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Enhancement of Steric Repulsion with Temperature in Oriented Lipid Multilayers
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We have studied the temperature dependence of the stacking periodicity, d, of oriented phospholipid
multilayers using grazing angle neutron scattering techniques. d is found to increase substantially at
higher temperatures, just before the bilayers peel off from the substrate. Although we do not observe
thermal unbinding, our results are consistent with the notion that the unbinding transition is driven by
steric repulsion arising from thermal fluctuations of the membranes, in contrast to those of a recent study
by Vogel et al. [Phys. Rev. Lett. 84, 390 (2000)].
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Many phospholipids self-assemble in water to form bi-
layers [1]. At temperatures above the so-called main tran-
sition temperature, the in-plane order in these systems is
liquid-like. Such fluid bilayers have long served as models
of biomembranes. In the case of nonionic lipids, van der
Waals attraction and steric repulsion arising from thermal
fluctuations of the membranes [2] are the only long-range
interbilayer interactions. At relatively low temperatures,
van der Waals attraction dominates over steric repulsion
and the bilayers are in a bound state forming the La phase
with a well-defined stacking periodicity, d. As the tem-
perature is raised, fluctuations of the bilayers increase and
at a sufficiently high temperature the steric repulsion force
can overcome the attractive van der Waals force. The mem-
brane stack can then be expected to unbind into individual
bilayers dispersed in water, presumably in the form of uni-
lamellar vesicles (ULVs).

The unbinding transition of a stack of membranes has
been the subject of many theoretical investigations [3–6].
They predict this transition to be continuous. However,
scaling arguments indicate that the temperature range over
which the divergence in d can be seen is inversely propor-
tional to the number of bilayers in the stack [6]. Therefore,
in a typical experimental situation with hundreds of bilay-
ers in the stack, the critical region is expected to be so
narrow that the transition would appear discontinuous.

The first experimental observation of an unbinding
transition was reported by Mutz and Helfrich [7]. Their
phase contrast optical microscopy studies on digalactosyl-
diacylglycerol (DGDG) multilamellar vesicles (MLVs)
showed that the positional correlations of the bilayers in an
MLV were lost on heating. More recently, Vogel et al. [8]
reported x-ray reflectivity studies of oriented bilayer stacks
made up of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) and 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC) as a function of temperature. Above a
certain temperature, the scattered intensity from both sys-
tems was found to abruptly drop to that expected from
a single bilayer adsorbed on the substrate. Vogel et al.
associated this temperature with the unbinding transition.
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Moreover, from the analysis of the diffuse scattering, they
were able to estimate the moduli of compression (B) and
curvature (K) of the bilayer stack. In the case of POPC,
they found B to decrease by an order of magnitude and K
to decrease by about 30% as the temperature was varied
from 10 to 80 ±C. However, since they did not observe
an increase in d, expected from such a decrease in the
elastic moduli, they concluded that steric repulsion was
not responsible for the unbinding.

In order to reconcile the reduction in the elastic moduli
with the absence of swelling, Vogel et al. [8] invoked the
possibility that the compressibility modulus B is deter-
mined, at least partly, by parameters such as the static de-
fect density in the system. The speculative nature of their
conclusions, and the fact that swelling of bilayers with in-
creasing temperature has been previously reported in un-
oriented samples [9,10], prompted us to carry out detailed
neutron diffraction experiments on both oriented and pow-
der samples of POPC and DMPC.

One of the clear advantages in using neutrons, compared
to x-rays, is that we are not limited by the volume of water
that can be used to hydrate the sample, as both the sample
cell and the substrate are transparent to neutrons. Further,
the size of the incident neutron beam is much larger, so
that the entire sample, of the order of a few cm2 in area,
contributes to the scattered intensity. We find that the
stacking periodicity d of both systems studied shows a sig-
nificant increase at high temperatures. Since the only long-
range repulsive interbilayer interaction in these systems is
of steric origin, this increase in d must result from in-
creased bilayer flexibility. The observed enhancement of
steric repulsion at high temperatures supports the con-
jecture that thermal unbinding of the membrane stack is
driven by steric repulsion, contrary to the conclusion of
Vogel et al. [8]. We also find that oriented bilayers are not
suitable for studying the unbinding transition due to the
continuous peeling off of bilayers from the stack.

POPC and DMPC were obtained from Avanti Polar
Lipids (Birmingham, Alabama) and were used without fur-
ther purification. Polyvinylpyrrolidone (PVP) of average
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molecular weight 40 000 was purchased from Sigma
Chemical Co. (Milwaukee, Wisconsin) and D2O of
99.92 wt % purity from Atomic Energy of Canada Lim-
ited (Chalk River, Ontario). The oriented samples were
prepared by first spreading a solution of typically 20 mg
lipid in methanol on a clean substrate. Both silicon and
mica substrates (48 mm 3 18 mm 3 0.3 mm) were used
in the present experiments. After the evaporation of the
solvent, the samples were kept in vacuum for 12–24 h
to remove any traces of methanol. The lipid films were
subsequently annealed for 12–24 h at 70 ±C in a D2O
saturated environment. For the scattering experiments, the
substrate was mounted in an aluminum cell containing
D2O (Fig. 1). The entire aligned sample was covered by
a 6.5 mm thick water layer, thus ensuring full hydration.
We have also studied an unoriented sample made up of
POPC MLVs (20 wt %) in order to compare the results
with those obtained from oriented samples [11]. The
experiments were carried out at the NRU reactor, Chalk
River Laboratories, using the N5 triple-axis spectrometer,
which has a flux of about 5.4 3 109 neutrons cm22 s21

