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Abstract

Phase diagrams of the hydrated pseudo-binary mixtures dilauroylphosphatidylcholine (DLPC)/lauric acid (LA) and
dimyristoylphosphatidylcholine (DMPC)/myristic acid (MA) have been constructed using high-sensitivicy DSC and
time-resolved X-ray diffraction. They are of a different type compared to those of the longer chain phosphatidyl-
choline (PC)/fatty acid (FA) mixtures, the latter being of maximum azeotropic point type. Eutectic points were
distinguished in the phase diagrams, at 75 mol% MA and 49°C for the DMPC/MA mixture, and at ca. 67 mol% LA
and 29°C for the DLPC/LA mixture. Regions of liquid—liquid and solid—solid phase separation have been located
according to the shape of the phase diagrams and observed by X-ray diffraction. Limited regions (2-4°C) of
liquid-liquid phase immiscibility exist at compositions with slightly prevailing fatty acid molar content. For instance,
at 67 mol% MA, a phase separation between L, phase enriched in DMPC and H;, phase enriched in MA takes place
in the temperature range 51-55°C. Solid phase immiscibility is detected between 60 and 90 mol% fatty acid. The
studied PC/FA mixtures form compound subgel polymorphic phases (one in the DMPC/MA mixture, with
DMPC/MA 1:2 molar stoichiometry, and two in the DLPC/LA mixture, with about 40 and 60 mol% LA,
respectively) upon low-temperature equilibration. In the liquid crystalline phase region, non-lamellar phases dominate
the phase diagrams, especially in their fatty acid-rich part. With increasing FA content, the nonlamellar phases
arrange in the sequence: bicontinuous cubic phases (Ia3d, Pn3m, Im3m) - hexagonal phase (H;;)— micellar cubic

Abbreviations: PC, phosphatidylcholine; DLPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine; DMPC, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine; DPPC, 1,2-dipalmiteyl:sn-glycero-3-phospho-choline; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; LA, lau-
ric acid; MA, myristic acid; PA, palmitic acid; SA, stearic acid; FA, fatty acid; DSC, differential scanning calorimetry; TRXRD,
time-resolved X-ray diffraction.
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phase (Fd3m) — isotropic phase (I). With the eutectic composition (75 mol% MA), only Hy; phase is detected above
the melting transition in the DMPC/MA mixture. At higher FA content (85 mol%), micellar cubic phase of space
group Fd3m form in the two PC/FA mixtures. At lower FA content ( < 75 mol%), at least three cubic phases (Ia3d,
Pn3m, Im3m) form. The order of their appearance with increasing temperature varies with the PC/FA ratio. They
exist either as single phases or concurrently to the H;;, phase. © 1997 Elsevier Science Ireland Ltd.

Keywords: Cubic phase; Lipid membrane; Mesophase; Phase diagram; Phase transition; Polymorphism; (DSC,

TRXRD)

1. Introduction

The mesomorphic properties of lipids and lipid
mixtures in the liquid crystalline phase have long
been subject of distinct interest in view of their
relation to the functional phase state of the bio-
logical membranes. The scientific interest has fur-
ther increased after emerging the view that
non-lamellar lipid phases are biologically relevant
(see. e.g. Seddon, 1990). One such example of
lipid mixtures displaying non-lamellar morpholo-
gies are the phosphatidylcholine (PC)/fatty acid
(FA) mixtures. For this reason, the hydrated PC/
FA pseudo-binary mixtures have attracted atten-
tion in the last decades (Mabrey and Sturtevant,
1977; Kantor and Prestegard, 1978; Schullery et
al., 1981; Marsh and Seddon, 1982; Koynova et
al., 1987, 1988; Rama Krishna and Marsh, 1990;
Heimburg et al., 1990; Seddon et al., 1990; Erbes
et al., 1996), especially the 1:2 (mol/mol) prepara-
tions (Marsh and Seddon, 1982; Rama Krishna
and Marsh, 1990; Heimburg et al., 1990; Seddon
et al., 1990; Erbes et al., 1996).

In the present work, we characterise in greater
detail the intriguing phase behavior of PC/FA
mixtures (Koynova et al., 1987, 1988). For the
hydrated DPPC/PA and DSPC/SA mixtures it
was previously reported that the PC/FA 1:2 (mol/
mol) stoichiometries melt at temperatures higher
than the transition temperatures of both pure
components, due to the existence of maximum
azeotropic points in their phase diagrams at these
compositions. In the present study, phase dia-
grams of fully hydrated pseudo-binary mixtures
DLPC/LA and DMPC/MA have been con-
structed using high sensitivity DSC. They were
found to differ from those of the longer chain

PC/FA mixtures, since at all compositions the
melting points were in between the transition tem-
peratures of both pure hydrated components. Eu-
tectic points were distinguished in both phase
diagrams of DLPC/LA and DMPC/MA mixtures.
The phase identification has been carried out by
means of time-resolved X-ray diffraction. An as-
sortment of phases has been observed upon
changing two variables, the temperature and the
lipid molar ratio: lamellar (liquid crystalline, gel,
plus several crystalline polymorphs), and non-
lamellar (inverted hexagonal, isotropic, as well as
several phases of cubic topology). Regions of
phase separation in the gel phase exist for the two
binaries. Also, limited regions of liquid-liquid
immiscibility have been detected. At high temper-
atures, variety of non-lamellar phases dominate
the phase diagrams, especially in their fatty acid-
rich part.

