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Enthalpy and Volume Changes in Lipid Membranes. I. The Proportionality of Heat and
Volume Changes in the Lipid Melting Transition and Its Implication for the Elastic
Constants‡
Holger Ebel,† Peter Grabitz, and Thomas Heimburg*
Membrane Thermodynamics Group, Max-Planck-Institute for Biophysical Chemistry,
37077 Göttingen, Germany
ReceiVed: February 8, 2001; In Final Form: May 3, 2001

Differential scanning calorimetry, pressure calorimetry, and densitometry have been employed to study the
relation between volume and enthalpy changes in the melting regime of lipid membranes. We demonstrate a
rigid proportional relation between volume expansion coefficient and heat capacity. This result is first shown
in densitometric experiments. It implies that calorimetric profiles obey a simple scaling law for the temperature
axes in experiments with applied hydrostatic pressure. In a theoretical paper (Heimburg, T. Biochim. Biophys.
Acta 1998, 1415, 147-162), we have argued that this relation has far-reaching consequences for the predictiblity
of elastic constants from the heat capacity. The proportionality constant between volume and enthalpy changes
is found to be independent of the lipid, which has interesting consequences for the calculation of the elastic
constants of biological lipid mixtures with unknown composition. We demonstrate this for lung surfactant,
which displays a similar relation between volume and enthalpy changes.