at the monochromator. Neutrons of wavelength 2.37 Å
were selected using either the (002) reflection of a py-
rolytic-graphite monochromator or the (113) reflection
of a germanium monochromator. The beam size at the

FIG. 1. Schematic of the sample cell used to study oriented
multibilayers. The incident neutron beam (A) is scattered along
(B) by the oriented multilayers on the substrate (C). The sub-
strate faces a 6.5 mm wide cavity containing D2O. The cell is
mounted in a aluminum chamber (not shown) whose tempera-
ture is regulated using a circulating thermostat to within 60.1 ±C.
Absorption of neutrons by the aluminum walls of the chamber
and the substrate is negligible. The sample cell is sealed to pre-
vent evaporative loss of D2O.
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sample was about 50 mm 3 6 mm. The d of one of the
oriented samples was monitored over time after filling the
sample cell with D2O. The time taken for the sample to
achieve full hydration (i.e., maximal d) was found to be
of the order of 10 h. Thus, all the samples were initially
equilibrated for about 10 h before starting the measure-
ments. For each subsequent change in temperature, the
sample was equilibrated for 30 min.

The observed variation of d with temperature in POPC
multibilayers is given in Fig. 2. This figure shows data
from three different samples; two on silicon substrates and
the third on mica. Clearly, all the samples exhibit the same
behavior. The last point in each data set corresponds to the
highest accessible temperature, beyond which the diffrac-
tion signal was lost. In the oriented sample of POPC stud-
ied by Vogel et al. [8], the signal was lost at about 80 ±C.
The fact that we are able to go to much higher tempera-
tures points to the possibility that the loss of signal in their
experiments was not due to the thermal unbinding of the
membrane stack. The initial decrease in d with tempera-
ture has been the subject of many recent studies [9,12],
and is believed to be the result of both the thinning of
the bilayer and the water layer. Our data on highly aligned
DMPC samples also show the same trend (data not shown).
The observed increase in d at higher temperatures is simi-
lar to that found in DMPC MLVs [9]. These results are
very different from those of Vogel et al. [8], who observe
a monotonic increase in d of about 1 Å as the temperature
was varied from 10 to 80 ±C. As both POPC and DMPC
are zwitterionic, the only long-range repulsive interbilayer
interaction present is steric repulsion. The increase in d at
high temperatures, therefore, indicates a reduction in the
rigidity modulus k (� Kd) of the bilayers, leading to more
pronounced thermal fluctuations and resulting in a stronger
steric repulsion between the bilayers.

FIG. 2. The variation of the lamellar periodicity of POPC with
temperature. The data were obtained from samples aligned on
silicon (�, 1) and on mica (≤) substrates. A typical rocking
curve is also shown (inset, FWHM � 0.08±).
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In order to estimate the temperature dependence of the
bulk modulus for compression B, we have measured d as
a function of temperature in POPC under an osmotic pres-
sure P, which was applied by keeping the bilayer stack in
contact with a PVP solution in D2O. The results are shown
in Fig. 3. The application of an osmotic pressure leads to
a larger decrease in d at higher temperatures, compared
to the nonstressed system at P � 0, indicating a decrease
in the compressibility modulus B with temperature. Fig-
ure 3 also shows that the temperature at which the Bragg
peak disappears increases with P. This dependence of d
on P implies roughly a 50% decrease in B across the tem-
perature range studied [13]. Note that the decrease of K
and B with increasing temperature observed by us is simi-
lar to the trend reported by Vogel et al. [8], though our
rough estimate of the change in B is, in comparison, much
lower. However, the important point to note is that, in all
of our samples, regardless of the type of substrate or lipid
used, we observe a significant swelling of the bilayers at
high temperatures consistent with the reduction in the
elastic moduli, whereas Vogel et al. do not. It was this
lack of swelling that led them to conclude that thermal
unbinding of the membrane stack is not driven by steric
repulsion. The fact that they obtained a lower unbind-
ing transition temperature for POPC (80 ±C) compared to
DMPC (95 ±C), even though k of POPC bilayers is larger
by almost a factor of 2 [14], seemed to support this con-
clusion. However, as will be discussed below, one has to
be careful in attributing the sudden disappearance of the
Bragg peak to the unbinding transition.

