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Hydration of DOPC bilayers by differential scanning calorimetry
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Abstract

The phase diagram of the unsaturated lipid dioleoylphosphatidylcholine (DOPC) in aqueous multibilayer dispersions has been
constructed from a series of differential scanning calorimetry (DSC) thermograms over the temperature range from —40 to
+10°C, covering a range of hydration levels from the monohydrate to excess free water. Both the lipid chain melting transition
and the ice melting point are found to be hydration dependent. From their respective variations it is found that the bilayer in the
gel phase binds approximately 9 H,O per lipid, while the liquid-crystalline state has a saturation limit near 20 H,O. The water
transition exhibits a hydration-dependent melting point depression, which can be explained in terms of newly incorporated water
between the bilayer surfaces upon melting of the acyl chains, and which is reminiscent of the events that occur at the
pre-transition for saturated lipids. From the melting point depression, the thermodynamic activity of the interbilayer water can
be calculated and thus the repulsive hydration force characterized quantitatively. We evaluate a (non-isothermal) hydration force
decay constant around 2.8 H,0, which demonstrates that this DSC approach is well-suited for quantitatively characterizing the
hydration properties of unsaturated lipid dispersions at low temperature.
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1. Introduction

Biological membranes undergo various morphologi-
cal changes and can suffer considerable damage as a
consequence of freezing, dehydration or a combination
of both effects [1,2]. For a better understanding of the
anhydro- and cryo-characteristics of lipid bilayers, it is
necessary to investigate the phase behaviour and the
hydration characteristics of the principal membrane
constituents. Phase diagrams have been constructed for
various saturated phospholipids over wide ranges of
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temperature and composition [3-12]. However, less
information is available for unsaturated model mem-
branes [2,13,14]. In the present study we have carried
out a systematic thermal analysis of the hydration
properties of dioleoylphosphatidylcholine (DOPC)
multibilayers, using differential scanning calorimetry
(DSC) to monitor both the lipid chain-melting transi-
tion as well as the ice-to-water transition as a function
of water content. Insight into the nature of these
transitions will be provided by direct observation of
their hydration dependence, and the resulting phase
diagram will be compared and contrasted with that of
saturated phosphatidylcholine analogues.

The thermal behaviour of an unsaturated lipid with
a phase transition temperature below zero degrees is
expected to differ from that of saturated lipids. That is
because the melting of the unsaturated acyl chains in
DOPC occurs in the presence of frozen ice rather than
liquid water. We find that the lipid unsaturation, in
turn, has a pronounced effect on the transition temper-
ature of the ice and causes it to melt significant below
zero degrees. From the melting point depression of the
water, thermodynamic information can be deduced
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about the exponentially decaying hydration force which
is known to dominate the repulsion between bilayers
over distances of up to 30 A [1,6,15-21]. The potential
of using the ice melting transition, monitored by *H-
NMR or X-ray diffraction, as a measure of hydration
forces in bilayers has recently been appreciated [22,23]
and the present DSC study thus constitutes another
method for the characterization of hydration forces
[24].

2. Materials and methods

Commercial DOPC (Sigma) in chloroform was dried
first under a stream of nitrogen and then under high
vacuum at room temperature (48 h), so that the mono-
hydrate is obtained [7]. For each sample approx. 10 mg
of the dried DOPC was placed in a pre-weighed large-
volume aluminium sample pan, and a well-defined
amount of doubly distilled water was added (Hamilton
microsyringe) to obtain the desired hydration level.
The DSC pans were immediately sealed and left to
equilibrate for approx. 48 h at room temperature,
above their chain melting transition. Multilamellar li-
posomes with different hydration levels were thus
formed spontaneously, with well-defined water /lipid
ratios in the range of 1 <ny, <30 H,O per lipid (+0.3
H,0).

