCI4PC- 
DC18PC binary mixture and studied the wings of the 
specific heat function which reflects the membrane 
fluctuations. This mixture has previously been investi- 
gated by differential-scanning calorimetry, e.g., in the 
early work by Mabrey and Sturtevant [19]. The molecu- 
lar model is described in Section II and the experimen- 
tal procedures are given in Section III. The results of 
computer simulations for the lipid mixtures are re- 
ported in Section IV and a comparison with our experi- 
mental results is presented in Section V. Section VI 
contains a discussion of future work, together with a 
statement about the effect of drug and anesthetic 
molecules on the phase behavior of the lipid mixtures. 

II. Microscopic model and calculational techniques 

Microscopic model 
The microscopic molecular interaction model used 

in the present paper for binary lipid mixtures builds on 
the 10-state Pink model [21] to describe the gel-fluid 
transition for each of the pure lipid-bilayer compo- 
nents of the mixture in the fully hydrated state. The 
two lipid species are coupled by a term which reflects 
the incompatibility of acyl chains of different hy- 
drophobic lengths. This type of hydrophobic mismatch 
interaction, which is related to the mismatch interac- 
tion of the so-called mattress model of lipid-protein 
interactions [22-24], was recently used in a study of 
lipid selectivity of integral proteins embedded in binary 
lipid mixtures (Sperotto, M.M. and Mouritsen, O.G., 
unpublished data). Since the 10-state Pink model has 
been described in detail in several previous publica- 
tions [21,25], a short description of the model will be 
sufficient here. 

The Hamiltonian function for the binary mixture of 
the two lipid species A and B is written 

~ =  d~¢/oA _~_ ~ B  + ~ A B  (1) 

where the two first terms describe the interaction be- 
tween alike species and the last term the interaction 
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between different species. The 10-state Pink model for 
species A (and similarly for species B) reads 

A A .  ) ~ .  JA E E I A I 2 ~ 2 ~ ' ~  ff/,aA = EE(Eo + n A A -- 
i a 2 i,j o~,~ 

(2) 

where _~/A = 0.1 is an occupation variable. In the Pink 
model the acyl chains in each monolayer are assumed 
to lie on a triangular lattice and each chain can be in 1 
of 10 conformational states, a = 1 , . . . ,  10. The lipid 
bilayer is considered as being composed of two non-in- 
teracting monolayers. The model does therefore not 
directly account for possible effects due to chain inter- 
digitation. Each awl-chain conformational state is de- 
scribed by an internal conformational energy, E A, a 
degeneracy, D A, and a cross-sectional area A~ which 
is inversely related to the acyl-chain length, d A, by the 
constant volume condition. The values of these single- 
chain properties for di-acyl saturated phosphatidyl- 
choline bilayers have previously been determined by 
Pink et al. [21]. / /  is an interfacial lateral pressure 
having a numerical value of 30 dyne /cm.  The 10 states 
of the Pink model may be grouped in two sets, one 
consisting of nine conformationally ordered acyl-chain 
states (termed 'gel' states below) and one conforma- 
tionally disordered acyl-chain state (termed the 'fluid' 
state below). An acyl chain interacts via van der Waals 
interactions of strength JA with six nearest-neighbour 
acyl chains. This interaction is modulated by shape-de- 
pendent nematic order parameters, I A. The values of 
the interaction strengths JA, which we have derived by 
simple scaling from the previously determined value 
for DCI6PC [25], are as follows, JA=0.5232, 0.618, 
0.815, 0.915 • 10 -13 erg for D C , P C  with n = 12, 14, 18, 
20, respectively. 

