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Summary

From data obtained by differential scanning calorimetry phase diagrams
were constructed, using a thermodynamically based fitting method. The
following binary mixtures of phosphatidylcholines in water were studied: 14:0/
14:0-glycerophosphocholine/16:0/16:0-glycerophosphocholine, 14:0/14:0-gly-
cerophosphocholine/18:0/18:0-glycerophosphocholine, 12:0/12:0-glycero-
phosphocholine/16:0/16:0-glycerophosphocholine, 18:1,/18: 1,-glycerophos-
phocholine/14:0/14:0-glycerophosphocholine and 18:1,/18:1,-glycerophos-
phocholine/16:0/16:0-glycerophosphocholine.

A comparison is made of the present results with those obtained using probe
techniques and the differences are discussed.

Introduction

Miscibility properties of two components can be described by a phase dia-
gram. From the shape of the fluid-solid region conclusions can be drawn with
respect to the miscibility of two substances both in the solid state and in the
fluid state; therefore it is important to measure accurately the temperature
region in which there is a coexistence of solid and fluid material.

In model membrane systems water is present as well as the phospholipid
components, so actually a ternary system is studied when working with binary
mixtures of phospholipids. However, influences of water are neglected in fully
hydrated binary phospholipid systems. Most phase diagrams published for
binary phospholipid mixtures are interpretations of data obtained by probe
techniques [1—4]. A disadvantage of a probe technique is the assumption that
the probe does not disturb the local organization and reflects the exact situa-
tion of the bulk phospholipids. Therefore, it is important to check the miscibil-
ity properties with the aid of a direct physical technique such as differential
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scanning calorimetry. In fact the first phase diagrams [5] and some more
recently reported phase diagrams [6,8] were derived from calorimetric data.

It is useful to extend these direct investigations with respect to the miscibil-
ity properties of mixtures of phospholipids because of the increasing number of
reports using model membrane systems consisting of phospholipid mixtures. In
this report we show that some precautions are needed before calorimetric data
can be used for the construction of phase diagrams.

Materials and Methods

1,2-Dilauroyl-sn-glycero-3-phosphocholine (12:0/12:0-glycerophosphocho-
line), 1,2-dielaidyl-sn-glycero-3-phosphocholine (18:1,/18:1,-glycerophospho-
choline), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0/14:0-glycerophos-
phocholine, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (16:0/16:0-glycero-
phosphocholine) and 1,2-distearoyl-sn-glycero-3-phosphocholine (18:0/18:0-
glycerophosphocholine) were synthesized by Mrs. A. Lancée-Hermkens accord-
ing to the method described by van Deenen and de Haas [9].

Samples were prepared for differential scanning calorimetry and measured
as described before [10] with the modification which will be described in the
results section. As the occurrence of a pretransition in synthetic phosphatidyl-
cholines would interfere with an accurate determination of the temperature of
the main transition in mixtures showing solid-solid immiscibility, the dispersion
buffer consisted of 25 mM Tris/acetate/ethyleneglycol (1 : 1, v/v), 100 mM
NaCl, pH 7.0. Under these conditions the phospholipid pretransition is absent.
The intercept of the predominant slope of the first transition peak with the
baseline will be taken as the solidus and fluidus point in heating and cooling
scans respectively. At least three heating and three cooling scans were per-
formed on each mixture. The deviation in the determination of both points was
strongly dependent on the nature of the components and the ratio in which
they were present in the mixture.

Freeze fracturing electron-microscopy was performed as described before
[11].

