
Colloids and Surfaces B: Biointerfaces 33 (2004) 211–226

A monolayer study on three binary mixed systems of dipalmitoyl
phosphatidyl choline with cholesterol, cholestanol and stigmasterol

Munemori Kodamaa, Osamu Shibatab, Shohei Nakamurab,
Sannamu Leea, Gohsuke Sugiharaa,∗

a Department of Chemistry, Faculty of Science, Fukuoka University, Fukuoka 814-0180, Japan
b Department of Pharmaceutical Technology, Faculty of Pharmaceutical Science, Kyushu University, Fukuoka 812-8582, Japan

Received 22 August 2003; accepted 1 October 2003

Abstract

The monolayer behavior of three mixed systems of dipalmitoyl phosphatidyl choline (DPPC) with sterols; cholesterol (Ch), stigmasterol
(Stig), and cholestanol (Chsta) formed at the interface of air/water (phosphate buffer solution at 7.4 with addition of NaCl) was investigated
in terms of surface pressure (π) and molecular occupation surface area (A) relation. A series ofπ–A curves at every 0.1 mol fraction of each
sterol for the three combinations of mixed systems were obtained at 25.0◦C.

On the basis of theπ–A curves, the additivity rule in regard toA versus sterol mole fraction (Xst) was examined at discrete surface pressures
such as 5, 10, 15, 20, 25, 30 mN m−1, and then from the obtainedA–Xst curves the partial molecular areas (PMA) were determined. TheA–Xst

relation exhibited a marked negative deviation from ideal mixing in the pressure range below 10 mN m−1, i.e. in the expanded liquid film
region (below the transition pressure of DPPC).

The PMA of Ch atπ = 5 mN m−1, for example, was found to be conspicuously negative in the range ofXCh = 0–0.2 (about−0.4 nm2 per
molecule) and slightly positive (ca. 0.1 nm2 per molecule) in the rangeXCh = 0.2 to 0.4. AboveXCh = 0.5, Ch’s PMA was almost the same
as the surface area of pure Ch, while DPPC’s PMA was reduced to 60% of that of the pure system.

Excess Gibbs energy (�G(ex)) as a function ofXst was estimated at different pressures. Applying the regular solution theory to thermodynamic
analysis of�G(ex), the activity coefficients (f1 andf2) of DPPC and the respective sterols as well as the interaction parameter (Ip) in the mixed
film phase were evaluated; the results showed a marked dependence onXst.

CompressibilityCs and elasticityCs
−1 were also examined. These physical parameters directly reflected the mechanical strength of formed

monolayer film.
Phase diagrams plotting the collapse pressure (πc) againstXst were constructed, and theπc versusXst curves were examined for the respective

mixed systems in comparison with the simulated curves of ideal mixing based on the Joos equation.
Comparing the monolayer behavior of the three mixed systems, little remarkable difference was found in regard to various aspects. In

common among the three combinations, the mole fraction dependence in monolayer properties was classified into three ranges: 0< Xst < 0.2,
0.2 < Xst < 0.4 and 0.5 < Xst < 1. How the difference in the chemical structure of the sterols influenced the properties was examined in detail.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

As is well known that cell membrane composition directly
participates in performance of different functions in close
cooperation of such lipids as different phospholipids and
sterols with various membrane proteins which exist together.
Needless to say, the cell membranes are the so-called mixed
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systems and the structure constructed is not monolayer
but bilayer. In order to examine the properties of bilayers
comprising of mixtures of different types of ammphiphilic
substances, monolayer studies can give us fundamental but
indispensable information about such mixed systems. As
a matter of fact, the monolayer behavior of many such
mixtures has been investigated as functions of chemical
species structure and their mixing ratios[1–8]. Due to the
physicochemical importance of cholesterol (Ch) molecules
in cell membrane, the interaction between Ch and other

0927-7765/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfb.2003.10.008



212 M. Kodama et al. / Colloids and Surfaces B: Biointerfaces 33 (2004) 211–226

Scheme 1. Cholesterol cholestanol stigmasterol.

lipids has been studied by various physicochemical methods
[5,9–11]. On the other hand, phospholipids have attracted
a great attention because they are one of the most abundant
ingredients in cell membranes[7]. The interaction between
sphingomyelin as one phospholipid and Ch in biological
and model membranes has been examined[12], following
previous two studies: (i) based on the question: whether Ch
can discriminate between sphingomyelin and phosphatidyl-
choline (PC) in mixed monolayers containing both phos-
pholipids[13], and (ii) whether lateral domain formation in
Ch/phospholipid monolayers is affected by the sterol side
chain conformation[14]. The formation of condensed or
multiple complexes of Ch and phospholipids in membrane
(monolayers and bilayers) has been experimentally[15] and
theoretically[16] studied, and the relationship between con-
densed complexes in monolayers and bilayers was discussed
[16].

Among the many different phospholipids, 1,2-diphal-
mitoyl-sn-glycero-3-phosphatidylcholine (DPPC) has been
in many cases employed for mixed monolayer studies
[10,13,14,17,18]. We have previously examined the mono-
layer behavior of mixed systems of DPPC with hydrocar-
bon and fluorocarbon fatty acids; from it the conclusion
that the interaction of DPPC with fluorocarbon fatty acids
is stronger than that with hydrocarbon ones was reached
[19]. Based on our interest in the pulmonary surfactant, we
reported a study on dynamic surface properties of a synthe-
sized peptide as a model membrane protein showing a lung
surfactant-like activity in mixed monolayer with phospho-
lipids, DPPC and egg phosphatidylcholine. It is noted that
the peptide called Hel 13-5 [N- and C-termini amphiphilic
�-helical peptide] is composed of twelve leucine (L), one
tryptophan (W) and five lysine (K) residues[20].

According to Chou and Chang[18], in the alveolus, where
the gas exchange takes place as one breathes, there are sur-
face tension effects due to the extremely large air/aqueous
interface. Natural pulmonary surfactant consists of approxi-
mately 10% protein and 90% lipids with DPPC as the most
abundant component[21]. An important function of pul-
monary surfactant is to reduce the surface tension of the
air/aqueous interface in the alveolus, which is accompanied
by the formation of a monolayer at the interface[22]. The
monolayer is compressed and expanded successively during
breathing, and acts to adjust the surface tension dynamically
[23,24]. This specific interfacial property of lung surfactant

enables it to decrease the work of breathing, prevent alveo-
lar collapse at the end of expiration, and further reduce the
driving force required for fluid to move into alveolar spaces
[25]. On the basis of such knowledge on lung surfactant as
mentioned here, in 2000 Chou and Chang reported a study
on the thermodynamic behavior and relaxation process of
mixed DPPC/Ch monolayers at the air/water interface[18]:
this literature will be repeatedly quoted in the present paper
for comparison.