The interaction between different lipid species is 
described by the Hamiltonian 

~ A B  __ --JAB E E ( I Aot I/~ ~/,~ ~ j . c } B  A B _[_ I~I~,~iet,~j, 8 B  A B A ) 
2 i,j a,fl 

+ a a  - 4 
, j  ,/3 

A B A (3) 

The first term in o~  AB describes the direct van der 
Waals hydrophobic contact interaction between differ- 
ent acyl chains. The corresponding interaction constant 
is taken to be the geometric average JAB = JA~fBu • 3' in 
the second term of Eqn. 3 represents the mismatch 
interaction and is assumed to be 'universal' in the 
sense that its value does not depend on the lipid 

species in question. It was previously shown via a 
two-component regular solution theory [16] that a wide 
range of binary lipid phase diagrams, using a mean-field 
(phenomenological) version of Eqn. 3, could be de- 
scribed in terms of such a single universal parameter,  
once the chain-length characteristics were isolated in 
the chain-length variable d , .  We show below that a 
similar universal description is applicable to the full 
microscopic interaction model of Eqns. 1-3 when it is 
solved within a considerably more reliable calculational 
scheme than mean-field theory, i.e., by computer-simu- 
lation techniques as described below. 

Calculational techniques 
Monte Carlo computer-simulation techniques [25] 

offer a numerically exact way of deriving the thermody- 
namic properties of the molecular interaction model in 
Eqns. 1-3 using the principles of statistical mechanics. 
The particular virtue of computer simulations is that 
they ensure that the density- and the compositional 
fluctuations are accurately accounted for, and that the 
full entropy of mixing is automatically included in the 
description. Moreover, the simulations operate on the 
microscopic variables, and hence reveal the organiza- 
tion of the membrane system on all length scales up to 
the size of the system studied. In this way simulation 
techniques are unique in being able to determine local 
structure in lipid mixtures. 

From the statistics generated in the computer simu- 
lations we have calculated the specific heat, Cp(XB,T), 
as a function of temperature for different compositions 
x B with 1 =XA+X B. From the features found in the 
specific heat it is possible to derive the form of phase 
diagrams for binary mixtures. Since conventional Monte 
Carlo simulations only allow us to determine deriva- 
tives of the free energy, such as the specific heat and 
not the free energy itself [25], we stress that our calcu- 
lated phase diagrams are only approximate. In this 
sense the simulation approach suffers from the same 
shortcomings as many of the experimental determina- 
tions of the phase diagram. There is no experimental 
technique available which operates directly on the level 
of the free energy. It is, however, possible to employ 
more advanced numerical techniques than those used 
here which allow that part of the free energy to be 
determined that controls the relative stability of the 
different phases. These techniques, which use the fin- 
size scaling theory, were recently used to study the 
nature of the gel-fluid transition in pure lipid bilayers 
[26,27] and have been extended to the study of phase 
equilibria in lipid-polypeptide systems [24]. We did not 
use these time-intensive simulation techniques for the 
present problem, since we do not require a very accu- 
rate determination of the phase diagram in order to 
study local lipid structure well inside the various re- 
gions of the phase diagram. 
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The conventional Monte Carlo simulations on the 
model of Eqns. 1-3 lead to a determination of a series 
of microconfigurations for the system which are char- 
acteristic of equilibrium at the thermodynamic condi- 
tions chosen. Thermal equilibrium of the model system 
is attained using single-site Glauber excitation for the 
acyl-chain degrees of freedom on each lipid species 
and Kawasaki two-site exchange dynamics to simulate 
the interdiffusion of the two species. We have studied 
the mixture in the canonical ensemble, i.e., for fixed 
temperature and composition which is the way in which 
experiments are carried out. The simulations were 
performed on large periodic arrays of lipid chains, 
typically 100 × 100, in order to assure that the results 
are characteristic for the thermodynamic limit. 

IlL Materials and Methods 

The lipids dimyristoyl phosphatidylcholine (DC 14 P C )  

and distearoyl phosphatidylcholine (DC~sPC)were ob- 
tained from Avanti Polar Lipids (Birmingham, AL, 
USA) and used without further purification. Lipid mix- 
tures were prepared by dissolving the appropriately 
weighed amount of the two lipids in chloroform. The 
organic solvent was removed using a rotary evaporator 
and then lyophilized for at least 12 h. Dried lipid was 
dispersed in buffer (50 mM KC1) at 60°C to form 
multilamellar vesicles. The dispersion was frozen 
( -  70°C) and thawed (60°C) at least 4 times. 

