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THE CALCULATION OF HEAT CAPACITY CURVES AND PHASE
DIAGRAMS BASED ON REGULAR SOLUTION THEORY

. *
P. Garidel , C. Johann and A. Blume
Martin-Luther-University Halle/Wittenberg, Institute of Physical Chemistry, Miihlpforte 1, 06108 Halle/Saale, Germany

The intermolecular interactions of molecules within the bilayer are responsible for the lipid organisation, e.g. domain formation,
and the interaction and stabilisation of proteins within the lipid matrix. The mixing behaviour of lipids, which reflects the intrinsic
molecular interactions, can be deduced from the shape of the phase diagram (temperature vs. mole fraction diagram), which is con-
structed from the analysis of heat capacity curves obtained by DSC. However, there are no objective procedures to determine the
temperatures corresponding to the border lines of the coexistence region, i.e. the liquidus and solidus curves of the phase diagram.
The main challenge to overcome is to develop an objective method for the correct determination of the onset and offset temperatures
of the melting curve for every single transition curve in a standardized manner.

The presented paper describes a procedure for the simulation of heat capacity curves. In a second step, based on the results
from the heat capacity curve simulation, a phase diagram is calculated using a non-ideal, non-symmetric mixing model. The
non-ideality parameters obtained from the calculation describe the intermolecular interaction of both components in a single phase
region. Using this procedure, examples of the mixing behaviour of various binary phospholipid systems are analysed and it is shown

how the mixing behaviour is influenced by external factors like e.g. the pH or ionic strength.
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Introduction

From their studies of erythrocytes, Gorter and Grendel
(1925) concluded that the erythrocyte membrane con-
tains sufficient lipid to provide a lipid bilayer matrix
surrounding the ‘red’ cell [1]. The resulting concept
that the major functional role of lipids is providing a
bilayer permeability barrier between external and cel-
lular (internal) compartments was long ago a major
topic for membranologists. This concept has been de-
veloped and used for the encapsulation of active ingre-
dients in liposomes, the latter serving as a drug deliv-
ery system [2]. An important observation was the fact
that membranes are ‘fluid’ (fluid-mosaic model ac-
cording to Singer and Nicholson [2, 3]), allowing rapid
lateral diffusions in the plane of the membrane. Addi-
tionally, it was found that proteins are often inserted
into and through the lipid bilayer membrane, and that
the bioactivities of many proteins require a distinct mi-
cro-environment (i.e. phase state) in the membrane for
optimal protein function, some requiring a fluid envi-
ronment, whereas others require more rigid surround-
ings [3]. These observations were derived from studies
of bacterial systems. Saturated as well as unsaturated
fatty acids were identified to be essential for the regu-
lation of various membrane properties. Additionally, it
was observed that the lipids present in the membrane
are found in the gel phase as well as in the liquid-crys-
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talline phase. Thus, the phase behaviour of the mem-
brane lipids determines the biological membrane func-
tion. Additionally, it was found that inhomogeneities
[4, 5] like liquid—liquid immiscibilities [6, 7] or other
micro-domain formation play a relevant role in various
biological functions [3]. So-called ‘lipid rafts’, mi-
cro-domains of particular lipid composition, as an ex-
ample, are conceived to be a part of a mechanism for
the intracellular trafficking of lipids and lipid-anchored
proteins [8—13].

Biological membranes are composed of an as-
tonishing variety of amphiphilic molecules, like vari-
ous phospholipids or fatty acids [3, 14, 15]. The huge
lipid diversity as found in biological membranes sug-
gests particular functional roles for each component.
However, elucidation of these functional roles for in-
dividual lipid species is still a challenge.

An attempt for understanding the role of single
lipid components in biological membranes is the use of
model membranes composed of only a small number
of lipids. Various biophysical properties of the model
membrane are studied, by varying the amount of one
component of the system. The presence of different
lipids determines the physical behaviour of the lipid
barrier and thus the phase state. The simplest systems
are binary phospholipid mixtures. However, even in
such ‘simple’ systems small variations of the buffer pH
or the presence of e.g. cations have a large impact on
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the phase behaviour of the lipid mixture [16, 17] and
thus influence the overall property of the membrane.

