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Abstract

The structure and thermotropic phase behaviour of a fully hydrated binary mixture of dipalmitoylphosphatidylcholine and
a branched-chain phosphatidylcholine, 1,2-di(4-dodecyl-palmitoyl)-sn-glycero-3-phosphocholine, were examined using
differential scanning calorimetry, synchrotron X-ray diffraction and freeze-fracture electron microscopy. The branched-
chain lipid forms a nonlamellar phase when dispersed alone in aqueous medium. Mixed aqueous dispersions of the two
phospholipids containing less than 33 mol% of the branched-chain lipid form lamellar phases over the whole temperature
range were studied (4³C to 60³C). When present in proportions greater than 33 mol% it induces a hexagonal phase in mixed
aqueous dispersions with dipalmitoylphosphatidylcholine at temperatures above the fluid phase transition. At temperatures
below 35³C a hexagonal phase coexists with a gel bilayer phase. The lamellarHnonlamellar transition can be explained
satisfactorily on the basis of the shape of the molecule expressed in terms of headgroup and chain cross-sectional areas. At
temperatures below 35³C macroscopic phase separation of two gel phases takes place. Freeze-fracture electron microscopy
revealed that one gel phase consists of bilayers with a highly regular, periodic superstructure (macro-ripples) whereas the
other phase forms flat, planar bilayers. The macro-ripple phase appears to represent a relaxation structure required to adapt
to the packing constraints imposed by the incorporation of the branched-chain lipid into the dipalmitoylphosphatidylcholine
host bilayer. The data suggest that structural changes that take place on cooling the mixed dispersion below the
lamellarHnonlamellar phase transition temperature cannot be adequately described using the molecular form concept.
Instead it is necessary to take into account the detailed molecular form of the guest lipid as well as its physical
properties. ß 2000 Elsevier Science B.V. All rights reserved.
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Lipid packing

1. Introduction

Many biological membranes contain lipids with

branched-chain fatty acids [1]. Particularly the iso
and anteiso methyl-branched fatty acids are known
to play a signi¢cant role in the growth of microor-
ganisms [2]. By regulating the amount of these lipids,
bacteria are able to maintain bilayer structures with-
in a wide range of environmental temperatures [3].

Apart from a regulatory function, branched-chain
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fatty acids create a lipid environment that directly
e¡ects the activation of peripheral and integral mem-
brane proteins [4]. The molecular mechanisms of
these interactions are often unclear, however it has
been suggested that changes in the physical state of
the lipid bilayer may trigger protein conformational
changes. In particular, lipids showing a propensity
for nonlamellar structures like diacylglycerol or
branched-chain species are believed to exert their ef-
fects by modifying the lipid bilayer in terms of £uid-
ity and local curvature [5] or by packaging the pro-
tein into the lipid matrix [6].

The inherent property of branched-chain lipids to
arrange in nonlamellar aggregates when dispersed in
aqueous systems is well known. This is said to be due
to a cone or wedge shape molecular form, in which
the cross-sectional area of the chains exceeds the area
of the headgroup thus favouring a micellar or a cubic
rather than a lamellar phase state. The molecular
form concept describes the tendency of a lipid system
to form bilayer or nonbilayer phases by considering
the ratio of headgroup and chain cross-sectional area
of the constituent lipids [7,8]. The deviation of a
molecular packing parameter P = VL/AHWl from unity
then determines how likely the formation of a non-
lamellar phase is [9]. Here VL is the volume of the
lipid molecule, AH is headgroup cross-sectional area
and l is the length of the molecule.

Model studies with single component branched-
chain lipids have been reported by Lewis et al. [10]
who showed that phosphatidylcholines with di¡erent
substituents at the C2-position of the fatty acids have
a general tendency to form nonlamellar phases. The
in£uence of length of the branched chain on phase
transition temperatures and thermotropic polymor-
phism was examined in model studies of phosphati-
dylcholines with branched side chains between 1 and
18 C-atoms long [11]. One interesting ¢nding from
this study was that the gel-to-liquid crystalline phase
transition temperature showed a maximum for an
intermediate chain length of about 12 C-atoms. An-
other feature particularly of short-branched lipids is
the appearance of interdigitated gel phases [12].

