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ABSTRACT The phase transitions for dipalmitoylphosphatidylethanolamine (DPPE) dispersed in water and in
N-ethylammonium nitrate (EAN) were examined using differential scanning calorimetry and time-resolved x-ray
diffraction. Subgel, pre-, and main-phase transitions were observed for DPPE in water, whereas only the pre-and main
transitions were observed for DPPE in EAN. Hysteresis was observed for both dispersions upon cooling. In addition, the
lamellar (L,) to hexagonal (H,) phase transition was observed for DPPE dispersed in EAN when using time-resolved
x-ray diffraction but not when using calorimetry. This low enthalpy process occurred at 73—77°C, which is significantly
lower than that observed for DPPE in water. The presence of EAN stabilizes the existence of the H, phase in DPPE by
its influence on the bilayer interfacial properties, primarily on the area per lipid head group.

INTRODUCTION

The role of water in the stability of phospholipid structures,
phase transitions, and interactive forces between and
within structures is a topic of current concern when
defining the role of solvation in membranes. One of the
approaches in recent years has involved the substitution of
water by other solvents (1-6), and characterization of the
differences resulting from observations of phospholipid
properties. A trend has emerged indicating that solvents
which change the interactive forces between molecules
within a bilayer with a concomitant change in the area per
head group, can lead those molecules to form interdigitated
bilayer phases (1, 4, 7) or even nonlamellar structures (8).
The correlation between specific structures and an easily
characterized property of the solvent is still in the explor-
atory stage.

In a related subfield, the relationship between area per
head group (expressed as the radius of curvature) and the
packing of acyl chains, to the lamellar to hexagonal II
phase transition has been discussed independently by Sie-
gel (9) and Gruner (10). Specifically, the balance between
the head group area and the acyl chain void volume is a
determining factor in the tendency of a lipid to form either
the lamellar or the hexagonal II phase. The influence of
hydrocarbon molecules and phospholipid head groups on
the stability of the hexagonal II phase has been discussed
elsewhere (11). However, a recent report has shown that
the spreading of lipid head groups due to solvent structure
can also lead to the greater stability of a nonlamellar phase
(8). The unique aspect of this observation was that
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(DPPC) molecules which do not form non-lamellar phases
in water were induced to form an Hj, phase in the presence
of the fused salt, ethylammonium nitrate. Thus, using
EAN allows one to observe the effect of spreading lipid
molecules (i.e., increasing the area per head group) on the
lamellar to Hy; transition without having to add molecules
to the lipid bilayer because this addition may provide an
impetus for the formation of the Hy; phase all or in part by
the ability of the molecules to fill void spaces within the Hy,
hydrocarbon space.

The present study was undertaken to investigate the
influence of EAN when it is substituted for water as the
solvation media for L-DPPE molecules. Calorimetry and
time-resolved x-ray diffraction experiments were used to
investigate the various transformations between lamellar
and nonlamellar structures in this system. Particular atten-
tion was paid to the possibility that EAN provides a
favorable environment for the DPPE molecules to form an
H;; phase whereas DPPE in water has been shown to
undergo an L, to Hy, transition at ~123°C (12). Analysis of
the data also provides information about the structures
involved in the transitions.

MATERIALS AND METHODS

The 1,2 L-a-dipalmitoylphosphatidylethanolamine (DPPE) was obtained
from Fiuka A.G. (Buchs, Switzerland) and Avanti Polar Lipids (Bir-
mingham, AL), and used without further purification. The N-ethylam-
monium nitrate (EAN) was a gift of Prof. Barry Ninham. The prepara-
tion of EAN has been described in Evans et al. (13). Lipid dispersions
were prepared by suspending the DPPE in water or in EAN at ~80°C
until a uniform liquid crystalline phase was observed. All dispersions were
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then equilibrated at 0°C for 4-5 d. Samples for calorimetric measure-
ments were sealed in aluminum pans, whereas those for x-ray diffraction
measurements were mounted between mica sheets.

Differential scanning calorimetry was performed using a DSC-2C
(Perkin-Elmer Corp., Norwalk, CT) with an Intracooler II for low
temperature equilibration. All scans of 10°C - min~' were begun at 2°C
and terminated at 87°C. Data recording and analysis were obtained using
a Perkin-Elmer Data Station interfaced with the calorimeter.

