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Abstract

The presence of various sterols in mixtures with dihexadecylphosphatidylcholine (DHPC) was studied using static X-ray diffraction of
temperature equilibrated samples, and real-time X-ray diffraction of samples undergoing temperature scans. It was found that these sterols
eliminate the interdigitation of the alkyl chains in the DHPC sub-gel and gel-state bilayers while stabilizing the ripple gel-state at the
expense of the gel-state bilayer phase. The ripple~ripple phase transition previously observed for dipalmitoylphosphatidylcholine in the
presence of low molar concentrations of sterols (Wolfe et al. (1992) Phys. Rev. Lett. 68, 1085-1088) was also observed for similar
DHPC-sterol mixtures. In addition, we show the first evidence that the presence of 5a-cholestane-383,5,6 B-triol will cause the lipid

mixtures to continue to adopt a ripple mesophase structure even after the DHPC alkyl chain becomes disordered.
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1. Introduction

Biological membranes consist of a mixture of lipids and
proteins that provide a structural backbone and mediate the
mechanism(s) for various biological functions. Plasma
membranes are relatively unique in having cholesterol as
one of their major components. A large effort over many
years has provided us with a general knowledge of how
cholesterol can be incorporated into a lipid membrane
[1,2]. X-ray diffraction studies have been useful in the
interpretation of calorimetric and spectroscopic observa-
tions by defining the lipid phases created by the presence
of varying amounts of cholesterol [3-5]. Recent technolog-
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ical changes in X-ray sources have provided the most
definitive structural assignments [6,7].

The phase structures and transitions of dihexade-
cylphosphatidylcholine (DHPC) have been examined by
several researchers. Laggner et al. [8], Ruocco et al. [9],
and Kim et al. [10] have previously shown that this lipid at
full hydration can form interdigitated crystalline and gel-
state bilayers, ripple phases, and disordered state bilayers
with increasing temperature (see Fig. 1). It has been
reported that ‘high’ concentrations of cholesterol (20 mol%
[11] and 50 mol% [12)) eliminate the hydrocarbon chain
interdigitation in the gel phase of DHPC. More recently,
Laggner et al. [13] have reported that cholesterol contents
as low as 0. 1 mol% and as high as 5 mol% perturb DHPC
interdigitation leading to the presence of coexisting inter-
digitated and non-interdigitated lamellar gel phases. This
conclusion is based on the presence of X-ray diffraction
peaks that could be resolved into patterns from bilayers
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with a small d-spacing and others with a significantly
increased d-spacing. This observation is similar to a previ-
ous diffraction report [4] and spectroscopic and calorimetry
report [14] which, at that time, interpreted from their
results the presence of two coexisting gel-state bilayers for
dipalmitoylphosphatidylcholine (DPPC) in the presence of
less than 10 mol% cholesterol. Recent high resolution
X-ray data [5] has shown that the correct interpretation is
that of a cholesterol stabilized DPPC gel-state ripple bi-
layer phase (Pg).

In this report, we examined a DHPC plus 5 mol%
cholesterol mixture using high resolution and real-time
X-ray diffraction to determine if a ripple bilayer was
present. In addition, similar mixtures of DHPC with the
oxidized sterols 7-ketocholesterol and 5a-cholestane-
3B,5,6 B-triol were examined to determine what effect a
change in interfacial DHPC-sterol interactions had on the
stability of the ripple bilayer phase.

We have confirmed from dynamically collected X-ray
diffraction patterns and high resolution static X-ray diffrac-
tion patterns the phase sequence for fully hydrated DHPC
to be a lamellar phase with interdigitated hydrocarbon
chains in orthorhombic packing (L;,), a lamellar phase
with interdigitated chains in hexagonal packing (L;,),
ripple phase bilayers (PB’)’ and disordered bilayer phase
(L,) as a function of increasing temperature. The presence
of 5 mol% of various sterols (cholesterol, 7-keto-
cholesterol, or Sa-cholestane-33,5,6 B-triol) was observed
to cause the elimination of the DHPC interdigitated ‘gel-
state’ bilayer (L;,) resulting in a direct transition between
a non-interdigitated ‘crystalline’ (L) phase and the 7%
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phase. In addition, the ripple—ripple phase transition previ-
ously reported for DPPC-sterol mixtures was also observed
for the DHPC-sterol mixtures examined. Theoretical work
by a number of researchers [15-21] have provided a
framework for explaining the molecular cause of both
ripple and interdigitated bilayer phase formation and stabi-
lization. In addition, we report for the first time a ripple
phase in a disordered alkyl chain state lipid phase for
mixtures of DHPC and 5 mol% 5a-cholestane-38,5,6 8-
triol.