In contrast to these one-component studies there
are only few reports about binary mixtures of two
components with de¢ned geometry, despite the fact
that such systems are ideal to obtain insight into
structure formation principles in biological mem-

branes. In this work we present a structural and
thermal study of a mixture of dipalmitoylphosphati-
dylcholine with the branched-chain lipid 1,2-di-
(4-dodecyl-palmitoyl)-sn-glycero-3-phosphocholine.
The four-chain lipid di¡ers from dipalmitoylphos-
phatidylcholine solely by having a 12 C-atom branch
on the fourth C-atom of each main chain. The
fully hydrated branched-chain lipid exhibits two
phase transitions, a low-temperature transition at
V317.5³C between a lamellar crystal (Lc0) and a
lamellar gel (LL0) phase and a transition at V3³C
which resembles the formation of a nonlamellar, hex-
agonal £uid phase (HII) [13]. The aim of this study
was to establish principles of structure formation of
lipid mixtures consisting of two components with a
de¢ned molecular form and well-known phase be-
haviour.

2. Materials and methods

2.1. Sample preparation

1,2-Dipalmitoyl-sn-glycerophosphocholine (DPPC)
was purchased from Sigma (St. Louis, USA). 1,2-
Di(4-dodecyl-palmitoyl)-sn-glycero-3-phosphocholine
(4C12-PC16) was a gift of B. Dobner (University
Halle-Wittenberg, Germany). The synthesis of the
lipid has been described elsewhere [11]. Amounts of
20 mg of the lipids were dissolved in chloroform and
mixed in appropriate proportions. A thin ¢lm of dry
lipid was formed on the wall of a glass vessel by
rotary evaporation under reduced pressure. The lipid
¢lm was subsequently stored for at least 6 h under
vacuum to remove any remaining traces of solvent.
Weighted amounts of bi-distilled water were added
to the dry lipid to obtain multilamellar dispersions.
The water content was adjusted to 60% (wt/wt). The
lipid dispersions were hydrated at 60³C for 30 min,
vigorously vortexed, stored at 4³C for 12 h and again
heated to 60³C for 30 min. After this procedure the
sample was stored at 4³C until required for exami-
nation.

2.2. Di¡erential scanning calorimetry

Calorimetric measurements of the sample contain-
ing 50 mol% 4C12-PC16 were performed using a
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Pyris 1 instrument (Perkin-Elmer, Newalk, USA) at
a scan rate of 5³C/min. The sample was incubated at
room temperature (22³C) for 24 h and then a heating
scan from 22³C to 60³C followed by a cooling scan
to 35³C and a successive heating scan to 60³C was
recorded.

2.3. Simultaneous DSC and synchrotron X-ray
di¡raction measurements

Simultaneous DSC and synchrotron X-ray di¡rac-
tion was performed at Station 8.2 of the Daresbury
Synchrotron Laboratory (UK). The samples were in-
cubated for at least 24 h at 4³C prior to measure-
ment. The samples were placed in a standard 10 Wl
DSC alluminium pan (Perkin-Elmer, Newalk, USA)
and sealed with a mica lid a¤xed to the rim of the
pan. The sample holder was mounted in a modi¢ed
Linkam cryostage equipped with a silver heat £ow
plate. A liquid nitrogen pump and a resistance heater
combined with a precision DC temperature control-
ler were used to drive cooling and heating scans. A
reference signal was produced independently under
identical conditions and used to calculate di¡erential
heat £ow. Details of the combined DSC^X-ray dif-
fraction set-up are described elsewhere [14].

The samples were heated to 60³C, cooled to 4³C
and immediately reheated to 60³C with a scan rate of
5³C/min. The relatively high heating/cooling rates
were employed so as to minimise the time of expo-
sure of the samples to the high intensity X-ray beam.
Under these conditions there was no evidence of any
radiation damage to the sample. Separate experi-
ments performed on selected samples prepared in
sealed glass capillary tubes subjected to thermal
scans of 0.1 to 0.5³C/min showed only minor di¡er-
ences in the onset of phase transitions (V1³C)
judged from SAXS measurements. The width of the
transitions, however, did depend on scan rate but
this does not alter the essential conclusions that
were drawn from the study. X-ray scattering patterns
were recorded by measuring the intensity of scattered
X-rays from the sample accumulated over 5 s corre-
sponding to a temperature resolution of 0.4³C for
each scattering pro¢le. Frame averaging procedures
were used to enhance the signal-to-noise ratio for
graphical presentation. The applied averaging proto-
col is speci¢ed in the respective ¢gure legends. Small-