1. Introduction
Lipid membranes undergo a melting transition, which is
accompanied by changes in enthalpy1 (20-40 kJ/mol), volume2
(about 4%), and area (about 25%).3,4 This paper is mainly
focused on the changes in lipid volume during a chain melting
transition. The volumetric properties of lipids have been
extensively studied by many methods, for example by densitometry or dilatometry2,5-12 and by investigation of the effect
of pressure on light scattering or transmission,13-15 spectral
changes,16-18 heat capacities,19 X-ray or neutron scattering,20-23
and other methods. Anthony et al.10 found that the volume
expansion coefficient of single lipid membranes has a very
similar temperature dependence as the heat capacity. On the
basis of their and our own densitometric experiments, we have
argued that this may lead to a simple relation between heat
capacity and isothermal volume compressibility.24 According
to a well-known statistical thermodynamics theorem, the heat
capacity is proportional to enthalpy fluctuations, whereas the
compressibility is proportional to volume fluctuations. Thus, if
enthalpy and volume are closely related, enthalpy and volume
fluctuations supposedly are also related functions of the temperature. Therefore, heat capacity and isothermal compressibility
are coupled functions. The adiabatic volume compressibility,
which is related to the isothermal compressibility via the
Maxwell relations, has been monitored in ultrasonic velocity
measurements.25 Ultrasonic velocity profiles of lipid dispersions
display a minimum close to the chain melting transition. It has
been shown that the ultrasonic velocity profiles of pure DMPC
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and DMPC-cholesterol mixtures can correctly be predicted
from the heat capacity,26 if a proportional relationship between
heat capacity and isothermal compressibility is assumed.
Furthermore, it has been suggested that a similar close
relationship may also exist between lipid area and enthalpy.24
From this, a simple coupling between heat capacity and
curvature elasticity has been predicted which was confirmed
by Dimova et al.27 Bending rigidity profiles predicted from the
heat capacity are surprisingly similar to experimental results
from optical tweezer measurements.27,28 Thus it has to be
concluded that heat capacity and elastic constants are generally
closely related. This may be of great importance in many
artificial and biological systems. Vesicle geometries depend on
bending and Gaussian curvature moduli. Since the elastic
constants change close to the melting transition, structural
transitions of vesicles are more likely close to transitions. This
effect has been suggested to be the cause for the lipid
pretransition31 and morphological transitions in certain anionic
lipids,29 where, close to chain melting, the vesicular geometry
reversibly changes into a continuous bilayer network of different
mean curvature.
Finally, if heat capacity and membrane bending elasticity are
coupled, changes in curvature will also affect melting profiles.29,30
This paper is dedicated to the detailed exploration of the
relationship between volume and enthalpy. We employ differential densitometry and pressure calorimetry. In contrast to
previous densitometric measurements we are not primarily
interested in the absolute volume changes between two different
phases but in the detailed temperature dependence of enthalpy
and volume in the whole melting regime. We demonstrate that
pressure calorimetry is suitable to investigate the temperature
dependence of the lipid volume since it has a very precise
control over the absolute temperature stability. The interesting
consequences of our findings are discussed.
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2. Materials and Methods
Phospholipids were purchased from Avanti Polar Lipids
(Birmingham, AL) and used without further purification. Heat
capacities were recorded on a VP-calorimeter from Microcal,
Inc. (Northampton, MA) at scan rates of 5°/h and 0.2°/h for
the very cooperative transitions of multilamellar vesicles.
Pressure calorimetry was performed on this instrument using a
self-built pressure capillary. The pressure was controlled with
nitrogen gas and measured with a sensor (EBM 6045) by Nova
Swiss (Effretikon, Switzerland). During DSC scans the pressure
was maintained with an error of less than 0.5% which displayed
a slight systematic temperature dependence. Since the transition
half-width of a single lipid usually was smaller than 1°, this
error was negligible for these systems. It is small for lipid
mixtures and lung surfactant. Relative temperature changes of
cp maxima, induced by pressure, can be determined with a
precision of about 0.001 K. Differential densitometry was
performed on two coupled DMA 602M cells (Anton Paar, Graz,
Austria). One cell was filled with the sample and the other one
with the reference buffer. Temperature control by a waterbath
had an accuracy within 0.01-0.02 degrees. Combining two cells
has the advantage that slight variations in environmental
conditions (e.g., temperature drifts) take place simultaneously
in both cells and do not show up in the difference of the
responses of the two cells. This leads to an improvement of
accuracy by about a factor of 20. The instrument was calibrated
with double distilled water and a saturated NaCl solution with
known temperature dependence of the density. The data obtained
in this experiment are the densities F of the lipid dispersions,
which are the inverse of the specific volume, V. The volume
expansion coefficient, dV/dT, was derived from these data by
fitting the temperature-dependent function V(T) in a narrow
window around the temperature T with a polynomial. The
volume expansion coefficient was then taken as the analytical
derivative of the local fit function.
Extruded vesicles were made using a Lipofast extruder
(Avestin Inc., Ottawa, Canada) using a polycarbonate filter with
pore sizes of 100 nm. The lung surfactant was washed such
that it consisted only of the membrane fraction, i.e., the lipid
fraction and the integral lung surfactant proteins SP-B and SPC.32,33
3. Results
3.1. Densitometry. We performed density measurements in
our differential densitometer. In Figure 1 (top panel) the density
profile of DMPC extruded vesicles (actually the difference
between the density of the lipid dispersion and water) is shown.
The density difference between a 10 mg/mL lipid dispersion
and distilled water is given. The lipid density is larger than the
density of water throughout the whole melting transition regime.
A continuous decrease of the density with increasing temperature
was observed, which displayed two pronounced steps. These
data can be recalculated into the specific volume of the lipid
(Figure 1, center panel). From these data the specific volume
expansion coefficient can be deduced by local fitting and
analytical derivative formation (bottom panel). It can be seen
that the profile of the volume expansion coefficient displays
two maxima. This is generally the case for extruded DMPC
vesicles.24
In the following we compare the volume expansion coefficient
to the heat capacity of the identical vesicle preparations. The
temperature dependence of the lipid volume shall be defined

Figure 1. Densitometry data for extruded DMPC LUV. Top panel:
difference of the density of a 10 mg/mL lipid dispersion and the water
density, Fsample(T) - FH2O(T). Middle panel: specific volume of the lipid,
deduced from the data in the top panel. Bottom panel: specific volume
expansion coefficient, dV(T)/dT of extruded DMPC vesicles. The latter
function has been obtained from the derivative of the specific volume
profile.

as the sum of the intrinsic hydrocarbon chain volume, V0, and
the change in volume, ∆V, induced by the cooperative melting
transition:

V(T) ) V0(T) + ∆V(T),

d(∆V)
dV
) const +
dT
dT

(1)