2. Materials and methods
2.1. Sample preparation

1,2-Dilauroyl-sn-glycero-3-phosphocholine
(DLPC), 1,2-Dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) (Avanti Polar Lipids, Birming-
ham, AL), Lauric acid (LA) and Myristic acid
(MA) (Fluka AG, Basel, >99% pure) were used
without further purification. For the PC/FA mix-
ture samples, appropriate amounts of lipids were
mixed as chloroform solutions, the chloroform
was removed by rotary evaporation under nitro-
gen and the lipid mixtures were dried under vac-
uum for at least 24 h. Double distilled deionized
water was added. With the DMPC/MA miixtures,
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samples dispersed in 1 M Na,SO, were also pre-
pared. The dispersions were hydrated overnight
at 20°C and cycled eight to ten times between
about 10°C above the chain melting transi-
tion and an ice bath. The samples were vortex-
mixed at these temperatures for 1-2 min at
each cycle. For the samples of pure phos-
phatidylcholines and fatty acids, the chloroform
step was omitted and the appropriate amount
of water was added to the weighed lipid. The
lipid concentrations were 0.5-1 mg/ml for
calorimetry and 10 and 25 wt% for TRXRD.
Unless otherwise indicated, the 10 and 25 wt%
lipid samples give identical X-ray diffraction
results. The lipid dispersions for DSC showed
the same pH values as that of pure water (pH
5.0). Titration of fatty acid in PC bilayers has
demonstrated a pK-value of about 10, therefore
we expect that the fatty acid in our samples
is in fully protonated state (Schullery et al.,
1981). For TRXRD measurements, samples
were filled into glass capillaries (d=1.0 mm)
(Hilgenberg, Malsfeld, Germany) and flame
sealed. The samples were stored at 0-4°C for
3-12 days.

2.2. Differential scanning calorimetry

Microcalorimetric measurements were per-
formed using high-sensitivity differential adia-
batic scanning microcalorimeters DASM-IM or
DASM-4 (Biopribor, Pushchino, Russia) with
sensitivity better than 4 x 10~° cal/K and a
noise level less than 5 x 1077 W (Privalov et al.,
1975). Heating and cooling runs were performed
at a scan rate of 0.5°C/min. Following equilibra-
tion at 0-4°C for 7-12 days prior to the first
heating, the samples were scanned two to four
times in succession following immediately the
first heating scan. The thermograms were cor-
rected for the instrumental baseline and for the
instrumental time constant. The onset and the
completion temperatures of the phase transition
necessary for the construction of the solidus and
liquidus line of the phase diagram were deter-
mined using a procedure described previously
(Koynova et al., 1987).

2.3. Time-resolved synchrotron X-ray diffraction

For time-resolved X-ray diffraction experi-
ments a brass sample holder for glass capillaries
was used. The holder was connected to a Peltier
temperature control system as described recently
(Rappolt and Rapp, 1996). This setup allows
linear heating and cooling temperature scans at
rates in the range 0.1-10°C/min. Diffraction
patterns were recorded on beam line X13 of the
EMBL outstation at DESY in Hamburg. The
camera comprises a double focusing monochro-
mator-mirror arrangement (Hendrix et al.,
1979). X-ray reflections in the small- and wide-
angle regimes were recorded simultaneously us-
ing a data-acquisition system previously
described (Rapp et al., 1995). With this system
millisecond time-resolved experiments were feasi-
ble at high spatial resolution (Rapp et al., 1993).
It consists of two linear detectors with delay line
readout (Gabriel, 1977) connected electronically
in series. In this configuration, both detectors
appear as one single detector to the data-acqui-
sition system (Boulin et al., 1988). One detector
covers the small-angle region, the second detec-
tor covers the wide-angle region. To minimise
the X-ray dose on the sample, a fast solenoid-
driven shutter controlled by the data acquisition
system was used to prevent irradiation of the
sample in those periods when no diffraction
data were taken. The signals of an ionisation
chamber to measure the incoming X-ray flux
and the readings of a thermocouple placed in
the sample holder next to the sample were
stored together with the detector data. Raw
data were normalised for the incident beam inten-
sity. No further corrections were applied. No
radiation damage of the lipids was evident from
their X-ray patterns. Some samples with longer
exposure time were checked by thin layer chro-
matography after the experiments. However, no
products of lipid degradation were detected in
these samples. Linear heating-cooling scans were
performed at rates from 0.5-2°C/min. The re-
ciprocal spacing s = 1/d =2 sin (#)/4, with wave-
length 4A=0.15 nm and scattering angle 26 were
obtained from dry rat tail collagen (long spacing
of 65 nm) and Ag-behenate (5.838 nm) in the
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Fig. 1. Heating DSC thermograms of DMPC/MA mixtures of different MA mol% recorded at 0.5°C/min scan rate. Left panel: First
scans recorded after 7—12 days storage at 0-4°C; Right panel: Second scans performed immediately after the first ones.

SAXS region and from the spacings of tripalmitin
and p-bromo benzoic acid in the WAXS region.
The data were analyzed using the interactive data
evaluating program OTOKO (Boulin et al., 1986).