Results

Calorimetric data

The most detailed phase diagram, derived from both ESR and differential
scanning calorimetry data, is that of 14:0/14:0-glycerophosphocholine and
16:0/16:0-glycerophosphocholine [1,3—5,8] which approximates ideal mixing
behaviour. For that reason we attempted to construct a phase diagram from
calorimetric heating and cooling scans of various mixtures of 14:0/14:0-gly-
cerophosphocholine and 16:0/16:0-glycerophosphocholine obtained at the
usual scanning rate of 5°C per min. An example of such a heating scan is shown
in Fig. la. Scanning of the pure components and mixtures yielded enough
points to construct a phase diagram. However, from these points (Fig. 2) one
would conclude that in the region of 10—35 mol% of 16:0/16:0-glycerophos-
phocholine solid-solid immiscibility occurs and this is in disagreement not only
with all literature data on these lipid mixtures [1,3—5,8] but also with the fact
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Fig. 1. Calorimetric heating scans of equimolar mixtures of 14:0/14:0-glycerophosphocholine/16:0/16:0-
glycerophosphocholine using different experimental conditions. a: Reproducible heating scan obtained
with a scanning rate of 5° C/min; cooling rate SOC/min. b: Heating scan obtained at 5°C/min after cooling
the sampole at a rate of 0.31°C/min. c: First heating scan obtained at 5°C/min after an overnight incuba-
tionat 4 C.

Fig. 2. Phase diagrarﬁ for 14:0/14:0-glycerophosphocholine/16:0/16:0-glycerophosphocholine (PC) with
equal-G curve. The experimental points (©) were derived from scans obtained at heating and cooling rates
of 5°C/m'm (compare Fig. 1a). The solidus points were obtained as the intersections of the slope of the
descending arm of the endothermic heating curve with the baseline. The liquidus points represent the
intersections of the slope of the ascending arm of the exothermic cooling curve with the baseline. The
second set of data (®) was obtained from scans at scanning rates of 5°C/min. The heating scan was taken
after an overnight preincubation at 4°C (compare Fig. 1¢). The cooling scan was obtained immediately
after the heating scan. The dotted line represents the equal-G curve.

that all 14:0/14:0-glycerophosphocholine/16:0/16:0-glycerophosphocholine
mixtures display only 1 calorimetric peak.

Scanning through the transition at 5°C per min creates a non-equilibrium,
which can be concluded from the fact that the end of the heating curve does
not coincide with the beginning of the cooling curve and vice versa. This did
not affect our measurements as we determined the solidus and liquidus points
only from the beginning of the cooling and heating curve respectively. The only
condition which has to be fullfilled in this case is that the interval between each
scan through the transition region will leave enough time for the sample to
equilibrate either in the liquid crystalline or in the gel state as the sagged
solidus line is indicative for non-equilibrium conditions in the region of 10—
50 mol% of 16:0/16:0-glycerophosphocholine. To obtain equilibrium data two
approaches were followed: lowering the cooling rate and, as the apparatus
allowed only a minimum cooling rate of 0.3°C/min, prolonged incubations
below the transition region. The heating rates were in all cases kept at 5°C/min.
Decreasing the cooling rate led to an ultimate increase of 3°C at the lowest
scanning rate possible (0.3°C/min) (Fig. 1b). With prolonged incubation times in
the gel state we could reach a higher value (4°C higher than under the original
conditions of Fig. 1a). It appeared that an overnight incubation was necessary
to yield a peak which did not change with respect to transition temperature
and peak width upon longer preincubations (Fig.1lc). This preincubation
period also led to an ultimate value in all other mixtures tested. The transition
temperature, obtained after prolonged incubation in the gel state was higher
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than the one obtained after cooling at 0.3°C/min. This implies that scanning
at 0.3°C/min (20°C/h) gives a departure from equilibrium. Taking the end of a
cooling scan, obtained at 10°C/h, as the solidus point as is often done in probe
studies, is only permitted when it can be shown that this point coincides with
the beginning of the heating curve. As the transition temperature in a cooling
scan did not change either with lower scanning speed (in the previous heating
scan) or prolonged equilibration in the liquid-crystalline state it can be con-
cluded that, under these conditions, equilibration is very fast. As the time for
reequilibration in the liquid-crystalline state was in the order of minutes one
has to conclude that the lateral diffusion coefficient for phospholipid mole-
cules in the liquid-crystalline state differs dramatically from that for molecules
in the gel state. Cullis has shown recently that 16:0/16:0-glycerophosphocho-
line molecules in the liquid-crystalline state are at least 10 times more mobile
than when they are in the gel state {12]. From our results it can be concluded
that the difference, at least in binary mixtures, is even larger.

