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Two-component Langmuir monolayers formed on a subphase of 0.5 M sodium chloride solution were investigated for two
erebrosides (LMC-1 and LMC-2) with steroids of cholesterol (Ch) and cholesteryl sodium sulfate (Ch-S); i.e. LMC-1/Ch, LMC
MC-2/Ch, and LMC-2/Ch-S were examined in terms of surface pressure (π), the surface potential (�V) and the dipole moment (µ⊥) as a

unction of surface area (A) by employing the Langmuir method, the ionizing electrode method, and the fluorescence microsco
otentials (�V) of steroids were analyzed using the three-layer model proposed by Demchak and Fort [R.J. Demchak, T. Fort Jr

nterface Sci. 46 (1974) 191–202]. The miscibility of cerebrosides and steroids in the insoluble monolayers was examined by p
ariation of the molecular area and the surface potential as a function of the steroid molar fraction (Xsteroid) based upon the additivity ru
rom theA–Xsteroidand�Vm–Xsteroidplots, partial molecular surface area (PMA) and apparent partial molecular surface potential (APS
etermined at the different surface pressures. The PMA and APSP with the mole fraction were discussed for the miscible syste

rom the two-dimensional phase diagrams, they can be classified into two types. The first is a completely immiscible type; the co
f cerebrosides with cholesterol. The second is a negative azeotropic type, where cerebrosides and cholesteryl sodium sulfate ar
iscible both in the expanded state and in the condensed state. In addition, a regular surface mixture (the Joos equation for th

he collapse pressure of two-component monolayers) allowed calculation of the interaction parameter (ξ) and the interaction energy (−�

etween the cerebrosides and Ch-S. The miscibility of cerebroside and steroid components in the monolayer state was also s
uorescence microscopy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Sphingolipids, e.g. ceramides, sphigomyelin, cerebro-
ides and gangliosides, are important constituents of cellular
embranes. The principal component of sphingolipids is the
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long-chain base, sphingosine. Although the functiona
plications of these structural variations are largely unkn
some of them are obviously involved in defining antige
specificities of cells. We have reported that surface beh
of some pure cerebrosides and of two-component monol
made from cerebrosides (LMC-1 and LMC-2) and phos
lipids (DPPC and DPPE) at the air–water interface in the
paper in series[1]. In order to know the detailed interactio
of sphingolipids and their roles in the cell membrane, it is
essary to collect more information on their dependence o
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molecular structure difference, i.e. the number, location and
orientation of hydroxyl groups attached to the acyl chains
with or without double bond. Due to the physicochemical
importance of Ch molecules in cell membrane, the interac-
tion between Ch and other lipids has been studied by various
physicochemical methods[2–5]. Then, steroids (in particu-
lar, Ch) were found to be widely distributed in all cells of the
organism. It is a principal component of cellular membranes
and plasma lipoproteins. In addition, Ch plays an important
role in modifying the physicochemical properties of cellular
membranes[6–8].

As long as we know, reports on cerebrosides are still much
fewer in number than reports on gangliosides[9]. In one of
the fewer papers, the adsorption of Ca2+ to the monolayer of
pure cerebroside or pure cerebroside sulfates was reported
[10]. The report showed that cerebroside was a liquid-
condensed (LC) film and cerebroside sulfate was a typical
liquid-expanded (LE) film, indicating that membrane prop-
erties of cerebrosides were sensitive to their molecular struc-
ture such as the length of hydrophobic chains and the size of
head groups. However, the report about cerebroside–steroid
interaction using the monolayer study does not seem to exist.

In this study, we have focused on characterizing the
Langmuir behavior of pure steroids of cholesterol (Ch) and
cholesteryl sodium sulfate (Ch-S) and two-component sys-
tems of cerebrosides and steroids at the air/water interface.
S le
m ure
c rface
p pro-
p of
t f ad-
d tial.
F ecu-
l rface
p ono-
l ation.
F res-
c

2

2

g p of
c were
d
t A).
I e its
u ium
s ino-
d one
s cture
o pre-
c

Ch was dissolved inn-hexane/ethanol mixture (7/3, v/v;
the former from Cica-Merck, Uvasol, and the latter from
Nacalai Tesque). On the other hand, Ch-S was dissolved
in chloroform/methanol mixture (2/1, v/v; both two from
Cica-Merck, fluorometry), because Ch-S was insoluble in
n-hexane/ethanol mixture. The preparing for the subphase
(0.5 M NaCl solution) was described in the first paper in se-
ries[1].