Here we assumed that the temperature dependence of the
intrinsic chain volume, V0, is approximately linear with temperature in a small interval around the melting transition. This
is justified from the constant offset of the dV/dT data in Figure
2. Similarly, the temperature dependence of the enthalpy is
given by

H(T) ) H0(T) + ∆H(T),
d(∆H)
dH
) const +
) cp,0 + ∆cp (2)
dT
dT
where ∆H is the excess enthalpy change caused by the melting
transition. The derivative of the enthalpy defines the heat
capacity at constant pressure, cp. In Figure 2 the volume
expansion coefficient and the heat capacity are compared. We
found a nearly exact proportional relationship, evident from the
finding that the heat capacity and the volume expansion
coefficient are nearly superimposable functions of the temperature. Thus,

d(∆V)
) γ‚∆cp f ∆V(T) ) γ‚∆H(T)
dT

(3)

Here we introduced a constant factor, γ, which descibes the
proportionality between excess enthalpy changes, ∆H, and
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numbers for the volume changes. Furthermore, to determine the
proportional factor between enthalpy and volume changes, one
has to determine the baseline of both density and calorimetric
experiments and needs to know the exact concentration of the
lipid. Thus, the experimental error for γ is in the range of up to
10%. For that reason, we now outline an alternative way to
measure the proportional relation between volume and enthalpy
changes, which is based on calorimetry with applied hydrostatic
pressure. This method is shown to be much more accurate.
3.2. Pressure CalorimetrysTheory. In the following, pressure calorimetry is shown to be a very sensitive method to
determine the temperature dependence of volume changes close
to transitions. The aim of this study is to show that enthalpy
and volume changes of lipids are proportional functions of the
temperature. The mean enthalpy change of a given system at
temperature T and pressure p0 with respect to a ground state is
the weighted average over all possible states of the system:

Figure 2. Heat capacity, cp, and volume expansion coefficient, dV/dT
of extruded DMPC vesicles. The two curves are exactly superimposable,
thus demonstrating the propotionality in the whole melting regime (cf.
Table 1).

“excess volume” changes, ∆V. The data in Figure 2 are quite
remarkable because the proportional relationship between ∆cp
and d(∆V)/dT is true even in minute details of the temperature
profiles. We found this proportional relation to be true also for
various lipid mixtures. In Figure 3 we show the proportional
relationship between enthalpy and volume changes for DMPC:
DPPC (left panel) and DLPC:DPPC mixtures (right panel). The
proportional factors, γ, for these measurements have been
obtained from visually superimposing the cp and the dV/dT data
and subsequent comparison of the scaling of the axes. The values
obtained for different systems are summarized in Table. 1. For
all systems studied, γ was roughly the same (within experimental
error) with an average of about 8.45 × 10-4 mL/J. Errors have
been determined from repeating experiments with several sample
preparations of the same lipid.
Our density measurements are based on experiments in a
vibrating capillary.34,35 The mean times for one period are
recorded. The basic assumption when analyzing the data is that
the lipid dispersion is homogeneous. Thus, inhomogeneous
samples produce artifacts which result in incorrect quantitative

〈∆H〉0T )

∑i∆H0i exp(-∆H0i /kBT)
∑i exp(-∆H0i /kBT)

(4)

The enthalpy of each microstate, i, at pressure p0 is given by

∆H0i ) ∆Ei + p0‚∆Vi

(5)

and, at a different pressure p0 + ∆p, it is given by

∆H∆p
i ) ∆Ei + (p0 + ∆p)‚∆Vi

(6)

Let us now assume that the mean enthalpy change 〈∆H〉 is
proportional to the mean volume change, 〈∆V〉. It has been
shown that this is identical to that the relation between all ∆Hi
and ∆Vi is a constant,24

〈∆H〉0T ) γ‚〈∆V〉Τ S ∆H0i ) γ‚∆Vi

(7)

This relation has to be true if enthalpy and volume changes are
proportional functions. Let us now assume that this is the case.
It follows from eqs 5-7 that
0
0
∆H∆p
i ) ∆Ei + p0‚Vi + γ‚∆p‚∆Hi ) ∆Hi ‚(1 + γ‚∆p) (8)