Turning our attention to sterols as a counterpart of
the three binary mixed systems with DPPC, as shown in
Scheme 1, in addition to Ch, stigmasterol (Stig) as one of
phytosteols (plant sterols, abundant in fat-soluble fractions
of plants) and cholestanol (Chsta) as one of the phytostanols
were chosen in order to compare the properties of the mixed
films, some differences of which might come from the dif-
ference in their chemical structure. When phytosterols or
phytostanols coexist with Ch in foodstuffs the formers are
known to inhibit the absorption of Ch or reduce plasma total
and low-density liporotein (LDL) Ch levels[26]. We have
reported a thermodynamic study on selective solubilization
among Ch, Stig and Chsta from their 1:1 mixtures by bile
salt micelles in water. From this study marked effects of
structural difference on solubilization were found, suggest-
ing that the structure of micelles mixed with solubilizate as
well as the interaction between solibilizates and solubiliz-
ers is varied with the differences in hydrophobic side chain
and in the steric structure of the B–C–D rings of steroid
skeleton[27]. This observation in addition to our interest in
developing an artificial lung surfactant, has motivated us to
investigate the mixed monolayers of DPPC with Ch, Stig
and Chsta.

In this study, based on the curves of surface pressure (π)
versus molecular surface area (A) obtained at every 0.1 mole
fraction of each sterol for the three mixed systems, various
thermodynamic analyses were carried out.

2. Materials and methods

2.1. Materials

Dipalmitoyl phosphatidyl choline (DPPC, >99%) was
purchased from Avanti Polar-Lipids, Inc., cholesterol
(>99%) from Sigma., cholestanol from Lancaster Synthesis,
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and stigmasterol from Tama Biochemical Co. Ltd. These
samples were used without further purification. Hexane
and ethanol from Nacalai Tesque (Japan) were of analyti-
cal grade and used as received. Phosphate buffer solution
was prepared using di-sodium hydrogenphosphate 12-water
(Nacalai Tesque) and sodium dihydrogenphosphate dihy-
drate (Nacalai Tesque). Sodium chloride (Nacalai Tesque)
was roasted at about 700◦C for 24 h to remove surface
active impurities, before use as added salt.

2.2. Preparation of samples and subphase

Ch, Chsta, Stig and DPPC were dissolved separately in
solvent mixtures of hexane and ethanol (9:1, v/v). They
were mixed so as to have a desired composition of sterols
for the three combinations of: DPPC/Ch, DPPC/Chsta, and
DPPC/Stig. The prepared sample solutions were stored at
about –5◦C.

The substrate solution, phosphate buffer saline(pH
7.4),was prepared using thrice distilled water with addition
of sodium chloride (0.05 M) and phosphate buffer solution
(0.1 M) [20].

2.3. Method

To obtain surface pressure (π)–area (A) curves, an auto-
mated balance using Willhelmy plate method (FSD-110, USI
System Co. Ltd., Japan) equipped with aπ–A curve record-
ing system was used. The trough (35.3 cm×10 cm×0.5 cm)
made from Teflon was washed with acetone and chloroform
to remove all extraneous matter before each measurement.
The two barriers were washed in a similar manner. Wash-
ing of glass equipment to remove any impurities was car-
ried out using KOH/ethanol mixed solution[12]. The clean-
ing of the trough and subphase was carried out before each
measurement by making the barriers approach each other
to a distance of 3–5 mm to gather up any dust present and
then using an aspirater, the dust was sucked up. Until an er-
ror margin within±0.2 mN m−1 was maintained during the
compression of the entire surface by the two barriers, the
cleaning was repeated. Each 30�l of sample solution was
then spread on the subphase with a Hamilton microsyringe,
and 15 min were allowed for the solvent to evaporate be-
fore each run was started. The formed monolayer was com-
pressed at the speed of about 0.05 nm2 min−1 per molecule.
The measurement temperature was kept at 25± 0.2 ◦C (the
room temperature was also kept at 25± 1.0◦C).

3. Result and discussions

3.1. π–A curves at discrete mole fractions

Fig. 1showsπ–A curves of DPPC/Ch mixed monolayers
at various mole fractions of Ch. InFig. 1, theπ–A curve of
the single system of DPPC demonstrates thatπ starts to go up

Fig. 1.π–A curves at discrete mole fractions of DPPC/Ch mixed monolay-
ers at 298 K. (Crowded curves obtained for the mixtures aboveXCh > 0.6
are not shown here.)

with compression at the limiting surface areaa0(DPPC) =
0.482 nm2 per molecule and reach a break point where a
phase transition from liquid expanded state (LE) to liquid
condensed state (LC) takes place (π= 9.82 mN m−1, A =
0.688 nm2 per molecule). These characteristic values are in
good agreement with those of the literature ([28], vol. 1)
[29]. It is noted, here, that no transition point was found
on the π–A curve of DPPC single system on pure water
subphase at 37◦C [18]. On the other hand, an abrupt increase
in π was observed for the single system of Ch at the limiting
surface areaa0(Ch) = 0.381 nm2 per molecule. Thisa0
value as well as the collapse pressure determined at the
breaking of theπ–A curve is also in accordance with the
literature ([28], vol. 2). The rapid increase ofπ suggests that
the monolayer of Ch single system is more highly condensed
than that of pure DPPC.

For the mixed systems, theπ–A curves were obtained
at every 0.1 mole fraction of Ch and in the figure curves
up to XCh = 0.5 are given while those aboveXCh = 0.6
are so crowded that those are not shown. All of the curves
of the mixed system appeared in the order of increase in
mole fraction between those of both single systems. The
break upon transition from LE to LC was observable up to
XCh = 0.2, while such a transition point was not found for
the DPPC/Ch system on water at 37◦C [18].