The presented study directs its attention to the in-
trinsic lipid molecule interactions in model membranes,
and how the phase behaviour and the mixing properties
are determined. The mixing behaviour of lipids and the
formation of inhomogeneities are reflected in the shape
of the phase diagram. A phase diagram (temperature vs.
composition diagram) describes the stability of various
phases and their coexistence region. The temperatures
separating a one-phase region (gel or liquid crystalline
phase) from a two-phase region (coexistence of gel and
liquid crystalline phase) are plotted as a function of
composition at constant pressure. One of the most ele-
gant methods to obtain data for the construction of
phase diagrams is derived from calorimetric experi-
ments by measuring the excess heat capacity as a func-
tion of temperature. The heat capacity curve represents
the phase transition from one into another phase. For
lipids, the main phase transition corresponds to the tran-
sition from a gel to the liquid crystalline phase. The on-
set and the end temperatures for the phase transition are
determined as those temperatures corresponding to the
intersection between the tangent of the leading edge
(‘tangent-method’) and the baseline of the DSC curves
or by the deviation of the heat capacity curve from the
baseline. (Fig. 1) These temperatures are then corrected
by the finite width of the transition of the pure compo-
nents weighed with their mole fractions [18].

One major problem is, that all these empirical
methods have a certain arbitrariness, and in some cases
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one has to switch from one method to another without
scientifically sound justifications. For the phase transi-
tion of pure lipids like DMPC (1,2-dimyristoyl-sn-
glycero-3-phosphocholine), the use of the ‘tangent-
method’ seems to be justified due to extremely steep
flanks (Fig. 1a). However, for other heat capacity curves
the application of the ‘tangent-method’ is not clear (Fig.
1b). Therefore, one of the main difficulties to be solved
is the definition of the onset (7(-)) and offset (7(+)) tem-
peratures of the melting for every single transition curve
in a standardized manner.
The aims of the presented work are the following:

* The presentation of a procedure for the determination
of these temperatures (7(—) and (7(+)) by the simula-
tion of the heat capacity curves (c, curves). The used
calculation is based on regular solution theory assum-
ing non-ideal mixing of the components and incorpo-
rating a parameter describing the broadening of the
transition due to limited cooperativity.

» The phase diagrams are then constructed in a first
approximation using the onset and offset tempera-
tures obtained from the calculation of the heat ca-
pacity curves and further refined by a simulation
procedure with a model using non-ideal, non-sym-
metric mixing behaviour in both phases.

» Various examples are shown for the mixing behav-
iour of pseudo binary phospholipid systems in ex-
cess water, as influenced by parameters like the
ionic strength, pH of the buffer, and membrane
composition.
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Fig. 1 The application of the ‘tangent-method” for the determination of the onset and offset temperatures of the phase transition;

a — sharp phase transition, b — broadened phase transition
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Experimental
Materials and methods

The lipids used in this study were provided from
Lipoid GmbH (Ludwigshafen, Germany), Natter-
mann Phospholipid GmbH (Cologne, Germany) and
from Genzyme Pharmaceuticals Sygena Facility
(Liestal, Switzerland): DMPA: 1,2-dimyristoyl-sn-
glycero-3-phosphatidic ~ acid, =~ DPPA:  1,2-di-
palmitoyl-sn-glycero-3-phosphatidic acid, DMPC:
1,2-dimyristoyl-sn-glycero3-phosphocholine, DPPC:
1,2-dipalmitoyl-sn-glycero3-phosphocholine,

DMPE: 1,2-dimyristoyl-sn-glycero3-phosphoethanol-
amine, DPPE: 1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine, DMPG: 1,2-dimyristoyl-sn-glycero-
3-phosphoglycerol (Na-salt), DPPG: 1,2-dipalmitoyl-
sn-glycero-3-phosphoglycerol (Na-salt), The lipid mix-
tures were prepared according to a general protocol [19]
and the DSC experiments were performed as described
previously at a scanning rate of 1°C min™' [19].