2. Materials and Methods
2.1. Materials

DHPC was obtained from Sigma (St. Louis, MO) and
used without further purification. Cholesterol was obtained
from Sigma (St. Louis, MO), and 7-ketocholesterol and
Sa-cholestane-33,5,6 B-triol from Steraloids (Wilton, NH).
Water was distilled and all other solvents and chemicals
were reagent grade.

2.2. Sample preparation

Known weights of DHPC and sterol were co-mixed in
chloroform. The chloroform was subsequently evaporated
under a stream of N, gas with final drying done under
high vacuum. Although the solvent could impart an inho-
mogeneous deposition of the lipid species in the mixing
process, our data supports the presence of uniformly mixed
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Fig. 1. Phase structures for fully hydrated DHPC. L, , and L, are lamellar phases with interdigitated hydrocarbon chains in orthorhombic and hexagonal
packing, respectively; Py, is the ‘rippled’ lamellar phase; and L, is the disordered lamellar phase.
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molecular species without any residual solvent remaining,
since we do not observe indications of multiple mesophase
or hydrocarbon chain structures in ‘single phase’ subgel,
gel, or disordered hydrocarbon chain phase regions. This
observation is consistent with previous studies of similar
lipid systems [22—26]. Lipids were then hydrated by heat-
ing to approximately 60°C and/or freeze—thaw cycles. in
the presence of 66.7 wt.% distilled water until no powder
was detected. The samples were subsequently stored at
approx. O°C or —20°C for 1-3 days before examination.
Samples were transported to the beamlines on ice and
transferred to a pre-cooled temperature block. Samples for
real-time examination were lowered to —50°C before the
initial heating cycle was started.

2.3. Static X-ray diffraction

The static X-ray diffraction data were collected at
beamline X23B at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory. This beam-
line, operated by Naval Research Laboratory, has a plat-
inum-coated fused silica toroidal mirror to focus the X-ray
beam. In addition, a double flat crystal monochromator
was used to select 8.00 keV X-rays from the radiation
continuum. The incident X-rays were focused to a spot
size of 2 mm X 2 mm. Samples were mounted in alu-
minum X-ray sample holders along a 3 mm slit in a 1 mm
thick Teflon spacer separating two mica windows. The
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sample holder was placed in an aluminum block and the
temperature was controlled by a circulating water bath
connected to the sample mount. The temperature was
monitored internally using a thermocouple placed adjacent
to the sample region of the X-ray sample holder. Diffrac-
tion patterns were collected using film or imaging plates
(Fuji). Sample-to-film distance was approx. 92 cm to
monitor the small-angle X-ray scattering region (for detect-
ing d-spacings down to 20.0 nm) or approximately 10 cm
to monitor the wide-angle X-ray scattering region. Spatial
calibration was obtained using Teflon [27] and cholesterol
[28].

2.4. Real-Time X-ray Diffraction

Real-time X-ray diffraction studies were performed us-
ing a monochromatic (0.15 nm) focussed X-ray beam at
Station 8.2 of the Daresbury Synchrotron Laboratory. A
purpose-built camera allowed clear resolution of reflec-
tions between 0.35 nm and 10 nm. The sample holder was
a cryostage (Linkam, Tadworth, UK) to which mica win-
dows were fitted. A flow of nitrogen gas at — 150°C was
passed internally through the sample holder. A TMS90
control system fitted with a remote control unit (Linkam)
provided the appropriate amount of power to the heating
block of the sample holder to maintain the sample at the
desired temperature. Two thermocouples placed adjacent
to the sample in the sample holder were used to internally
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Fig. 2. Three-dimensional plot of X-ray scattering intensity versus reciprocal space (S) as a function of continuously increasing temperature (5°C/min) for
fully hydrated DHPC. Every third diffraction pattern of 3 s duration from a total set of 255 continuously recorded patterns are shown.
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monitor the temperature. Temperature programming over
the range — 100°C to 100°C at rates between 0.001°C /min
to 2.3°C/s were possible. X-ray data were collected using
either a single wire detector or multiwire quadrant detector
fabricated at the Daresbury Laboratory. X-ray scattering
data was acquired in 255 consecutive time frames sepa-
rated by a dead time between frames of 50 us. Data was
stored in a VAX 11 /785 computer and analyzed using the
OTOKO program developed at the Daresbury Laboratory.
The detector response was determined by recording the
signal from a fixed source accumulated for at least one
hour and subtracted from the data. Spatial calibration was
obtained using Teflon [27] and cholesterol [28]. Phase
transition temperatures were taken as the temperature at
which the recorded diffraction peaks started to shift in
d-spacing or additional peaks from the subsequent phase
appeared.