Fig. 2showsπ–A curves of DPPC/Chsta mixed monolay-
ers at various mole fractions of Chsta. Compared with the
π–A curve of pure Ch shown inFig. 1, no remarkable dif-
ference was seen for pure Chstaπ–A curve. InFig. 2, the
π–A curves for the mixed systems obtained atXChsta= 0.1
to 0.5 are included, and similar to the case of DPPC/Ch
mixtures, those aboveXChsta= 0.6 are not shown because
of overcrowding. At the lower surface pressure range, all
the curves of the mixed systems are arrayed in the order of
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Fig. 2. π–A curves at discrete mole fractions of DPPC/Chsta mixed
monolayers at 298 K. (Crowded curves obtained for the mixtures above
XChsta> 0.6 are not shown here.)

mole fraction. As for the transition point, a trend similar to
DPPC/Ch was observed.

As shown inFig. 3, theπ–A curves were obtained for
the Stig single system and the DPPC/Stig mixed systems
at every 0.1 mole fraction (only the curves at 0.1–0.5 are
given in the figure). Note that, compared with Ch and Chsta
single systems, Stig has a lower collapse pressure. This
may be caused by the larger area of the hydrophobic group
next to the steroid skeleton which probably results in a re-
duction of cohesion among molecules. The lower collapse
pressure coming from weaker interactive cohesion does not
correspond to the difference in melting point (Ch= 149◦C,

Fig. 3. π–A curves at discrete mole fractions of DPPC/Stig mixed
monolayers at 298 K. (Crowded curves obtained for the mixtures above
XStig > 0.6 are not shown here.)

Chsta= 142◦C and Stig= 170◦C). The two-dimensional
interaction among molecules floating at water surface seems
to be different from that in three dimensional crystalline
structure.

Looking at every curve shownFigs. 1–3, it is seen that
the limiting surface area,a0, depends greatly on compo-
sition at least in the region of sterol mole fraction from
0 to 0.5, while in the crowded region ofπ–A curves little
dependence is observed. This suggests that the proper-
ties of monolayers of the present three mixed systems are
in common governed by whether each sterol is a minor
component (Xst < 0.5) or a major one (Xst > 0.5) and
the interaction mode of DPPC with sterols is distinctly
different above and belowXst = 0.5. (This fact will be
confirmed by the following analyses.) It is noted that Chou
and Chang found the existence of a boundary atXCh = 0.4
for DPPC/Ch system at 37◦C in terms of various properties
such as area per molecule (A) or excess area (Aex), excess
free energy (�G(ex)) and free energy of mixing (�Gmix)
[18].

The transition pressure specific to DPPC,πt, is observable
up toXst = 0.2 for all three mixtures. The collapse pressure,
πc, was also approximately determinable, although theπc
for mixed systems has to some extent a large error margin,
in particular, in the higher range ofXst.

In addition to a0, πc and πt data are also tabulated in
Table 1as a function of mole fraction of sterol.

3.2. Mean molecular surface areas (Am) and partial
molecular areas (PMA)

When π–A curves of a given binary mixture are ana-
lyzed, it is essential to examine whether the relation of
mean molecular (surface) area (Am) with mole fraction (X)
has a linear relation satisfying the additivity rule or not,
and if not so, whether negative or positive deviations are
observed.

In Fig. 4(A), theAm for the DPPC/Ch mixed system is
plotted againstXCh at discrete surface pressures, 5, 10, 15,
20, 25 and 30 mN m−1, and similarly theAm versusXst rela-
tions are shown for the DPPC/Chsta and DPPC/Stig mixed
systems inFig. 4(B and C), respectively. Either a mixed sys-
tem can form ideally mixed monolayer or cannot mix com-
pletely but can form the so-called patched film; the additivity
should show a linear relation as indicated by a broken line.
All the mixed systems, as shown inFig. 4(A–C), demon-
strate that at lower pressures such as 5 and 10 mN m−1, a
marked negative deviation is shown, especially belowXst =
0.5. Fig. 4 also tells us that theπ–A behavior is divided
into two distinct ranges; below and aboveXst = 0.5. (Oth-
erwise we may say “below and aboveXst = 0.4” as Chou
and Chang said[18]).

The surface occupation behavior can be more clearly seen
if the partial molecular area is evaluated, as has been em-
ployed in previous studies[19,20]. In the frame forπ =
5 mN m−1 of Fig. 4(D), two examples of how to determine
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Table 1
Basicπ–A data

Mole fraction,X Limiting area,
a0 (nm2 per molecule)

Transition point Collapse pressure,
π (mN m−1)

π (mN m−1) A (nm2 per molecule)

(a) DPPC/Ch mixed system
0.0 0.482 9.82 0.688 54.4
0.1 0.484 10.23 0.571 45.3
0.2 0.453 10.83 0.517
0.3 0.448 47.1
0.4 0.437 44.0
0.5 0.431 43.8
0.6 0.427 42.1
0.7 0.425 43.4
0.8 0.405 41.6
0.9 0.383 41.3
1.0 0.381 43.2

(b) DPPC/Chsta mixed system
0.0 0.482 9.82 54.4
0.1 0.464 10.43
0.2 0.441 10.84
0.3 0.442 47.1
0.4 0.422 48.3
0.5 0.425 45.4
0.6 0.417 45.8
0.7 0.413 46.9
0.8 0.406 45.3
0.9 0.385 46.4
1.0 0.373 45.6

(c) DPPC/Stig mixed system
0.0 0.482 9.82 0.688 54.4
0.1 0.485 10.23 0.588 46.6
0.2 0.445 10.84 0.518 40.7
0.3 0.453 39.7
0.4 0.452 41.5
0.5 0.430 42.2
0.6 0.425 40.9
0.7 0.427 39.9
0.8 0.422 39.5
0.9 0.397 38.1
1.0 0.388 38.8

the PMAs, i.e.,Ā1 andĀ2 from the relation is given as

Am = Ā1 + X2

(
∂Am

∂N1

)
T,V,π,N2(j 	=i)

(1)

Ā1 is here, the PMA of component 1 and defined as:

Ā1 =
(

∂At

∂N1

)
T,V,π,N2

whenN1 plusN2 molecules form a surface areaAt (N1Ā1 +
N2Ā2 = At, and 1 and 2 denote DPPC and each sterol,
respectively).

The term of partial derivative corresponds to the tangential
slope at a point on theAm versusX2 curve, and the intercepts
of both side ordinates can givēA1 andĀ2, respectively[19].