3. Results and discussion
3.1. DMPC/MA

3.1.1. Differential scanning calorimetry

A selection of thermograms recorded with
DMPC/MA dispersions at different MA content
upon first and subsequent heating are presented in
Fig. 1. For pure hydrated DMPC, subtransition
(17.6°C), pretransition (15.4°C) and main transi-

tion (7T, =23.8°C, AH =6.0 kcal/mol) were ob-
served with thermodynamic parameters in good
agreement with the literature data (NIST Stan-
dard Reference Database 34, 1994). For pure
MA, the melting transition upon heating was at
53.0°C, AH = 5.8 kcal/mol. The reverse transition
was recorded at 48.2°C on cooling at 0.5°C/min,
with about twice reduced enthalpy (3.1 kcal/mol)
and markedly reduced cooperativity (cf. AT, =
0.32°C on heating and 3.27°C on cooling).
Upon addition of MA to pure DMPC, the
temperature of the pretransition increases and it
merges with the main transition at 10 mol% MA
(Fig. 1). The subtransition is observed during the
first heating after low-temperature storage in sam-
ples with up to ca. 30 mol®% MA. At higher MA
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content, another transition observable only upon
first heating after low-temperature incubation ap-
pears at 31-33°C. It is a likely result of a co-crys-
tallisation of DMPC and MA at low temperature
and formation of a compound crystalline phase,
Leo™ similarly to those observed in DPPC/PA
and DSPC/SA mixtures (Koynova et al., 1987,
1988). This transition persists in the first heating
thermograms up to about 90 mol% MA. Its en-
thalpy is maximum at 67 mol% MA (AH =49
kcal/mol). This is an indication that the amount
of lipid involved into the compound formation is
maximum at that composition, i.e. the latter com-
position corresponds to the compound stoi-
chiometry. At other molar ratios, one of the two
components of the mixture is in excess and does
not participate in the compound formation, thus
reducing the transition enthalpy. We therefore
conclude that the stoichiometry of the compound
crystalline phase L™ is DMPC/MA 1:2, mol/
mol.

The main transition broadens and progressively
shifts to higher temperatures upon addition of
MA to DMPC (Fig. 1). Mixtures containing up to
40 mol% MA exhibit a broad endotherm while at
higher content of MA the transition sharpens and
at 60—75 mol% MA it proceeds in a rather coop-
erative way. The onset temperature of the transi-
tion remains fixed at 47.7°C upon addition of MA
in a wide range of compositions, from 60 to 90
mol% MA. The temperature where the transition
is complete increases up to 50.7°C at 67 mol%
MA, then drops down by 1°C in the preparation
with 75 mol% MA. The transition has the lowest
for this composition range half-width of 0.20°C in
the mixture containing 75 mol% MA (transition
peak at 49.4°C). At higher MA concentrations (80
and 90 mol%), the peak at ca. 50°C persists, and
an additional peak appears at higher temperature,
close to the transition temperature of the pure
MA.

Small heat capacity anomalies were observed in
the thermograms of the samples with 60 and 67
mol% MA at temperatures above the melting
transition, not with a reliable reproducibility.

The phase diagram of the DMPC/MA binary

mixture constructed based on the calorimetric -

data is presented in Fig. 2A, the non-lamellar

phases were assigned from the X-ray experiments
(see below). The eutectic point region of this
diagram, corrected for the finite width of the
transitions of the pure components, is presented
in Fig. 2B. Over the compositional range 0-60
mol% MA, the progressive increase of the transi-
tion onset and completion temperatures is indica-
tive for a continuous mixing of the two
components. At 60—-90 mol% MA, the horizontal
portion of the solidus line is characteristic of a gel
phase immiscibility. Thus, in this composition
range at low temperatures solid phases enriched in
DMPC (ca. 60 mol% MA, point B on Fig. 2B)
and in MA (> 90 mol% MA, point D on Fig. 2B)
are assumed to coexist.

The pattern of the liquidus line for 55-75 mol%
MA implies the existence of a second region of
phase separation in the phase diagram, a liquid—
liquid immiscibility region. At these compositions,
two liquid crystalline phases are supposed to co-
exist in a narrow temperature range, one with
initially 55 mol% MA (point A on Fig. 2B) and a
second with initially 75 mol% MA (point E in Fig.
2B). At 67 mol% MA this temperature range is of
maximum width, between 48° and 51°C. Thus,
51°C is a critical solution temperature (point C in
Fig. 2B) above which the mixture consists of a
single liquid crystalline phase.

Point E in the phase diagram (Fig. 2B) repre-
sents an eutectic point. With this molar ratio
(DMPC/MA, 1:3 (mol/mol); 75 mol% MA), the
sample melts at 49°C into a liquid crystalline
phase with composition identical to that of the
system. At this composition the transition en-
thalpy is at a maximum of 6.3 kcal/mol.

