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Abstract The interactions between
three of the major phospholipids in
biomembranes, distearoylphos-
phatidylethanolamine, distearoyl-

the experimental temperature,
significant interactions occur between
lipid molecules. One hypothesis is the
possibility that, the usual miscibility
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phosphatidylcholine and sphyngo-
myelin, forming monolayers at the
air—water interface, are studied.
Following the Goodrich [1] thermo-
dynamic formulation, a quantitative
analysis on these interactions is
carried out. The general conclusion

analysis, in mixed monolayers, could
be inadequate to provide information
on the interactions in the systems
which the hydration forces are
significant, is advanced.
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Introduction

The analysis of the interactions between lipids is of great
interest since they are the majority components, together
with the proteins, of the biological membranes, being able
to provide information on its functionality. In particular,
a study of the phase and mixing behavior of these systems
is a very useful way to understand some of the properties
of bilayers in biomembranes [2]. For this reason, a con-
siderable number of papers have considered the behavior
of lipids as components of monolayers. Nevertheless, the
characterization of the Langmuir and the Langmuir—
Blodgett (LB) films of such molecules is still far from
complete.

In this paper, an investigation examining the miscibility
of three essential lipids, i.e., L-a-distearoylphosphatidyl-
choline (DSPC), L-a-distearoylphosphatidylethanolamine
(DSPE) and sphyngomyelin (Sph) at different temper-
atures is presented.

reached is that, depending on the
molecular structure of the lipid and

parameter — lipids — mixed mono-
layers

In previous studies [3, 4] we reported the mixing be-
havior of DSPC and Sph. Now, simple monolayers of
DSPE and mixed monolayers of DSPE-DSPC and
DSPE-Sph at the air—water interface will be considered.
The molecular structure of the DSPE and DSPC differs
only in the polar head group, while that for DSPE and
Sph, both hydrocarbon chains and head polar groups are
different. Then, the results will be interpreted on the basis
of the molecular structure of the monolayer components.

In order to carry out a quantitative analysis of the
molecular interactions in the mixed monolayers, the ther-
modynamic formulation proposed by Goodrich [1] has
been followed. The excess areas, free energies, entropies,
and enthalpies of mixing and an interaction parameter [5]
have been estimated for our systems as described else-
where [3], by the application of the following relation-
ships:

AG® = [ Ad®dn , (1)
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where AGF is the excess free energy, and 4a® the excess
area of mixing, given for:

Ad® = Nalay, — x1a1 — x20a,) , (2)

where N, is the Avogadro number,

oGE
ASE = — () e 470
S <5T>M Nadd® 2. 3)

where ASE is the excess entropy of mixing and 7, is the
surface tension of water.

AHE = AGE + TAS®, 4)
where AHF is the excess enthalpy of mixing, and

4G
~ RT x(1 —x)’

where o is an interaction parameter.

Experimental
Materials

In all the experiments the subphase was water, first
double distilled in an all-Pyrex apparatus and then
passed through a Millipore Milli-Q Reagent Water Sys-
tem for further purification. Conductivity of the water
obtained after this process was always <1074 Q" 'cm™!
and its pH was 5.5-6.0. The monolayer components,
DSPE, DSPC and Sph were supplied as analytical re-
search grade by Sigma (USA). The spreading solvent was
a 5:1 (v/v) mixture of chloroform and methanol (Merck
AR grade, Germany). A 0.05% of amylalcohol was added
to the lipid solutions in order to improve the spreading
process.

Experimental device and method

n—a isotherms were performed using the previously de-
scribed [ 3] Langmuir method. A computer-controlled film
balance (Lauda FW-1) has been used.

Before the compression of the monolayers, a 10 min
lapse was estimated to be sufficient for evaporating the
solvent without contamination of the films. The mono-
molecular films were compressed at a constant rate of
6.5x10"*ms~!. The isotherms were recorded at constant
temperature controlled by a Haake F3K thermostatic
bath to +0.1 K.

Results and discussion
Simple monolayers of DSPE

In Fig. 1 we can examine the shape of experimental iso-
therms recorded by compressing monolayers formed by
DSPE lipid molecules at different temperatures. We ob-
serve that the monolayers remain in the liquid condensed
(LC) state in all the compression range and under different
tested temperatures (298.2-313.2 K). Compared with early
results [3, 4] obtained for a similar lipid, DSPC, the be-
havior with temperature is different. For DSPC mono-
layers, this effect has practically not been shown. Even,
when the temperature increases form 298.2 to 303.2 K,
a condensation effect is observed (Fig. 1b). We point out
that the molecular structures for both lipids only differ in
the head polar groups. Then, the results lead us to believe
that, when the ethanolamine group, which is smaller than
the choline group, is present in the lipid molecules, the
hydration forces play an important role. Increasing the

Fig. 1 (a) Surface pressure—area isotherms for DSPE simple mono-
layers, (b) mean area values vs. temperature at several values of n
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temperature, the dehydration process compensates the de-
crease of the van der Waals forces between the hydro-
carbon chains, and the isotherms do not show the expected
extension with temperature [6, 7].