angle X-ray scattering (SAXS) intensity patterns
were measured using a quadrant detector located at
a distance of 2.3 m from the sample. Wide-angle X-
ray scattering (WAXS) intensity pro¢les were mea-
sured with a curved INEL detector (Instrumentation
Electronique, France). The INEL detector was spa-
tially calibrated using the peaks from high-density
polyethylene (0.4166, 0.3780 and 0.3014 nm) and
the SAXS detector was calibrated using the ¢rst
nine orders of wet rat-tail collagen (repeat distance
67.0 nm). Details of the SAXS and WAXS facilities
have been published elsewhere [15]. SAXS and
WAXS data were corrected for beam intensity £uc-
tuations recorded using an ionisation chamber lo-
cated on the incident beam side of the sample and
for detector response. Detector response pro¢les
were recorded from a 59Fe source. WAXS intensity
pro¢les were corrected for background scattering by
subtracting the scattering pro¢le obtained at 60³C,
where the sample was in the £uid phase. This proce-
dure was necessary because the low signal-to-noise
ratio did not allow a background subtraction using
a single measurement obtained from an empty cell. A
further reason was that the sample pans contained
impurities causing scattering peaks whose relative in-
tensity varied strongly between di¡erent sample pans.
The re£ections corrected in this way were not used to
index the WAXS peaks, to interpret the con¢gura-
tion of the chain tilt, etc.

A sample containing 60 mol% 4C12-PC16 was also
examined using the small- and wide-angle X-ray dif-
fraction facilities at Station X33 of the EMBL out-
station at DESY (Hamburg, Germany). The camera
length was 1.5 m. The SAXS detector was spatially
calibrated using silver behenate (¢rst-order peak
58.39 nm); the WAXS detector was calibrated using
p-bromo-benzoic acid (0.564, 0.517, 0.468, 0.393,
0.380, 0.370 nm). The samples were sealed in 1 mm
diameter glass capillary tubes and subjected to ther-
mal scans at a rate of 2³C/min.

2.4. Freeze-fracture electron microscopy

Samples and tools used for sample manipulation
were equilibrated at the desired temperature for at
least 15 min. For cryo¢xation a small drop of the
suspension was sandwiched between two copper
plates and manually plunged into liquid propane.
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Fracturing and shadowing were performed at
3150³C in a BAF 400D freeze-etching device (Balz-
ers, Liechtenstein). The replicas were cleaned with
chloroform and examined using a CEM 902A (Zeiss,
Germany) electron microscope.

3. Results

The experimental set-up of Station 8.2 of the
Daresbury SRS provides a unique opportunity to
record simultaneously thermal and structural data
of the same sample in real time. Such an approach
is especially valuable, because it eliminates problems
arising from di¡erent sample preparations and any
in£uence of the thermal history of the samples. The
facility was used to examine mixed aqueous disper-
sions of DPPC and 4C12-PC16 to gain insight into
the in£uence of amphipathic balance of the system
on bilayer stability.

Fig. 1. Thermograms from mixtures of DPPC with up to 20
mol% of 4C12-PC16 recorded simultaneously with SAXS/
WAXS data (see Figs. 2, 3) during a heating and cooling scan
between 4 and 60³C at 5³C/min. The molar proportion of
4C12-PC16 is indicated.

Fig. 2. SAXS intensity pro¢les recorded from mixtures of DPPC containing up to 20 mol% 4C12-PC16 obtained simultaneously with
thermal (Fig. 1) and WAXS data (Fig. 3) during a heating scan from 4 to 60³C. (a) Pure DPPC. (b) 2.5 mol% 4C12-PC16. (c) 5 mol%
4C12-PC16. (d) 10 mol% 4C12-PC16. (e) 15 mol% 4C12-PC16. (f) 20 mol% 4C12-PC16. The pro¢les marked in bold represent SAXS
intensities that correspond to the temperatures of the onset and peak, respectively, of the main thermal transition as detected by DSC
(Fig. 1). For 15 and 20 mol% of the branched-chain lipid no DSC onset temperature could be detected; in these cases the start of the
main transition was estimated by the onset of SAXS peak shifts towards higher angles. Temperature resolution: V1³C.
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Thermal (Fig. 1) and structural data (Figs. 2, 3)
for heating and cooling scans of aqueous dispersions
of DPPC containing up to 20 mol% of the branched-
chain lipid, 4C12-PC16, were recorded. The heating
scans show that the pretransition of DPPC, which is
centred at 38³C, is greatly reduced in the presence of
2.5 mol% 4C12-PC16. In mixtures containing 15 and
20 mol% the pretransition can no longer be detected.
The heating endotherms in Fig. 1 show that with
increasing amounts of 4C12-PC16 lipid there is a
broadening of the main transition together with a
shift to lower temperatures. At 20 mol% of 4C12-
PC16 the endothermic transition is almost abolished.
The cooling exotherms provide an identical picture
and show even more clearly the low-temperature
shift and broadening of the thermal transition.