Differential scanning calorimetry was performed us- 
ing a high-sensitivity calorimeter of the heat-conduc- 
tion type [28]. Upscans at a scanrate of 20 C°/h were 
performed using 0.75 ml of 20-mM samples. Appropri- 
ate baselines have been subtracted from the excess 
heat capacity curves. No correction has been made for 
the time response of the calorimeter. 

IV. Theoretical results 

Specific heat and phase equifibria 
Figs. 1 and 2 give the computer-simulation data for 

the specific-heat function, Cp(X,T), in the full composi- 
tion range for the two mixtures DC14PC-DC18PC and 
DC~2PC-DClsPC. The coexistence region is clearly 
reflected in the features found for Cp. The approxi- 
mate phase diagrams, also shown in Figs. 1 and 2, were 
derived from the specific heat. Both mixtures show 
strong non-ideal mixing behavior. While the DC~4PC- 
DCI8PC mixture has only a broad gel-fluid coexistence 
region, the DCle PC-DC t8PC mixture displays peritec- 
tic behavior with a pronounced three-phase line and 
gel-gel coexistence. As described in Section V below, 
both of these phase diagrams are in good agreement 
with the experimental data. There is still some contro- 
versy regarding the phase diagram for the DC14PC- 
DC18PC mixture which has also been predicted to 
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Fig. 1. DCa4PC-DClsPC: Specific heat (top) and phase diagram 
(bottom) in the temperature-composition plane as obtained from the 
theoretical model. Membrane configurations at the three specific 
points A, B and C are shown in Fig. 3. The specific heat is in units of 

10 13 erg/K. 

display peritectic behavior [17,18]. We shall return to 
this controversy in another publication (J0rgensen, K. 
et al., unpublished data). 

Phase separation and local lipid structure 
Snapshots are shown in Fig. 3 of microscopic bilayer 

configurations typical of thermodynamic equilibrium at 
the three points, A, B, and C, indicated in the phase 
diagram in Fig. 1, i.e., typical of the fluid phase, the 
fluid-gel coexistence and the gel phase. The visual 
appearance of the phases clearly shows that frames A 
and C are one-phase regions while frame B displays 
macroscopic phase separation with a clear distinction 
between the two phases which are separated by a more 
or less well-defined interface. Nevertheless, even 



though frame A and C contain one-phase regions of 
fluid and gel phase, respectively, these phases are 
clearly not uniform or random in structure: they exhibit 
considerable local structure, and chains of the same 
lipid species form large connected regions. Further- 
more, the two phases making up the coexisting system 
in frame B each have their distinct local structure. The 
local structure both in the one-phase fluid region and 
in the two-phase gel-fluid coexistence region becomes 
more pronounced as the mixture becomes more non- 
ideal. This can be seen by comparing frames A and B 
of Fig. 3 for the DC14PC-DC18PC mixture with frames 
A and B of Fig. 4 for the DC12PC-DC18PC mixture. 
Later, we will examine the extreme case of a DCi2PC-  
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Fig. 2. DCI2PC-DClsPC: Specific heat (top) and phase diagram 
(bottom) in the temperature-composition plane as obtained from the 
theoretical model. Membrane configurations at the three specific 
points A, B and C are shown in Fig. 4. The specific heat is in units of 

10-13 erg/K. 
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DC20PC mixture (see Fig. 12). Frame C in Fig. 4 is an 
example of macroscopic gel-gel coexistence. 