Figure 3. Heat capacity, cp, and volume expansion coefficient, dV/dT of two different lipid mixtures. Left: DMPC:DPPC ) 50:50 mol/mol, and
Right: DLPC:DPPC ) 20:80 mol/mol. The two curves again follow near-proportional relations (cf. Table 1).
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Therefore the mean enthalpy at pressure p0 + ∆p is given by

〈∆H〉∆p
T

0
0
∑
i∆Hi exp(-(1 + γ‚∆p)∆Hi /kBT)
) (1 + γ‚∆p)
∑iexp(-(1+γ‚∆p)∆H0i /kBT)
0
0
∑
i∆Hi exp(-∆Hi /kBT*)
) (1 + γ‚∆p)
(9)
∑iexp(-∆H0i /kBT*)

introducing a rescaled temperature T*

T* )

T
1 + γ‚∆p

lipid system

∆H
[kJ/mol]

∆V
[10-3 mL/j]

γ
[10-4 mL/g]

DMPC LUV extr.
DPPC LUV extr.
DMPC:DPPC ) 50:50 extr.
DLPC:DPPC ) 20:80 extr.

23.4 ( 3.2
30.5 ( 3.0
36.6
37.5

30.7 ( 5.2
35.2 ( 7.5
45.8
39.7

9.01 ( 0.71
8.14 ( 0.67
8.85
7.59

average γ
j ) 8.45 ( 0.78

TABLE 2: γ-Factor Obtained from Pressure Calorimetry

(10)

From this it follows that the mean excess enthalpy at pressure
p0 + ∆p and temperature T is proportional to the enthalpy at
pressure p0 and temperature T*:
0
〈∆H〉∆p
T ) (1 + γ‚∆p)〈∆H〉T*

TABLE 1: Specific Volume Changes and γ-Factor Obtained
from Densitometry

(11)

This means that the excess heat capacity at pressures p0 and
p0 + ∆p are also closely related. After rescaling the temperature
axis using eq 10 and dividing by (1 + γ‚∆p) the curves obtained
at the two pressures have exactly the same shape. Relations 10
and 11 can therefore be used to determine the factor γ.
Reversely, if the two curves have different shapes after rescaling,
there is no exact proportional relation between enthalpy and
volume changes. Below we are going to test the effect of
pressure using pressure calorimetry.
3.3. Pressure CalorimetrysExperiments on Artificial
Lipid Systems. The application of hydrostatic pressure leads
to a shift in the melting profiles. This shift is dependent on the
volume changes during the melting process. The accuracy of
the determination of the volume change requires neither a
knowledge about lipid concentration nor a determination of the
baseline. Volume changes can be determined with the accuracy
with which shifts in the calorimeter can be determined (provided
that the applied pressure is constant). Pressure-induced shifts
of melting profiles are shown in Figure 4. Let us first consider
the left-hand panel (top traces). They show the heat capacity
profile of extruded DMPC vesicles identical to that in Figure
1. Applied pressure (176 bar) leads to a shift of about 4 deg.
The shape of the cp profile is maintained. Rescaling of the cp

lipid system
DMPC LUV extr.
DMPC MLV
DPPC LUV extr.
DPPC MLV
DPPC MLV
DMPC:DPPC )
50:50 extr.
bovine lung
surfactant

Tm
[°C]

∆p
[105 Pa]

∆Tmax
(∆p)

γ
[10-4 mL/J]