Again looking atFig. 4(D) at π = 5 mN m−1: (i) in the
range fromXCh = 0 to 0.2, the tangential curve gives Ch
a markedly great negative value asĀCh 
 −0.4 nm2 per

molecule, (ii) in the range ofXCh = 0.2 to 0.4 PMA is es-
timated as ca. 0.1 nm2 per molecule and (iii) in the region
aboveXCh = 0.5, since the relation is approximately linear,
ĀCh is the same as that of pure Ch (A0

Ch), while ĀDPPC is
ca 0.48 nm2 per molecule. Interestingly, in the range above
XCh = 0.5, DPPC shows to have a 40% reduced PMA while
Ch keeps its PMA constant. Thus, the trend seen above
XCh = 0.5 seems to be true for that at higher surface pres-
sures. (Fig. 4 (D)is for DPPC/Stig mixture).

On the other hand in the range belowXCh = 0.5, i.e. in the
case where Ch is a minor component, Ch changes its PMA
very widely. It should be kept in mind that the PMA below
XCh = 0.2 is negative. The PMA behavior of the other mix-
tures (seeFig. 4(B and C)) is summarized as follows. (i) In
the range belowXst = 0.2: (a) Atπ = 5 mN m−1, PMA: ca.
−0.3 nm2 per molecule for both of Chsta and Stig were ob-
tained, while (b) at 10 mN m−1 PMAs are−0.05 for Chsta
and 0.05 nm2 per molecule for Stig. With increased surface
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pressure of 5 mN m−1 PMAs for sterols do increase as was
described here, in contrast, the PMA for DPPC is the same
as the molecular area of the pure system but its value de-
creases. (ii) In the range betweenXst = 0.2 and 0.5: (a)
At π = 5 mN m−1, PMAs for Chsta and Stig are 0.05 and
0 nm2 per molecule, respectively, while the PMA for DPPC
is reduced to 0.75 nm2 per molecule (by about 0.05 nm2 per
molecule) in DPPC/Chsta as well as DPPC/Stig mixtures.
(b) At π = 10 mN m−1 PMAs are estimated as 0.18 nm2

per molecule for Chsta and 0.32 nm2 per molecule for Stig,
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Fig. 4. (A) Molecular occupation surface area in the DPPC/cholesterol mixed systems at discrete surface pressures at 298 K. Note that the partial molecular
area (PMA) of cholesterol atπ = 5 mN m−1 is markedly negative atXCh = 0–0.2 (about−0.4 nm2 per molecule), and atXCh = 0.2 to 0.4 PMA is
estimated as ca. 0.1 nm2 per molecule. (B) Molecular occupation surface area in the DPPC/cholestanol mixed systems at discrete surface pressures at
298 K. (C) Molecular occupation surface area in the DPPC/stigmasterol mixed systems at discrete surface pressures at 298 K. (D) Examples showing
how to determine PMAs for DPPC/Stig mixture.

the PMA for DPPC is 0.6 nm2 per molecule in DPPC/Chsta
and is 0.55 nm2 per molecule in DPPC/Stig mixed systems.
In this composition range, the PMAs of both DPPC and
the sterol mixtures are smaller than those of the respective
single systems. (iii) In the range aroundXst = 0.5: com-
parison of the curves around this mole fraction shows the
curvature is different depending on the species; this seems
to reflect the slight difference in chemical structure of the
sterols. However, any further discussion done by relating to
their chemical structure is impossible at present. (iv) In the
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Fig. 4. (Continued).

sterol-rich range: DPPC/Chsta as well as DPPC/Stig
mixed system shows almost linear relation at both pres-
sures, indicating that the PMA of sterols is the same
as that of each pure system, while DPPC contracts its
PMA.

In common with DPPC/Ch, DPPC/Chsta and DPPC/Stig
mixed systems have shown such characteristic PMA changes
depending greatly much on the composition range as men-
tioned above. Here, it is noted that the interesting negative
PMA means that addition of a molecule to a given mono-
layer system causes a reduction in total area as much as
the value of negative the PMA, or accompanying the intro-
duction of a molecule into the given surface, the interaction
among molecules is enhanced.

The present discussion was restricted to the PMA behav-
ior below π = 10 mN m−1; this pressure is just below the
transition point of DPPC. The characteristic PMA behavior
may be directly related to the expanded liquid state of DPPC.
In the DPPC-rich region, DPPC can intake very easily the
added sterol molecules with neither contraction of DPPC
molecules themselves no further expansion. On the other
hand in the sterol-major region, sterols accept easily DPPC
molecules the surface of which is reduced by counter-part
sterols. It can be said that flexibility is sufficiently displayed
in conformation change in the liquid expanded monolayer
phase.

In contrast, at the higher surface pressure, where DPPC
molecules form a condensed liquid film, all of the three mix-
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Fig. 4. (Continued).

tures show an almost linear relation in regard toAm versus
Xst plots, although small negative or positive deviations from
the additivity rule are seen. However, these deviations are
not attributable to either experimental errors or any signifi-
cant change.

3.3. Thermodynamic analysis of the excess Gibbs energy

As a powerful tool for evaluating the interaction among
molecules in the formed monolayer comprising two or more
components and its thermodynamic stability, the surface ex-
cess Gibbs energy,�G(ex), can be used as followings[1,18].
The Gibbs energy change upon mixing of species 1 and
2, �Gmix for a real mixed system, is considered to be a

sum of ideal and excess Gibbs energy changes as�Gmix =
�G(id) +�G(ex). For ideal mixing the Gibbs energy change
involves only the entropy term as�G(id) = RT(X1 ln X1 +
X2 ln X2), where Xi (i = 1,2) denotes mole fraction in
the mixture andR is the gas constant times Kelvin temper-
ature. Further, the excess Gibbs energy can be expressed
as:

�G(ex) =
∫ π

0
[A12 − (X1A1 + X2A2)] dπ (2)

whereA12, A1, andA2 represent the area of mixed system
and the respective areas of components 1 and 2, andπ is
the surface pressure. It is noted that if the monolayer is an
ideally mixed one,�G(ex) is zero becauseA12 should be
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equal to (X1A1+X2A2) corresponding to the additivity rule
[18,30] (Table 2).