2.2. π–A and�V–A measurements

Theπ–Ameasurement was performed by the automated
Langmuir film balance whose resolution is 0.01 mN m−1.
The trough (500 mm× 150 mm) was made from aluminum
coated with Teflon. After spreading, 15 min of time was al-
lowed for the solvent to evaporate. The monolayer was com-
pressed at a constant rate of 1.00× 10−1 nm2 mol−1 min−1.

The�V–Ameasurement was simultaneously carried out
during theπ–A measurement. The potential was measured
with an electrometer (Keithley, 614) and241Am air-ionizing
electrode at 1–2 mm above the interface, while a reference
electrode was dipped in subphase. Other experimental condi-
tions were the same as described in the previous paper[1,13].

2.3. Fluorescence microscopy
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c ured
urface pressure (π)–, surface potential (�V)–, and dipo
oment (µ⊥)–area (A) isotherms were obtained for the p

ompounds and their two-component systems. The su
otentials were analyzed using the three-layer model
osed by Demchak and Fort[11]. The phase behavior

wo-component monolayers was examined in terms o
itivity of molecular surface area and of surface poten
urthermore, it was analyzed employing the partial mol

ar surface area (PMA) and apparent partial molecular su
otential (APSP). The molecular interaction between m

ayer components was investigated using the Joos equ
inally, the monolayer behaviors were examined by fluo
ence microscopy.

. Experimental

.1. Materials

The cerebrosides (LMC-1 and LMC-2) possess�-O-
lucosyl head group linked to the terminal hydroxyl grou
eramide. The procedures of extraction and purification
escribed in detail in the preceding paper in series[1]. Choles-

erol (Ch) was purchased from Nu-Chek-Prep Inc. (US
ts purity was >99%. Ch was checked by TLC just befor
se and used without further purification. Cholesteryl sod
ulfate (Ch-S) was obtained from lipid extracts of the ech
erm[12]. The purity was checked by TLC and it showed
pot at normal phase chromatography. The chemical stru
f two cerebrosides used in this work was shown in the
eding paper[1].
Fluorescence microscopy observation was made b
ng the same film balance equipped with a fluorescenc
roscope (BM-1000, U.S.I. system, Japan). The fluores
robe (1 mol%) was a xanthylium 3,6-bis(diethylamino
2-octadecyloxycarbonyl) phenyl chloride (R18, Molecu
robes). All the experiments were carried out on 0.5 M N
t 298.2 K. Image analysis was performed using NIH (

ional Institutes Health) image. Other experimental co
ions were the same as described in the preceding pape[1].

. Results and discussion

.1. π–A and�V–A isotherms of steroid monolayers

The π–A, �V–A and µ⊥–A isotherms of LMC-1 an
MC-2 monolayer were discussed in the preceding p

1]. Fig. 1shows those of steroids (Ch and Ch-S) sprea
.5 M NaCl solution at 298.2 K. Ch and Ch-S exhibite

iquid-condensed (LC) monolayer, their collapse press
ere 42 and 50 mN m−1, and the extrapolated areas w
.39 and 0.38 nm2, respectively.

The surface potentials (�V) of Ch and Ch-S showed p
ive values, and the Ch monolayer showed the larger vari
f �V under compression than Ch-S′. The�V value of Ch
nd Ch-S reached 385 and 256 mV at the closest packed
espectively. It seemed that this difference in�V (∼130 mV)
esulted from the difference in polar head group betwee
nd Ch-S.

The vertical component of surface dipole moment,µ⊥ was
alculated from the Helmholtz equation using the meas
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Fig. 1. Surface pressure (π)–area (A) isotherms (a), surface potential (�V)–A
isotherms (b), and surface dipole moment (µ⊥)–A isotherms (c) of steroids
on 0.5 M NaCl solution at 298.2 K ((1) Ch and (2) Ch-S).