23.77;24.21
23.56
41.34
41.29
41.29
33.33

175
167.5
175
167.8
42
175

4.02;4.03
3.85
4.19
4.15
1.04
4.304

7.761
7.841
7.543
7.862
7.787
7.914

26.87

195

4.57

7.809

average γ
j ) 7.788 ( 0.110

profile obtained under pressure using eqs 10 and 11 leads to a
nearly exact superposition of the cp profiles with and without
pressure (bottom traces). According to the previous section this
implies that the proportional relation between excess enthalpy
and excess volume changes (eq 3) is nearly exactly true. In the
right-hand panel of Figure 4 we display a similar experiment
for extruded vesicles of DPPC. From the rescaling factor of
the temperature axes one can calculate the proportional factor
between enthalpy and volume changes. These values are listed
in Table 2. For DMPC and DPPC they have equal values within
error. Figure 5 displays similar experiments for multilamellar
vesicles of DMPC and DPPC. These transitions display a very
narrow transition half width and have to be performed at very
slow scan rates (0.2°/h). Although for such narrow transitions
deviations from the strict proportionality should be most easily
visible, the rescaling of the temperature axes leads to a nearly
exact superposition of the curves with and without applied
pressure.
Since DMPC and DPPC have identical values for γ, a 50:50
mixture of DMPC and DPPC displays a similar behavior (Figure
6). The heat capacity profile obtained under pressure can again

Figure 4. Heat capacity profiles of DMPC and DPPC unilamellar vesicles with and without excess bulk pressure. After rescaling of the temperature
axes the two profiles are nearly exactly superimposable (cf. Table 2).
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Figure 5. Heat capacity profiles of DMPC and DPPC multilamellar vesicles with and without excess bulk pressure. After rescaling of the temperature
axes the two profiles are nearly exactly superimposable (cf. Table 2).

Figure 6. The pressure-induced shift of DMPC:DPPC ) 50:50 mol/
mol extruded vesicles can perfectly be rescaled to the zero excess
pressure profile. The scaling factor is the same as that for the pure
lipids (see Table 2).

be superimposed with the profile obtained at athmospheric
pressure by rescaling the temperature axes.
3.4. Biological Systems: Lung Surfactant. So far we have
reported two interesting findings: (1) volume and enthalpy
change in a proportional manner during the melting transition;
(2) the proportionality constant within error is the same for the
artificial membrane systems investigated. Therefore it would
be interesting to know whether general mixtures of lipids display
a similar behavior. For this reason we investigated melting
processes in lung surfactant.
Lung surfactant is a biological system consisting of a mixture
of lipids and of several surfactant proteins.32,33 Two of the
surfactant proteins, SP-B and SP-C are membrane associated.
The lung surfactant preparation used here has been washed such
that it consists of lipids and the two integral membrane proteins.
The lipid fraction of lung surfactant is heterogeneous with a
high percentage (around 50%) of DPPC. Heat capacity traces
of lung surfactant are shown in Figure 7. It can be seen that

Figure 7. Bovine lung surfactant (containing the integral proteins SP-B
and SP-C) displays a melting transition close to body temperature
(indicated by the dotted line). The overall pressure-induced shift of
the transition is nearly exactly the same as the shift in the model
systems.

this biological sample displays a pronounced melting transition
with a maximum at about 27°. The melting transition occurs
over a broad temperature interval and ends slightly below body
temperature. Application of 195 bar leads to a shift of the heat
capacity maximum of about 4.6°. When multiplying the
temperature axes with a constant factor one can superimpose
the cp profile with and without pressure. Thus, even for this
complex mixture, enthalpy and volume changes are proportional
functions. More remarkably, the factor γ within error is the same
than for the artificial systems (Table 2).
3.5. Pretransition. Below the main transition the pretransition, a transition of small enthalpy is found. Between pretransition and main transition the surface structure of the membranes
is altered and a periodic ripple pattern is formed. We have
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Figure 8. A proportional relation between enthalpy and volume changes is also obvious in the cp-profiles of the pretransition. Interestingly, the
overall shift is significantly smaller than the shift of the main transition, indicating a smaller overall volume change (see Table 3).

TABLE 3: γ-factor of the Pretransition Obtained from
Pressure Calorimetry
lipid system
pretransition

Tpre
[°C]

∆p
[105 Pa]

∆Tmax
(∆p)

γ
[10-4 mL/J]