Three frames inFig. 5 shows the�G(ex) as a function
of mole fraction of the respective sterols at a few selected
pressures (5, 10 and 25 mN m−1). �G(ex) was calculated on
the basis ofEq. (2). Comparing the curves, first of all, as
a function of pressure for three mixed systems, the�G(ex)
value becomes, in common, lower (more negative) with in-
creased surface pressure and shows a minimum atXst =
0.4 (except for Stig) up toπ = 15 mN m−1 but the min-
imum shifts towardXst = 0.5 at pressures higher than
20 mN m−1 (curves for up to 30 mN m−1 were obtained but
are not shown here). In regard to the deepness of the min-

Fig. 5. Excess Gibbs energy as a function of mole fraction of sterols in the mixed monolayers at fixed surface pressure at 298 K.

ima, this decreases in the order of DPPC/Ch, DPPC/Chsta,
and DPPC/Stig, suggesting that thermodynamic stability of
the monolayers becomes less in this order. All the data of
the excess Gibbs energies determined at discrete pressures
for the three combinations are tabulated inTable 3(a–c).
It is noted that the absolute values of�G(ex) at the lower
mole fractions of sterols (Xst = 0.1–0.3) are, in general,
found to be greater than those at the higher mole fraction
(Xst = 0.7–0.9). A similar trend showing a minimum at
XCh = 0.4 or XDPPC = 0.6 has been reported for the
DPPC/Ch mixed system at 37◦C [18], although the abso-
lute value itself is different because of the difference in
temperature.
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Table 2
Mean molecular surface area as a function of mole fraction of sterols at discrete surface pressures

Mole fraction,X Mean surface molecular area

π = 5 mN m−1 π = 10 mN m−1 π = 15 mN m−1 π = 20 mN m−1 π = 25 mN m−1 π = 30 mN m−1

(a) DPPC/Ch mixed system
0.0 0.805 0.660 0.486 0.451 0.430 0.415
0.1 0.668 0.572 0.473 0.443 0.424 0.409
0.2 0.610 0.520 0.459 0.431 0.413 0.398
0.3 0.539 0.475 0.440 0.421 0.408 0.397
0.4 0.459 0.431 0.415 0.405 0.396 0.388
0.5 0.431 0.416 0.405 0.395 0.386 0.377
0.6 0.426 0.414 0.406 0.399 0.392 0.385
0.7 0.423 0.412 0.404 0.396 0.389 0.382
0.8 0.405 0.394 0.386 0.378 0.371 0.364
0.9 0.400 0.388 0.377 0.365 0.354 0.345
1.0 0.391 0.377 0.365 0.357 0.349 0.342

(b) DPPC/Chsta mixed system
0.0 0.805 0.660 0.486 0.451 0.430 0.415
0.1 0.695 0.593 0.464 0.433 0.416 0.401
0.2 0.610 0.520 0.458 0.431 0.413 0.398
0.3 0.547 0.482 0.445 0.424 0.411 0.401
0.4 0.467 0.435 0.418 0.407 0.398 0.389
0.5 0.442 0.422 0.408 0.396 0.385 0.376
0.6 0.427 0.411 0.398 0.389 0.380 0.372
0.7 0.430 0.416 0.405 0.395 0.386 0.379
0.8 0.410 0.400 0.392 0.386 0.380 0.374
0.9 0.395 0.383 0.374 0.367 0.361 0.356
1.0 0.383 0.374 0.367 0.360 0.352 0.343

(c) DPPC/Stig mixed system
0.0 0.805 0.660 0.486 0.451 0.430 0.415
0.1 0.693 0.594 0.467 0.435 0.417 0.401
0.2 0.615 0.535 0.463 0.434 0.415 0.400
0.3 0.529 0.476 0.440 0.417 0.401 0.389
0.4 0.490 0.457 0.434 0.416 0.403 0.392
0.5 0.458 0.434 0.414 0.401 0.391 0.382
0.6 0.430 0.417 0.405 0.394 0.384 0.376
0.7 0.428 0.417 0.408 0.401 0.393 0.387
0.8 0.420 0.411 0.402 0.396 0.390 0.385
0.9 0.395 0.387 0.381 0.375 0.370 0.364
1.0 0.385 0.379 0.372 0.366 0.360 0.354

As for the excess Gibbs energy, a thermodynamic analysis
may be developed in more detail, as follows.

Supposing, here, that the regular solution theory (RST)
was approximately applicable to the present mixed systems,
the real entropy term−T �S◦

mix (real) can be regarded as
equal to−T �S◦

mix (ideal) [31]. Thus, it is considered that
the excess Gibbs free energy change upon mixing is the same
as the enthalpy term (�H◦mix) itself. When the chemical
potential of i (i = 1,2) in monolayer is given asµi =
µ◦

i +RT ln fiXi, whereµ◦
i is the standard chemical potential

andfi is the activity coefficient, the�G(ex) can be expressed
as

�G(ex) = �H◦
mix = RT(X1 ln f1 + X2 ln f2) (3)

the right hand side of this equation can be regarded as the
same as the right hand side ofEq. (2). The activity coeffi-
cientfi is known to reflect an intermolecular interaction, and
according to RST,fi is given as follows:

ln f1 = ω(1 − X1)
2

RT
, ln f2 = ω(1 − X2)

2

RT
(4)

whereω is the interaction parameter which is ascribed to
cohesive forces between unlike molecules[31,32]. From
Eq. (4), the following relation is obtained.

ln f1 = (1 − X1)
2

X2
1

ln f2 (5)

SubstitutingEq. (5) into Eq. (3), we have

�G(ex)

RT
=
(

X2
2

1 − X2
+ X2

)
ln f2 (6)

all the quantities of the left hand side are known (Table 3),
and X1 and X2 on the right hand side are also known, so
the activity coefficientsf1 and f2 can be calculated[33].
In addition, following substitution ofEq. (4) into Eq. (3),
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Table 3
Excess Gibbs energy as a function of mole fraction of sterols at discrete surface pressures

Mole fraction,X Excess Gibbs energy (×102 J mol−1)

π = 5 mN m−1 π = 10 mN m−1 π = 15 mN m−1 π = 20 mN m−1 π = 25 mN m−1 π = 30 mN m−1