Thermodynamic description

Equal-G curve. In order to add significance to the experimental data we
present the result of a thermodynamic interpretation based on the method of
the equal-G curve [12]. The principles of that method will be outlined first,
because they may be of particular value for the interpretation of biochemical
phase diagrams.

The Gibbs energy of a solution, formed by (1 — X) mol of the first com-
ponent and X mol of the second, is, at constant pressure, usually given as

gT.X)=(1—X)u + X3 +RTI1—X)In(1 —X)+ X In X} + 5T, X) (1)

where T is the absolute temperature and R the gas constant. The first two
terms with the Gibbs energies of the pure components (asterisks are used to
refer to pure components) represent the Gibbs energy of the unmixed state.
The third is the contribution due to ideal mixing. The last term, the excess
Gibbs energy, gives the deviation from ideal-solution behaviour.

For each of the two phases such an expression can be given. At fixed tem-
perature each of the functions corresponds to a curve in the gX-plane. On
passing the temperature region in which the heterogeneous equilibrium takes
place these two curves pass one another; at any intermediate temperature the
coexisting phases are given by the points of contact of the common tangent,
see Fig 3. The two sets of points of contact, obtained in this way, are the
solidus and liquidus curves of the phase diagram. A third curve which can be
plotted in the TX-plane is the equal-G curve; the set of points of intersection. It
is clear that the equal-G curve always lies between the solidus and the liquidus
curves.

Thermodynamic interpretation, i.e. the derivation of excess functions from
phase diagrams, can be based on equilibrium curves, as well as on the equal-G
curve. The interpretation based on equilibrium curves goes via thermodynamic
potentials; it requires highly accurate data and is therefore hardly applicable to
other than liquid-vapour equilibrium data. The equal-G curve (EGC) method,
on the contrary, which is less dependent on experimental accuracy, is particu-
larly useful to the equilibria studied here.



Fig. 3. Curves of the Gibbs energy versus the mol fraction for the solid (s) and liquid (1) state. The
coexisting phases are given by the points of contact of the common tangent. EGC, equal-G curve.

Making use of the general relationship between Gibbs energy G, enthalpy H
and entropy S, which is G = H—~ TS and accordingly u* = h* — Ts* and g® =
h® — Ts®, Eqn. 1 yields the following two expressions for liquid (1) and solid
(s) phase:

g=1—X)hil+ Xh3' — T{(1 — X)si + Xs3}
+RT{(1—X)In(1 —X)+ X In X} + h¥ — Ts¥ )
g = (1 — X)hy*+ Xh3* — T{(1 — X)si* + Xs5*)

+RT{(1'—X) ln(l_‘X)+XlnX}+hES____TsP,s (3)

EGC:(1 — X)Ah} + XAhy — T{(1 — X)As? + XAs3} + Ah® — TAs" =0
The equal-G curve which is the solution of
Ag=g'—g =0 (4)
is given by

(1-— X)Ah; + XAhj + AR®(X)

Tece(X) == :
soc(X) (1 — X)As} + XAsh + As¥(X)

(5)

In this equation Ak} and Ahj are the heats of melting and As] and Asj are
the entropies of melting of the first and second component, respectively (note
that Ak} =T, As] and Ah3=T,,As;, where T,, and T,, are the melting
points of the pure components 1 and 2).

The curve corresponding to Eqn. 5 with Ar® =0 and As® = 0 is called zero
line. (see Fig. 6.)