DMPC MLV
DPPC MLV

13.14
35.00

175
194

2.54
3.07

5.073
5.138

average γ
j ) 5.101 ( 0.033

recently proposed that the pretransition is part of the chain
melting.31 The reason for the splitting of the chain melting
process into two peaks is caused by a coupling to the structural
change. If this was the case one would expect a pressure induced
shift of the pretransition with a value comparable to the shift
of the main transition. This is shown in Figure 8 for both the
pretransition of multilamellar DMPC and DPPC vesicles.
Interestingly, the pretransition is also shifted such that rescaling
of the temperature axes leads to a superposition of the traces
obtained with and without pressure. Thus, again enthalpy and
volume changes are proportional functions. The proportionality
constant, γ, is the same for both lipids (Table 3). However, its
value is only about 65% of that for the main transition. This
implies that the molecular processes in the pretransition and in
the main transition are similar but not identical. Below we
discuss the possibility that these differences are caused by the
structural changes and related changes in the interaction with
water.
4. Discussion
In this paper we have investigated the melting transition of
artificial and biological lipid membranes with densitometry and
calorimetry with and without pressure. The aim of our study is
to demonstrate the high sensitivity of pressure calorimetry to
measure volume changes in lipid membranes. We compared
the temperature dependence of the volume to the enthalpy
changes. Our main result is that to a very good approximation
the two thermodynamic functions are proportional. The proportional constant was the same for all lipids investigated in
this study, including complex biological mixtures. This finding
is far from being trivial because it implies that this relation is
true for all microstates of the canonical ensemble (cf. eq 8).
The fact that the transition maximum shifts with applied pressure

(which has been reported before) does not automatically imply
that the shape of the transition is maintained. Actually, even
slight deviations from an exact proportional relation between
volume changes and enthalpy changes should have pronounced
effects on the shape of the melting transition. The pressure
dependence of the melting transition has been investigated
before by various authors.12,13,16,18-21,36,37 It has been shown that
the shift of the lipid melting transition is linear with the applied
hydrostatic pressure in a pressure range up to at least 2 kbar.
However, these authors were mainly interested in the shift of
the transition point. This is reasonable as long as the volume
and enthalpy changes at the transition are discontinuous.
However, it has long been known that melting transitions have
pronounced wings and may not be of first order.30,38 Therefore,
both enthalpy and volume changes extend over a wide temperature regime. Thus, the purpose of this study is different from
previous pressure studies on lipid phase transition insofar as
here we are interested in the temperature-dependent shape of
these transitions rather than in the absolute shift of transition
point. For first-order transitions, which display an enthalpy
discontinuity, the absolute temperature shift is sufficient to
obtain numbers for volume changes. However, if the transitions
are continuous, as they are for all lipid systems, the pressure
dependence of the shape of the heat capacity profiles contains
more information.
The pressure dependence of the melting profile of various
lipids found by us (γ
j ) 7.79‚10-4 mL/J, cf. Table 2) is
comparable to previous studies for the transition temperature.
The value for the proportionality factor, γ, averaged over various
literature values yields a mean value γ
j ) 7.34‚10-4 mL/J for
12,14,16,20,21
γ
j ) 7.07‚10-4 mL/J for DPPC
DMPC MLV,
14,16,19-21,39,40
MLV,
and γ
j ) 7.63‚10-4 mL/J for distearoyl
phosphatidylcholine MLV.13,20 Similar numbers where found
for dieladioyl phoshatidylcholine and palmitoyl oleoyl phosphatidylcholine. Literature values for the pretransition (γ )
4.56‚10-4 mL/J for DMPC MLV,16 and γ ) 5.26‚10-4 mL/J
for DPPC MLV14) are close to those found by us (γ ) 5.10‚10-4
mL/J, cf. Table 3).
There is also a considerable body of information available
on density changes in the transition. Taking average values of
enthalpy and volume changes from the literature, we arrive at
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values of γ
j ) 7.66‚10-4 mL/J for DMPC MLV,2,6,41,42 and
γ
j ) 7.39‚10-4 mL/J for DPPC MLV.2,5,7,8,10,11,41-45
Thus, the general literature agrees that the pressure dependence of saturated phospholipids is very similar. Some unsaturated lipids with oleoyl chains seem to display a slightly lower
pressure dependence.23 The finding of a proportional change
of enthalpy and volume with temperature is of great relevance.
Due to a well-known statistical thermodynamics theorem46 the
heat capacity is proportional to the fluctuations in enthalpy

cp )