(a) DPPC/Ch mixed system
0.0 0 0 0 0 0 0
0.1 −0.28 −0.52 −0.56 −0.57 −0.91 −0.88
0.2 −0.29 −0.58 −0.53 −0.80 −0.68 −0.85
0.3 −0.40 −0.79 −0.99 −0.91 −1.06 −1.19
0.4 −0.61 −1.10 −1.20 −1.20 −1.22 −1.40
0.5 −0.53 −0.93 −1.10 −1.25 −1.27 −1.46
0.6 −0.44 −0.77 −0.91 −0.85 −0.96 −0.82
0.7 −0.34 −0.59 −0.53 −0.48 −0.64 −0.62
0.8 −0.26 −0.39 −0.38 −0.32 −0.42 −0.65
0.9 −0.12 −0.14 −0.23 −0.18 −0.29 −0.40
1.0 0 0 0 0 0 0

(b) DPPC/Chsta mixed system
0.0 0 0 0 0 0 0
0.1 −0.16 −0.42 −0.26 −0.46 −0.44 −0.72
0.2 −0.29 −0.58 −0.53 −0.80 −0.67 −0.85
0.3 −0.33 −0.84 −1.02 −0.89 −0.79 −1.01
0.4 −0.55 −1.01 −1.08 −1.22 −1.31 −1.29
0.5 −0.51 −0.95 −1.04 −1.23 −1.04 −1.37
0.6 −0.48 −0.76 −0.84 −1.00 −0.84 −0.96
0.7 −0.23 −0.49 −0.46 −0.64 −0.31 −0.59
0.8 −0.19 −0.37 −0.39 −0.53 −0.18 −0.37
0.9 −0.09 −0.13 −0.25 −0.37 −0.07 −0.18
1.0 0 0 0 0 0 0

(c) DPPC/Stig mixed system
0.0 0 0 0 0 0 0
0.1 −0.14 −0.31 −0.46 −0.28 −0.31 −0.71
0.2 −0.29 −0.51 −0.59 −0.59 −0.70 −0.74
0.3 −0.51 −0.80 −1.01 −0.77 −1.01 −1.02
0.4 −0.40 −0.84 −0.93 −1.07 −0.97 −0.95
0.5 −0.48 −0.78 −0.84 −0.94 −1.09 −1.21
0.6 −0.41 −0.73 −0.76 −0.89 −0.90 −0.99
0.7 −0.35 −0.51 −0.57 −0.49 −0.53 −0.57
0.8 −0.12 −0.22 −0.30 −0.21 −0.16 −0.22
0.9 −0.07 −0.12 −0.09 −0.18 −0.26 −0.13
1.0 0 0 0 0 0 0

we can calculate the interaction parameterω from the next
equation[33]:

ω = �G(ex)

X1X2
(7)

The obtained values ofIp = ω/RT and the activity co-
efficients for the respective systems are listed inTables 4
and 5. TheIp values are all negative as expected from the
�G(ex) values, and the greater values obtained are common
for all the mixtures at almost all pressures at aroundXst =
0.4–0.5. However, attention should be paid to theIp values
at 30 mN m−1 which are the greatest for all the mixtures
at Xst = 0.1, suggesting a sterol molecule as the minority
can interact most strongly with DPPC molecules as the ma-
jority. This situation is reflected by the activity coefficients.
Comparing thef1 (for DPPC) andf2 (for sterols) values at
Xst = 0.1, f1 is very close to one (unity) whilef2 is very
small; especially atπ = 30 mN m−1 f1 = 0.96 and 0.97

whilef2 = 0.04 and 0.07 for the DPPC/Ch and DPPC/Chsta
mixtures, respectively.

3.4. Compressibility

For analysis of the properties of monolayer films, com-
pressibility Cs or elasticity Cs−1 may be used as a measure.
The characteristic curves of (∂�/∂A)T is related to compress-
ibility

Cs= − 1

A

(
∂A

∂π

)
T

(8)

whereA and π are already defined area and surface pres-
sure, respectively. The reciprocal of compressibility, Cs−1,
is equivalent to elasticity. Therefore, the maximum of the
–(∂�/∂A) curve corresponds to the maximum elasticity. In
this paper, the mechanical property is described in terms of
elasticity (Cs−1). It has been known that Cs−1 value ranges
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Table 4
The interaction parameterIp = ω/RT as a function of mole fraction of sterols at discrete pressures

Mole fraction,X Interaction parameter

π = 5 mN m−1 π = 10 mN m−1 π = 15 mN m−1 π = 20 mN m−1 π = 25 mN m−1 π = 30 mN m−1

(a) DPPC/Ch mixed system
0.0
0.1 −1.27 −2.32 −2.52 −2.54 −4.08 −3.94
0.2 −0.74 −1.46 −1.35 −2.02 −1.70 −2.13
0.3 −0.78 −1.51 −1.91 −1.74 −2.04 −2.29
0.4 −1.02 −1.85 −2.03 −2.02 −2.05 −2.34
0.5 −0.86 −1.51 −1.77 −2.02 −2.05 −2.35
0.6 −0.73 −1.30 −1.53 −1.43 −1.62 −1.38
0.7 −0.65 −1.14 −1.02 −0.91 −1.23 −1.20
0.8 −0.65 −0.99 −0.95 −0.80 −1.05 −1.64
0.9 −0.52 −0.61 −1.05 −0.78 −1.31 −1.76
1.0

(b) DPPC/Chsta mixed system
0.0
0.1 −0.74 −1.90 −1.16 −2.06 −1.97 −3.22
0.2 −0.74 −1.46 −1.35 −2.02 −1.70 −2.13
0.3 −0.63 −1.61 −1.96 −1.70 −1.51 −1.93
0.4 −0.92 −1.70 −1.81 −2.06 −2.03 −2.17
0.5 −0.82 −1.53 −1.68 −1.99 −1.69 −2.21
0.6 −0.80 −1.27 −1.40 −1.68 −1.41 −1.61
0.7 −0.45 −0.95 −0.88 −1.23 −0.59 −1.14
0.8 −0.47 −0.94 −0.98 −1.34 −0.45 −0.93
0.9 −0.40 −0.58 −1.11 −1.64 −0.31 −0.81
1.0