Thermograms of the DOPC samples were recorded
on a Perkin-Elmer DSC 7 differential scanning
calorimeter, using an empty pan as a reference. The
samples were scanned from —40°C to +10°C at a
heating rate of 2° per min, and no significant differ-
ences were observed for variations in the heating rates
between 1° and 4° per min. A heating scan was recorded
after equilibrating the sample at —40° for about 10
min, followed by a cooling run and a repeated heating.
No differences were observed between the first and
second heating scans and the samples could be stored
at 4 °C for several weeks with reproducible results.
Typically, the DSC thermograms showed the smooth
appearance of a well-defined phase transition, thus
confirming that the DOPC samples were well equili-
brated and homogenous. Any sample which did not
give a smooth transition was discarded and the experi-
ment repeated with a fresh preparation. Samples were
analyzed by TLC to check for any lysolipid, and no
degradation was observed as the lipid gave a single
spot in CHCl;/MeOH /25%NH ;OH (65:30:3,v/v/V)
on silic acid plates.

3. Results and discussion

A series of heating thermograms were obtained by
DSC for DOPC with different water /lipid ratios s,
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Fig. 1. Representative heating thermograms of DOPC multibilayers
(~ 10 mg of lipid) with different water /lipid ratios (ny,) between 1
and 30 H,O per lipid, in the temperature range from —40 to+10°C.
The thermograms are not plotted to scale but are normalized to the
height of the lipid phase transition.

from 1 to 30 H,O molecules per lipid, as shown in Fig.
1. At low hydration levels (ny <9 H,0) a single
endothermic transition is observed in all samples, which
is the gel to liquid-crystalline phase transition arising
from the acyl chain-melting of the lipid. Above ny, > 10
H,O, two types of transitions can be discerned, namely
the lower lipid phase transition and an ice melting
peak at higher temperature which is initially manifest
as a shoulder to the lipid transition. For hydration
levels up to ny <9 H,O, the lipid chain-melting tran-
sition is seen to occur at successively lower tempera-
tures from about 4°C for the monohydrate down to
—16.5°C, which corresponds to the literature value for
fully hydrated DOPC [2,14], with a molar transition
enthalpy of 8.7 kcal /mol. A similar hydration depend-
ence of the gel to liquid-crystalline phase transition
temperature has been characterized for a variety of
saturated and unsaturated phospholipids [2-12]. Once
the acyl chain-melting transition has reached its limit-
ing temperature with hydration (16.5°C, ny, = 9 H,0),
a shoulder emerges on the right-hand side of the main
transition as seen in Fig. 1 for ny, > 10 H,O. Over the
range of 10 <ny, <20 H,O, this shoulder gradually
extends towards higher temperatures and grows into a
distinct peak that moves to a limiting value at 0°C. This
transition must be due to the melting of ice, which
exhibits a remarkable melting point depression of up to
13 degrees in the presence of DOPC. The low-temper-
ature edge of the ice transition is significantly broad-
ened, indicating that there exists a range of contribu-
tions from portions of water with continually depressed
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Fig. 2. Phase diagram of the DOPC-water system in the composition
range from the monohydrate up to excess hydration (ny, = 30 H,O
per lipid) constructed from the peaks in the DSC thermograms in
Fig. 1; (®) main lipid phase transition; ( v) ice melting peak. The
broken lines indicate the presumed positions of the phase bound-
aries for saturation of the bilayer surface with water for the gel state
(L) at ny = 9 H,O and the liquid-crystalline phase (L) at ny, = 20
H,0.

melting points. At hydration levels above ny, = 20 H,O,
the ice peak remains fixed at 0°C and gradually in-
creases in height relative to the lipid peak as excess
water is added (Fig. 1).