X-ray experiments were carried out using the monochromatic (0.150
nm) focused x-ray beam at Station 7.2/3 of the Daresbury Synchrotron
Laboratory as previously described (14). A cylindrically bent single
crystal of Ge (15) and a long float mirror were used for monochromatiza-
tion and horizontal focusing, providing 2 x 10° photons - s™' down a
0.2-mm collimator at 2.0 GeV and 100-200 mA of electron beam current.
A Keele flat plate camera was used with a linear detector constructed at
Daresbury. The dead time between 1.5 s data acquisition frames was 50
ms. X-ray scattering was recorded using a linear detector fabricated at
the Daresbury Lab and was calibrated using Teflon (0.48 nm) as a
standard (16). Plots were typically recorded first as a function of tan 28
and then replotted in reciprocal space (S = 2 sind/)) for publication. All
mesophase and subcell spacings were calculated using Bragg’s Law as
previously described (17).

Temperature scans were produced by water baths connected internally
to the sample mount of the x-ray camera. The temperature of the sample
was monitored internally using a thermocouple placed adjacent to the
sample in the x-ray sample holder.

RESULTS AND DISCUSSION

The phases and phase transitions for DPPE in water have
been the subject of numerous studies (12, 18-23). In
general, it was found that the transition between the
crystalline bilayer (L) and liquid crystalline bilayer (L,)
phases was hysteretic with the formation of a metastable
gel state bilayer (Lg) upon cooling from the L, phase. The
longer the sample was equilibrated in the L, phase, the
longer the L,; phase was stable upon subsequent cooling
before the final relaxation into the L. state. Structural
parameters have been determined for both the Ls and L,
phases (20, 21).

The phase history of a sample of DPPE in 80 wt% water,
which was equilibrated at 0°C for 4-5 d, was monitored
using differential scanning calorimetry (Fig. 1). The initial
heating scan indicated that the sample was able to undergo
a subgel transition at 23°C, a pretransition at 36°C, and a
main transition with the L, phase as the final state at 63°C.
This result is consistent with previous examinations of the
phases present in DPPE /water as a function of tempera-
ture. Although the lamellar (L,) to hexagonal (H,) phase
transition has been previously shown to occur at ~123°C
(12), our sample was not heated above 87°C to minimize
the chance of sample damage during the liquid to vapor
transition for water at 100°C. The L, to L phase transition
was observed at 62°C upon cooling with a reduction (of
5-10%) in the transition enthalpy of the main transition
observed during initial heating, and the L, to L, phase
transition was observed at 63°C upon reheating with a
further reduction (of 5-10%) in the transition enthalpy on
cooling. The apparent 1°C supercooling for the L, to L,
phase transition is probably an artifact of the rate at which
the temperature was scanned.
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FIGURE 1 Thermograms for DPPE in water after equilibration at 4°C
for 5 d to induce the subgel phase. (@) Initial heating. () Initial cooling.

(c) First reheating. The temperature was scanned at a rate of 10°C -

min~'.

A similar set of calorimetry experiments was run with a
sample of 20% wt/vol DPPE dispersed in EAN (Fig. 2).
The initial heating scan indicated that the sample under-
went a pretransition at 39°C and a main transition to the
L, phase at 67°C. These temperature values are similar to
those observed for the same transitions in DPPE in water.
The slight increase in transition temperature upon heating
may indicate that the DPPE bilayers are more ordered
(i.e., closer packed) for the same phase in EAN than in
water; this is consistent with similar observations in phos-
phatidylcholines (8, 13, 24). The lack of a subtransition
may be due to the DPPE molecules decreasing their
attraction for each other within a bilayer because of the
substitution of a concentrated salt for water. This phenom-
enon would allow for a spreading of the DPPE head groups
with a concomitant decrease in the packing of the acyl
chains within the bilayer. The initial bilayer state would be
less ordered (i.e., less close packed) for DPPE bilayers in
EAN when compared with bilayers in water. This conclu-
sion is also consistent with observations reported for phos-
phatidylcholines in water and EAN (18). A simple alterna-
tive explanation is that the subtransition enthalpy is too
small for DPPE dispersed in EAN to be registered by the
calorimeter. This is a less likely explanation because the
fast scan rate would tend to enhance the observation of a
phase transition thermogram. The transition between the
liquid crystal and L, phases occurs at 64°C upon cooling,
and the reverse transition occurs at 67°C upon reheating.
The transition enthalpies for these transitions were 10—
20% greater than that observed upon initial heating. No
other phase transitions are observed in the heating and
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FIGURE 2 Thermograms for DPPE in fused salt after equilibration at
4°C for 5 d. (a) Initial heating. (b) Initial cooling. (¢) First reheating. The
temperature was scanned at a rate of 10°C . min~".
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FIGURE 3 Three-dimensional plot of diffraction intensity versus recip-
rocal spacing as a function of temperature during the initial heating scan
from 26 to 84°C at 10° - min~' for DPPE in fused salt equilibrated at 5 d.
Every tenth frame of a data set of 255 frames of 1.5 s duration are shown
in the figure. Inserts @ and b are the first and last frame, respectively, of
the data set.
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cooling scans with 2°C and 87°C being the lower and upper
limits. The slight supercooling observed for the sample
upon cooling is again probably an artifact of our scan
rate.