�V values:

�V = µ⊥/ε0εA (1)

whereε0 is the permittivity of a vacuum andε is the mean
permittivity of the monolayer (which is assumed to be 1).A
is the area occupied by the molecule. The�V values involve
the resultant of the dipole moments accompanied by the polar
head group, the CH bond group, and the subphase.

3.2. The surface dipole moments (µ⊥) of steroids

As is the first paper in series[1], the surface potential of
monolayers was analyzed using the three-layer model pro-
posed by Demchak and Fort[11].

We have compared the experimental values ofµ⊥ in the
most condensed state of the monolayer with those calculated
µ⊥calc by the three-layer model-based equation:

µ⊥calc = µ1/ε1 + µ2/ε2 + µ3/ε3 (2)

whereµ1/ε1, µ2/ε2, andµ3/ε3 are the contributions of the
subphase, polar head group, and hydrophobic chain group,
respectively.

We want to determine the contribution of the steroid
segment (Ch and Ch-S) and sulfate group (Ch-S). The
contributions of hydrophobic chains and hydrophilic head
groups of some cerebrosides were determined in the
preceding article[1]. There are some parameter val-
ues for the three-layer model;µ1/ε1 = 0.040 D, ε2 = 7.6,
ε3 = 5.3 [11], µ1/ε1 = 0.025 D, ε2 = 7.6, ε3 = 4.2 [14], and
µ1/ε1 =−0.065 D,ε2 = 6.4,ε3 = 2.8[15]. We have used a set
of values introduced by Taylor and Oliveira because our ex-
perimental conditions have resembled to their ones. Then, we
made sure that the parameter values provided good agree-
ments with our experimental conditions by using the data of
stearic acid in the preceding paper[1].

Firstly, we evaluated the contribution of the hydropho-
bic steroid segment of Ch from the following equation (see
Table 1):

µ⊥(Ch) = µ1/ε1 + µOH
2 /ε2 + µsteroid

3 /ε3 = 0.36 D (3)

Surface dipole moment values have been proposed forµ2
for the different conformations of the OH group:µ2(OH-
gauche) = 1.00 D,µ2(OH-trans) = −0.63 D, andµ2(OH-
free) = 0.18 D. We have employed the aboveµ2(OH-
gauche) = 1.00 D, as many studies support the gauche con-
formation for condensed alknanol monolayers. Using the ex-
perimentally determined�V values (seeTable 1) and as-
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uming the set of the values (µ1/ε1 =−0.065 D,ε2 = 6.4, and
3 = 2.8), we were able to obtainµsteroid

3 /ε3 = 0.264 D, so
hatµsteroid

3 = 0.74 D.
Secondly, we similarly evaluated the contribution of

ulfate group of Ch-S:

⊥(Ch-S)= µ1/ε1 + µsulfate
2 /ε2 + µsteroid

3 /ε3 = 0.23 D

(4)

hen, we obtained the following value,µsulfate
2 = 0.22 D

µsulfate
2 /ε2 = 0.034). The value ofµsulfate

2 group is abou
ne-fifth ofµ2 (OH-gauche).

.3. Compression isotherms of cerebrosides/steroids
wo-component monolayers

Next, turning to the discussion toward two-compon
ystems, four combinations of two-component monol
ystems composed of the two cerebrosides (LMC-1

able 1
urface potential data used for dipole moment evaluation

ample A0 (nm2) �V (mV)

MC-1 0.42 249
MC-2 0.39 104
h 0.36 385
h-S 0.33 256

0 is the molecular surface area obtained by extrapolating the high-pre
ortion of theπ–A isotherms to zero pressure.�V is the surface potenti
t maximum compression. In all cases, the subphase was 0.5 M N
98.2 K.
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LMC-2) and two steroids (Ch and Ch-S) have been stud-
ied in order to clarify the effect of molecular structure, the
molecular interaction between two components, and the mis-
cibility on the monolayer state. For the above purpose, the
π–A,�V–A, andµ⊥–A isotherms were measured at various
compositions at 298.2 K on a 0.5 M NaCl subphase for two-
component systems of LMC-1/Ch, LMC-2/Ch, LMC-1/Ch-
S, and LMC-2/Ch-S. The isotherms of all two-component
systems are shown inFig. 2. The isotherms of five two-
component at discrete mole fractions are also inserted in the
corresponding figures. All the curves of the two-component
systems exist between those of the respective pure compo-
nents, and they successively change with the increasing mole
fraction of steroids.