3.1.2. X-ray diffraction

Small- and wide-angle diffraction patterns of
DMPC/MA samples at different MA content
were recorded during heating-cooling cycles using
TRXRD. This method was particularly advanta-
geous in the present study by providing means to
record data with sufficiently high time resolution
during temperature scans. It was thus possible to
detect and resolve phase structures existing in
rather narrow temperature intervals. The phase
identification according to these measurements is
incorporated in Fig. 2A.
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Fig. 2. (A) Phase diagram of the DMPC/MA mixture constructed on the base of the calorimetric data. Phase identification is
according to the X-ray data. The phase notations shown in brackets in the high-temperature range, at 50 mol% MA, have been
observed with sample dispersed in 1 M Na,SO,; (B) Expanded view of the eutectic point region of the same phase diagram corrected
for the finite width of the transitions of the pure components (L-liquid phase, S-solid phase; Sg + S, — coexisting solid phases of
compositions corresponding to points B and D indicated on the figure; L, + Ly — coexisting liquid phases of compositions

corresponding to points A and E indicated in the figure).

3.1.2.1. 20 and 33 mol% MA. These samples
undergo a broad transition from a lamellar
gel (Ly) phase (d=6.6-6.7 nm) into a lamellar
liquid crystalline (L,) phase (d = 6.4 nm). At high
temperatures ( ~ 80°C) the low-angle Bragg peak
broadens, in parallel with a strong decrease of
the scattering intensity in samples with both
10 and 25 wt% lipid. With 33 mol% MA, a shift
of the diffraction peak to higher spacings also
takes place (Fig. 3). This process is reversible
upon cooling where the observed during heating
correlated L, and L, phases reappear sequen-
tially.

3.1.2.2. 50 mol% MA. A subgel phase (d = 5.8 nm)
is formed below 35°C after low-temperature eq-
uilibration (Fig. 3). The L; — L, transition takes
place with a drop of the d-spacing in the tran-
sition region. At temperatures above 70°C
the samples with 10 and 25 wt% lipid have differ-
ent behavior (data not shown). In the sample of
10 wt% lipid, a shift of the d-spacing to higher
values takes place, concurrently with a strong
decrease of the scattering intensity. With the 25
wt% lipid sample, it is seen that the L, phase
transforms to another liquid crystalline phase
with reflections which cannot be indexed on
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Fig. 3. Dependence of the lattice constants on temperature for different DMPC/MA ratios (O-L,; ®-L,; €-L°™; O-L¥4; O-Hy,;
¥-Fd3m; V-Pn3m; A-Im3m; M-isotropic; A-disordered). Lattice constants of the cubic phases are calculated according to their
tentative identification, as indicated on the figure. For the Hj, phase, the lattice constant a = 2d10/'\/3 is plotted for the 75 mol% and
85 mol% MA; in the case of 67 mol%, the d-spacing of the (100) reflection is plotted instead of the lattice constant to improve the
readability for the figure. The insert (dashed rectangle) at 50 mol% MA refers to dispersion in 1 M Na,S80,. The arrows denote

phases observed in heating or cooling direction.

a lamellar or on a hexagonal lattice. Due to the
low scattering intensity, a proper identification
of this phase was not possible. The scattering
pattern in this temperature range was much bet-
ter resolved in the 50 mol% MA sample dis-
persed in 1 M Na,SO,. In this case, a sequence
of three phases of presumably cubic structure
was observed upon heating. In the first one the
SAXS reflections have reciprocal spacings in the
ratio \/2:\/3:\/4:(\/5?):\/}3’) (\/2 reflection at
20.7 nm), the second phase with SAXS reflec-
tions in the ratio \/2:\/4:\/6:\/8:\/10, the \/2

reflection at 12.2 nm, and the third one with

reflections in the ratio \/2:\/ 3:\/4:\/ 6:\/8, with
the \/2 reflection at 9.8 nm. The first phase
does not reappear in cooling direction (Fig. 4).
It may belong to cubic phases of cubic aspects
#2 (P4,..) or #4 (Pn...), since the existence
of the \/ 5 reflection is questionable (Table 1).
The second set of reflections is consistent with
cubic aspect # 8 (space group of highest sym-
metry Im3m), and also with cubic aspect #6
(space group Pn3n) (Kasper and Lonsdale,
1985). The third set of SAXS reflections fits to
cubic phases of aspect # 4, space groups Pn3m/
Pn3.
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3.1.2.3. 67 mol% MA. Various kinds of phase
coexistence were observed in the whole range
below 80°C (Fig. 3). At low temperatures, a com-
pound crystalline phase L™ (d = 5.8 nm; WAXS
reflections at 0.429, 0.405, 0.378, 0.374 nm) coex-
ists with a small amount of crystalline phase of
almost pure MA, LM (d = 3.2 nm; WAXS reflec-
tions at 0.412, 0.370, 0.359 nm). At ca. 30°C, Leo™
is replaced by the lamellar gel phase with repeat
distance of 6.4 nm at 45°C. Upon heating up to
the melting transition onset, the coexisting L, and
LMA phases disappear according to the WAXS
diffraction pattern, and two liquid crystalline
phases appear simultaneously, an H;; phase with
first order reflection at 5.3 nm and an L, phase
with repeat distance of 6.5 nm (Fig. 5A). These
two phases coexist in the range 51-55°C. In this
temperature range the lattice constant of the Hy,

DMPC / MA
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1M Na,SO,
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Fig. 4. SAXS patterns illustrating the transformation between
two different phases of cubic topology (tentative assignment
Pn3m and Im3m) in DMPC/MA (50 mol% MA) mixture
dispersed in 1 M Na,SO, upon cooling at 1°C/min. Diffrac-
tion data were recorded for 15 s at every 30 s.

phase increases with temperature, opposite to
what is observed with the H;, phase of pure lipids.