Calculation of the heat capacity curves c,

The principle: The expression for the heat capacity
cr‘,d describing a hypothetical phase transition for bi-
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nary lipid mixtures with infinitely high cooperativity
[20, 21] with ideal mixing is calculated and combined in
a second step with an expression taking into account the
property of limited cooperativity. The latter effect in-
duces a broadening of the heat capacity curve and is de-
scribed by a ‘cooperativity function’ (d®/dT), which is
folded with the c;d curve yielding the simulated heat

capacity curve c;im (Fig. 2).

Ideal heat capacity curve ¢, : The molar enthalpy
H of a binary lipid system in the phase transition re-
gion from one phase to another (e.g. gel () to the lig-
uid crystalline (1) phase) is given by:

H=9pH,+(1-9)H, (1

with H, and H, representing the enthalpies of the gel
and liquid crystalline phase. ¢ describes the degree of
transition going from 1 to O in the liquid crystalline
phase and can be calculated from the lever rule [21].
This phase model assumes that the enthalpic effects
are mainly initiated from changes of the hydrophobic
interactions between acyl chains and that with in-
creasing temperature the number of gauche conform-
ers increases [22-24].
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Fig. 2 Schematic representation for the simulation of a heat capacity curve. a — theoretical (ideal) heat capacity curve cri,d,

b — broadening function (d®/dT), ¢ — simulated heat capacity curve ¢

j‘" after convolution d — experimental heat capacity

curve. ()™ and T(+)™: onset and offset temperatures obtained by an empirical method and 7(—)™™ and 7(+)*™: onset and
offset temperatures obtained by the simulation procedure (see text)
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For each phase, assuming non-ideal mixing of
the lipids (binary system with the components A and
B), the enthalpies /, and H, as a function of composi-
tion are:

Hy=xaHy atxsHy g tAH, 3 HexaHatxsHigtAH | (2)

with x, being the mole fractions in the gel (g) and lig-
uid crystalline (I) phase. AH" is the excess enthalpy
describing the deviation of the system from ideal mix-
ing behaviour in each phase. These equations give an
expression for the total enthalpy H of the system as a
function of temperature [21]. AH" is calculated from
the Gibbs—Helmholtz equation for the free excess
Gibbs energy of mixing AG".

In the frame of regular solution theory [25], the
excess entropy is set to zero, and thus the excess free
Gibbs energy of mixing equals the excess enthalpy of
mixing. This approach is justified by the fact, that the
shape of the lipid molecules is quite similar and that
the non-ideality of the system is caused by a nonzero
AH" [8,21].

In regular solution theory, AG" is developed as a
function of the mole fraction x:

AG =AH"=x(1-x) {p 1+p-(2x—1)+p3(2x—1)*+...} (3)

using parameters p; which describe the deviations
from ideal mixing behaviour. Positive non-ideality
parameters indicate a tendency towards cluster forma-
tion of like lipids (A—A and B-B), whereas negative
non-ideality parameters indicate the formation of
complexes of unlike molecules (A—B pairs) [26].

For the simulation of the heat capacity curves a
symmetrical formulation for the excess enthalpy for
both phases was used:

AG*=AH"=x(1-x)p 4)

However, other approaches for the description of
the heat capacity curves have been presented (for
more detail we refer to Johann et al. [21]). Based on
these equations, the solidus and liquidus curves,
which are the border lines of the coexistence range
can be calculated [21, 26, 27]. These two equations
describe the temperature 7 for which the two phases
are in equilibrium. The heat capacity curve
c;d:(dH/dT)p can now be calculated once the seg-
ments of the liquidus and solidus curves of the phase
diagram are known. The exact expressions can be
found elsewhere [6, 21, 28]. As can be seen from
Fig. 2A, cé"is only defined in the coexistence region,
and is zero outside. cl;dis a function with a very high
heat capacity maximum and with an extremely re-
duced half-width (Fig. 2).