3.3.1. Cerebrosides (LMC-1 and LMC-2)/Ch systems
Fig. 2A and B showsπ–A, �V–A, andµ⊥–A isotherms

of binary LMC-1/Ch and LMC-2/Ch systems, respectively.
Ch had no transition point on theirπ–A isotherms, and also
the π–A isotherms and fluorescence images (later section)
indicated LC film behavior. For cerebrosides, both LMC-1

and LMC-2 were found to be typical LE film in the preceding
paper[1].

The interaction between LMC-1 or LMC-2 and steroid
molecules was investigated by examining whether the vari-
ation of the mean molecular areas as a function ofXCh or
XCh-S satisfies the additivity rule[16]. Comparison between
the experimental mean molecular areas and the mean molec-
ular areas based on ideal mixing is shown inFig. 3A and B
at four surface pressures (5, 15, 25, and 35 mN m−1). The
A–XCh (Fig. 3A) shows a big negative deviations at all sur-
face pressures, and alsoA–XCh does negative deviations at
all surface pressures as shown inFig. 3B. It can be said from
the figures that these negative deviations result from good
fit in size between the small polar head group (Ch) and big
polar head group (cerebrosides) and between the big steroid
segment (Ch) and almost straight chain (cerebrosides). For
�V–XCh in Fig. 4A and B, both LMC-1/Ch and LMC-2/Ch
systems indicate positive deviations at all surface pressures.
This result suggests that these phenomena arise from the di-
minished interaction in the�V due to the above-mentioned
packing between cerebroside and cholesterol molecules.

F
s

ig. 2. Surface pressure (π)–area (A) isotherms, surface potential (�V)–Aisothe
ystems on 0.5 M NaCl at 298.2 K: (A) LMC-1/Ch, (B) LMC-2/Ch, (C) LMC-1
rms, and surface dipole moment (µ⊥)–A isotherms of the two-component
/Ch-S, and (D) LMC-2/Ch-S systems.
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Fig. 2. (Continued).

3.3.2. Cerebrosides (LMC-1 and LMC-2)/Ch-S systems
Theπ–A isotherms of two-component monolayers for the

cerebrosides (LMC-1 and LMC-2) and Ch-S systems are
shown inFig. 2C and D. Ch-S had no transition pressures
and shows LC type on itsπ–A isotherm, and also fluores-
cence images (later section) indicated LC film. The inter-
action between LMC-1 or LMC-2 and Ch-S molecules was
analyzed in the same procedures as Section3.3.1(additivity
rule of area and�V). Forπ = 5 mN m−1 of LMC-1/Ch-S sys-
tem (Fig. 3C), experimental values show a negative deviation
from the theoretical line, indicating enhanced attractive inter-
action between LMC-1 and Ch-S. TheA–XCh-S shows good
agreements with ideal lines atπ = 25 and 35 mN m−1. For
LMC-2/Ch-S system, theA–XCh-S indicates negative devia-
tions at 5–25 mN m−1 and the good agreement at 35 mN m−1.
These results indicate that cerebrosides and Ch-S are almost
ideally mixed in the monolayer state.

Analysis of the surface potential (�V) of the two-
component monolayers in terms of the additivity rule is
presented inFig. 4C and D. For LMC-1/Ch-S system
(Fig. 4C), comparison of the experimental data versus cal-
culated variations clearly indicated negative deviations from

the ideal line at all surface pressures. LMC-2/Ch-S system
was also the same tendency as LMC-1/Ch-S system. Com-
paring the�V–Xsteroid plots of cerebrosides/Ch with that
of cerebrosides/Ch-S inFig. 4, the adverse deviation is ob-
served, indicating that the difference in head group of steroids
considerably affects the electrical properties of cerebrosides.