Interfacial wetting and lipid enrichment 
Frame B in Fig. 4 for the gel-fluid coexistence 

region of the DC12PC-DC18PC mixture reveals an 
extremely interesting phenomenon of local interracial 
ordering. The gel phase in the coexistence region is 
clearly wetted by a layer of gel-type acyl-chain configu- 
rations of the low-melting lipid DC12PC. This layer, 
which extends over several acyl-chain diameters for the 
DCI2PC-DC18PC mixture, is not a static entity but is 
dynamically maintained. The interface of one type of 
gel lipids is enriched, in a statistical sense, by gel lipids 
of the other type. There is no binding or static annulus. 
Rather the wetting is induced by the hydrophobic 
matching condition inherent in Eqn. 3. The micro- 
scopic wetting effect, which may be considered a pre- 
cursor effect for three-phase separation, is increased as 
the three-phase line is approached. At this line a real 
macroscopic wetting phenomenon is expected. Pro- 
nounced wetting of lipid domains in phase-separation 
regions is hence a distinct and organized form of 
dynamic local lipid structure. 

A similar though less pronounced wetting effect is 
found in the gel-fluid coexistence region of the 
DCI4PC-DC18PC mixture (see, e.g., frame B of Fig. 3) 
where the gel-state lipids of the low-melting species 
together with fluid-state lipids of the high-melting lipid 
tend to accumulate at the interface of the gel phase. 

The wetting of lipid-domain interfaces leads to a 
lowering of the interracial tension similar to the effect 
discussed in the literature in relation to softening of 
pure lipid bilayers due to covering of gel-fluid inter- 
faces by excited chain states [29,30]. The lowering of 
the interfacial tension implies a slowing down of the 
interfacial dynamics and an increase in the lifetime of 
the local structure. 

Lipid-lipid correlation functions 
A quantitative description of the degree of local 

structure in the lipid mixture is provided by the general 
static pair correlation function for species X and Y 
defined by 

_ X Y X Y gaff( x r ) (  g) -< ~iet ( Ri)~j~ ( Rj) >--< ~ia >< ~j[3 > 

(4) 

where R = I Ri - R i I is the distance in units of lattice 
spacings, X, Y = A, B, and a, /3 = g, f. For ease of 
calculation we only studied the simplest type of spatial 
autocorrelation function, i.e., 

x x 2 
• 
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The second term in Eqns. 4 and 5 corrects for the 
background correlation, i.e., the global concentration. 
Hence the correlation function is a measure of the 
correlation of both thermal and compositional fluctua- 
tions, thereby providing a complete description of 
short-range order effects and local structure. 

Fig. 5 shows the correlation function gf~(DC IsPC)(R) 
in the fluid phase of the DC~4PC-DC~sPC mixture at 
two different temperatures. It is seen that there is a 
substantial correlation in the position of like species 
and that the correlation length increases as the phase 
boundary is approached. The correlation function for 
the DC~aPC-DC~sPC mixture in the full concentra- 
tion range at T = 3 3 0  K is shown in Fig. 6. This 
function has two striking features. Firstly, the function 

is peaked around equimolar composition. This peak is 
controlled by the compositional fluctuations which we 
shall discuss later. Secondly, there is a another peak 
close to the axis of the high-melting lipid. At the 
temperature in question, we are above but close to the 
melting point of pure DCI8PC. Since we are dealing 
with the correlation function for the species DC]sPC, 
this second peak reflects the thermal density fluctua- 
tions at the gel-fluid transition of DC~sPC [31]. If we 
now examine the same correlation function of the 
other species, DC]4PC, shown in Fig. 7, only the com- 
positional fluctuation maximum remains, since T = 330 
K is far above the transition temperature of pure 
DC~4PC and its thermal density fluctuations are fully 
suppressed. It is, therefore, possible at T =  330 K to 
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Fig. 4. D C ~ z P C - D C ~ s P C :  Snapshots  of microscopic  m e m b r a n e  conf igura t ions  wi th  6 0 x 6 0  acyl cha ins  shown at po in ts  A (T  = 330 K), B (T  = 278 
K) and C (T  = 265 K) in the phase  d i ag ram as ind ica ted  in Fig. 2. The  compos i t ion  co r re sponds  to X D c ~ s P C  = 0.5. The  symbols  for the cha in  

