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Summary

Phase transitions in bilayers and monolayers of various synthetic phospho-
lipids with different chain lengths as well as different polar head groups were
studied by differential scanning calorimetry or with the film balance tech-
nique, respectively. With the film balance, area versus temperature curves (iso-
bars) were recorded at different surface pressures. The monolayer phase transi-
tion from the fluid-condensed to the fluid-expanded phase is shifted towards
higher temperature when the lateral pressure in the monolayer is increased. The
temperature dependence of the equilibrium pressure as well as the magnitude
of the area change at the transition depends only on the nature of the phospho-
lipid head group and not on the chain length of the hydrocarbon chains of the
lipid. Phospholipids with strong intermolecular attractive interactions between
the head groups show low values for dmn/dT,, and for the area change, Af,
whereas phospholipids with negatively charged head groups without inter-
molecular attractive forces exhibit higher values for dn/dT,, and Af. The shift
of the monolayer phase transition temperature when increasing the chain
length of the lipid is almost identical to the shift in T, observed for the bilayer
system of the same phospholipids. A comparison of monolayer and bilayer
systems on the basis of the absolute value of the molecular area of the phos-
pholipid in the bilayer gel phase and the change in area at the bilayer and
monolayer transition leads to the following conclusions. The behaviour of the
bilayer system is very similar to that of the respective monolayer system at a
lateral pressure of approx. 30 dyne/cm, because at this pressure the absolute
area and the area change in both systems are the same. Further support for this
conclusion comes from the experimental finding that at a lateral pressure of

Abbreviations: DLPE, 1,2-dilauroyl-sn-glycero-3-phosphorylethanolamine; DMPE, 1,2-dimyristoyl-sn-
glycero-3-phosphorylethanolamine; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphorylcholine; DPPC, 1,2-
dipalmitoyl-sn-glycero-3-phosphorylcholine; DMPA, 1,2-dimyristoyl-sn-glycero-3-phosphatidic  acid;
DMPM, 1,2-dimyristoyl-sn-glycero-3-phosphorylmethanol.
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30 dyne/cm the shift in T, due to the increase in charge when the methyl ester
of phosphatidic acid is investigated is the same for the bilayer and the mono-
layer system.

Introduction

The properties of phospholipid bilayers have been analyzed by numerous
investigators in order to gain more information about the behaviour of biologi-
cal membranes [1—5]. (For reviews, see Refs. 4 and 5 and references cited
therein.) The phase transition of lipid bilayers is an example of a two-dimen-
sional cooperative transition. It is normally induced by raising the temperature,
but can also be caused by changing the ionic strength or the pH of the sur-
rounding aqueous medium [6—8]. When the pressure of the dispersion is
increased the transition is shifted to higher temperatures, indicating an increase
in molecular volume during the transition [9,10]. The phase transition
characteristics, such as temperature and enthalpy of the transition, are depen-
dent on the chain length of the hydrocarbon chains, on the nature of the phos-
pholipid head group and on the ionic strength of the surrounding medium.

Due to their amphiphilic structure, phospholipids also form two-dimen-
sional monolayers on water surfaces. The isothermal properties of phospho-
lipid monolayers have been studied by various groups during the past years
{11—18]. Phospholipid monolayers are of special interest because they
resemble half of the lipid bilayer of the lipid membrane model system. Experi-
ments with phospholipid monolayers have the advantage that the molecular
arrangement of the molecules can be controlled by changing the temperature
and the molecular area or the surface pressure of the monolayer. The data ob-
tained by the variation of these parameters give more information about lipid-
lipid and lipid-subphase interactions than can be obtained from experiments
with bilayer vesicles or liposomes. In order to transfer the information won by
monolayer experiments to the bilayer system, it is important to establish those
experimental conditions where bilayer and monolayer behaviour are similar.

The pressure vs. area curves (isotherms) of phospholipid monolayers at the
air/water interface have slope discontinuities which are the beginning of a phase
transition between a ‘liquid-expanded’ and to ‘liquid-condensed’ phase [12,186,
18]. This phase transition can be compared to the well-known bilayer phase
transition of phospholipids from the liquid-crystalline to the so-called crystal-
line or gel phase at lower temperatures. In principle, the change in molecular
area at the bilayer phase transition can be determined from Xray data if the
partial molar volume of the phospholipid in both phases is known. The deter-
mination of this parameter, however, is of low accuracy and hence values of the
molecular area change calculated from X-ray data have large errors. Neverthe-
less, the change in molecular area can be estimated from the X-ray data avail-
able for the phospholipids DMPC and DPPC.