An overview of the structural changes that occur for
DPPE dispersed in EAN during heating and cooling was
obtained by recording consecutive x-ray diffraction pat-
terns at ~1.5-s intervals throughout the phase transitions
(Figs. 3 and 4). Our examination of the L, — L, transition
for DPPE in water is reported elsewhere (Tenchov, B., L. J.
Lis, and P. J. Quinn. Submitted for publication). Wide
angle diffraction peaks were not resolvable during the
heating or cooling scans. This low resolution may be due to
our use of an area detector, small domains of DPPE
molecules within the bilayer and/or highly directionally
oriented acyl chain packing. Thus all phase assignments
are tentative with regards to the acyl chain packing until
wide angle diffraction peaks are obtained. The crystalline
or low-temperature phase for DPPE in EAN produces a
small angie x-ray diffraction pattern which can be indexed
as due to a lamellar structure with a repeat spacing of 52.6
A. As the temperature is scanned above 70°C, there is no
apparent change in this repeat spacing. When the tempera-
ture is between 73 and 77°C a new small angle diffraction
pattern is observed which indexes to an hexagonal array of
cylinders with a repeat spacing of 55.8 A. Although the
resolution of the time-resolved x-ray experiment is not
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FIGURE 4 Three-dimensional plot of diffraction intensity versus recip-
rocal spacing as a function of temperature during the initial cooling scan
from 63 to 26.5°C at 10° - min~' for DPPE in fused salt. Every tenth
frame of a data set of 255 frames of 1.5 s duration are shown in the figure.
Inserts a and b are tracings of the first and last frame, respectively, of the
data set.
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sufficient to observe the various bilayer transitions
recorded using calorimetry, the L, to H,, transition which is
not apparent in the calorimeter tracing can be determined.
This is a significant lowering of the transition temperature
(~123°C) for the L, to H, phase transition in DPPE
dispersed in water (12).

A transition from the H, phase is observed at ~63°C
that can be inferred to be the H, to L; by comparison with
the calorimetry results. The bilayer repeat spacing for the
L, phase is 70.4 A which is significantly larger than that
observed for DPPE in water (20). This is an indication that
either the lipid molecules are packed differently within the
bilayer in water versus EAN, and/or there is an increase in
solvent between the bilayers. The former explanation is less
likely because there is no apparent tilt for DPPE acyl
chains when they are fully hydrated with water (20).

CONCLUSIONS

It has been shown that DPPE in water and EAN have a
variety of phase transitions which are dependent on sample
history. In addition, the presence of EAN favors the
formation of nonbilayer phases as evidenced by the appear-
ance of an H, phase in DPPE at ~50°C lower than that
inferred in water. Thermodynamic arguments have been
presented by O’Leary and Levin (24) for the tendency of
DPPE in EAN to form a nonlamellar phase. In the context
of the conditions favoring the formation of cylindrical
arrays over multilamellar arrays (10, 11), an increase in
area per head group could allow for a greater intrinsic
curvature as a prerequisite for cylinder formation, thus
overcoming unfavorable hydrocarbon packing consider-
ations within the mesophase. This system merits further
study to determine the kinetics and high resolution struc-
tures (i.e., head group areas) of the L, to H, phase
transition which can then be correlated with predictions
from the appropriate theories (9, 10).
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