To understand the contribution of each component in bi-
nary systems in more detail, we also employed partial molec-
ular surface areas (PMAs) and apparent partial molecular
surface potentials (APSPs) as the same of the first article[1].
When PMA and APSP are evaluated, the molecular occupa-
tion and orientation behavior at the air/solution interface can
be more clearly seen, respectively[17,18].

3.3.2.1. Mean surface areas (Am), partial molecular surface
areas (PMAs), mean surface potentials (�Vm) and apparent
partial molecular surface potential (APSP).

Although we will discuss the miscibility of these systems
in more detail in the next section, cerebrosides/Ch-S systems
had an evidence of miscibility from the change of the collapse
pressures withXCh-S and fluorescence images (FM: as dis-
cussed latter). So, the analyses of PMA and APSP were made
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Fig. 3. Mean molecular area (A) of two-component monolayer as a function ofXsteroidat four surface pressures. Dashed lines, theoretical variation assuming
the additivity rule; closed circles, experimental value: (A) LMC-1/Ch, (B) LMC-2/Ch, (C) LMC-1/Ch-S, and (D) LMC-2/Ch-S systems.

Fig. 4. Mean surface potential (�V) of two-component monolayer as a function ofXsteroidat four surface pressures. Dashed lines, theoretical variation assuming
the additivity rule; closed circles, experimental value: (A) LMC-1/Ch, (B) LMC-2/Ch, (C) LMC-1/Ch-S, and (D) LMC-2/Ch-S systems.
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Fig. 5. Variation of partial molecular area (PMA) for two-component cerebrosides and Ch-S as a function ofXCh-S at surface pressures of 5, 15, 25, and
35 mN m−1: (A) LMC-1/Ch-S: closed circle: LMC-1, open circle: Ch-S; (B) LMC-2/Ch-S: closed circle: LMC-2, open circle: Ch-S.

for the cerebrosides/Ch-S systems as the first paper in series
[1]. The PMA-XCh-S curves for cerebrosides/Ch-S systems
are shown inFig. 5. It is noted that if the two-component sys-
tems are ideal mixing, the PMA and APSP should be parallel
to the axis ofXCh-S (the additivity rule). The PMA for both
cerebrosides/Ch-S systems indicates the similar contracting
behavior over the whole mole fraction at 5–25 mN m−1. At
35 mN m−1, it is found that Ch-S molecules occupy almost
same surface area in binary LMC-1 or LMC-2/Ch-S systems.

In contrast to PMA, the�Vm–XDPPC curves for
cerebrosides/Ch-S systems suggest the similar interaction of
Ch-S between LMC-1 and LMC-2 as shown inFig. 6. The
APSP for each cerebroside/Ch-S system indicates the simi-
lar behavior at different surface pressures as shown inFig. 7.
For LMC-1/Ch-S system, it is found that APSP of LMC-
1 molecules decreased with increasing the mole fraction of
XCh-S, while the that of Ch-S increases with increasingXCh-S
from 0.1 to 0.7, and reaches the individual one at the mole
fractions above 0.7 (XCh-S> 0.7). Especially, atXCh-S= 0.3
and 0.5, the orientation of LMC-1 tends to tilt by the addi-
tion of Ch-S. On the contrary, for LMC-2/Ch-S system, the
APSP of LMC-2 decreases from its own value over the whole
mole fraction and its original value increases from about 35
times to about 45× 10−14 mV mol−1 with increasing surface
pressure. On the other hand, the Ch-S values remain almost
constant over theX range from 0.5 to 1. However, the
C sing
m e

magnitude of APSP variation is about 40× 10−14 mV mol−1

even atπ = 35 mN m−1. In consequence, the surface orienta-
tion of Ch-S molecules is affected more strongly by LMC-1
chains than by LMC-2 ones due to the matching between
unsaturated hydrophobic tails and steroid group and to the
electrical interaction between hydroxyl group of LMC-1 and
sulfate group of Ch-S.

3.4. Two-dimensional phase diagram

From theπ–A isotherm for the binary systems of LMC-
1/Ch, LMC-2/Ch, LMC-1/Ch-S, and LMC-2/Ch-S, their two-
dimensional phase diagrams were constructed by use of the
collapse pressure (πc) changes at various molar fractions of
steroids. Representative phase diagrams at 298.2 K are shown
in Fig. 8.