s ta tes  are as follows: geI -DC~zPC ( + ), f l u i d - D C l ~ P C  (blank),  g e I - D C ] s P C  (o), f lu id -DC ~sPC ( . ) .  
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Fig. 5. DCI4PC-DC18PC: Pair correlation function, gff(DClsPC) in 
Eqn. 5, at XDC~8PC = 0.5 shown at two different temperatures in the 
fluid phase as a function of acyl-chain separation, R (in units of 

lattice spacings). 
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focus on the density fluctuations alone by studying 
ggg(DC18PC)(R) shown in Fig. 8. This figure shows that 
the correlation between the gel-state lipids of DC18PC 
increases as the concentration of DC~sPC becomes 
higher and attains its maximum value for a bilayer 
composed of pure DC18PC. Due to the high tempera- 
ture in question, most of the gel-state lipids have 
melted and the remaining gel-states of the acyl chains 
no longer reflect the compositional fluctuations but 
rather the density fluctuations near the transition point 
of the high-melting lipid. 

A visual impression of the local structure due to 
density fluctuations near the pure DCIsPC melting 
point is given in Fig. 9 which shows a snapshot of a 
microscopic membrane configuration at T = 330 K and 
XDCIsPC = 0.97. The density fluctuations clearly mani- 
fest themselves in the formation of gel clusters inside 
the fluid phase. 

The correlation functions in the case of the 
DCt2PC-DC~sPC as displayed in Figs. 10 and 11 show 
the same effects as for the DCIaPC-DClsPC mixture. 
The correlation length is, however, significantly larger. 

g~(DCIs 

0.02 

0.01 

Fig. 6. DC14PC-DC18PC: Pair correlation function, gff(DClsPC) in 
Eqn. 5, as a function of acyl-chain separation, R (in units of lattice 

spacings), at T = 330 K shown in the full composition range. 

gff(DC14] 

0.02 

0.01 

Fig. 7. DC14PC-DC18PC: Pair correlation function, gff(DC14PC) in 
Eqn. 5, as a function of acyl-chain separation, R (in units of lattice 

spacings), at T = 330 K shown in the full composition range. 

An extreme case: the DC12PC-DC2oPC mixture 
The effects of local lipid structure illustrated above 

via the correlation function can be studied under ex- 
treme conditions in the case of the DC,2PC-DC20PC 
mixture where the mismatch amounts to as much as 8 
carbon atoms. The fluid phase shows a strong tendency 
for clustering of like lipids in a way which resembles 
microphase separation, cf., Fig. 12. The thermody- 
namic one-phase fluid region is highly structured. The 
correlation function gff(DC20PC)(R) in Fig. 13 shows a 
very long-range coherence due to the compositional 
fluctuations. The peak due to the density fluctuations 
near the pure DC20PC melting point is also visible in 
Fig. 13. 

V. Comparison with experiments 

We first make the observation that the phase dia- 
grams shown in Figs. 1 and 2 for the DC14PC-DCtsPC 
and DCizPC-DCI8PC mixtures are in close quantita- 
tive agreement with experimental data (see Ref. 16 for 
a compilation of the available experimental data, as 
well as the recent experimental phase diagrams in Ref. 
32). No phase diagram is at present available for the 
DCIzPC-DCz0PC mixture. However, a detailed com- 
parison between experimental and theoretical phase 
diagrams will be provided in a subsequent publication 
(J0rgensen, K., et al., unpublished data) for the full 
series of binary mixtures of the type considered here. It 
suffices to note that the model provides a good de- 
scription of the experimental phase diagrams consid- 
ered in the present paper. 
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/ 
ggg(DClsPC) ~ /  DC~4PC-DC~sPC 

0.01 ~ 

~ ~ ~ ~ 0 . 7  0"9 

Fig. 8. DCI~PC-DC~aPC: Pair correlation function, ggg(DC~sPC)in 
Eqn. 5, as a function of chain separation, R (in units of lattice 

spacings), at T = 330 K shown in the full composition range. 