In the interpretation of solid-liquid equilibria of limited accuracy it is com-
mon practice to put the excess entropies of the phases equal to zero. In that
case AsF vanishes from the denominator of the right-hand side of Eqn. 5. As a
consequence, the temperature distance from zero line to equal-G curve is equal



63

to the quotient of difference excess enthalpy (the difference between the heats
of mixing of both phases) divided by the entropy of melting.

Choice of excess function

For the excess enthalpy we use a two-parameter function which has proved
to be very useful in the interpretation of phase diagrams with regions of
demixing that are not symmetrical with respect to X = 1 [14]. This function is
of the form (1 — X)"X in which n is a positive number greater than 1.

The maximum of the form is at 1/(n + 1) and has the value n"/(n + 1)("* D,
Multiplying the form with the reciprocal of the value of its maximum gives an
expression the maximum of which has the value 1. The complete excess func-
tion we use is then

hE(X) = A{(n + 1)"* V"1 (1 — X)" X (6)

The constant A, which gives the value of the maximum, is a measure for the
magnitude of the function and the exponent n is a measure for its asymmetry.

Interpretation

Thermodynamic interpretation of phase diagrams in this model means
finding the values for A and for n for both of the participating phases. For the
sake of simplicity we assume that for the systems studied here the value of n
for the solid phase is equal to the value of n for the liquid phase. In that
approximation the expression for the equal-G curve (EGC), Eqn 5, putting
AA = A' — A%, becomes

1 —X)Ahi + XAh$+ AA{(n + 1)""* Y™} (1 — X)"
Tooo () = (L7 X0ARE i+ AA((n + "I}~ X)X -
(1 —X)As] + XAsj
The procedure is now as follows. In the TX phase diagram a curve is drawn
between liquidus and solidus which is expected to be a good representative of
the real equal-G curve. From that curve the values of AA and n are obtained
with the help of Eqn. 7, which may be rewritten as
AA{(n+ )" Dm1— X)X

Tege(X) = Tzero(X) + (1— X)As: + XAs} (8)

In the case of the system 18:1,/18:1,-glycerophosphocholine/14:0/14:0-
glycerophosphocholine (see Fig. 6), the drawn equal-G curve yielded the value
1.5 for n and the value —130 cal - mol™! for AA; T,; =284 K, T, = 296.5 K,
the values of the heats of melting being given in Table I. The solidus and
liquidus curves shown in Fig.6 were next calculated putting A' =0, i.e.
assuming ideal behaviour in the liquid state, and with A = A!' — AA =+130
cal - mol™'. The result is in satisfactory agreement with the experimental data.
At this place it may be noted that a phase diagram is more sensitive to a small
change in AA than to relatively great changes in A! and A% with fixed AA. In
the case of the system considered here, equally satisfactory agreement with the
experimental data will be obtained by putting, e.g., A' =50 and A® = 180 cal
mol™’, the difference with the diagram shown in Fig. 6 being a broadening of
the two-phase region.

In most practical cases the best agreement is found by successive approxima-
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tion, starting from equal-G curve and, e.g., putting A' = 0. During the calcula-
tions it may appear that the course of the equal-G curve needs a correction
(some aspects of phase diagram calculations can be found in ref. 13).

For systems with limited miscibility in the solid state the values of A!, AS
and n can be found with higher accuracy because, in terms of the model used,
the region of demixing in the solid state is fully determined by A% and n [14].
The following are some of the characteristics. With fixed n the critical tempera-
ture of mixing T, is proportional to A%; some values for AS(n + 1)"*Yn " /RT,
are 2.000 for n =1, 2.130 for n =2, 2.159 for n = 4. The mol fraction of the
critical point, X, is determined by n alone:

_@n+1)—(2n* =112
(n +1)2

In the case of the system 12:0/12:0-glycerophosphocholine/16:0/16:0-glycero-
phosphocholine the mean value of the coexisting solid phases is about 0.375,
see Fig. 5. Assuming that this is also the value of X, the value of 1.65 is
obtained for n. (Eqn. 9.) Next, the value of A® is determined by successive
approximation: in the case of demixing within one state the G-curve for that
state is no longer convex over the whole mol-fraction region; the coexisting
phases are given by the points of contact of the double tangent. For the system
considered here the value which is found for A® is 250 cal mol™!. The value for
Al is thereafter found by successive solidus and liquidus calculations, starting
from an A' value derived from the estimated equal-G curve and the value found
for A°.