Mixed monolayers of DSPE-DSPC

Figure 2 shows the experimental isotherms corresponding
to simple and mixed films formed by DSPE and DSPC in
different proportions, at different temperatures. It can be
observed that mixed monolayers of these compounds
show a somewhat intermediate behavior compared with
that shown by pure components except at 313.2 K, when
the DSPC monolayer undergoes a liquid expanded
(LE)-LC phase transition [4].

The collapse pressure values are similar for both lipids
and no significant deviations from these values have been
found for the mixed monolayers.

In order to get information on the nature of the inter-
actions between these lipids, in Fig. 3a the interaction
parameter, o, is represented as a function of the composi-
tion of the mixture at 298.2 K and at different surface
pressures. We observe that, on increasing the surface pres-
sure, the interaction between the both lipids became more
significant, as it was expected, since the intermolecular
distances became shorter by the compression of the mono-
layers. Moreover, we found a maximum repulsive interac-
tion when the proportion of the lipids is 10%
DSPC-90%DSPE and a maximum attractive interaction
for the 90%DSPC-10%DSPE mixture.

In principle, we could believe that this behavior is due
to the hydration of the ethanolamine group in the DSPE
hindering the approach of the molecules. However, we
observe that the monolayers corresponding to DSPE
are more condensed than those shown for DSPC in
all the compression situations and for the experimental

Fig. 2 n—a compression 60
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Fig. 2 (Continued) 60
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temperature ranges. This means that for DSPE films N
T Wa=—0865x10° —5 (7)

the attractive van der Waals forces between the hydrocar-
bon chains are more important than for DSPC films. In
order to confirm this feature, a quantitative analysis is
given.

The dispersion forces are known to play a very impor-
tant role in lipid monolayers [8]. For straight chain hydro-
carbon molecules, the dispersion forces can be determined
from the following relationship [8, 97:

N
Wy=—124x10° D3 kcal/mol , (6)

where W 4 is the interaction energy in kcal/mol per methyl-
ene group, N is the number of methylene groups in each
chain and D is the chain separation distance. Considering
a hexagonal packing of circular cross sections [8, 9], it is

found that a(area/molecule) = \/§ D)2, ie.

PHEN

From the n—a isotherms of DSPE-DSPC monolayers
we have calculated W, at different surface pressures. The
values are shown in Table 1.

In fact, we demonstrate that the attractive van der
Waals forces are more important for DSPE films than
for DSPC monolayers. Then, in spite of the hydration
of the ethanolamine groups, its smaller size, comparing
with the choline groups, permits a close approach of
the molecules. Moreover, it is also possible that water
molecules around the ethanolamine groups screen the
dipole moments of these groups hindering the electrostatic
repulsive interactions, making the isotherms, again, more
condensed.

Therefore, regarding again Fig. 3, we cannot conclude
that the repulsive forces observed at a high proportion of
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Fig. 3 (a) Interaction para- 20
meter versus mole fraction of : T=298.2 K
DSPC in the monolayers, at
298.2 K, and at different surface
pressures. (b) Excess area of
mixing versus mole fraction of
DSPC at different temperatures
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Table 1 Dispersion forces, Wy (in kcal/mol), for DSPE and DSPC
forming films at different temperatures and surface pressures

mole fraction of DSPC

array, hindering the approach of DSPC molecules. Then,
only the electrostatic repulsive interactions are marked
clear. On increasing the proportion of DSPC in mixed

Temperature [K] 7 [mN/m] W4 [DSPE] W4 [DSPC] . . o
monolayers, the interactions between both lipids assume
5 —4.21 —2.66 an attractive character, since the dispersion forces between
298.2 ig _g% _‘géi DSPC molecules are not sufficient to avoid an attractive
’ ’ interaction with the DSPE molecules.
5 —3.86 —1.45 In Fig. 3b, the excess area of mixing values versus the
313.2 4218 :ggg :222 mole fraction of the DSPC in monolayers, are shown at

DSPE arise from the hydration of the polar group. We can
consider that if the attractive interaction between DSPE
molecules is large, they form a very high closely packed

different temperatures.

At a high proportion of DSPC, the deviations from the
ideal behavior change from a negative to a positive charac-
ter on increasing the temperature. In fact, when the
temperature is increased, the mobility of hydrocarbon
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Table 2 Excess entropy of mixing values (in Jmol 'K™?!) for
DSPE-DSPC mixed monolayers, at different surface pressures and
temperatures

T =2982K

Xpspc n=5mN/m 15 mN/m 25 mN/m 40 mN/m
0.1 10 9.0 7.0 6.0
0.3 33 —8.0 —20 —26
0.5 13 7.0 —14 —44
0.7 —13 —-37 —52 —57

0.9 —35 =175 —101 —119

7 =15mN/m

Xpspc T=2982K 3032K 3082 K 3132K
0.1 9.4 8.1 7.0 10.5
0.3 —82 —74 —6.7 —4.5
0.5 7.2 4.9 53 9.7
0.7 —37.5 —34.7 —32.8 -32
0.9 —75 -7 —69.8 —065.6

chains is also increased, decreasing the van der Waals
interactions.