Small-angle X-ray scattering intensity recorded si-
multaneously with the data in Fig. 1 is presented in
Fig. 2. Bold lines indicate the SAXS pro¢les corre-
sponding to the onset and peak temperatures of the
DSC heating endotherms shown in Fig. 1. The tem-
perature range de¢ned in this way resembles the co-
existence region of £uid and gel phase bilayers. Two
main e¡ects can be seen in the pure gel phase region
in each mixture which correspond to the temperature
range below the region of phase coexistence: (1) A
broadening of the re£ections, most obvious for the
5 and 10 mol% sample, and (2) an increase of the
lamellar repeat spacing from 6.42 nm for pure DPPC
to 7.83 nm for mixtures containing 10 mol%
branched-chain lipids with a subsequent decrease to
7.29 nm for the 20 mol% sample. The high-temper-

ature range, where the mixture is entirely in the £uid
state, also exhibits some unusual features. The sam-
ples containing 2.5, 10 and 20 mol% branched-chain
lipid clearly show at least two sets of lamellar spac-
ings at 6.89, 6.42 and 6.1/6.0 nm, respectively. The
5 and 15 mol% samples show broad peaks each sug-
gesting a superposition of two closely aligned lamel-
lar re£ections.

The corresponding wide-angle X-ray scattering in-
tensity patterns are shown in Fig. 3. The presence of
a sharp re£ection around 2.4 nm31 indicates a gel
phase with ordered chains. It is seen that with in-
creasing concentrations of 4C12-PC16 the gel region
is destabilised and the transition temperature de-
creases from 44.5³C for DPPC to about 34³C for

Fig. 3. WAXS intensity pro¢les recorded from mixtures of DPPC with up to 20 mol% 4C12-PC16 obtained simultaneously with ther-
mal (see Fig. 1) and SAXS data (see Fig. 2) during a heating scan from 4 to 60³C. (a) DPPC. (b) 2.5 mol% 4C12-PC16. (c) 5 mol%
4C12-PC16. (d) 10 mol% 4C12-PC16. (e) 15 mol% 4C12-PC16. (f) 20 mol% 4C12-PC16. The marked pro¢les indicate the disappear-
ance of the sharp di¡raction peak from the ordered chains of gel phase bilayers. Temperature resolution: V2³C.

Fig. 4. Thermograms obtained from a mixed dispersion of
DPPC containing 50 mol% 4C12-PC16. The sample was equili-
brated at 22³C followed by heating to 60³C, a subsequent cool-
ing to 35³C and a reheating to 60³C at a rate of 5³C/min.
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the mixture containing 20 mol% branched-chain
lipid. Additionally, this con¢rms that there is no
gel phase at higher temperatures, which might co-
exist with a £uid phase, thereby creating the addi-
tional lamellar spacings seen in the SAXS experi-
ments.

The general phase behaviour changed signi¢cantly
for mixed dispersions containing more than 30 mol%
4C12-PC16. The transition enthalpies became so
small that the on-line DSC device could not detect
any thermal events. We therefore analysed these mix-
tures using conventional DSC. Fig. 4 shows thermo-
grams of a sample of DPPC with 50 mol% 4C12-
PC16 equilibrated at 22³C for 24 h. The ¢rst heating
run shows a small thermal event with a peak temper-
ature at around 38³C. On cooling, undercooling oc-
curred with a hysteresis of about 4³C. No further
thermal transition could be detected down to
35³C. The reheating scan mirrored the ¢rst heating
scan. The structural changes associated with these
transitions are presented in Fig. 5 showing simulta-
neous SAXS/WAXS experiments of a sample con-
taining DPPC and 60 mol% 4C12-PC16. The left
panel shows a cooling scan commencing from ap-
proximately 53³C. At this temperature the sample

shows small-angle di¡raction spacings in the order
1:1/v3:1/2 typical of a hexagonal phase. Upon cool-
ing, at approx. 32³C, a gel phase begins to emerge as
evidenced by the appearance of a sharp re£ection in
the wide-angle scattering region. Simultaneously the
diameter of the hexagonally packed micelles becomes
smaller evidenced by the shift of the re£ections to
higher angles. This shift is accompanied by the grad-
ual appearance of additional re£ections in the small-
angle X-ray scattering range. The re£ections can
unambiguously index as a lamellar structure with a
repeat spacing of 6.73 nm at about 32³C. The sub-
sequent heating scan (right panel of Fig. 5) shows
that these transitions are completely reversible. A
slight temperature hysteresis of about 3³C can be
observed.