The variations of the lipid and the water phase
transition temperatures seen in Fig. 1 are summarized
by the phase diagram for DOPC in Fig. 2. The values
for the melting point of ice are taken from the shoul-
der (with an uncertainty of +1°C) or the local maxi-
mum, respectively, of the broad transitions seen in Fig.
1. The dotted lines indicate the positions at which the
lipid (ny =9 H,0) and the water transition (ny, = 20
H,0) have reached their limiting value, respectively.
Although the present study does not reveal the struc-
tural nature of the lipid phases, it has been suggested
that DOPC and other unsaturated lipids undergo their
‘normal’ chain-melting transition directly from L. to
L, [13]. Unlike their saturated analogues they do not
appear to pass through a P, or L phase [4]. The lipid
phases L. (condensed or sub-gel lamellar) and L,
(liquid-crystalline lamellar) have thus been assigned in
Fig. 2, however for conventional simplicity we will refer
to the highly ordered L_ phase as the ‘gel state’
throughout the text. The assignments of ‘water’ and
‘ice’ in Fig. 2 are based on the following arguments
concerning the successive melting of first the lipid acyl
chains and then the ice, in the course of a DSC heating
scan starting with a frozen lipid-water dispersion. It is
known that those water molecules which are tightly
associated with the surface of the gel state bilayer are
‘non-freezable’ and do not give rise to a discrete transi-
tion in the thermograms. Only when there is an excess
of water present in the frozen dispersion, then these

additional molecules show up as an ice-melting peak.
Therefore, in the series of thermograms of DOPC with
progressively increasing hydration, the first appearance
of the ice peak (ny, = 10 H,O in Fig. 1) indicates that
the surface of the gel phase bilayer has become satu-
rated with water. It is also seen that the DOPC chain-
melting temperature reaches its limiting values at this
limiting level of hydration, which is indicated in Fig. 2
by the dotted line (ny, = 9 H,O). This saturation level
for DOPC in the gel state is close to the phase bound-
ary for other, saturated phosphatidylcholines [7-10,21].
Note that any potential correlations of the variation in
the lipid phase transition temperature with the changes
in the bilayer dimensions or with hydration forces
{5,6,20] would reflect the bilayer properties in the gel
state and not the fluid phase.

A significant melting point depression is observed
for the ice in Figs. 1 and 2, as also reported by others
for unsaturated lipid bilayers [22-24]. The melting
process of excess ice in a dispersion of DOPC occurs in
the presence of liquid-crystalline bilayers, which them-
selves have already undergone their chain-melting
transition. By comparison, in saturated phospholipids
the bilayers are still in the gel phase when the ice is
melting, and a temperature depression is not usually
apparent [7-10] (but see [24]). We conclude that the
melting process of excess water in the dispersion de-
pends on the thermal behaviour of the lipid bilayer,
i.e., whether its main phase transition temperature lies
above or below 0°C.

Generally, it is known that a bilayer in the liquid-
crystalline phase has a higher affinity for water than in
the gel state, which may be attributed to the increase
in molecular area upon the melting of the acyl chains,
as well as the occurrence of thermally excited molecu-
lar protrusions and bilayer undulations in the liquid-
crystalline system [7,8,15,19]. Therefore, as soon as the
lipid has passed through its chain-melting transition,
the chemical potential is lowered for water molecules
near the liquid-crystalline bilayer surfaces. For DOPC,
this thermodynamic effect will cause an additional por-
tion of water which was originally present as ice, to
melt and to associate with the bilayer surface. That
particular fraction of the total water, with its corre-
sponding melting point depression, thus gives rise to
the broad ice peak in the thermograms for ny, > 10
H,O (Fig. 1). This process, although kinetically con-
trolled and limited by diffusion of the water molecules,
occurs rapidly on the timescale of the comparatively
slow DSC scan, since we find that thermograms are
virtually identical for scanning rates of 1, 2 or 4 degrees
per min. The ice melting transition reaches a limiting
value of around 0°C at a hydration level near 20 H,O.
This represents the approximate saturation limit for
water of the bilayer surface in the liquid-crystalline
state, as indicated by the dotted line (s, = 20 H,O) in
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the phase diagram in Fig. 2. The hydration limit evalu-
ated from the present DSC approach is not isothermal
and corresponds to an unusually low temperature re-
gion. Nevertheless, for phosphatidylcholines at ambient
temperatures, *H-NMR studies of both the lipid head-
group and the interbilayer water have suggested a
saturation limit for the liquid-crystalline bilayers of
around ny, = 23 [21,25].