In the monolayer system molecular area and change in area at the transition
are directly measurable quantities. For the determination of these area changes
isotherms have to be recorded at different temperatures. It is more convenient,
though, to measure area vs. temperature curves (isobars) at different surface



pressures, because not only can the area change be evaluated from these curves
very easily, but also the temperature and width of the transition can be deter-
mined directly.

A comparison of the area change at the monolayer and the bilayer phase
transition should lead to a value for the monolayer pressure, at which both
systems have similar behaviour. From this value an estimation of the surface
tension of the lipid-water interface of the bilayer system can be made.

In this paper we wish to present the results of monolayer experiments with
various phospholipids with different polar head groups and chain lengths, for
which the thermodynamic parameters of the bilayer phase transition were
determined by calorimetric measurements. An attempt is made to establish
similarities and differences between phospholipid monolayers and bilayers.

Materials and Methods

The calorimetric measurements were made using the adiabatic scanning
calorimeter developed by M. Grubert, as already described [19,20], or the
adiabatic scanning calorimeter designed by Privalov [21]. With the Privalov
calorimeter, a heating rate of 1 deg. C per min was used. The transition
enthalpies were determined by measuring the area under the excess heat vs.
temperature curve by paper weighing. The molar transition enthalpies were
calculated by determining the phospholipid concentration of the dispersions by
phosphorus analysis.

The lipid dispersions for the measurements with the calorimeter developed
by Grubert were prepared by sonication of approx. 25 mg of the respective
phospholipid for 2 min in 20 ml of bidistilled water above the transition
temperature of the lipid. The dispersion was then transferred to the calorimeter
vessel and filled up to 25 ml with bidistilled water.

The dispersions for the measurements with the Privalov calorimeter were
prepared similarly, except that the concentration was somewhat lower (0.5 mg/
ml). The calorimeter vessel of this calorimeter holds 1 ml of dispersion, The
values for the transition enthalpies obtained with these two different calori-
meters deviated by only 5%, well within the normal deviations from the mean
value,

Monolayer isotherms and isobars were measured using a commercial Langmuir
film balance (Messgeritewerk Dr. Wobser, Lauda) equipped with a continuous
measuring system. To minimize drifts of the zero position of the measuring
system during the recording of the isobars due to temperature changes of
the measuring bar, this bar had to be thermostatically controlled and therefore
was equipped with a heating system. The drift in the zero position of the
pressure measuring system could be kept below 2 dyne/cm in the temperature
range 5—50°C.

To avoid evaporation of large amounts of water from the subphase, espe-
cially at temperatures above 40°C, the temperature of lid of the film bal-
ance was also thermostatically maintained, using a water thermostat (K2R,
Messgeritewerk Dr. Wobser, Lauda). During each monolayer experiment the
film balance was purged with ultrapure nitrogen.

For the recording of the isotherms the monolayers were compressed at a
rate of approx. 3 A?/molecule per min. The temperature was kept constant
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with the help of a water thermostate to within about +0.5 deg. C. The tempera-
ture was measured using a digital thermometer with a diode as temperature-
sensitive element, developed and built in our laboratory by M. Grubert. The
thermometer has an analogue output for driving the x-axis of the x-y recorder
(Hewlett-Packard 2F AM) when measuring isobars.

Isobars were always recorded with increasing temperature. The heating rate
was 2 deg. C/min. The preselected surface pressure was kept constant to about
+2 dyne/cm using the automatic pressure control system of the film balance.
Each experiment was performed with a freshly prepared film. At least three
measurements were made for each selected value of the surface pressure.
At low surface pressures the isobars were completely reproducible. Only at
high surface pressures, when high temperatures had to be achieved for the
recording of the phase transition, did the isobars vary due to film loss and
surface pressure oscillations. In these cases mean values for the isobars were
calculated from at least three to five different experiments.