(9)

Application of this method (fitting data summarized in Table I) to the calo-
rimetric data yielded the phase diagrams in Figs. 2, 4—7. The phase diagrams of
the mixtures 14:0/14:0-glycerophosphocholine/16:0/16:0-glycerophosphocho-
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Fig. 4. Phase diagram for 14:0/14:0-glycerophosphocholine/18:0/18:0-glycerophosphocholine. Data were
obtained as described in the legend of Fig. 2 for the second set of data (preincubation temperature 4°C).
The dotted line is the equal-G curve.

Fig. 5. Phase diagram for 12:0/12:0-glycerophosphocholine/16:0/16:0-glycerophosphocholine. Data were
obtained as described in the legend of Fig. 2 for the second set of data. (The samples were preincubated
overnight at —15°C in the calorimeter). The dotted line is the equal-G curve.
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Fig. 6. Phase diagram for 18:14/18:1¢-glycerophosphocholine/14:0/14:0-glycerophosphocholine. Data

were obtained as described in the legend of Fig. 2 for the second set of data. (Preincubation overnight at
o

4 C in the calorimeter). Equal-G curve, (------ ): zero line, (+ — - — ).

Fig. 7. Phase diagram for 18:1{/18:1¢-glycerophosphocholine/16:0/16:0-glycerophosphocholine. Data

were obtained as described in the legend of Fig. 2 for the second set of data. (Preincubated overnight at
¢

4°C in the calorimeter). The dotted line is the equal-G curve.

line (Fig.2) and 18:1,/18:1,-glycerophosphocholine/14:0/14:0-glycerophos-
phocholine (Fig. 6) indicate that both components are miscible over the whole
range and that in the latter case a minimum exists at about 25 mol% 14:0/14:0-
glycerophosphocholine. The mixtures 12:0/12:0-glycerophosphocholine/16:0/
16:0-glycerophosphocholine (Fig. 4), 14:0/14:0-glycerophosphocholine/18:0/
18:0-glycerophosphocholine (Fig. 5), and 18:1,/18:1,-glycerophosphocholine/
16:0/16:0-glycerophosphocholine (Fig. 7) represent systems with a limited
solid state miscibility. The system of 18:1,/18:1,-glycerophosphocholine/
16:0/16:0-glycerophosphocholine may be a mixture with a behaviour between
limited and total miscibility in the solid state. We also have classified the phase
diagrams in Table I.

From the data in Table I it has to be noted that although all A' and A® values
are in the same range (the data for 18:1,/18:1,-glycerophosphocholine and
14:0/14:0-glycerophosphocholine have to be taken only relative to each other)
dramatic differences in shape and interpretation of the diagrams exist.

Discussion

In this paper we have modified the scanning calorimetric approach of con-
structing phase diagrams in such a way that it meets the objections to the tech-
nique of non-equilibrium conditions at the start of the phase transition due to
the high scanning speed.

The results of our measurements show that one has to be very careful in
interpreting data in terms of a phase diagram. The interpretation which has
recently been given by Mabrey and Sturtevant [8] for the mixture of 14:0/
14:0- and 18:0/18:0-glycerophosphocholine emphasizes the necessity to
replace hand-drawn phase diagrams thermodynamically fitted phase dia-
grams. Using our method the data of Mabrey and Sturtevant could lead
to a diagram with a miscibility gap in the gel phase from 15 to 70 mol% of
18:0/18:0-glycerophosphocholine and this, in contrast to their hand drawn
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interpretation, would be in agreement not only with our diagram (Fig. 4) but
also with earlier reported diagrams [2,4,5]. The diagrams of the mixtures
14:0/14:0-glycerophosphocholine/16:0/16:0-glycerophosphocholine, 12:0/
12:0-glycerophosphocholine/16:0/16:0-glycerophosphocholine and 14:0/14:0-
glycerophosphocholine/18:0/18:0-glycerophosphocholine are in qualitative
agreement with diagrams reported before but with respect to mixtures in which
18:1,/18:1,-glycerophosphocholine is one of the components both the shape
and the interpretation of the diagrams are basically different from the diagrams
previously published [2].