The recorded structural changes in the 67 mol%
MA preparation well correlate with the calorimet-
ric phase diagram in Fig. 2. The transition tem-
peratures determined by DSC were systematically
below those determined by TRXRD by 3-5°C.
We consider the transition temperatures deter-
mined from DSC as more reliable and construct
the phase diagram according to them. The noted
above systematic difference might be due to the
thermocouple positioning in the air outside the
sample capillary in the sample holder of the X-ray
setup. At low temperatures, the observed solid-
solid phase separation is consistent with the hori-
zontal solidus line in this composition range.
Upon reaching the solidus line on heating, the
sample undergoes phase separation into two lig-
uid crystalline phases — L, phase with ca. 55
mol% MA and Hj, phase with 75 mol% MA — in
accordance with the shape of the liquidus line of
the phase diagram. With increase in temperature,
the compositions of these phases merge until the
critical solution temperature (point C in Fig. 2B)
is reached where the sample becomes homoge-
neous, retaining the structure of the H,; phase.
Thus, the recorded increase of the Hj; lattice
constant with the temperature results from grow-
ing amount of DMPC in this phase. Above the
critical solution temperature, this dependence re-
verts to the typically observed decrease of the
lattice constant with the temperature (Fig. 3).

At higher temperatures, three additional SAXS
reflections (at 14.4, 10.2, and 8.3 nm, ratio
\/2:\/4:\/6, at 60°C) appear concurrently with
the H,, phase. They persist up to ca. 77°C and
above this temperature, only the H; phase re-
mains. The additional reflection set fits neither to
a lamellar nor to a hexagonal structure. Consider-
ing the general phase sequences observed in lipid-
like amphiphiles, they presumably belong to a
phase of cubic topology. This assumption is based
also on reported observations of cubic phase in
DMPC/MA (1:2, mol/mol) mixture (Rama Kr-
ishna and Marsh, 1990; Heimburg et al., 1990;
Seddon et al., 1990; Erbes et al., 1996). During
the first heating-cooling course, the cubic traces
are weak but become better resolved after some
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Fig. 5. (A) X-ray diffraction patterns illustrating solid—solid and liquid—liquid phase immiscibility in hydrated DMPC/MA (67
mol% MA) mixture. Heating rate 1°C/min. A similar picture was observed also at 0.5°C/min (not shown). Diffraction data were
recorded for 5 s every 30 s. SAXS and WAXS regions are indicated. (B) X-ray diffraction patterns illustrating traces of two different
phases of cubic topology in hydrated DMPC/MA (67 mol% MA) mixture upon cooling at 1°C/min after three 57-82°C
heating-cooling cycles at 10°C/min. Diffraction data were recorded for S s every 30 s. SAXS and WAXS regions are indicated.

temperature cycling. Thus, after three cycles 57—
82°C, it is seen that even a transformation be-
tween two different, presumably cubic structures
takes place at ca. 47°C upon cooling (the higher-
temperature one with reflections at 14.4, 10.2,
and 8.3 nm, to a lower-temperature one with
reflections at 11.4 and 9.3 nm) (Fig. 5B). Unam-
biguous identification of these phases from the
X-ray pattern is not possible. The phase ob-
served on heating and at higher temperatures on
cooling may belong to cubic aspects # 8 (space
group of highest symmetry Im3m) (Table 1), or
# 6 (space group Pn3n), and the phase appear-
ing at lower temperatures on cooling may be-
long to cubic aspects #4 (space group

Pn3m/Pn3) or # 3 (space group P4,32) (Kasper
and Lonsdale, 1985). The emerging of the first
traces of the L, phase on cooling causes restruc-
turing of the cubic phase prior to its disappear-
ance (Fig. 5B).

3.1.24. 75 mol% MA. At low temperatures, the
mixture with 75 mol% MA behaves similarly to
that with 67 mol% MA — a crystalline phase of
almost pure MA coexists initially with L™, and
above ca. 30°C — with the L, phase (Fig. 3).
During melting, the coexisting solid phases
transform in a rather cooperative way in a single
H,, phase, with (100) reflection at (5.34 nm)~'
(Fig. 6). This transition is reversible on cooling.
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3.1.2.5. 85 mol% MA. The low temperature be-
havior of this sample does not differ significantly
from the previous two samples, except that the
proportion of the coexisting solid phases changes
in favor of the LMA phase. At the melting onset,
the L, phase transforms into Hy; phase. The latter
phase coexists with the LMA phase in a range of
4-5°C (Fig. 3). Such solid-liquid phase coexis-
tence correlates with the shape of the DSC phase
diagram in this composition range (Fig. 2). Upon
completion of melting, concurrently with the dis-
appearance of the LMA traces, a new liquid crys-
talline mesophase with non-lamellar structure
appears, with SAXS reflections in the ratio
38/ 11:/12:/16:,/19:/24:./27:. /32 (Fig.
7, Table 1). This ratio is characteristic for the
space groups of cubic aspect # 15, namely Fd3m
/ Fd3. It is noteworthy that the possibility for
indexing as F4,32 (cubic aspect # 14) is excluded