Secondly, we compare  in Fig. 14 the calculated 
specif ic-heat  scan of  Fig. 1 at XDC~sPc = 0.5 with that  
ob ta ined  f rom our  diffent ial-scanning ca lor imetry  ex- 
per iments .  The  quant i ta t ive a g r e e m e n t  be tween  theory  
and exper iment  is very satisfactory. Not  only is the 
overall  shape  of the scans very similar, but  indications 
of  p ronounced  specif ic-heat  wings below the solidus 
and above the liquidus lines are also presen t  in both  
sets of  data,  signalling s t rong m e m b r a n e  f luctuat ions 
[20l. 

Finally, we note  that  composi t ional  f luctuat ions are 
mani fes ted  in the s t ructure  factor  of  small-angle neu- 
tron scat ter ing of lipid bilayer mixtures  [17,18]. Da ta  
for the D C L 4 P C - D C ~ s P C  mixture  have been  inter- 
p re ted  [17,18] in te rms  of a critical demixing phe-  
n o m o n o n  assuming that  an incipient critical gel-gel 
uppe r  critical point  is h idden in the gel-fluid coexis- 
tence region. This in te rpre ta t ion  implies the existence 
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Fig. 9. DC~4PC-DC~sPC: Snapshot of a microscopic membrane 
configuration with 60 × 60 acyl chains shown at a temperature, T = 
330 K and a composition, XDC~spc = 0.97, in the fluid phase close to 
the melting point of pure DCIsPC. The symbols used are explained 

in Fig. 3. 
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Fig. 10. DC12PC-DCIsPC: Pair correlation function, gn(DC12PC) 
in Eqn. 5, at xDc~sPC = 0.5 shown at two different temperatures in 
the fluid phase as a function of acyl-chain separation, R (in units of 

lattice spacings). 

of  peri tect ic  behavior  for the D C ~ 4 P C - D C l s P C  mix- 
ture  and the p resence  of  a th ree -phase  line. Some 
exper imenta l  evidence in favor of  the existence of a 
gel-gel coexistence region in this mixture has been  
presen ted ,  but  the t rue  phase  behavior  still remains  an 
unresolved problem.  Wha teve r  the details of  the phase  
d iagram at lower t empera tu res ,  it is observed experi- 
menta l ly  that  the fluid phase  of  the D C 1 4 P C - D C 1 8 P C  
mixture sustains large composi t ional  f luctuations,  espe-  
cially near  equimolar  composi t ions,  as found in the 
presen t  model  study. The  exper imenta l  values quoted 

o 

for the corre la t ion length ~: are as large as 300 A, 
which is somewhat  larger  than  those ob ta ined  f rom the 
microscopic  model  of  the mixture.  

VI. Conclusions 

We have p resen ted  results of  model  simulations,  as 
well as exper imenta l  calor imetr ic  data  for two-compo- 

~ DCl~PC-DC18PC 
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0.03 
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0.01 ~ 0 . 9  
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X D C  1 8 P C  

Fig. 11. DC12PC-DClsPC: Pair correlation function, gft(DCIsPC) 
in Eqn. 5, as a function of acyl-chain separation, R (in units of lattice 

spacings), at T = 330 K shown in the full composition range. 



Fig. 12. DC12PC-DC20PC: Snapshot of a microscopic membrane 
configuration with 60 × 60 acyl chains shown at a temperature, T = 
338 K and a composition, XDc20vc = 0.5, in the fluid phase. The 
symbols for the fluid chain states are as follows: fluid-DC12PC 

(blank) and fluid-DC20PC (e). 
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Fig. 13. DC12PC-DC20PC: Pair correlation function, gff(DC20PC) 
in Eqn. 5, as a function of acyl-chain separation, R (in units of lattice 

spacings), at T = 338 K shown in the full composition range. 
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Fig. 14. DC14PC-DClsPC:  Comparison between a theoretical ( I ) ,  
cf., Fig. 1 and an experimental ( - )  specific-heat scan at XDClsPC = 

0.5. The experimental data is obtained at a scan rate of 20 C°/h .  
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nent phospholipid membranes of saturated phospho- 
lipids with different acyl-chain lengths. Our results 
show that the non-ideal mixing properties of the two 
lipids have a pronounced influence on the heteroge- 
neous membrane behavior and the associated differen- 
tiated lateral organization of the membrane compo- 
nents. In the phase-separated regions an enrichment of 
the phase boundaries by one of the lipid species has 
been found, leading to a decrease of the interfacial 
tension between coexisting phases. 