Two questions remain after the X-ray di¡raction
experiments: (1) What is the reason for the remark-
able peak broadening of the SAXS re£ections in the
5 and 10 mol% samples at low temperatures? And
(2), where do the multiple SAXS re£ections in the
£uid phase originate? To address these questions,
we examined the equilibrium structure of the mixed
dispersions using freeze-fracture electron microscopy.

The analysis of mixtures thermally quenched from

Fig. 5. Simultaneous SAXS/WAXS of a mixed aqueous dispersion of DPPC containing 60 mol% 4C12-PC16 recorded during (a) cool-
ing and (b) reheating. SAXS intensity is plotted in a logarithmic scale with a temperature resolution per frame of V1.6³C. The
WAXS frames have a temperature resolution of V1.9³C. The marked patterns indicate the approximate gel^£uid transition according
to WAXS. SAXS peaks; labels denote long spacings in nm. H, hexagonal peak; L, lamellar peak.
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the gel phase showed that for mixtures containing
between 5 mol% and approx. 30 mol% of the
branched-chain lipid rippled bilayers were formed
which had unusually large periodicities (up to 120
nm). We refer to these ripples as macro-ripples and
details of the characterisation of these macro-ripple
phases have been published elsewhere [16]. Fig. 6
presents typical examples of these modulated bi-
layers. Fig. 6a shows that the large periodic modu-
lation occurs via a periodic tilting of originally £at
areas, which are subdivided by a line pattern. From
Fig. 6b it becomes evident that single bilayers show
the modulation, which excludes the possibility that
interbilayer forces are responsible for this character-
istic morphology. With increasing concentrations of
4C12-PC16 the relative proportion of bilayers show-
ing these ripples decreased whereas £at membranes

without the pattern became the dominant structure.
Fig. 6c shows an example of coexisting rippled and
£at bilayers, suggesting a macroscopic phase separa-
tion. At a concentration of approximately 2:1
(DPPC:4C12-PC16) all bilayers are £at. The mac-
ro-ripples were stable in the whole temperature range
below the main transition. The broad multipeaks
found in the gel phase, especially in samples contain-
ing 5 and 10 mol% of the branched-chain lipid, can
therefore be attributed to scattering from the two-
dimensional lattice of this macro-ripple phase.

In contrast to low-temperature experiments,
freeze-fracture experiments from the liquid crystal-
line state are notoriously di¤cult to interpret due
to the danger of phase changes during quenching
through the main transition. Despite this problem,
structures with relatively slow transition kinetics

Fig. 6. Electron micrographs of freeze-fracture replicas prepared from aqueous dispersions of DPPC and 4C12-PC16 thermally
quenched from the gel phase. (a) DPPC+10 mol% 4C12-PC16, 30³C. (b) DPPC+20 mol% 4C12-PC16, 4³C. (c) DPPC+20 mol%
4C12-PC16, 20³C. The samples were stored at 4³C for several days before rewarming to the respective temperatures where they were
equilibrated for 30 min prior to thermal quenching. Scale bar corresponds to 100 nm.
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like hexagonal and cubic phases may be successfully
captured. This is demonstrated in Fig. 7a which
shows a hexagonally packed array of cylindrical mi-
celles (arrows) in a sample containing DPPC and 50
mol% 4C12-PC quenched from 40³C. The diameter
of the cylinders is not constant throughout their
length suggesting that during the freezing process
changes in the composition of the micelles take place.
In addition it can be seen that there are small areas
with a £at appearance (asterisk) corresponding, pre-
sumably, to bilayer nucleation sites. In these samples,

containing between V30 and 60 mol% 4C12-PC16,
we also frequently saw regions typical of cubic
phases or at least similar to the appearance of
densely packed spherical micelles together with hex-
agonally packed cylinders (Fig. 7b). In mixtures with
lower proportions of 4C12-PC16 (below V30 mol%)
only lamellar structures could be found when
quenched from above the coexistence region. How-
ever, the bilayers creating these lamellae often
showed an irregular pattern as demonstrated in
Fig. 7c,d.