DLPE, DMPE, DMPC, and DPPC were purchased from Fluka, Neu-Ulm. The
purity of these phospholipids was checked by thin-layer chromatography.
Batches which gave only one spot on the TLC plate were used without further
purification. DPMA and DMPM were gifts from Dr, H. Eibl, Max-Planck-Institut
fiir biophysikalische Chemie, Géttingen. These lipids were chromatographically
pure.

The water used as subphase for the monolayer experiments was freshly
distilled twice from a quartz still before use. Before applying the lipid solution
to the subphase, spurious amounts of surface active contaminations were
sucked off after moving the compression bar to a distance of approx. 2 mm
from the measuring float. The pH of the subphase was adjusted with HCl] or
NaOH, respectively (grade ‘Suprapur’, Merck, Darmstadt). The phospholipids
were applied to the subphase using a solution in dichloromethane with a lipid
concentration of 0.2 mg/ml. Dichloromethane (p.A. grade, Merck, Darmstadt)
was distilled three times before use.

Results

Bilayers. The bilayer phase transitions of the phospholipids used in this
study have been measured by various workers, the exception being the lipid
DMPM. Our phase transition data agree with those reported in the literature
[4,47]. They are summarized in Table I.

Monolayers. The isotherms of the phospholipids DPPC and DMPE measured
during our study were identical to those reported by other workers [12,13,17].
Recently, Albrecht et al. [18] reported isotherms and isobars for DMPA. Our
results for the isotherms of DMPA on pure water (pH 5—6) as subphase are
shown in Fig. la. At pH 5—6 the head group of DMPA has one negative charge
[7,18,22]. The isotherms shown in Fig. 1a are nearly identical to those ob-
tained by Albrecht et al. Fig. 1b shows the isotherms of another charged lipid,
the methyl ester DMPM. At pH values above 8.5 this lipid has one negative
charge per polar group, whereas at pH 5—6 it is half protonated (Eibl, H.,
personal communication). The isotherms for DMPM are smeared out to larger
areas as compared to the isotherms of DMPA.



88T LLY 891 681 o€l 9% | ¢4 (;-89p « oW - [&2)

ARGy

sg 1'ge 9'g £'e1 ¥ZI ¥'0% L'12

0g 9'9% eyl 6 Ly S¥Y Z've S'¥3

14 9°89 &Ll LIt 191 G991 ¥og 8'8%
0z £°9L 9'Te £ql '8t 681 0'¥e [543 ({-89D - j.[ow - [€3)
St 9°86 8'8¢ 9Ly 861 9'8¢ 0'LE T irroucuigy
(_wio - SIUAP) 1 £0°¢ 80'1 80°L 0T’y 811 681 68°'1 ([.80p . (w0 . souLp)
airssoad soeang Wrp/up

(01 Hd) (S HD (¢ Hd)
Wana AN VAW AdNA cEisle 0dda DdWA

e/ uP 3YNSSIUd WATHEITINGE AHL 40 AONAANAIIT IHALY HIIWNIL Y04 SANTVA ONIANTONI "HIAVIONOW
AHL 40 SHFUASSHU HOVAUNS LINIYHAIIA LV SYTAVIONOW IdI'TOHISOHd ANV SYIAAVIIE GidITTOHASOHd ¥0Jd SAIJOHILNA NOILISNVHL

I 318VL
881 LAY 891 6’81 ogl ¥°98 iz ((.39p - _Jow . [€2) SV
LG 9°g g’g 9 o'y e'8 €9 (y-tow . [e0Y) BV
q'oe (654 o'vs z04 G'o¢ ¢y o've (D,) Wy
(01 Hd) (¢ HD (5 HD
WdNa WANA VJdNa e e ad471a a3dda odiRad

SA1dI'TOHJSOHd 40 NOLLISNVYL 3SVHI YEAVIIE AHL H04 XdOHLNE NOILISNVHL NV XdTVHINT NOILISNVAL "dYNLVHZJWIL NOLLISNV UL
TIIgY.L



50

Surface pressure a
(dynes/cm]

|

}.

wok

L

30

[
20(

L
100 Area CX%/ moteculel

fSurfcce pressure
denes/cm)

50
L

40
30

20

¥
100 Area (X% molecute)

Surface pressure
(dynes/cm] c
50

40

30

r T

T T ™ T T -

T
0 60 80 100 AreaCA¥molecutel

37

Fig. 1. Monolayer isotherms at different temperatures for (a) DMPA, (b) DMPM, (c) DLPE, on pure water

(pH 5—8) as subphase.