Diffraction studies and direct hydration force mea-
surements have shown that uncharged lipid bilayers
swell up to a limiting hydration level, at which the
attractive and repulsive forces balance another [1,6,15-
20]. For both the gel phase and the liquid-crystalline
state, any excess water added to the sample is present
as a bulk phase in the lipid dispersion, rather than
being accommodated within the interbilayer space be-
tween two apposing lamellae [7-10,22]. Recent X-ray
diffraction studies on DOPC have shown that upon
freezing, water molecules are physically squeezed out
of the interbilayer space and this process is reversed
upon heating, for which a gradual increase in the
lamellar repeat distance and a concomitant decrease in
the intensity of the ice Bragg peak are reported {22]. In
a recent study by 2H-NMR, the intensity of the D,O
signal in egg lecithin has been monitored as a function
of temperature over the broad melting transition of ice,
from which the progressive uptake of water molecules
into the interbilayer space could be inferred [23]. These
complementary observations correlate very well with
the present DSC results on the early water transition
which exhibits a continual melting point depression as
a function of hydration.

The DOPC phase diagram shown in Fig. 2 repre-
sents one of the first systematic DSC studies on the
hydration of an unsaturated phospholipid over a com-
prehensive range of water contents (see also [2]). For
the saturated dipalmitoylphosphatidylcholine (DPPC),
a similar series of DSC thermograms has been pub-
lished previously [9]. A comparison between the hydra-
tion properties of the two synthetic phosphatidyl-
cholines DOPC and DPPC reveals some fundamental
analogies. The differences in chain length and unsatu-
ration lead to respective phase transition temperatures
for fully hydrated bilayers of +42.6°C for DPPC [9]
and —16.5°C for DOPC (see above), which are in both
cases somewhat elevated at low hydration levels. The
most notable feature of the saturated lipid, when com-
pared with DOPC, is the occurrence of a pre-transition
several degrees beneath the main transition. While this
additional peak is generally observed in thermograms
of synthetic, saturated acyl-chain lipids [4,5,8,9], it is
not present in DOPC or other unsaturated phos-
phatidylcholines with a main phase transition below
zero (see Fig. 1) [2,13,14]. It has been suggested that
the pre-transition may be attributed to the co-operative
interaction of the bilayer surface with newly incorpo-

rated water [4,9]. That is because it occurs only in the
presence of a certain minimum amount of water (ap-
prox. 8 H,O for DPPC), and its temperature then
decreases progressively with increasing hydration up to
some limiting level (around 14 H,O for DPPC). This
description of the lipid pre-transition resembles closely
the behaviour of the ice melting transition which we
have observed here for DOPC (see Fig. 2). Therefore it
appears that the physical events at the pre-transition in
DPPC or other saturated lipids with a chain-melting
transition above 0°C, may be regarded analogous to the
processes described in the previous paragraphs for the
melting of ice in DOPC. On the basis of these argu-
ments it also appears reasonable why DOPC does not
exhibit a pre-transition or any tilted Py or L, phase.
That is because in the frozen DOPC dispersion no
water is immediately available that could be incorpo-
rated during any lateral expansion preceding the melt-
ing of the acyl chains.