Fig. 7. Electron micrographs of freeze-fracture replicas prepared from aqueous dispersions of DPPC and 4C12-PC16 thermally
quenched from the liquid crystalline phase. (a,b) DPPC+50 mol% 4C12-PC16, 40³C. Arrows indicate hexagonally packed cylindrical
micelles. Arrow heads point to bilayer nucleation sites. Asterisks denote areas similar to densely packed spherical micelles.
(c) DPPC+20 mol% 4C12-PC16, 40³C. (d) DPPC+5 mol% 4C12-PC16, 55³C. Scale bar corresponds to 100 nm.
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4. Discussion

Three di¡erent questions must be considered to
explain the structure of aqueous dispersions of bina-
ry lipid mixtures: (1) How does a second component
change the phase transition temperature of the host
lipid and does it eventually induce new phases?
(2) Are there macroscopic phase separations, e.g. co-
existence of two lamellar phases or demixing into a
lamellar and a hexagonal phase? (3) Are there mi-
croscopic phase separations, which manifest as regu-
lar (periodic) superstructures, more or less irregular
deformations of the (gel) bilayer? All three questions
can be addressed in the binary system examined in
the present study. In the following discussion we
have attempted to identify the important parameters
for the respective phases. The analysis commences
with construction of a partial phase diagram of the
binary system.

4.1. Partial phase diagram

Using the thermal and structural data from the
simultaneous DSC/SAXS/WAXS measurements a
partial phase diagram of the mixture of DPPC and
4C12-PC16 can be constructed (Fig. 8). The phase
boundaries were determined primarily from the onset
and peak temperatures of the heating endotherms.
The electron microscopy data were used to identify
ripple phases and HII phases and to con¢rm two-
phase regions evident by the presence of di¡erent
bilayer topologies. In addition, the dynamic SAXS
data allowed an unambiguous assignment of lamellar
and hexagonal phases.

The phase diagram is characterised by two critical
concentrations, dividing it into three regions:

1. Amounts of less than 5 mol% 4C12-PC16 are mis-
cible with DPPC in both the gel and £uid phase.
At temperatures below the main transition tem-
perature a ripple phase is formed, which consists
solely of symmetric ripples with a periodicity of
approx. 25 nm.

2. Between 5 and V33 mol% 4C12-PC16 a two-
phase region is found at low temperatures: ¢rstly,
a gel phase (Gel1) with one branched lipid per 19
DPPC molecules forms bilayers with a character-
istic macro-ripple modulation. With increasing

amounts of 4C12-PC16 the relative proportion
of these bilayers decreases, whereas the proportion
of £at bilayers shows a corresponding increase.
These £at bilayers are formed by a second gel
phase (Gel2) which is composed of DPPC:4C12-
PC16 2:1. At 33 mol% the sample consists entirely
of Gel2 phase. Upon heating from the two-phase
region, the Gel2 phase melts at around 35³C,
whereas the Gel1 phase remains solid until reach-
ing the liquidus line of the phase diagram. At
temperatures above the liquidus boundary a £uid
lamellar phase is formed. The question whether
this region consists of more than one lamellar
phase is discussed below.

3. In mixtures containing more than V33 mol%
4C12-PC16, another two-phase region is present
at low temperatures. This arises, because the addi-
tional branched lipids cannot be incorporated into
the Gel2 bilayer; a separate phase (1HII) com-
posed of almost pure 4C12-PC16 is formed. Heat-
ing mixtures in that concentration range result in
a phase transition at around 35³C. At that tem-
perature the Gel2 bilayers melt and the lipids are
incorporated into a single mixed, hexagonal phase
2HII. It could be that this region is a two-phase

Fig. 8. Partial phase diagram of DPPC and 4C12-PC16. Phase
boundaries were determined from the onset and peak tempera-
tures of the DSC heating endotherms and from the onset tem-
peratures of lamellar repeat shifts in real-time SAXS. Phases
were identi¢ed using SAXS/WAXS and electron microscopy.
LK, £uid, lamellar phase; PL0 , ripple phase; LL0 , gel phase;
Gel1, gel phase composed of DPPC:4C12-PC16 19:1. This
phase forms bilayers with macro-ripples. Gel2, gel phase com-
posed of DPPC:4C12-PC16 2:1. This phase forms £at bilayers.

1HII, hexagonal phase; 2HII, hexagonal phase composed of al-
most pure 4C12-PC16. X, additional nonlamellar phase only
found by electron microscopy.
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region as well, considering that electron microsco-
py shows evidence that a cubic phase may be
present.