On the contrary, when the mixture is rich in DSPE
molecules, an increase in the temperature means that the
repulsive interactions became attractive. This would mean
that on increasing the temperature a dehydration effect
occurs, favoring an approach of the molecules.

The excess entropy of mixing values for DSPE-DSPC
mixed monolayers, at different surface pressures and tem-
peratures are shown in Table 2. Also, we observe that on
increasing the proportion of DSPC in the mixture, the
attractive interactions between the film-forming molecules
became dominant, ordering and reducing the possible
number of the molecular configurations at the air—

Fig. 4 n—a compression
isotherms for DSPE—Sph
mixed monolayers at

(a) 298.2 K, (b) 303.2 K,

(c) 308.2K and (d) 313.2K

60

aqueous solution interface and then, reducing its entropy
during the mixing process.

Mixed monolayers of DSPE-Sph

The n—a isotherms recorded by compression of simple and
mixed monolayers forming by DSPE and Sph lipids at
different temperatures are shown in Fig. 4. Again, we ob-
serve that mixed monolayers show an intermediate beha-
vior compared with that shown by simple monolayers.

We found that the collapse surface pressure values of
the Sph monolayers are slightly smaller than those for
DSPE monolayers. This means that the asymmetric struc-
ture of the Sph molecules, containing a double bond,
means that this lipid is expelled from the interface before
DSPE lipid. No significant differences in the collapse sur-
face pressure values for the mixed monolayers are ob-
served. Nevertheless, we cannot conclude the immiscibility
of both compounds.

With the aim to analyze the miscibility between DSPE
and Sph lipids at the mentioned interface, in Fig. 5 we
represent the thermodynamic interaction parameter as
a function of the composition of the monolayer at different
surface pressures. It can be observed that in all the com-
pression range, the interactions between both kinds of
molecules have a repulsive character. On the contrary, for
the first system, the asymmetric molecules of Sph hinder
the van der Waals attractive interactions between the
nonpolar parts of the lipids, and the repulsive interactions
that arise from the electrostatic forces between the polar
groups of the molecules, are dominant. X-ray crystallogra-
phy and neutron scattering [ 10, 11] experiments show that
the head groups of phosphatidylcholines and phos-
phatidylethanolamines have similar orientations, essen-

T=298.2K XospE
—0
0.1
03
---05
——07
——09

0
0.40

0.70 0.90 1.00 1.10 1.20

a (nm2/molecule)

0.50 0.60 0.80



J. Sanchez-Gonzalez et al.

245
Chain dependence in phospholipid interactions
Fig. 4 (Continued) 60
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— When the ethanolamine group is present in the lipid
molecules, the hydration forces play an important role
in the behaviour of its monolayers.

— The interactions between the DSPE and DSPC lipids
depend on the composition of the mixture. At high
proportions of DSPC, the attractive van der Waals
forces between the hydrocarbon chains are very signifi-
cant. An increase in the temperature means a decrease of
these interactions. On the contrary, if the mixed mono-
layers are rich in DSPE, the electrostatic repulsive inter-
actions became dominant. In this case, on increasing the
temperature, dehydration of the polar groups is respon-
sible for a condensation effect in the films.

— In the mixed monolayers formed by DSPE-Sph, the
same as the DSPC—Sph, the electrostatic repulsive inter-
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Fig. 5 Interaction parameter versus mole fraction of Sph in the
monolayers, at 313.2 K, and at different surface pressures

tially parallel to the plane of the interface [12] and both of
them possess an important dipole moment with two com-
ponents, one “lateral” and another “normal”. According to
Gurkov et al. [12] we stipulate that if the lipid mole-
cules cannot approach, the repulsion will prevail over the
attraction.

The rest of the thermodynamic quantities of mixing
(not shown) are explained in the same terms.

Conclusions

From the results obtained in this investigation we can
conclude the following:

actions between polar groups dominate over those with
attractive character between the hydrocarbon chains,
due to the steric effects introduced by the Sph molecules.

Nevertheless, we point out that some authors [8, 13, 14]
have shown that Eq. (2) does not describe the mixed films
satisfactorily, due to the neglect of interaction between the
subphase, water, and the film-forming components. Tak-
ing into account that for our systems the hydration effect is
not negligible, we can further conclude that the relation
given in Eq. (2) for such mixed films, could be inadequate
to provide information on the mean interactions between
both lipids, in agreement with early works [8, 13, 14], in
spite of that this formulation is used by several authors.

It is apparent that further studies are required to con-
firm this hypothesis.
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