Isotherms for a phospholipid with rather short chains, i.e., the lipid DLPE,

are shown in Fig. 1lc. The isotherms in the phase transition region are much
more inclined than those of lipids with longer chains. The loss of hydrophobic

interaction energy due to the shorter chains obviously leads to a decrease in

cooperativity of the phase transition.
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The same effect could be observed for the bilayer phase transition [25]. [so-
therms at temperatures above 16°C could not be recorded with this lipid due to
a decrease in film stability at high surface pressures.

As already mentioned above, the recording of isobars has the advantage that
the change in molecular area and in the transition temperature can be deter-
mined very easily. Fig. 2 shows as an example isobars for DMPC recorded at
different surface pressures. Similar isobars were recorded for the other phos-
pholipids. However, head group and chain length of the fatty acid chains of
the lipid have pronounced effects on the transition temperature, molecular
area and change in area at the transition. Increasing surface pressure shifts the
transition temperature to higher values, while the molecular areas and the
change in area at the transition become smaller. The dependence of the transi-
tion temperature on the surface pressure (dw/dT,) depends mainly on the
nature of the phospholipid head group. Fig. 3 shows T, (taken at the mid-
point of the monolayer transition of the isobars) as a function of the surface
pressure. Phospholipids with strong intermolecular interactions between the
head groups (DLPE, DMPE, DMPA, DMPM) have low values for dwn/dT,,.
DMPC and DPPC with the bulkier head groups have values which are almost
twice as large. The highest value for dw/dT,, was found for DMPM at pH 10,
when the head group of this lipid has one negative charge [8]. The values for
dn/dT,, are also shown in Table II.

Fig. 4 shows the dependence of the change in molecular area at the transi-
tion on surface pressure. Again, the change in area, Af, as well as the value for
dAf/dn depends only on the nature of the lipid head group. However, at high
surface pressure the differences between the Af values for lipids with differ-
ent head groups become smaller.

The entropy for the monolayer phase transition can be calculated from the
Clausius-Clapeyron equation:

(:17r B S” —ﬁl 3 és

dT. [ —f Af
with §” and f” being the entropy and area for the lipid-expanded phase and S’
and f for the liquid<condensed phase, respectively. Table II summarizes the
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Fig. 2. Monolayer isobars for DMPC on pure water as subphase. Numbers designate the surface pressure in
dyne/cm.
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Fig. 3. Diagram of monolayer surface pressure 7 vs. transition temperature 7'y, of the monolayer transi-
tion. Ty, was taken from the isobars at the midpoint of the transition.

data calculated for the transition entropy, AS, of all phospholipids investigated.
The last line of this table shows for comparison the values of the bilayer transi-
tion entropy, AS.,. The transition entropies of the monolayer transition
depend strongly on the nature of the polar head group but are almost indepen-
dent of the chain length. The calorimetrically determined transition entropies
for the bilayer system, on the other hand, depend more strongly on the fatty
acid chain length, and not so much on the structure of the polar head group.
The complications arising for the comparison of bilayer and monolayer transi-
tion entropies will be discussed in the next section of this paper.
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Discussion

Bilayers. The results of our calorimetric investigations are in good agreement
with those reported in the literature [4,5,47]. The T,, values seem to be deter-
mined by the extent of the intermolecular attractive interactions between the
lipid head groups. Intermolecular hydrogen bonding leads to higher transition
temperatures, as is the case with phosphatidylethanolamines {23] and probably
with phosphatidic acids [7,22,24,25,47). However, the transition enthalpies
exhibit only small variations when the head group is changed, because the
enthalpic effect at the transition arises mainly from the increase in the number
of gauche conformations and the increase in distance between the hydrocarbon
chains (see Table I).