4.2. The gel phase range

Region 2 of the phase diagram contains a two-
phase area. Fig. 6c provides direct evidence of the
demixing into two bilayer domains, having an either
£at or rippled appearance. Macroscopic gel^gel
phase separation is not unusual and has been re-
ported for a variety of binary mixtures, e.g. phospha-
tidylcholine and cholesterol [17], dimyristoyl- and
distearoylphosphatidylcholines [18] and for mixtures
phosphatidylcholines and diacylglycerols [19,20]. In
general, the tendency for such segregation to take
place increases with increasing disparity between
the constituent lipids. The resulting di¡erences in
the respective mutual pair interactions hence favour
contacts between identical molecules [21]. DPPC and
4C12-PC16 di¡er markedly in the hydrocarbon chain
region, which is seen clearly if one considers the
structures of the single components at identical tem-
peratures: In the temperature range examined here,
the four-chain lipid prefers a hexagonal £uid phase,
whereas DPPC is in a gel phase bilayer at temper-
atures less than 42³C.

In contrast to macroscopic phase separations, the
origin of the di¡erent microscopic structures of the
demixed gel domains, namely bilayers with a macro-
ripple superstructure versus £at membranes, is much
more di¤cult to understand. What distinguishes both
phases is the relative proportion of the individual
lipid constituents. Low amounts of the four-chain
lipid (5 mol%) cause macro-ripples whereas higher
concentrations lead to a £attening of the bilayers.
Understanding the reason for the formation of the
macro-ripples is complicated by the fact that even for
the pure phosphatidylcholine ripple phase no satis-
factory model exists. Models based on thermody-
namic considerations as well as statistical dynamic
approaches (see [22] for a review) encounter di¤cul-
ties when attempting to explain the nonsinusoidal
pro¢le and the varying periodicities of the ripples.
A key factor in all models is the assumption that a
chain headgroup cross-sectional area discrepancy
causes problems in packing of the molecules, which

are accommodated by forming the modulated struc-
ture.

Considering this, the incorporation of a second
molecule in a gel phase phosphatidylcholine bilayer
may relax or even increase these packing problems,
probably depending on the molecular form and the
concentration of the added molecule. In both cases a
rearrangement of the lipid molecules within the bi-
layer is expected to take place. The reorganisation
required to achieve a relaxation is e¡ected by form-
ing a di¡erent superstructure, e.g. macro-ripples.
Which type of bilayer morphology is formed is likely
to depend on the detailed molecular structure of the
incorporated molecules. For instance, another solu-
tion to the packing problem may be the formation of
interdigitated bilayers as demonstrated in mixtures of
PC with ethanol [23] or asymmetric lipids [24].

The question remains whether a lipid with a pro-
pensity for nonlamellar structures is essential to form
macro-ripples. Recent experiments with mixtures of
palmitoyloleoylphosphatidylcholine and 40^80 mol%
galactosylceramide, which form bilayers showing
similar macro-ripples to those found in the present
study, do not support this idea [25]. Neither lipid in
pure form exhibits a ripple phase or a nonlamellar
phase at this temperature. The phase diagram of the
mixture indicates a gel^£uid coexistence region [26],
which might indicate that rather than the tendency to
form a nonlamellar phase a certain proportion of
£uid chains must be present to allow a periodic tilt-
ing of the bilayer. This is particularly noteworthy,
because 4C12-PC16 in pure form is also £uid at tem-
peratures above V3³C. It could be that branched
lipid with more or less £uid chains is localised in
the crests and the valleys of the macro-ripples, there-
by exerting a hinge function to enable the formation
of the macro-ripples.

The other gel phase, Gel2, contains a higher pro-
portion of branched-chain lipid (33 mol%) and forms
£at bilayers. This proportion of two DPPC molecules
having a headgroup area slightly larger than the
cross-sectional area of the chains (T = 20³C:
AHV46 Aî 2, ACV40 Aî 2 ; [27]) and one four-chain
lipid may be to provide an optimal balance between
the average headgroup and cross-sectional area. Fig.
9 illustrates this idea on the basis of the molecular
form concept.