3. Results

Fully hydrated samples of DHPC and DHPC plus 5
mol% cholesterol, 7-ketocholesterol, or 5a-cholestane-
3,5,6 B-triol were examined using real-time and high-res-
olution X-ray diffraction. A typical three-dimensional plot
of scattering intensity versus reciprocal spacing (S = 1/d)
as a function of temperature for fully hydrated DHPC
undergoing a temperature scan of 5°C/min is shown in
Fig. 2. Representative small and wide angle (SAXS and
WAXS) diffraction patterns from Fig. 2 for the four DHPC
phases are shown in Fig. 3. Peak assignments are also
indicated on the Fig. 3. A summary of d-spacing as a
function of temperature for fully hydrated DHPC is shown
in Fig. 4a with the appropriate phase transitions indicated.
Structural parameters and transition temperatures deter-
mined from real-time X-ray diffraction data are listed in
Table 1. Laggner et al. [8], Ruocco et al. [9], and Kim et al.
[10] have previously characterized the fully hydrated DHPC
system using temperature equilibrated samples and have
shown that heating of the sample yields the phase se-
quence: L;, —»L;, > F —~L,.

Our data is consistent with the structural parameters for
all four phases and transition temperatures for the three
phase changes determined previously for this system [8—
10]. We can independently infer that the induced DHPC
L;, and L;, bilayer phases have interdigitated hydrocar-
bon chains by comparison with the previously reported
repeat spacings for the DHPC interdigitated gel-state bi-
layer [8] and DPPC, an analogue of DHPC, non-interdig-
itated subgel and gel state bilayers [29]. The relatively
small d-spacings for the DHPC L; , and L;, phases are an
indication that the chains are probably fully interdigitated.
The assignment of the Py, phase is consistent with previ-
ous assignments for the diffraction peaks produced by the
two-dimensional ripple phase rectangular unit cell in phos-
pholipid systems [5,28]. The presence of ordered or disor-
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Fig. 3. Representative small- and wide-angle (SAXS and WAXS) diffrac-
tion profiles for the L;,, L;y, Ps, and L, phases observed for fully
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hydrated DHPC multilayers. Numbers in parentheses correspond to the
integer orders (n=1-3) of a one-dimensional lamellar lattice or to the
h,k-indices of a rectangular lattice where the ripple phase is present.
These single frames are from the data set presented in Fig. 2 in which the
sample was heated at a rate of 5°C/min.

dered alkyl chains was deduced from observations of the
high-angle diffraction peaks produced by hydrocarbon
chain packing structures [30,31]. The data presented in
Figs. 2 and 4a can thus be interpreted to indicate the
following thermally induced dynamic phase transition se-
quence for fully hydrated DHPC: L;, » L, = F; > L,.