(c) DPPC/Stig mixed system
0.0
0.1 −0.63 −1.39 −2.07 −1.24 −1.34 −3.20
0.2 −0.73 −1.28 −1.49 −1.48 −1.75 −1.87
0.3 −0.98 −1.53 −1.94 −1.48 −1.93 −1.96
0.4 −0.67 −1.42 −1.56 −1.79 −1.62 −1.59
0.5 −0.78 −1.26 −1.36 −1.52 −1.77 −1.96
0.6 −0.68 −1.23 −1.27 −1.50 −1.52 −1.66
0.7 −0.67 −0.99 −1.09 −0.94 −1.01 −1.09
0.8 −0.31 −0.57 −0.76 −0.54 −0.40 −0.56
0.9 −0.30 −0.52 −0.42 −0.82 −1.16 −0.60
1.0

from 10 to 50 mN m−1 for liquid expanded films and from
100 to 250 mN m−1 for liquid condensed film[34]. In Fig.6,
Cs−1 values which were determined at different pressures
are plotted as a function of sterol mole fraction for the
three mixed systems (the results at 15, 20 and 30 mN m−1

are not shown in the figure to avoid complexity). Look-
ing first of all at the value of single systems of sterol, Ch
is the lowest and Stig is the highest atπ = 5 mN m−1,
while Ch is the lowest and Chsta is the highest atπ =
10 mN m−1, suggesting Ch is more compressible than Chsta
and Stig. Comparing the ranges of the liquid expanded films
(whose Cs−1 values are below 50) among three mixtures
at π = 5 mN m−1, DPPC/Ch seems to have a little wider
range (up toXCh = 0.45) than the others (up toXChsta and
Xstig = 0.35). The three mixtures abruptly increase Cs−1

and they have one or two maxima in the range between 0.4
and 0.9. Since the values determined from the steep slopes
of π–A curves apparently involve experimental errors, the

absolute values themselves should be excluded from de-
tailed consideration; we can say at least that at the higher
range of sterol mole fraction higher elasticity or lower com-
pressibility is attained but distinction among three mixed
systems is not clear enough so the results are not well
ascribable to specialty of each molecular structure of the
sterols.

As for the mechanical property of DPPC/Ch mixed
monolayer, Chou and Chang have investigated the relax-
ation kinetics by measuring the surface area as a func-
tion of time at 37◦C and a constant surface pressure of
40 mN m−1, showing that the relaxation process could
be described by the models considering nucleation and
growth mechanism[18]. Our investigation on the elastic
property of DPPC/Ch monolayer was performed under con-
ditions differing from 37◦C and 40 mN m−1, nevertheless
our results also seem to support their results and inter-
pretation.
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Table 5
Activity coefficients of 1 (DPPC) and 2 (Ch, Chsta, or Stig) as a function ofXst at discrete surface pressures

Mole
fraction, X

Activity coefficients

π = 5 mN m−1 π = 10 mN m−1 π = 15 mN m−1 π = 20 mN m−1 π = 25 mN m−1 π = 30 mN m−1

f1 f2 f1 f2 f1 f2 f1 f2 f1 f2 f1 f2

(a) Ch
0.0
0.1 0.99 0.36 0.98 0.15 0.98 0.13 0.97 0.13 0.96 0.04 0.96 0.04
0.2 0.97 0.62 0.94 0.39 0.95 0.42 0.92 0.28 0.93 0.34 0.92 0.26
0.3 0.93 0.68 0.87 0.48 0.84 0.39 0.86 0.43 0.83 0.37 0.81 0.33
0.4 0.85 0.69 0.74 0.51 0.72 0.48 0.72 0.48 0.72 0.48 0.69 0.43
0.5 0.81 0.81 0.69 0.69 0.64 0.64 0.60 0.60 0.60 0.60 0.56 0.56
0.6 0.77 0.89 0.63 0.81 0.58 0.78 0.60 0.79 0.56 0.77 0.61 0.80
0.7 0.73 0.94 0.57 0.90 0.61 0.91 0.64 0.92 0.55 0.90 0.56 0.90
0.8 0.66 0.97 0.53 0.96 0.55 0.96 0.60 0.97 0.51 0.96 0.35 0.94
0.9 0.66 0.99 0.61 0.99 0.43 0.99 0.53 0.99 0.35 0.99 0.24 0.985
1.0

(b) Chsta
0.0
0.1 0.99 0.55 0.98 0.21 0.99 0.39 0.98 0.19 0.98 0.20 0.97 0.07
0.2 0.97 0.62 0.94 0.39 0.95 0.42 0.92 0.28 0.93 0.34 0.92 0.26
0.3 0.95 0.74 0.86 0.45 0.84 0.38 0.86 0.43 0.87 0.48 0.84 0.39
0.4 0.86 0.72 0.76 0.54 0.75 0.52 0.72 0.48 0.72 0.48 0.71 0.46
0.5 0.81 0.81 0.68 0.68 0.66 0.66 0.61 0.61 0.66 0.66 0.58 0.58
0.6 0.75 0.88 0.63 0.82 0.60 0.80 0.55 0.76 0.60 0.80 0.56 0.77
0.7 0.80 0.96 0.63 0.92 0.65 0.92 0.55 0.90 0.75 0.95 0.57 0.90
0.8 0.74 0.98 0.55 0.96 0.53 0.96 0.42 0.95 0.75 0.98 0.55 0.96
0.9 0.72 1.00 0.62 0.99 0.41 0.99 0.26 0.98 0.78 1.00 0.52 0.99
1.0

(c) Stig
0.0
0.1 1.00 0.60 0.99 0.32 0.98 0.19 0.99 0.37 0.99 0.33 0.97 0.07
0.2 0.97 0.63 0.95 0.44 0.94 0.38 0.94 0.39 0.93 0.33 0.93 0.30
0.3 0.92 0.62 0.87 0.47 0.84 0.39 0.88 0.48 0.84 0.39 0.84 0.38
0.4 0.90 0.79 0.80 0.60 0.78 0.57 0.75 0.52 0.77 0.56 0.78 0.56
0.5 0.82 0.82 0.73 0.73 0.71 0.71 0.68 0.68 0.64 0.64 0.61 0.61
0.6 0.78 0.90 0.64 0.82 0.63 0.82 0.58 0.79 0.58 0.78 0.55 0.77
0.7 0.72 0.94 0.62 0.92 0.59 0.91 0.63 0.92 0.61 0.91 0.58 0.91
0.8 0.82 0.99 0.70 0.98 0.61 0.97 0.71 0.98 0.77 0.98 0.70 0.98
0.9 0.79 1.00 0.65 0.99 0.71 1.00 0.52 0.99 0.39 0.99 0.62 0.99
1.0

It should be noted that hysteresis phenomenon ofπ–A
behavior which is characteristic to the lung surfactant was
investigated by gradually increasingA, however,π was
lowered along theπ–A curves of the compression pro-
cess, meaning that little hysteresis was observed. It may
be necessary for a lung surfactant-like system to con-
tain more prominently or widely changeable amphiphiles,
with regard to the conformation at the air/water interface.
Such as polypeptides the hydrophobic–hydrophilic bal-
ance of which is suitably designed so as to take to some
extent a longer relaxation time will lead to a desirable
hysteresis.