Having monitored the melting point depression of
the ice transition in DOPC bilayers as a function of
hydration, this thermodynamic data can be analyzed
quantitatively to characterize the hydration force be-
tween the liquid-crystalline bilayers. Various direct hy-
dration force measurements have shown that the repul-
sive hydration pressure P decays exponentially with
the amount ny, of the interbilayer water (or, equiva-
lently, with the interbilayer distance) [1,6,15-20]:

P=P,-exp(—ny/v) (D)

where P, is the nominal hydration pressure at zero
hydration, and v represents the hydration force decay
constant in units of water molecules. It is also known
that P is directly related to the thermodynamic activity
ay, of the interbilayer water [18,19]:

P=—(RT/Vy)-In(ay) (2)

where Vy, is the molar volume of water (18- 107° m?).
Since the absolute transition temperature T{(ny,) for
the melting of ice varies with hydration over approx. 13
degrees (Fig. 2), this analysis is not an isothermal one
and we use T = T(ny,). In an equilibrium situation, the
chemical potential is the same for water molecules in
the interbilayer space as for those that are accommo-
dated as bulk ice clusters in the dispersion. Generally,
the freezing point depression of an aqueous solution,
or in this case of the lipid-water dispersion, is then
determined by the water activity a, which itself varies
with the hydration level n,, of the sample:

In(ay) =(AHm/R)'[1/T0“1/T(”w)] (3)

where AH,, is the molar enthalpy change of melting
ice (6.01 kJ/mol), and the absolute temperatures T,
and T(ny,) represent the melting points of pure water
(273.15 K) and of the lipid dispersion, respectively.
Combination of Egs. (2) and (3) leads to the following
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Fig. 3. Logarithmic plot of the hydration pressure versus the amount
of water ny, calculated from the ice melting point depression
according to Eq. (4). The inverse slope of the least-squares line-fit
(dotted line) gives a (non-isothermal) hydration force decay constant
around v = 2.8 H,O for liquid-crystalline DOPC bilayers. Error bars
indicate the maximum inaccuracy in determining the local maximum
of the ice melting transition from the broadened peaks of the
thermograms in Fig. 1.

expression, which resembles the force law given by Eq.

1)
P=(AH,/Vw)- [1 - T(”w)/To]
= Py exp(~ny/v) (4

Since the variation of the melting point T(n ;) with
hydration n, is known from the data given in Fig. 2,
Eq. (4) can be analyzed by plotting log[1 — T'(ny,)/T,]
as a function of ny,. The expected linear behaviour is
demonstrated in Fig. 3, which confirms that the DSC
approach describes a genuine hydration force with its
typical exponential decay characteristics. The error bars
represent the maximum inaccuracy in the determina-
tion of the melting point from the local maximum of
the broadened ice peak (see Fig. 1). The inverse of the
gradient from the least-squares line-fit through the
experimental data points in Fig. 3 gives the value of the
hydration force decay constant as v = 2.8 + 0.4 H,O
for liquid crystalline DOPC in a temperature range
near zero. This result is in fair agreement with the
literature values for DOPC at room temperature be-
tween 3.3 and 4 H,O [18,19,26], in view of the fact that
the current DSC analysis is based on non-isothermal
data. Inspection of Eq. (4) reveals that the nominal
hydration pressure P, at zero water content must be
equal to the quantity AH_ /V,,, which makes it Py =
3.3-108 Pa. This theoretically derived result is indeed
close to the published experimental values for DOPC
at room temperature between 3.0 - 10% Pa and 4.1- 108
Pa [18,26], and extrapolation of the DSC data in Fig. 3
yields a similar experimental result around (5.0 + 3.0) -

10® Pa. Since the effects of temperature on the hydra-
tion force decay length v and on the value of P, are
not yet clearly understood, any speculation about the
non-isothermal nature of the corresponding values ob-
tained here would be premature. Nevertheless, this
DSC approach is based on thermodynamic arguments
alone, and there is no need to make any structural or
geometrical assumptions about the bilayers as is re-
quired for classic hydration force measurements [6,15—
20]. It has thus been demonstrated that a thermal
analysis of DOPC dispersions as a function of progres-
sive hydration yields quantitative information about the
saturation limits and the hydration forces of the lipid
bilayers.
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