Increasing the amount of four-chain lipid makes
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the binary system entering region 3 of the phase dia-
gram, which is another two-phase region. In molec-
ular terms this means that a gel bilayer containing
more than one four-chain lipid per two DPPC mol-
ecules is no longer stable. The surplus branched-
chain lipid segregates from the lamellar gel aggre-
gates and forms a £uid hexagonal phase. During
heating, the bilayer phase melts, but because of the
increased area of the £uid chains, it remains unstable
at temperatures above 35³C, and consequently, the
lipid molecules will be incorporated into hexagonal
cylinders. The incorporation of DPPC molecules into
the 1HII phase reduces the spontaneous monolayer
curvature and therefore enables a greater radius of
curvature of these cylindrical micelles compared to
those formed at lower temperatures. This is demon-
strated convincingly by the shift of the hexagonal
re£ections towards lower angles upon heating (from
5.3 nm at 0³C to approx. 6.20 nm at 50³C).

4.3. The £uid phase range

The most conspicuous feature of the mixtures at
temperatures above the liquidus line is the appear-
ance of multiple X-ray re£ections at low concen-
trations of the four-chain lipid (see Fig. 2b,d,f).
Such multipeak pro¢les can arise from di¡erent
structures.

Firstly, nonlamellar, e.g. hexagonal or cubic
phases can create a complex set of scattering peaks.
This possibility might be excluded, because the sec-
ond order (although weak) of the re£ections indi-
cates that the peaks are of a lamellar type. Freeze-

fracture micrographs obtained from samples
quenched from the £uid phase did not show cubic
or hexagonal structures, but patterned bilayers (Fig.
7c,d). The most reasonable explanation for this
would be that the formation of macro-ripples could
not be suppressed completely by the rapid quench-
ing. Ultrarapid freezing experiments (not shown) us-
ing a propane-jet freezer, which provides a much
higher freezing rate than manual plunging (20 000^
30 000³/s compared to 2000^4000³/s, see [28]), how-
ever, resulted in structures of similar appearance.
Therefore, it cannot be ruled out that the pattern is
a genuine feature of £uid bilayers composed of
DPPC and small amounts of the branched-chain lip-
id. The question whether some £uid lipid membranes
show a periodic superstructure has been addressed
recently [29], however currently no experimental
method exists which is able to give an unambiguous
answer. But even if we cannot exclude the possibility
that the bilayer shows a superstructure in the £uid
state it is unlikely that such a structure could cause
multiple X-ray re£ections of the type observed in this
study.

The spacings of the re£ections rather indicate two
or more lamellar phases di¡ering in lamellar repeat
spacings. As the system is completely £uid at temper-
atures around 50³C, this would imply immiscibility
of two £uid, lamellar phases. Direct evidence of such
£uid^£uid phase separation has been found only
rarely. Hinderliter et al. [30] reported the presence
of two lamellar re£ections in X-ray pro¢les obtained
from phosphatidylserine/phosphatidylcholine sam-
ples in the £uid state. The ¢rst-order peaks found
in the study presented here were at 6.9, 6.4 and
V6.0/6.1 nm, which might indicate that three di¡er-
ent £uid phases with di¡erent bilayer thicknesses
may be present in the sample.

However, the multiple repeat periods can also be
due to domains di¡ering in the thickness of the water
layer between the bilayers. This would again imply
that the sample is phase separated into lipid domains
that di¡er in their swelling properties. A similar
e¡ect was found recently in X-ray di¡raction ex-
periments of phosphatidylcholine suspensions con-
taining alkali chloride ions [31]. These authors specu-
lated that di¡erent water layers might be responsible
for the appearance of several distinct lamellar re£ec-
tions.

Fig. 9. (a) Schematic drawing of the suggested packing of lipid
molecules in the bilayers formed by the Gel2 phase. Two DPPC
molecules are needed to compensate for the greater chain cross-
sectional area of a branched-chain lipid. (b) Illustration accord-
ing to the molecular form concept.
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5. Conclusions

We analysed the phase behaviour of a fully hy-
drated binary mixture of DPPC with a branched-
chain phosphatidylcholine. The binary system shows
gel^gel immiscibility between 5 and 33 mol% of the
branched-chain lipid. We suggest that the character-
istic morphologies of these gel bilayer domains
(rippled, £at) re£ect the relaxation of a frustrated
lipid packing state upon incorporation of the non-
lamellar lipid into the PC bilayers. However, the
nonlamellar propensity of the branched lipid does
not seem to be of crucial importance for formation
of macro-ripples. We suggest that, in general, the
detailed structure of the second component like chain
length or hydrophobicity determines the way gel
phase bilayers of phosphatidylcholines adapt struc-
turally to a new packing arrangement. In contrast,
the transition to a hexagonal phase in the presence of
proportions of branch chain lipid of about 33 mol%
can be explained satisfactorily by the molecular form
concept, which considers only the average form of
the molecule.
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