H2 - H
h2
RT2

(12)

and the isothermal compressibility (κT ) -(1/V)(dV/dp)T) is
proportional to the fluctuations in volume

κT )

V2 - V
h2
V
h ‚RT

(13)

In a previous publication24 we showed that if ∆V(T) ) γ‚∆H(T)
for all temperatures around the transition, the fluctuations of
volume and enthalpy are also proportional. Under these conditions one can directly translate the excess heat capacity into an
“excess compressibility”

∆κT(T) )

γ2‚T
‚∆cp
V
h (T)

(14)

This equation implies that heat capacity measurements are
sufficient to predict isothermal compressibility changes. These
predictions have been shown to be true in ultrasonic velocity
measurements for DMPC/cholesterol systems.26 We were also
able to predict ultrasonic velocities for various other lipid
mixtures (manuscript in preparation). A proportional relation
between enthalpy and membrane area changes has also been
suggested.24 If this was the case one can relate the heat capacity
with the area compressibility and using a simple expression by
Evans47 it can also be related to the bending elasticity. The
predicted curvature elasticities24 and the experimentally obtained
values27,31 are in very good agreement, suggesting that the basic
assumption on the proportional relation between area and
enthalpy changes is correct.
Our findings suggest that heat capacity events can generally
be related to changes in the elastic constants in a very simple
manner. Since the proportionality constant between enthalpy
and volume changes within error is the same for all lipids
investigated here, it is possible to predict changes in the elastic
constants from the heat capacity curves alone. This is true even
for complex mixtures of unknown composition as lung surfactant. Lung surfactant is especially rich in DPPC but also contains
various other lipids with different chain and headgroup composition as well as the surfactant proteins SP-B and SP-C.
It should be noted that a proportional relation between
enthalpy and volume changes in transitions is not universal for
all order transitions. In general, such a relation is not based on
first principles. Therefore one has to take this finding as an
experimental fact for lipid systems. The origin of this simple
relationship in lipids is not exactly clear to us. One may argue
that the predominant part of the enthalpy and volume changes
in lipids are due to the internal degrees of freedom of the
individual molecules. Thus, the change in overall enthalpy and
volume is dominated by the sum of the contributions of all
molecules rather than by nearest neighbor interactions and free
volume between molecules. The melting of atomic crystals, on

the other hand, is dominated by nearest neighbor interactions
and changes of the free volume between atoms. In such a case
no proportional relation between enthalpy and volume changes
is expected. If this line of argument was correct one may expect
that one can find similar proportional relationships for assemblies of other macromolecules, e.g., for the melting of waxes,
fatty acids, and alkanes.
Finally, it should be added that we found lipid systems which
do not obey the proportional relationship between volume and
enthalpy changes. In all of these systems structural changes of
the lipid matrix took place, which only occurred in the chain
melting regime.29 The increased likelyhood of structural changes
within the melting transition (which are linked to the change in
the elastic constants) has been discussed above. Common to
these “anomalous” systems is that the structural changes are
related to changes in lipid hydration within the transition regime.
We have recently proposed a model for the lipid pretransition,
which implies that both, pretransition and main transition, are
related to chain melting. If this were the case one may wonder
why the value for γ is different for the pretransition and the
main transition. However, the formation of a periodic ripple
pattern on the surface is accompanied by changes in headgroup
hydration.31 Thus, we assume that the value for the pretransition
is smaller because it contains contributions from the hydration
layer of the ripple phase. Therefore, it seems to be likely that
pressure-induced changes in hydration can also be seen in the
heat capacity traces and in principle be separated from the
changes in the lipid chain volume. A manuscript on heat
capacities and pressure dependence of these “anomalous” lipid
systems is in preparation.
5. Conclusions
We show that pressure calorimetry can serve as a valuable
tool to measure the proportional relation between volume and
enthalpy changes very accurately. Combined with densitometry
we have shown that for all systems investigated the melting
transition follows a nearly exact proportional relationship
between volume and enthalpy changes, and that the proportionality constant is identical for all systems. This is true even
for biological systems. Thus, these data provide an important
basis for relating model studies to complex systems of unknown
composition, especially when linking the heat capacity to the
elastic constants of the membrane.
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