Monolayers. Similar effects of a change of the head group or chain length on
the transition temperature are observed for the monolayer phase transition of
the same phospholipids investigated by differential scanning calorimetry. In
Fig. 3 the effect of changes in head group structure are clearly demonstrated.
For lipids with identical head groups but different chain lengths, the differ-
ences in T, for the monolayer phase transition can be compared to the differ-
ences in T, of the bilayer phase transition. Because the slope dn/dT,, is the
same for compounds with identical head groups, the shift in T, due to the
elongation of the chains does not depend on the surface pressure of the mono-
layer. The differences in T,,, i.e. the values of AT,,, for the monolayer system
are 19°C for phosphatidylcholines and 21.5°C for phosphatidylethanolamines.
These values correspond very closely to the differences observed for the bilayer
phase transition where the AT, values are 17.5°C and 19.7°C, respectively
(see Table I). Another analogy of monolayer and bilayer systems is found in
the shift of T, induced by the partial protonation of DMPM by changing the
pH from 10.0 to 5. For the bilayer system a value of AT,, of 12.5°C is ob-
served. In the monolayer system AT, is not a constant value, because the
slopes dn/dT,, are different at pH 5 and pH 10. In this case ATy, ranges from
4,0°C at a surface pressure of 15 dyne/cm to 13.3°C at 30 dyne/cm. Com-
paring the Tp,-values of the bilayer and the monolayer system, the closest agree-
ment between the two systems appears to be at a monolayer surface pressure
of approx. 30 dyne/cm.

We wish to compare now our experimental data with those gained from
model calculations for the bilayer and monolayer phase transition which were
recently proposed by several authors [27—33]. The model reported by Scott et
al. [32] describes the observed surface pressure as the sum of the hydrocarbon
chain pressure and the surface pressure of the phospholipid head groups. A
consequence of this assumption that the chains are effectively isolated from the
head groups on the water surface would be that the phase transition in the
monolayer is mediated by the hydrocarbon chains alone, and that at a given
temperature the molecular area at which the isotherm kink at the beginning of
the phase transition appears depends exclusively on the chain length and not
on the chemical structure of the head group. A plot of the area of the liquid-
expanded phase, f,, at the onset of the phase transition (taken from the iso-
bars) vs. the temperature of the onset of the transition at the high tempera-
ture side of the isobars should then coincide for phospholipids with the same
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Fig. 5. Plot of the area f; of the liquid-expanded phase versus Tonset. Both values were taken from the
isobars at the onset of the monolayer transition to the liquid-condensed phase.

chain length, regardless of their type of head group. Fig. 5 shows that almost
linear plots of f; vs. Topneet are obtained. When we compare the f; values of all
phospholipids at 25°C, for instance, the measured areas at the onset of the
transition for DMPC, DMPE and DMPM (pH 10) and the extrapolated f; value
for DMPA (pH 5) are very similar (55—60 A ?/molecule). Only for DMPM
(pH 5) is the extrapolated value slightly larger (65 A?/molecule). At a higher
temperature, however, the extrapolated f, values for DMPC and DMPM (pH 10)
become considerably smaller than those of the other lipids, so that the
approximation that head groups and chains are effectively isolated from each
other seems to be justified only for a limited temperature interval. Despite the
fact that at 25°C the molecular area f, is similar for lipids with identical chain
lengths, the area changes, Af, at this respective temperature are quite different,
because transitions recorded at different surface pressures are compared. This is
illustrated in Fig. 6, where Af is plotted versus Ty, At 25°C the Af values
range from 8 to almost 20 A ?/molecule. The different slopes of the lines again
indicate that the head groups do have marked influence on the monolayer
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Fig. 6. Area change, Af, of the monolayer transition as a function of Tonset- Tonset Was taken from the
isobars at the onset of the transition to the liquid-condensed phase.
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transition. This head group effect is also obvious in the Af vs. m diagram in
Fig. 4. Only at high surface pressures do the Af values for all phospholipids
become very similar, with the exception of DMPA, which has a smaller Af
value. This is probably due to the fact that DMPA has the smallest head group
and that the phosphate groups are connected via intermolecular hydrogen
bonds [22,24].