Cooperativity function (d®/dT): For an infinitely
cooperative phase transition the system undergoes a
true phase change at a singular temperature, the re-
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sulting heat capacity curve shows an infinitely narrow
half-width. In reality, the phase transition curves are
broadened due to limited cooperativity (Fig. 1). Lim-
ited cooperativity, i.e. the broadening effect of the
phase transition, is taken into account by assuming an
equilibrium between the gel (g) and the liquid crystal-
line (1) phase. The equilibrium constant K for such a
process is given by

K=[L)/[G]=(1-©)/® (5)

O the degree of transition is running from 1 (all lipids
in the g phase) to 0 (all lipids in the 1 phase). The
amount of lipid in one state is represented by brack-
ets. An expression for (d®/d7) is obtained by using
the van’t Hoff equation. Thus, the broadening func-
tion (Fig. 2B) describing the width of the transition as
a function of the van’t Hoff transition enthalpy AH,y,
can be calculated [21, 29, 30].

Simulated heat capacity curve c;i‘“ : The corrected
heat capacity curve ¢;" is obtained by convoluting the
c}"d curve with the broadening function (d®/d7) (Fig. 2)

M= ®(dO/dT) (6)

The derived equations are implemented in a fit pro-
gram for the simulation of experimental heat capacity
curves [21, 28]. As input parameters, the main phase
transition temperatures, the calorimetrically determined
phase transition enthalpies AH. of the pure components,
and the composition of the mixtures are used.

As a result of the experimental DSC curve simu-
lation procedure,

+ the non-ideality parameters p, and p; (one for each
phase),

 the temperature values describing the onset
(T(-)*™) and offset (7(+)*™) of the phase transition,

+ and the van’t Hoff enthalpy AH,y as a function of
composition

are obtained. 7(-)*™ and 7(+)"™ are the temperatures
defining the liquidus and solidus curves of the phase
diagram. Additionally, a value for the cooperative
unit size can be calculated, which reflects the number
of molecules in a domain that change abruptly their
physical state (gel to liquid crystalline state) [6, 7].

Phase diagram simulation

Various approaches (e.g. quasi-chemical approaches)
are used for the simulation of phase diagrams [20, 22,
31, 32]. The published simulation procedure based on
regular solution theory utilises in most cases only one
adjustable parameter, and assumes symmetric mix-
tures [26, 27, 33, 34]. However, more realistic is that
the non-ideality parameters are a function of compo-
sition. This leads to a model with non-symmetric,
non-ideal mixing behaviour.

J. Therm. Anal. Cal., 82, 2005
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To account for this, in an additional optimisation
of the model, the phase diagrams were simulated us-
ing an approach for non-ideal, non-symmetric mixing
with two non-ideality parameters for each phase [21]:

AG"=AH"=x(1-x)[p1+p2(2x-1)] (7

Applications and discussion

The presented approach has been used for a number
of systems composed of a binary mixture of
phospholipids in excess buffer, so called pseudo-bi-
nary systems [19-21]. Figure 2 summarizes graphi-
cally the concept used for the simulation of the heat
capacity curves. From the simulation of the heat ca-
pacity curve, T(-)*™ and T(+)*™ are obtained, and as
expected, these temperatures are much closer together
than those obtained by the usual empirical procedure
(T(-)**® and T(+)™") (Fig. 2D). In Fig. 3 examples are
shown for the simulation of heat capacity curves of
pseudo-binary phospholipid mixtures composed of
DMPE and DMPG at pH 7 in 0.1 M NaCl. The exper-

DMPE:DMPG
0.1 M NaCl, pH7
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Fig. 3 DSC heating curves for DMPE:DMPG mixtures of var-
ious compositions at pH 7 in 0.1 M NaCl, solid lines:
experimental ¢, curves and dotted lines: ;™ curves

(adapted from [35])