3.4.1. Cerebrosides/Ch
By the same procedure as the preceding paper[1], the first

type of phase diagram is constructed inFig. 8A for LMC-1/Ch
and 8 B for LMC-2/Ch. We recognized that Ch is completely
immiscible with cerebrosides. For example, in the phase dia-
grams for LMC-1/Ch at lowerπ values, LE film of cerebro-
sides (LMC-1) is formed independent upon Ch; the film is
separated into LMC-1 domains and steroids (Ch) domains,
like island and sea. Their region is expressed as M.(LMC-
1 to
t rts to
Ch-S
h-S value decreases from the original one with decrea
ole fraction of Ch-S overXCh-S range from 0.1 to 0.5. Th
) + M.(Ch). If further compression of the film is made up
he collapse pressure of the given Ch, then the Ch sta
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Fig. 6. Variation of the molecular surface potential (�Vm) with Ch-S mole fraction for the cerebrosides/Ch-S mixtures at surface pressures of 5, 15, 25, and
35 mN m−1: (A) LMC-1/Ch-S, and (B) LMC-2/Ch-S.

Fig. 7. Variation of apparent partial molecular surface potential (APSP) for two-component cerebrosides and Ch-S as a function ofXCh-S at surface pressures
of 5, 15, 25, and 35 mN m−1: (A) LMC-1/Ch-S: closed circle: LMC-1, open circle: Ch-S; (B) LMC-2/Ch-S: closed circle: LMC-2, open circle: Ch-S.
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Fig. 8. Variation of the collapse pressure (πc) as a function ofXsteroidson 0.5 M NaCl at 298.2 K. The dashed line was calculated according to Eq.(5) for ξ = 0:
(A) LMC-1/Ch, (B) LMC-2/Ch, (C) LMC-1/Ch-S, and (D) LMC-2/Ch-S systems.

form a solid film (Bulk) of its own (denoted Bulk(Ch) in the
figure). Until the Ch completes its solid formation, the sur-
face pressure remains constant. At much higher pressures of
π, bulks of LMC-1 and Ch coexist independently, as shown
by Bulk(LMC-1) + Bulk(Ch). In the middle surface pressure
region, the monolayer (LE) of LMC-1 coexists with bulk state
of the Ch.

The above implies that cerebrosides and Ch are not mixed
in the monolayer state. This means that the lateral interaction
between cerebrosides and Ch is extremely small. Then, two
components are completely separated, and they form patched
monolayers. Therefore, this phase diagram is divided into
three parts by double parallel lines.

3.4.2. Cerebrosides/Ch-S
Next, the second type of phase diagram is constructed,

and then, the coexistence phase boundary between the or-
dered monolayer phase and the bulk phase can be theoreti-
cally simulated by the Joos equation[1,17], which is the same
as the preceding paper in series[1].

1 = xs
1γ

1 exp{(πc
m − πc

1)ω1/kT } exp{ξ(xs
2)2}

+xs
2γ

2 exp{(πc
m − πc

2)ω2/kT } exp{ξ(xs
1)2} (5)

where xs
1 and xs

2 denote the mole fraction in the two-
c ively,
a s of
c o-
c
ω ace
a ty
c -

eter, andkT is the product of the Boltzmann constant and the
Kelvin temperature.

In Fig. 8, M. indicates a two-component monolayer
formed by cerebrosides and Ch-S species, while Bulk de-
notes a solid phase of cerebrosides and Ch-S (“bulk phase”
may be called “solid phase”). The collapse pressureπc de-
termined at each molar fraction is indicated by filled circles,
where the dotted line shows the case where the interaction
parameter (ξ) is zero.