The aim of our work was to find the surface pressure at which the phase
transition characteristics of lipid monolayers are similar to those of the corre-
sponding bilayers. Phillips et al. [26], Hui et al. [ 34], and Nagle [30] proposed
the equalization of the transition temperatures of monolayer and bilayer which
leads to a surface pressure of 50 dyne/cm. Albrecht et al. [18] pointed out that
this pressure is close to the critical pressure of the monolayer at which the
transition is vanishing, and made the proposal of equalizing the area changes
and the transition entropies of monolayer and bilayer. We agree with the sug-
gestion of comparing the area changes but the equalization of the transition
entropies of monolayer and bilayer is not possible in our opinion, because the
bilayer transition entropies depend on the volume change, i.e., the change in
area and the change in thickn«ss of the bilayer, while the monolayer transition
entropies are calculated solely rrom the area changes and thus do not take into
account the third dimension. Therefore, the equalization of monolayer and
bilayer transition entropies can lead to erroneous results. For the equalization
of the area changes the molecular areas in both bilayer phases have to be deter-
mined from X-ray data and the partial specific volumes, However, the calcula-
tions based on the data reported by various workers for the lipid bilayer thick-
ness, the partial specific volumes, and the volume change at the transition [35—
417 lead to Af values which vary between approx. 6.3 and 17 A?*/molecule. A
comparison of the Af values thus leads only to a very rough estimate for the
appropriate surface pressure. However, the approximation can be improved
when the absolute value of the molecular area in the gel phase determined from
X-ray data (48 A?/molecule for DPPC [36,37]) is taken into account. One finds
that in the monolayer system this value is reached at m = 30 dyne/cm. Af at
this pressure amounts to 9.5 A?/molecule, thus being in the range of the Af
values calculated for the bilayer transition. Recently, Jahnig et al. [42] deter-
mined the area change for dihexadecyl phosphatidic acid from X-ray data to be
5.8 A?/molecule (pH 7) with an area for the gel phase of 41.3 A?/molecule.
When we compare this with our monolayer data for DMPA (pH 5) we again
find the closest agreement when the surface pressure is 30 dyne/cm (see Fig. 4).
Another experimental finding leading to the same approximation for 7 is that
the shift in T, upon protonation of DMPM is only equivalent in both systems
when the monolayer pressure is 30 dyne/cm. Comparing the action of phospho-
lipases on erythrocyte membranes and lipid monolayers, Demel et al. [43] con-
cluded that the pressure in the outer monolayer of the erythrocyte membrane
is equivalent to a monolayer surface pressure of 31—34.8 dyne/cm, which is
additional support for our results.

Finally, we wish to approximate the interfacial tension of the lipid head
group/water interface and compare it with the reported values for the bilayer
tension. From the expression 7 =y, — <y, where 7, is the surface tension of
pure water (71.4 dyne/cm at 30°C), we can calculate the surface tension, -y, of
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the subphase covered with the monolayer. v is approx. 40 dyne/cm when a
value of 30 dyne/cm is taken for the surface pressure, m. Following the assump-
tion made by Scott et al. [29,32], v would consist of two terms, the surface
tension, vy of the hydrocarbon/air interface and the interfacial tension, v, of
the head group/water interface. Values for vy, have been reported by Girifalco
and Good [44] for long-chain alkanes and various oils. In the case of tetra-
decane, for example, v, is 25.6 dyne/em and for white oil 28.9 dyne/cm.
Because of the more ordered hydrocarbon chains in the monolayer, v} in this
system may be even higher. The resulting interfacial tension, v,,, for the head
group/water interface is then lower than 10 dyne/cm. Because the hydro-
carbon/air interface does not exist in a bilayer, the membrane tension is deter-
mined solely by the interfacial tension, 7y,,, of the head group/water interface.
Bilayer membrane tensions using the bubble pressure method adapted to black
lipid membranes were measured by Neher and Eibl [45]. The v, values for
saturated phospholipids with different head groups are in the range 0.5 to
4.5 dyne/cm and thus agree with our approximation when we use a value of
30 dyne/cm for the surface pressure.

Having obtained the appropriate value for the surface pressure where mono-
layer and bilayer system can be compared, it is now possible to study the
influence of ions or organic molecules on the monolayer behaviour [46] and to
transfer the information won by these experiments to the corresponding
bilayer system. The technique of measuring isobars greatly facilitates the
evaluation of the relevant transition parameters: transition temperature, T,,,
and area change, Af. ‘
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