J. Therm. Anal. Cal., 82, 2005

imental heat capacity curves (solid lines in Fig. 3)
were taken in the heating mode at a scan rate of
1°C min"', representing the phase transition from the
gel to the liquid crystalline phase. At scan rates
>5°C min "', the phase transitions become broader due
to kinetic effects of the phase transition. Additionally
instrumental sensitivity and responses have to be con-
sidered (for more details, see discussions in [19, 28]).
For the shown examples in this paper (phospho-
lipid-phospholipid systems), the heat capacity curve
as obtained from the cooling scan is nearly identical
compared to the heat capacity curve obtained from
the heating scan. No hysteresis is observed. Due to
the fact, that the cooling scan represents the phase
transition from the liquid crystalline to the gel phase,
the enthalpy contributions are similar, however oppo-
site in sign; an endothermic phase transition in the
heating mode is detected as an exothermic phase tran-
sition in the cooling mode and vice versa.

Pure phosphatidylglycerols show two phase tran-
sitions. The so-called pre-transition (7,~13°C for
DMPG at pH 7 in 0.1 M NaCl) stands for a transition
between two gel phases (Lg-—Pp-) (Fig. 3 bottom heat
capacity curve). The main phase transition (7;,~23°C
for DMPG at pH 7 in 0.1 M NaCl [36]) represents the
transition from the Pp> gel to the liquid crystalline L,
phase, which is characterised by a large increase of
gauche conformers of the hydrocarbon chains and by
an increased lateral diffusion of the single lipids within
the membrane. The simulation of the heat capacity
curves used here considers only the main phase transi-
tion (discussion in [6, 21]). The experimental curves
are drawn as solid lines; the simulated heat capacity
curves are represented by dotted lines (Fig. 3). As can
be seen the obtained c;im curves fit very well with the
experimental curves. The calculated on- and offset
temperatures as obtained from the simulation of the
heat capacity curves of the DMPE:DMPG mixtures are
shown in Fig. 4 as triangles: 7(-)™" (open triangle) and
T(+)*™ (solid triangle). Additionally, the onset and off-
set temperatures are shown as obtained from the empir-
ical method. These data are designated as: T(-)**F
(open circle) and T(+)™ (solid circle). From Fig. 4, it is
obvious, that both temperature sets deviate consider-
ably from each other, especially for phospholipid mix-
tures xpmpg<0.4 [35]. Based on 7(-)™™ and T(+)"™ the
coexistence curves are calculated using the non-ideal,
non-symmetric model (Fig. 4).

The shape of a phase diagram depends mainly on
the intermolecular interactions and thus mixing behav-
iour of the components in both phases. Ideal miscibility
of two components in both phases, is denoted by solidus
and liquidus curves enclosing a ‘cigar like’ coexistence
region of both phases. Below the solidus curve only the
gel phase is existent, and above the liquidus line only a
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DMPE:DMPG
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Fig. 4 Phase diagram for the system DMPE:DMPG at pH 7 in
0.1 M NacCl, constructed from the c;i’“ curves. The solid
lines are coexistence lines calculated using the four-pa-
rameter non-ideal, non-symmetric mixing model de-
scribed in the text. Circles: on- and offset temperatures
obtained from the empirical method. Triangles: on- and
offset temperatures obtained from the simulation of the
experimental heat capacity curves (adapted from [35])

liquid crystalline phase appears (Fig. 6). Such an ideal
mixing behaviour is found for DMPG:DPPG mixtures
(pH 7, 0.1 M NaCl) with the non-ideality parameters be-
ing zero [7]. Other examples of ideally miscible
phospholipids are known, e.g. DMPC:DPPC, or
DMPE:DPPE [36]. These are examples for systems
having the same head groups with the hydrocarbon
chains varying only by two methylene units. However,
ideal mixing behaviour has also been described for sys-
tems with different head groups, but with identical chain
length e.g. DMPC:DMPG or DPPC:DPPG [7, 37].
Non-ideal mixing with the formation of domains in the
gel phase can be induced by increasing the acyl chain
length of one component by more than four methylene
units, e.g. DMPC:DSPC [26, 38—41].