Figs. 4b—d shows d-spacings as a function of tempera-
ture for typical real-time diffraction data coliected for
mixtures of DHPC plus 5 mol% cholesterol, 5a-choles-
tane-3f3,5,6 B-triol, or 7-ketocholesterol undergoing heat-
ing scans of 5°C/min. Structural data and transition tem-
peratures derived from real-time X-ray diffraction data for
DHPC plus 5 mol% cholesterol, 7-ketocholesterol, or 5a-
cholestane-3f3,5,6 B-triol are listed in Table 1. The transi-
tion temperatures for DHPC plus 5 mol% cholesterol are
consistent with the onset temperatures for calorimetric
peaks shown by Laggner et al. [13] for the same system. In
all the DHPC and sterol samples, the presence of multiple
alkyl chain diffraction peaks are observed from the diffrac-
tion pattern of the initial phase structure. This is indicative
of the presence of crystalline alkyl chain packing. An
increase in the d-spacing for DHPC and sterol mixtures
relative to pure DHPC indicates that the lamellar crys-
talline phase contains only non-interdigitated phases. In all
cases, the L phase for these mixtures transforms under
continuous heating directly into a ripple phase. This phase
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is characterized (as for pure DHPC) by its complex diffrac-
tion patterns consisting of apparently overlapping patterns
from a number of lamellar repeat units [5,8,28]. The peak
assignments have been previously reported for pure phos-
pholipid ripple phases and are assumed to be the same for
these lipid systems [5,28]. We rule out a phase separation
of lamellar phases in this region because of the presence of
a single phase region on cooling the sample into the L
structure. We observe a ripple—ripple phase transition for
all the DHPC-sterol mixtures. A ripple~ripple transition
has been previously reported for similar DPPC-sterol mix-
tures [5]. All lipid mixtures except DHPC plus 5 mol%
5 a-cholestane-33,5,6 B-triol produced the expected disor-
dered lipid bilayer (L_) phase upon thermally induced
transformation from the F;,, phase. However, the P,
phase for DHPC plus 5 mol% 5 a-cholestane-38,5,6 8-triol
transformed upon heating into a ripple phase with disor-
dered alkyl chains (P,) as evidenced by the change in the
wide-angle alkyl chain diffraction. The P, mesophase is
characterized by its complex small angle X-ray scattering
pattern. Fig. 5 shows representative X-ray diffraction pat-
terns of the Py, and P, phases for DHPC in the presence
of 5 mol% 5a-cholestane-38,5,6 B-triol. Assignments for
the two-dimensional diffraction peaks are listed on Fig. 6
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and consistent with a rectangular ripple phase unit cell.
Thus the presence of cholesterol or 7-ketocholesterol is
sufficient to change the DHPC thermally induced dynamic
phase transition sequence from L, > L;;, =P =L, to
L, — B3y = B = L,, while the presence of Sa-choles-
tane-38,5,6 B-triol induced the sequence L. = By — Pg,
—P,.

Similar samples were also examined using static X-ray
diffraction by equilibration at specific temperatures. In all
cases, the phases and d-spacings obtained were consistent
with those obtained in real-time experiments while the
sample was undergoing a temperature scan. All ripple
wavelengths were determined from static X-ray diffraction
measurements. From the data in Table 1, it appears that the
greater the oxidation, the smaller the ripple wavelength.
Furthermore, the ripple wavelength for DHPC plus 5 mol%
Sa-cholestane-33,5,6 B-triol decreases from = 19 nm to
~ 18 nm when the P, phase is kept at a temperature of
approximately 60°C for about two hours (data not shown).
We also observed a decrease in the mesophase d-spacing
from 7.2 nm to 6.4 nm for DHPC plus 5 mol% 5 a-choles-
tane-3f3,5,6 B-triol in the P, phase under these same condi-
tions.

The above results infer a role for small cholesterol
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Fig. 4. Repeat spacings of the small-angle and wide-angle X-ray scattering regions as a function of temperature for fully hydrated (a) DHPC, (b) DHPC
plus 5 mol% cholesterol, (¢) DHPC plus 5 mol% 5a-cholestane-38,5,6 B-triol, and (d) DHPC plus 5 mol% 7-ketocholesterol. Numbers in parentheses
correspond to the integer orders (n = 1-3) of a one-dimensional lamellar lattice or to the h,k-indices of a rectangular lattice where the ripple phase is

present. Vertical lines indicate approximately the phase boundaries.
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concentrations in stabilizing the gel-state ripple bilayer
phase in DHPC. This is consistent with our previous
observations of a similar sterol effect on DPPC disper-
sions. Unfortunately, high luminosity X-ray sources must
be used to unequivocally assign the presence of a ripple
phase on the basis of X-ray diffraction data. We [4] and
others [13] have erroneously assigned a two phase bilayer
region to this portion of the cholesterol—phospholipid phase
diagram based on lower resolution X-ray diffraction data.
In addition, the calorimetrically recorded pre-transition
peaks for DHPC plus low cholesterol content mixtures can
now be correctly assigned to a transition between gel-state
ripple bilayer phases with differing water separations as
previously reported for similar DPPC-cholesterol mixtures