We conclude that 18:1,/18:1,-glycerophosphocholine is perfectly miscible
with 14:0/14:0-glycerophosphocholine, but that around 25 mol% of 14:0/
14:0-glycerophosphocholine a mixture with a minimum transition temperature
is formed (Fig. 6). In contrast, the probe data [2] have been interpreted to
indicate complete solid-solid immiscibility up to 80 mol% 14:0/14:0-glycero-
phosphocholine. Our interpretation is supported by the following arguments:

1. At all ratios studied the mixture shows one homogeneous peak.

2. Electron microscopic analysis of an equimolar 18:1,/18:1,-glycerophos-
phocholine/14:0/14:0-glycerophosphocholine mixture (Fig. 8a) quenched from
0°C reveals one homogeneous band pattern which is not identical with that for
either of the pure components.

3. In the probe study [2] the transition temperature of pure 18:1,/18:1,-
glycerophosphocholine was taken as being infinitely sharp although in the exper-
imental part a range of 10.5—13.5°C was mentioned. In mixtures the complete
transition range was used. Furthermore no mixtures were studied between 0
and 25 mol% 14:0/14:0-glycerophosphocholine so the shape of the diagram
is uncertain in this region.

Also our data (Fig. 7) with regard to the mixture 18:1,/18:1,-glycerophos-
phocholine/16:0/16:0-glycerophosphocholine do not seem to be in agreement
with a previous interpretation [2]. Our calorimetric scans both show a non-
homogeneous transition peak and an equimolar mixture quenched from 0°C
displays different regions of band patterns each with a characteristic periodicity
(Fig. 8b). These findings support the view that in the diagram there must be a
region in which solid-solid immiscibility occurs. The phase diagram (Fig. 7)
obtained in the present study shows that this mixture is a borderline case of a
system with a miscibility gap in the gel state. Rather smal deviations from
equilibrium may yield data that can be interpreted by a diagram with a totally
miscible solid state [2].

We started this study because of the increasing number of phase diagrams
being produced from probe studies. Although this technique is of great value
in membrane research [16] one has to be very careful with the interpretation
of the indirect information. The assumption that the probe, which is an impur-
ity in the system, always reflects quantitatively the behaviour of the bulk phase
can be questioned. It is therefore necessary to verify the phase diagrams by
direct physical methods. The fact that two diagrams reported in this study
yield different interpretations than those reported using ESR measurements
makes one rather suspicious with respect to the reliability of the extremely
complicated diagrams reported recently for other lipid mixtures [2]. We intend
to verify also these kinds of mixtures by differential scanning calorimetry but
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Fig. 8. Freeze fracturing electron micrographs, a. Equimolar mixture of 18:]t/lS:1t»glycvrophospho-
choline/14:0/14:0-glycerophosphocholine quenched from 0'C. Magnification 80 000X. b, Equimolar
mixture of 18:1(/18:1-glycerophosphocholine/16:0/16:0-glycerophosphocholine quenched from 0’'C.
Magnification 80 000X.

we are aware that, with more complicated systems, phenomena like under-
cooling will create additional problems. Furthermore we want to investigate the
gel to liquid crystalline transition in one of these systems at a higher level of
accuracy. This can be done by using an adiabatic calorimeter in which we have
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the possibility to scan with infinitely low speed. In this way also the pretransi-
tion can be incorporated in the phase diagram.
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