The system DMPE:DMPG (pH 7, 0.1 M NacCl)
(Fig. 4) shows deviations from ideality at low molar
ratios of DMPG. The non-ideality parameters ob-
tained from the simulation are:

Pai=-3375, pu=—1587, peu=—440, p1,=—1348 J mol .

In both phases DMPE-DMPG lipid pair forma-
tion is favoured (negative p data) and is more pro-
nounced for the gel phase (pg<pi1). The differences
in the non-ideality parameters between liquid crystal-
line and gel phase

Ap1=pi—Pgr and Apr=pp—pg )

are: Ap,;=+1788 and Ap,=—-908 J mol™'. The parame-
ter Ap, describes the difference in asymmetry in the
mixing behaviour between both phases and vanishes
at x=0.5 (Eq. (7)).
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Fig. 5 Simulation of the phase diagram of the binary lipid system
DMPC:DPPC (pH 7, water) using the four-parameter
non-ideal, non-symmetric mixing model, however, without
taking into account on- and offset temperatures (see text).
All simulation parameters (pg, Pui, P12,) Were fixed with the
exception of py, which was varied consecutively. The p-
data are summarised in the boxes. The resulting solidus and
liquidus curves are shown. 7 in K, AH in Jmol™, p in
Jmol . Simulation # 1: top, simulation # 8: bottom

At pH 7, the mixtures in the liquid crystalline
phase show a smaller deviation from ideal mixing,
compared to the non-ideality parameter of the gel
phase (p<0, p1;>p,1), with both non-ideality parame-
ters having negative values. Negative non-ideality pa-
rameters indicate the preference of pair formation of
unlike molecules. The asymmetry for both phases is
larger for the liquid crystalline phase compared to the
gel phase, indicating a stronger composition depend-
ence for the liquidus line.

For the calculation of the phase diagram, a set of
on- and offset temperatures is required for the correct
construction of the phase diagrams. In Fig. 5 an exam-
ple is shown (DMPC:DPPC) for which no on- and
offset data are used. As starting values for the simula-
tion, the thermodynamic data of both pure compo-
nents are used (main phase transition and main phase
transition enthalpy), with fixed values for py;, p, and
P2, Whereas py; has been varied (increment variation
for pg=5001J mol™") (selected data are shown in
Fig. 5). The differences in the non-ideality parameters
between liquid crystalline and gel phase are for the
simulation # 1 (top lines in Fig. 5): Ap,;=+1280 and
Ap>=+770 J mol™" and for the simulation # 8 (bottom

J. Therm. Anal. Cal., 82, 2005
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Fig. 6 Phase diagrams for A— DMPA:DMPC at pH 7 (water)
and B — DMPA:DPPC at pH 4 (water) constructed from
the c;i"’ curves. The solid lines are coexistence lines cal-
culated using the four-parameter non-ideal, non-sym-
metric mixing model described in the text. Triangles: on-
and offset temperatures obtained from the simulation of
the experimental heat capacity curves. Gel: gel phase,
Ic: liquid crystalline phase, *: azeotropic point

lines in Fig. 5): Ap; =—4720 and Ap, = +770 J mol ',
indication stronger deviations from non-ideality for
the case # 8 compared to #1. Therefore, on- and offset
data obtained from the simulation of the heat capacity
curve are required for the correct construction of
phase diagrams.

The examples shown in Fig. 6 are calculated us-
ing T(—)*™ and T(+)*™ (triangle symbols in Fig. 6) [6].
With these two examples, the influence of pH or
chain length composition of the lipids is discussed.

In phosphatidic acids (e.g. DMPA), the charge of
the head group can be modulated by changes in pH,
ionic strength, or the presence of divalent cations, in-
fluencing the molecular interaction with other lipids,
and thus changing the lipid mixing behaviour
[42, 43]. This is reflected in changes in the shape of
the phase diagrams. At pH 7 (water) DMPA is singly
charged, whereas at pH 4 the head group is partly
protonated [44,45]. The charge of zwitterionic
phosphatidylcholines is not affected by changing the
pH from 7 to 4, because the pK of the phosphodiester
group is much lower [3].