{51
4. Discussion

The most surprising result of this study is the presence
of ripples in the disordered state of the mixture of DHPC

and Sa-cholestane-33,5,6 B-triol. This phase has not previ-
ously been observed in phospholipid-sterol model mem-

Table 1

branes. However, a P, (or P,) phase, a ripple phase with
both disordered and gel state acyl chains, was initially
observed by Luzzati et al. [32], and was shown to occur in
low temperature, dehydrated egg lecithin [30] and in low
hydrated dipalmitoylphosphatidylcholine bilayers [33]. This
phase has been proposed to consist of disordered acyl
chains in the curved portion of the sinusoidal ripple phase
and gel-state acyl chains in the bilayer portion of the
ripple. It was further proposed that for greater gel-state
lipid contents and, therefore, larger regions of bilayers in
the ripple (long ripple wavelengths), the gel-state acyl
chain diffraction peaks would increase and become record-
able. In none of the samples of DHPC plus 5 mol%
Sa-cholestane-33,5,6 B-triol studied was there evidence of
gel-state alkyl chain diffraction peaks in the P, phase. This
is consistent with our own observations of a relatively
small ripple wavelength with this system. We can rule out
that heating above 60°C or equilibrating for extended
periods of time above T, would eventually lead to a
transition to the L, phase since static X-ray diffraction for
a sample equilibrated at 65°C for approximately two hours
showed no phase transition.

Laggner et al. [13] have proposed that line boundaries

Structural parameters and transition temperatures for phases produced by fully hydrated DHPC admixtures containing 5 mol% sterols

Sterol Phase Mesophase Acyl chain scattering Transition temperatures
d-spacings (nm) *° peaks (nm) cC)©
None L, 4.53 0.41, 0.39
3.7
Lin 4.69 041
323
Py 7.00 (= 20.0) 0.41
453
L, 6.73 -
Cholesterol L, =58 0.41, 0.39, 0.36
0.7
Pgy 7.10 (= 21.0) 0.41
19.6
Py 7.54 (= 21.0) 0.42
42.8
L, 7.04 -
5a-Cholestane-3 3,5,6 B-triol L. 5.67 0.41, 0.39, 0.36
0.2
Pyy 6.76 (= 16.0) 0.41
329
Py 8.17 (= 16.0) 0.41
41.6
P, 721 (= 19.0) -
7-Ketocholesterol L. 5.36 0.41, 0.39, 0.36
0.7
Pgy 7.22(~16.0) 0.41
20.7
Pgyr 8.07 (= 16.0) 0.41
423
L, 6.66 -
2 L;, or L. mesophase d-spacings were determined at —5°C. All other mesophase d-spacings were determined approx. 2°C past the transition

temperature.

b Al ripple dimensions in parentheses were determined from static X-ray diffraction of temperature equilibrated samples.
¢ Phase transition temperatures were determined from heating scans of 5°C/min.
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Fig. 5. Diffraction profile of DHPC plus 5 mol% 5a-cholestane-38,5,6 B-triol in (a) the ripple P, phase at 11.0°C and (b) the ripple P, phase at 52.0°C.

Arrow indicates the presence or absence of the alkyl chain reflection.

between dissimilar phospholipid phase domains are part of
the mechanism of cholesterol interactions in membranes.
Our data is consistent with this proposal although the
phase domains that we refer to consist of lipids with
ordered or disordered hydrocarbon chain packing [30]. The
mechanical stress produced by the mismatch between the
lipid packing in these domains could lead to production of
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Fig. 6. Comparison of the small angle X-ray diffraction peaks of DHPC
plus 5 mol% 5a-cholestane-33,5,6 B-triol in (a) the ripple Py, phase at
11.0°C and (b) the ripple P, phase at 52.0°C. Numbers in parentheses
correspond to the k,k-indices of a rectangular lattice.

buckling or undulations within a biological membrane.
This is consistent with observations of sterol-induced
changes in red blood cell morphology involving curvature
[34].