DMPC / MA
75 mol% MA

SAXS WAXS

Q@ 3 - ~0 0

43.0°

L 1 " i " 1 n )

/.A_I_.A_I_A_l
00 01 02 03 04 20 25 30
S nm™)

Fig. 6. X-ray diffraction patterns illustrating a direct solid—Hy,
phase transition in hydrated DMPC/MA (75 mol% MA)
mixture upon heating at 1°C/min. Diffraction data were
recorded for 5 s at every 20 s. SAXS and WAXS regions are
indicated.
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Fig. 7. SAXS pattern from hydrated DMPC/MA (85 mol%
MA) mixture obtained by averaging of three successive X-ray
frames recorded during a heating scan at 1°C/min. Diffraction
data were recorded for 5 s every 30 s.

solely from the absence of a \/ 20 reflection
(Kasper and Lonsdale, 1985). The lattice parame-
ter of the observed phase (14.5 nm at 70°C)
decreases slightly with the temperature (Fig. 3).
Phases of the same symmetry but with larger
lattice parameters have been recently reported to
form in PC/fatty alcohol mixtures at high alcohol
concentrations (Huang et al., 1996). At high tem-
peratures (95-100°C) the cubic phase is replaced
by an isotropic phase.

3.1.2.6. 100% MA. The pure MA undergoes a
cooperative melting transition from lamellar crys-
talline phase with lamellar repeat distance of 3.16
nm and WAXS reflections at 0.464 (weak), 0.479
(weak), 0.445, 0.439, 0.414 (strong), 0.390, 0.375
(strong), and 0.362 nm (strong), into an isotropic
phase (I), possibly micellar. The short lamellar
repeat period of the fatty acid crystals has been
ascribed to strong tilting of the hydrocarbon
chains with respect to the lamellar normal (von
Sydow, 1956).

3.2. DLPCJLA

3.2.1. Differential scanning calorimetry
Thermograms of DLPC/LA samples at differ-

ent molar ratios are shown in Fig. §. For hy-

drated pure DLPC it is known that the chain
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Fig. 8. Heating DSC thermograms of DLPC/LA mixtures of different LA mol% recorded at 0.5°C/min scan rate: Left panel: First
scans recorded after 7—12 days storage at 0-4°C; Right panel: Second scans performed immediately after the first ones. The inset

is in a 10 x expanded vertical scale.

melting transition proceeds in two steps, at —2°
and 5°C, respectively as a P, — L, — L, sequence,
where L, is an intermediate liquid crystalline
phase, more ordered than the L, phase (Finegold
et al., 1990; Hatta et al., 1994). We recorded only
the broad peak at 5°C corresponding to the L, —
L, portion of the transition. Pure LA exhibits a
melting transition at 42.7°C on heating. The tran-
sition proceeds with a hysteresis of ca. 5°C on
cooling.

Upon addition of LA to DLPC, up to ca. 60
mol% LA, the transition progressively shifts to
higher temperature, similar to what was observed
with the DMPC/MA mixtures. Preparations con-
taining up to 40 mol% LA exhibit a broad en-
dotherm. At a higher content of LA the transition

sharpens and at 67 mol% LA it takes place at
29.3°C with the lowest half width of AT),=
0.22°C (Fig. 8). The melting onset for mixtures
with 60-95 mol% LA is at nearly constant tem-
perature of 28°C. For LA contents from 67 up to
95 mol%, additional higher temperature en-
dotherms appear in the thermograms.

In the composition range 33-43 mol% LA, an
additional endotherm at 12-13°C is observed dur-
ing first heatings after low-temperature incubation
(10 days at 2—-4°C). The enthalpy of this transi-
tion is maximum at 40 mol% LA (3.6 kcal/mol).
Similarly, at 45-95 mol% LA, an endotherm at
22-23°C is observed only during first heating
after low-temperature incubation. Its enthalpy is
maximum at 60 mol% LA (10.7 kcal/mol). Such
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thermal behavior most probably reflects co-crys-
tallisations of DLPC and LA at low temperature
and formation of compound crystalline phases
of different stoichiometries, L™ and L&™. The
recorded endotherms are supposed to correspond
to the transformation of these compounds sub-
gel phases to the gel L, phase. The stoi-
chiometries of these compound phases are
presumably close to 40 mol% LA for L&™ and
60 mol®% LA for L&™, as judged from the maxi-
mum enthalpies of the recorded subgel-gel tran-
sition. Similarly to the DMPC/MA mixture,
small heat capacity anomalies (without reliable
reproducibility) are observed in the thermograms
of the samples with 63 and 67 mol% LA at

DLPC /LA

1 -
00 Im3m | ]
disordered

80k« >
1 la3d

Temperature [°C]

_1 0 s i . 1 " 1 L 1 L
0 20 40 60 80 100

Lauric acid [mol%]

Fig. 9. Phase diagram of the DLPC/LA mixture constructed
on the base of the calorimetric results. The position of the
solidus line at LA content < 30 mol% ([J) is taken from the
calorimetric data in (Finegold et al., 1990). The phase identifi-
cation is according to the X-ray data.

temperatures above the melting transition (Fig.
8, inset).