In some of our samples, we found abrupt drops in the
intensity of the quasi-Bragg peak as the temperature was
raised. In different samples it occurred to different de-
grees and at different temperatures. Even at a fixed tem-

FIG. 3. The variation of the lamellar periodicity of POPC with
temperature under osmotic pressure, P. The three curves cor-
respond to P � 0 (1), 0.4 atm (≤), and 2.2 atm (�), respec-
tively. B was estimated from ≠P�≠d using the data at P � 0
and P � 0.4 atm.
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perature, the intensity was found to decrease with time. A
typical plot is shown in Fig. 4. There is a continuous de-
crease in the intensity with time. The rate of decrease is
found to be larger at higher temperatures. This decrease
in the scattered intensity is undoubtedly due to a gradual
loss of sample from the substrate into water. However,
it is not clear if the layers are peeling off one by one or
in bunches. The fact that the scattered intensity often de-
creased abruptly by significant amounts points to the pos-
sibility that at least in some cases bunches of bilayers get
dislodged from the substrate. A similar behavior has been
reported by Hartung et al. [15] in POPC. They also found
a gradual decay of the scattered intensity with time at a
fixed temperature of 25 ±C, with the decay rate varying
significantly from sample to sample. The patches of the
sample dislodged from the substrate can be expected to
form MLVs (and ULVs in the case of free bilayers) in the
water surrounding the sample. The contribution of these
MLVs to the intensity of the Bragg peak would be negli-
gible as they make up an unoriented sample of extremely
low concentration [16]. Therefore, if the entire scattering
volume of the sample were to get detached from the sub-
strate, the diffraction peak would abruptly disappear. It
is impossible to differentiate this situation from a true un-
binding transition, if the latter is as sharp as predicted. The
problem of the sample dislodging from the substrate is ac-
centuated when using a fine beam, as in the case of x-ray
reflectivity studies.

In order to further confirm the importance of sample
loss, we have studied a thin oriented sample made with
1 mg of lipid, instead of the typical 20 mg. The values
of d obtained from this sample are again similar to those
obtained from thicker ones. However, the Bragg peak
disappeared at around 50 ±C in this case (data not shown).
Thus, it is clear that the disappearance of the peak does not
necessarily indicate the onset of the unbinding transition,

FIG. 4. The temporal dependence of the integrated intensity
of the first quasi-Bragg peak obtained from oriented sample at
78 ±C (≤) and from MLV sample at 84 ±C (�).
128101-3



VOLUME 88, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 25 MARCH 2002
FIG. 5. The variation of the lamellar periodicity of POPC
MLVs with temperature (1). Data from oriented samples (�)
are also presented for comparison. The ≤’s correspond to data
from MLVs obtained using x-rays [10]. In the case of MLVs,
the larger error bars are the result of asymmetric quasi-Bragg
peaks, due to the superposition of Debye-Scherrer rings from a
line source of neutrons, and poorer signal/noise. The instrumen-
tal resolution was the same for both MLV and aligned samples.

but also arises from the detachment of the sample from the
substrate. On the other hand, in the case of an unoriented
sample consisting of MLVs, the decrease in the scattered
intensity results either from the formation of ULVs or from
the loss of positional correlations of the bilayers within the
MLVs. Hence, in this case, the disappearance of the Bragg
peak is a true signature of the unbinding transition.

In Fig. 4 we show the results from an unoriented sample
consisting of POPC MLVs, containing 20 wt % of the lipid.
The integrated intensity of the Bragg peak, at a fixed tem-
perature, did not show any significant decay with time.
Moreover, there was also no apparent decay of the inten-
sity with temperature, implying that almost all the bilay-
ers were still in the bound state even up to a temperature
of 115 ±C. The temperature dependence of d obtained is
shown in Fig. 5. In comparison to oriented samples, we are
able to go to higher temperatures (as high as permitted by
our setup) and, hence, see a larger increase in d, consistent
with the trend exhibited by the aligned samples (Fig. 2).
This result then further confirms that the abrupt drop in
the scattered intensity seen in oriented samples is not the
result of an unbinding transition, but is due to the dislodg-
ing of patches of the sample from the substrate. It is very
likely that a similar loss of sample occurred in the systems
studied by Vogel et al. [8]. In fact, Fig. 5 of [8] shows a
small peak at q � 0.1 Å21, which is not accounted for by
the scattering from a single bilayer on the substrate. This
points to the presence of a thin stack on the substrate, con-
sisting of a few bilayers. Therefore, in all probability, the
128101-4
sudden drop in the scattered intensity observed by Vogel
et al. was not the result of an unbinding transition.

The swelling of bilayers at higher temperatures, reported
here, should not be confused with the divergence of the d
spacing at the unbinding transition. The observed swelling
is consistent with the decrease in the rigidity modulus k

of the bilayers with increasing temperature. Such swelling
is not predicted by the theories as they do not take into ac-
count the temperature dependence of k. Although we do
not observe the unbinding transition, the enhancement of
thermal fluctuations of the membranes, seen at high tem-
peratures, supports the notion that it is driven by steric
repulsion. We also find that oriented samples are not well
suited for probing this transition. In view of our results, ear-
lier reports of experimental observation of thermal unbind-
ing of oriented membrane stacks have to be reexamined.
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