In particular we studied the fluid thermodynamic 
one-phase region and found that the phospholipids 
have a distinct non-random distribution manifested as 
a dynamic local lateral structure consisting of corre- 
lated lipids. The correlation length of these fluid struc- 
tures is much smaller than the equivalent length scale 
characterizing the domains in the gel-fluid phase coex- 
istence region [7,8,32]. The local structure becomes 
more pronounced as the degree of non-ideal mixing 
increases. Furthermore, percolation-like fluid struc- 
tures develop for large mismatches between the hy- 
drophobic acyl-chain lengths as seen in Fig. 12. The 
local structure also depends on the distance from the 
phase boundaries and it is most pronounced near 
equimolar concentrations, as was also found in earlier 
theoretical studies on phenomenological models of bi- 
nary lipid mixtures [33-35]. The results presented here 
were derived for di-acyl PC mixtures but the effect of 
local structure in the fluid phase is expected to be 
quite general for two-component systems and should 
occur in any kind of binary lipid mixture, for example 
in mixtures where the non-ideality is induced by differ- 
ent polar head groups or by different degrees of unsat- 
uration in the acyl chains of the two species. In particu- 
lar, the occurrence of critical mixing in two-component 
lipid membranes is likely to be a widespread phe- 
nomenon. Similarly, local lipid structure should persist 
in mixtures of more than two lipid species. 

Our results for local lipid ordering and structure in 
fluid lipid membranes may well be important for clari- 
fying the possible functional role of different lipids in 
membranes and the selectivity in lipid-protein interac- 
tions. Specifically, it will b'e interesting to refine our 
model to allow for the more specific lipid-lipid interac- 
tions which are responsible for the regular distribution 
of lipids found in pyrene-PC/DCl4PC binary mixtures 
[5,36]. 

It would clearly be worthwhile to expand the per- 
spective of this paper to lipid-protein systems where 
there is considerable evidence that dynamic membrane 
heterogeneity and differentiated lateral membrane or- 
ganization couple to enzymatic activity in both one- 
and two-component lipid membranes [13,14,20,37]. An- 
other interesting consideration concerns the intricate 
action of drugs such as general and local anaesthetics 
on membrane functions which can be related to the 
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Fig. 15. DC14PC-DCusPC: The effect of adding a drug (like hal•thane or cocaine derivatives) on the bilayer structure in the gel-fluid coexistence 
region at XDC~PC = 0.7 and T = 314 K. The symbols are explained in Fig. 3. 

physical effects of the drug on the global and local lipid 
structure [38-40]. It has been shown [41] that addition 
of general anaesthetics like methoxyfluorane to a two- 
component bilayer displaying phase separation might 
have a dramatic influence on the membrane structure• 
As a final consideration we briefly discuss an example 
of such a phenomenon in the case of the DC~4PC- 
DC~sPC mixture to which a water-soluble drug has 
been added• The lipid-drug interactions and the lipid- 
water partitioning of the drug are modelled using a 
formalism which we have recently developed [38,39]• 
The particular drug considered here is that of a generic 
type such as hal•thane or a cocaine derivative which 
have similar effects on the thermodynamic properties 
of lipid bilayers. The drug molecules are assumed to 
intercalate interstitially in the closely packed molecular 
array of the lipid bilayer. Fig. 15 shows microconfigura- 
tions of the DC~aPC-DC18PC mixture in the gel-fluid 
coexistence region before and after the drug is added. 
The presence of the drug is seen to have a drastic 
effect on the lipid structure: the gel-fluid interfaces 
become quite ramified and the global structure of the 
systems resembles that of an is•tropic system, although 
a substantial local lipid structure remains. It is as 
though the drug acts as an emulsifier in destroying the 
global phase structure. Further investigation of this 
problem is in progress• 
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