The phase diagram of the DLPC/LA mixture
constructed from the calorimetric data is pre-
sented in Fig. 9. The position of the solidus line
for LA contents below 30 mol% was determined
from the calorimetric data reported in (Finegold
et al., 1990). This phase diagram is similar to
that of the DMPC/MA mixture. It reflects con-
tinuous mixing of the components in both solid
and liquid phases up to ca. 60 mol% LA. The
horizontal solidus line in the composition range
60-95 mol% LA is a manifestation of a gel
phase immiscibility, while the shape of the lig-
uidus line indicates the existence of an eutectic
point at 67 mol% LA and 29°C, and a rather
narrow region of liquid-liquid immiscibility be-
tween 29 and 30°C for 60-67 mol% LA. Thus,
the 65 mol% LA and 30°C point is likely a
critical solution point.

3.2.2. X-ray diffraction

The phase identification according to the
TRXRD measurements is incorporated in Fig. 9.
The structural parameters for some of the stud-
ied DLPC/LA samples are presented in Fig. 10.

3.2.2.1. 33 and 50 mol% LA. The melting transi-
tions are between lamellar gel and lamellar lig-
uid crystalline phases. Similar to what was
observed with the DMPC/MA mixtures, the
SAXS diffraction peak broadens and strongly
decreases in intensity above ca. 80°C. For 10
wt% lipid sample at 50 mol% LA this broaden-
ing 1s accompanied by shift to higher spacings.
Increasing the lipid content to 25 wt% in the 50
mol% LA mixture results in an observable trans-
formation of the L, phase to a non-lamellar
structure with SAXS reflections in the ratio
V6:/8:/4:/16:/20 (Table 1), indexing as a
cubic phase of space group Ia3d (Q®° ), with
lattice constant of 14.5 nm. This transformation
takes place at about 50°C upon heating. At even
higher temperatures (~ 80°C) the I[a3d phase
transforms to another non-lamellar phase with
reflections in the ratio \/ 2:\/4:\/ 6, tentatively
Im3m.
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Fig. 10. Dependence of lattice on temperature for different DLPC/LA ratios (O-Ly; @-L,; B-L3™; €-L3™; O-Li4; O-Hy
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3.2.2.2. 67 mol% LA. The heating of this mixture three phases is that they are cubic phases of space
results in a plenteous phase sequence: groups Ia3d (Q>*°), Pn3m (Q?**) and Im3m (Q*%).
com LA LA 230 230 H
Le"+ L%~ L+ Lt > L~ Q- Q7+ Hyy 3.2.2.3. 75 mol% LA. At low temperatures this
- Q™ +Hy—» Q™ +Hy—Hy preparation also exhibits solid—solid phase coexis-

m LA LA .
Thus, at low temperature the system exhibits tence of L&™ + L™ or Ly + L™ type, below and

solid phase coexistence, as it should be expected above 23°C, respect_ively. At 28°C, the 1., phase
from its DSC phase diagram. Upon heating, a (d=5.9 nm) melts into L, phase (d=6.0 nm at

cooperative melting into L, phase takes place. 29°C) which now coexists with the L?L A (Fig. 11),
Further, interconversions between five different as expected from the DSC phgse diagram. The
liquid crystalline mesophases have been observed lamellar period of the L, phase increases on heat-

(Fig. 10): L, , Hy; and three other non-lamellar ing up to 6.2 nm at 35.5°C. Above this tempera-
phases typified by sets of four to five reflections ture the L, phase is replaced by a broad diffuse
(Table 1). A tentative identification of the latter halo at small angles, and later by a non-lamellar
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mesophase, presumably Im3m (Table 1). The
last traces of the L4 phase disappear at
38°C. At this temperature an H; phase forms
and coexists with the cubic phase in a broad
temperature range up to 60°C. Above the latter
temperature a single hexagonal phase is obser-
ved. The cubic phase lattice constant de-
creases with the temperature. Noteworthy, the
slope of this dependence is different below and
above 38°C, being much higher in the former
case (Fig. 10). The described phase sequence is
readily reversible on cooling, except that the L™
phase does not form immediately and requires a
several day low-temperature incubation for its
recovery.
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Fig. 11. SAXS patterns illustrating the phase sequence L, +
LASL, + LA > Im3m + LY - Im3m+ H;—>H;, in hy-
drated DLPC/LA (75 mol% LA) mixture upon heating at
1°C/min. Diffraction data were recorded for 15 s every 30 s.
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Fig. 12. SAXS patterns illustrating the phase sequence L, +
LA QP+ LA QP+ LM% > Q**7 in hydrated DLPC/
LA (85 mol% LA) mixture upon heating at [°C/min.
Diffraction data were recorded for 15 s every 30 s.