3.5. Phase diagram

In order to investigate the details in the composition de-
pendence of monolayer properties, two-dimensional phase

diagrams were constructed for the respective mixtures as
shown in Fig. 7. The transition of DPPC-rich monolayer
film was clearly observable up toXst = 0.2 for all of the
mixed system and the pressure slightly increased with in-
creased composition of sterols; this is interpreted in terms
of colligative properties. At the composition range higher
than Xst = 0.2 the transition from LE to LC was not de-
tectable. (For DPPC/Ch mixed monolayer at 37◦C no tran-
sition was seen[18]). On the other hand, the sudden break
of π–A curves may be considered to result from the collapse
phenomena of the monolayer films, as is well known. The
pressure has been called ‘collapse pressure’ and examining
the collapse pressure as a function of composition can give
information on the mixing state of component molecules in
a given mixed monolayer. Joos and Demel has derived the
following equations on the basis of RST[35] and allowed
us to widely apply the equations[36,37].
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Fig. 6. Elasticity as a function of sterols mole fraction at 298 K.

1= XS
1f1exp

{
(πc,m − πc,1)a1

kBT

}
exp{ξ(XS

2)2} + XS
2f2

×exp

{
(πc,m − πc,2)a2

kBT

}
exp{ξ(XS

1)2} (9)

whereXS
1 andXS

2 denote the mole fractions of components
in the mixed monolayer film, respectively,π1 and π2 the
respective collapse pressures,πm the collapse pressure of
mixed monolayer,a1 anda2, the respective surface area at
the collapse pressure,ξ the interaction parameter,kBT, the
product of Boltzmann constant with the Kelvin temperature,

Fig. 7. Phase diagrams of the respective mixed systems at 298 K.

and f1 and f2 are the respective surface activity coefficients
at the collapse pressure.

In Eq. (9) when the activity coefficients,f1 and f2 are
unity, the formed monolayer is considered to be of ideal
mixing, and the curves calculated by applyingEq. (9) to
ideal mixing are indicated by dotted lines in the respective
mixed systems. The measured collapse pressures are plotted
against mole fraction. For the mixed systems aboveXst =
0.4, the collapse pressure of liquid condensed film could be
comparatively easily determined, while, in the range being
richer in DPPC, its determination was not definitely possible
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from the π–A curves. In the range aboveXst = 0.6, the
collapse pressure is likely to be constant or slightly go down
as sterol composition increases.

In previous studies on monolayers formed by mixed sys-
tem Ch with some species of bile acids (BAs) such as deoxy-
cholic acid[36,38,39], tauro- and glyco-chonodeoxycholic
acids and tauro- and chenodeoxycholic acids[40], Ch and
BAs are found to be demixing in the monolayers films.
This means that the lateral interaction between Ch and BAs
(amongst BAs in particular deoxycholic acid) is extremely
unfavorable and the lack of lateral interaction can explain
why BAs are in general poor at solubilizing Ch[32]. Handa
and Nakagaki[41] studied the miscibility of hexadecyl dihy-
drogen phosphate (HP) and Ch in a mixed monolayer spread
on aqueous solution of HCl and HCl+urea. They found that
the HP/Ch mixed system formed a “patched monolayer” in
which the two components are demixed, and also that the ad-
dition of 4 M urea made the components miscible. Their re-
sults suggest that the interaction, including hydrogen bond-
ing between hydrophilic groups, plays an important role in
monolayer formation. In connection with miscibility or im-
miscibility in bulk and/or film phase Funasaki had theoreti-
cally shown a predicted phase as early as 1975[42].

Here, again looking at the relations of molecular area with
mole fraction, all the data aboveπ = 20 mN m−1 (seeFig. 4)
are likely to exhibit an approximately linear relation which
satisfies the additivity rule. This apparent satisfaction does
not always mean ideal mixing occurs, because, even when a
patched film (of complete demixing) is formed the additiv-
ity rule is satisfied. Considering the results described above,
the present mixed systems of DPPC with three sterols may
form a patched film in the higher surface pressure region,
especially in the mixed systems containing sterols more than
DPPC. In contrast, in mixed systems such as those com-
posed of rich DPPC (major) and poor sterols (minor) there
may exist to a partial extent a complex of DPPC molecules
centering around a sterol molecule. Complex formation of
phosphplipid with Ch has been suggested by Huang and
Feigenson[43]. The extent of such a complex formation is
not yet known, however, the great negative surface excess
free energy suggests that a strong cohesive force acts be-
tween Ch, Chsta, or Stig and DPPC especially when sterol
molecules are surrounded by DPPC molecules.

Recently, Hossain et al.[44,45] have studied extensively
the phase transition of monolayers (Gibbs adsorption lay-
ers) of various single or mixed amphiphilic systems by
using Brewster angle microscopy (BAM), in which they
observed surface pressure change with time at different
temperatures and in parallel they took BAM images. For
instance, both first- and second-order phase transitions in
the Gibbs adsorption layers ofn-hexadecyl phosphate were
clearly demonstrated with BAM[44], and a first order phase
transition from a fluid like phase to a condensed phase
was also observed in detail on the surface of a 1:1 binary
mixed solution containing 2-hydroxyethyl laurate and either
tetraoxa-octacosanoate or tetraoxa-triacontanoate[45]. Our

observation only throughπ–A curves lacks detailed and
definitive information on the transitions, however, if BAM
were applied for observing condensed structure formation
in the present mixed systems, a more comprehensive inter-
pretation would have been derived. Application of such a
method as BAM is a subject to be performed in near future.
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