Although all structural parameters such as water separa-
tion and bilayer thickness change with increasing tempera-
ture, we can compare d-spacing values for the ripple (PB')
systems by using X-ray patterns obtained just after the
completion of the phase transition. During the phase transi-
tion itself, absorbed energy is used in promoting the
transformation of the initial phase and, therefore, is not
used to increase the thermal motion of the individual
phases. There is little change in either the L, or P, phase
structural parameters during this transition. A comparison
of comparable P, phase bilayer repeat parameters indi-
cates that the presence of sterols decreases the DHPC Py,
phase bilayer repeat spacings in the order: cholesterol >
none > 7-ketocholesterol > 5a-cholestane-3 3,5,6 B-triol.
Thus, the greater the oxidation of the sterol the more it
disrupts the interactions between DHPC molecules. We
also note that the ripple repeat spacings have roughly the
same sequence. We cannot ascertain from this data whether
the change in d-spacing is due to a change in water layer
thickness or bilayer separation, or both, although one can
present an hypothesis consistent with Cevc’s theory of
ripple phase formation [21].

A number of theories have been presented which de-
scribe a variety of macroscopic phenomenological ap-
proaches and microscopic approaches to predicting ripple
phase formation and stability [15-21] in multilamellar
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lipid arrays. In order to describe the bulk formation of lipid
phases, Goldstein and Leibler [20] used a Landau-—Gins-
burg Hamiltonian. The ripple phase was characterized by
the consideration of spatial variations within the envelope
of the membrane thickness. On a macroscopic scale, Cevc
[21] has indicated that intramembrane lipid headgroup
interactions probably drive the formation of the ripple
phase. Cevc has predicted that as headgroup interactions
become stronger the lipid dispersions would transform
directly from the sub-gel (L) into the rippled (P;/) phase
without an intermediate gel state bilayer (L) being
formed, and that the wavelength of a ripple would be
inversely proportional to the hydration state of the lipid.
An extreme case for this theory at high hydrations (and
strong chain—chain interactions) is the interdigitated bi-
layer. The above theories have been generated for phase
formation in pure, single-component lipid systems. A
headgroup pair-wise potential would be a necessary addi-
tion to the theoretical approach when considering the
interactions of additive molecules — i.e., sterols —
within a phospholipid bilayer phase. Clearly, a rigorous
treatment of ripple phase formation and stability would
require consideration of both short-range and long-range
order interactions in order to mimic the short wavelength
or localized mechanical deformations and the long wave-
length or bulk mechanical deformations.

An interdigitated phase, whether in a subgel or gel-state
bilayer, would be expected to be stabilized via hydrocar-
bon chain interactions which impart specific orientations
for the headgroups within the bilayer. In order to disrupt
this phase, the hydrocarbon chain interactions must be
weakened. The ripple phase, however, is driven primarily
by intralamellar headgroup—water—headgroup interactions
[21]. The stability of the Py phase, as evidenced by a
reduction in the ‘main-transition’ temperature; i.e., the
transition temperature of the ripple to disordered phase, of
all the sterol and DHPC mixtures (see Table 1), is depen-
dent on the strength of the intralamellar interfacial interac-
tions. Thus, we observe that the presence of sterols elimi-
nates DHPC alkyl chain interdigitation and stabilizes the
ripple phase. We can hypothesize that sterols disrupt the
packing within the hydrocarbon chain region, and change
the orientation of the lipid molecules within the bilayer. In
addition, we can hypothesize that this reorientation of the
lipid molecules allows their headgroups to increase their
interactions and become more close packed which is con-
sistent with factors favoring ripple phase formation. These
greater interactions can even allow for the stabilization of
the ripple phase even when the lipid hydrocarbon chains
are in a disordered state. We would expect that these
changes would have opposite effects on lipid bilayer thick-
ness and, to a lesser extent, water layer thickness. That is,
to be consistent with the observations of a sterol-induced
reduction in the DHPC bilayer thickness in the ripple
phase, a favored hypothesis would be for the bilayer to
decrease in both bilayer thickness and water separation.

5. Conclusion

We can summarize our results as the following: (i) that
DHPC bilayers can form both subgel and gel-state inter-
digitated bilayer phases; (ii) the presence of sterols elimi-
nate the interdigitation of the DHPC alkyl chains, and
stabilizes the Pg phase, and induces the presence of a
ripple to ripple phase transition; (iii) the presence of some
sterols stabilizes the ripple structure even after the DHPC
alkyl chains have become disordered; and (iv) the sterols
can be inferred to both decrease the interaction between
DHPC alkyl chains while increasing the intralamellar inter-
facial interactions in agreement with previous theories.
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