3.224. 85 mol% LA. The phase sequence
recorded is as follows:

Lg™+Le" > Ly + Le* > L, + Le* QO + LA
_’HII + Li‘A _’Q227 -1

Thus, five different kinds of solid-solid and
solid-liquid phase separation characterize this
mixture during heating up to the liquidus at 45°C.
At this temperature the sample becomes homoge-
neous and forms a non-lamellar phase with SAXS
reflections in the ratio \/3: \/8: \/11: \/12: \/16:
J19: /24: \/27: \/32: /35 (Table 1). This is the
full set of the first ten reflections indexing as a
cubic phase of aspect # 15, space group Fd3m/
Fd3. Its lattice constant is practically independent
of temperature. Its value of 150 nm is only
slightly higher than that of 14.5 nm for the corre-
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sponding DMPC/MA mixture. Noteworthy, a mi-
cellar cubic phase Fd3m was recently reported to
form in longer chain PC/fatty alcohol mixtures,
but not in mixtures with hydrocarbon chains of
12 C-atoms (Huang et al., 1996). Thus, the forma-
tion of Fd3m phase in the DLPC/LA mixture
might result from a stronger tendency for negative
interfacial mean curvature in the PC/FA mixtures.
The smaller lattice constant of the Fd3m phase
formed in DMPC/MA mixture compared to that
in DMPC/C14 fatty alcohol mixture (14.5 nm vs.
17.5 nm) also supports this assumption. The
transformation between different liquid crystalline
mesophases is illustrated in Fig. 12. At high tem-
peratures, about 80°C, an isotropic phase forms
(not shown).

3.2.2.5. 100% LA. Similarly to the other saturated
fatty acids, the pure LA undergoes a transition
from lamellar crystalline phase with lamellar re-
peat distance of 2.7 nm and WAXS reflections at
0.483 (weak), 0.473 (weak), 0.466 (weak), 0.439
(strong), 0.426 (weak), 0.413 (strong), 0.389
(weak), 0.374 (strong), to an isotropic phase.

4. Summary

1. The phase diagrams of hydrated short chain
PC/FA mixtures (DLPC/LA and DMPC/MA)
have been constructed from DSC and X-ray dif-
fraction data. They contain eutectic points, at 75
mol% MA (DMPC/MA 1:3, mol/mol) and 49°C,
and at about 67 mol% LA (DLPC/LA 1:2, mol/
mol) and 29°C. The eutectic point is better ex-
pressed in the DMPC/MA mixture.

2. Regions of liquid-liquid and solid-solid
phase separation have been identified in these
phase diagrams. Limited regions (2-4°C) of lig-
uid—liquid phase immiscibility exist at composi-
tions with slightly prevailing FA. For example, at
67 mol% MA, a phase separation between L,
phase enriched in DMPC and Hj; phase enriched
in MA takes place in the temperature range 51-
55°C. In the DLPC/LA mixture the region of
liquid—-liquid phase immiscibility is very narrow
(1-2°C, at 60-67 mol% LA) and not so well

expressed. Solid phase immiscibility is detected in
both binaries, between 60 and 90 mol% FA.

3. The PC/FA mixtures form compound subgel
polymorphic phases. In the case of DMPC/MA
mixture, one such phase is observed, with a likely
stoichiometry DMPC/MA 1:2, mol/mol. In cer-
tain sense, this compound behaves as third com-
ponent in the mixture. From the shape of the
phase diagram it appears that the 1:2 compound
1s well miscible with DMPC but displays gel phase
immiscibility with MA. Indeed, the right-hand
side of the phase diagram (67-100 mol% MA)
represents itself a simple eutectic phase diagram
of the mixture with one component being the
DMCP/MA (1:2) compound and the other com-
ponent being pure MA. The eutectic composition
of this mixture is (DMPC/MA (1:2))/MA =1:1
(mol/mol).

The mixing behavior of DLPC/LA mixture is
more complicated. Two compound subgel phases
appear to form upon low-temperature equilibra-
tion. Their stoichiometries are presumably close
to 40 mol% LA and to 60 mol% LA.

4, In the liquid crystalline phase region, non-
lamellar phases dominate the phase diagrams, es-
pecially in their fatty acid-rich part. At 50-70
mol% FA, cubic phases of presumably bicontinu-
ous topology form—at least two in the DMPC/
MA mixture (Pn3m, Im3m), and at least three in
the DLPC/LA mixture (Ia3d, Pn3m, Im3m).
Hence, the Ia3d phase becomes favourable with
decreasing hydrocarbon chain length. The order
of appearance of the bicontinuous cubic phases
with increasing temperature varies with the PC/
FA ratio. These cubic phases exist either as single
phases or concurrently to the hexagonal Hy
phase. At 75 mol% MA (the eutectic composition
for the DMPC/MA mixture), the only liquid crys-
talline mesophase present is the hexagonal phase.
At 67 mol% LA (the eutectic composition for the
DLPC/LA mixture), the liquid crystalline phase
sequence is: L,—Ia3d »Ia3d + H,—Pn3m+
Hy - Im3m + H,;, » H;;. At higher FA content
(85 mol%), micellar cubic phase of space group
Fd3m'is observed in both mixtures. Pure fatty
acids form isotropic phase at temperatures above
the melting transition. Thus, with increasing FA
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concentration, the non-lamellar phases t};pical for
the studied PC/FA mixtures arrange in the se-
quence: bicontinuous cubic phases (Ia3d, Pn3m,
Im3m) — hexagonal phase (H,;) — micellar cubic
phase (Fd3m) — isotropic phase (I). This sequence
is in principle consistent with the average mean
curvature of the polar/non-polar interface becom-
ing more negative with increasing fatty acid con-
tent.
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