J. Therm. Anal. Cal., 82, 2005

AtpH 7, DMPA:DMPC as well as DMPA:DPPC
mixtures (data not shown) show a deviation from
ideal mixing behaviour [6]. However, protonation of
DMPA (at pH ~ 4, approximately -0.6 elementary
charges) [44, 45] changes the mixing behaviour of
this system completely, versus an increase in the
non-ideal mixing behaviour of the two components.
This effect is further enhanced by a variation of the
hydrocarbon chain length of one component (Fig. 6b:
DMPA:DPPC system). The phase diagram of the sys-
tem DMPA:DPPC at pH 4 (Fig. 6B) indicates that ei-
ther an azeotropic point at xpppc=0.38, where the
liquidus and the solidus curve touch, or even an
immiscibility region in the liquid crystalline phase be-
tween xpppc~0.3 and xpppc ~0.7 is formed. This is in-
dicated by the horizontal part of the liquidus line in
this composition range. The assumption of a miscibil-
ity gap in the liquid crystalline phase means that the
formation of fluid lipid domains with different
compositions (Icl and Ic2) has to be considered (large
and positive py; are obtained, for more details see [6]).
Protonation of DMPA (pH 4) induces a reduction of the
electrostatic repulsion between the DMPA molecules.
Furthermore, intermolecular interactions in the polar
head groups are increased due to the enhanced ability
for the formation of a hydrogen bonding network. As a
consequence of the changed intermolecular interac-
tions, a tendency for the formation of inhomogene-
ities vs. demixing and the formation of microdomains
of different composition is favoured.

Wu and McConnell (1975) [46] first postulated
liquid—liquid phase separation in a DEPC/DPPE system,
but these results were later contradicted by Silvius [47].

The concept of liquid-liquid immiscibility has
gained of significance in the last years, and efforts were
undertaken to discover other systems with this behav-
iour. Examples showing liquid-liquid immiscibility
were found e.g. in systems composed of two phosphat-
idylcholines where one of the components has highly
asymmetric chains [48] and in mixtures of phosphat-
idylcholine with phosphatidylserine [49]. The phosph-
atidylcholine-phosphatidylserine example published by
Hinderliter et al. [49] is similar to the DMPA:DPPC
(pH 4) system, because the electrostatic repulsion be-
tween phosphatidylserine molecules in phosphatidyl-
choline-phosphatidylserine mixtures [49] seems to be
overcompensated by other attractive interactions, giving
rise to clustering of like molecules. A similar behaviour
has also been found for the system DPPC:DMPG by
changing the pH from 7 to 2 [7]. These examples are of
particular interest, because fluid-fluid immiscibility can
be triggered by only changing the pH. Monte Carlo
techniques can be used for the illustration of the forma-
tion of liquid-liquid domains [6, 50, 51].
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The mixing behaviour of lipids can be changed by
a number of external factors as the presence of divalent
cations or buffer composition and ionic strength (for
more details consult [52-56]). The relevance of in-
homogeneities for biological functions has received
increasing interest [57—60] and shows that the pro-
posed fluid-mosaic model by Singer and Nicholson
has to be refined.

Conclusions

A procedure is described for the objective determina-
tion of the onset and offset temperatures of melting
curves obtained from calorimetric measurements by
fitting the experimental heat capacity curves using
one non-ideality parameter for each phase and an ad-
ditional parameter which takes into account the
broadening of the heat capacity curves due to limited
cooperativity of the phase transition. From the simu-
lation on- and offset temperatures are obtained, which
are used for the construction of the phase diagram. In
a next step the phase diagram is refined using a ther-
modynamic model considering non-ideal and
non-symmetric mixing in each phase (regular solution
theory). The presented examples illustrate the useful-
ness of such an approach for the analysis of
phospholipid pseudobinary systems.
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