As shown inFig. 8C and D, the two-dimensional phase
diagrams of the binary LMC-1/Ch-S and LMC-2/Ch-S sys-
tems show completely different phase behavior compared
with cerebrosides/DPPC systems, as mentioned in the pre-
ceding paper[1]. That is, the interaction parameter (ξ) are
1.00 for LMC-1/Ch-S and 1.60 for LMC-2/Ch-S. The posi-
tive interaction parameter implies that the interaction energy
between different molecules is smaller than the mean energy
of interactions. Its interaction energy was calculated to be
−413 and−661 J mol−1 for LMC-1/Ch-S and LMC-2/Ch-
S, respectively. That is, they are completely miscible, because
interaction energy−�ε < 2RT(=4958.7 J mol−1). Two com-
ponents are miscible each other in both the expanded state
and the condensed state. This system is likely to be the neg-
ative azeotropic type, and the phase diagram is completely
constructed.

3
t

i ence
m olu-
b (or
omponent monolayer of components 1 and 2, respect
ndπc

1 andπc
2 are the corresponding collapse pressure

omponents 1 and 2,πc
m is the collapse pressure of the tw

omponent monolayer at given composition ofxs
1 and xs

2,
1 andω2 are the corresponding limiting molecular surf
rea at the collapse points,γ1 andγ2 are the surface activi
oefficients at the collapse point,ξ is the interaction param
.5. Fluorescence microscopy of cerebrosides/steroids
wo-component monolayers

In order more to interpret the phase behavior on theπ–A
sotherms, we investigated the monolayers by fluoresc

icroscopy. The contrast is due to difference in dye s
ility between disordered (or LE) and ordered phases
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LC). Representative fluorescence micrographs (FMs) of pure
systems (Ch and Ch-S) and binary systems (LMC-2/Ch and
LMC-2/Ch-S) spread on 0.5 M NaCl at 298.2 K are shown in
Figs. 9 and 10at various surface pressures.

3.5.1. Cerebroside/Ch-S
Fluorescence micrographs of pure Ch-S and LMC-2/Ch-S

two-component monolayers spread on 0.5 M NaCl are shown
in Fig. 9 as a function of molar fraction of Ch-S at discrete
surface pressures. The numerical value shows surface pres-
sure in the figures. Essentially, two phases of bright and dark
contrast were observed for pure Ch-S at low surface pressure
(Fig. 9e), which are corresponding to the LE (white image)
and gaseous (dark image) regions. The Ch-S monolayer on
the 0.5 M NaCl substrate forms LC phase at the high sur-

F
l
c
m
o
c
c

face pressure (Fig. 9f). In binary LMC-2/Ch-S monolayer, the
morphologies of white image do not change up to 50 mN m−1

in the FM images. The addition of small amount of cerebro-
side to Ch-S induced the phase separation at the zero surface
pressure. Morphology of the separated phase was changed to
homogeneous images by film compression up to high surface
pressure. It suggests that cerebrosides become miscible with
Ch-S at high pressure.

3.5.2. Cerebrosides/Ch
Fluorescence images of LMC-2/Ch monolayers on 0.5 M

NaCl subsolution are shown inFig. 10. FM images of the
pure Ch showed some large domains at zero surface pres-
sure (Fig. 10e), where the dark black regions at low surface
pressure are the gaseous phase because fluorescence is com-
pletely quenched. The medium gray regions are the LC phase
ig. 9. Fluorescence micrographs of LMC-2/Ch-S two-component mono-
ayer (XCh-S= 0.5) (a: 0 mN m−1, b: 29 mN m−1), LMC-2/Ch-S two-
omponent monolayer (XCh-S= 0.9) (c: 0 mN m−1, d: 43 mN m−1) and Ch-S
onolayer (e: 0 mN m−1, f: 41 mN m−1) observed at a compression rate
f 1.0× 10−1 nm2 mol−1 min−1 at 298.2 K on 0.5 M NaCl. The monolayer
ontained 1 mol% of fluorescent probe. The number in these images indi-
ates the surface pressure (mN m−1). Scale bar represents 50�m.

F
l
m
l
1
c
d

ig. 10. Fluorescence micrographs of LMC-2/Ch two-component mono-
ayer (XCh = 0.5) (a: 0 mN m−1, b: 17 mN m−1), LMC-2/Ch two-component

onolayer (XCh-S= 0.9) (c: 0 mN m−1, d: 32 mN m−1) and Ch mono-
ayer (e: 0 mN m−1, f: 41 mN m−1) observed at a compression rate of
.0× 10−1 nm2 mol−1 min−1 at 298.2 K on 0.5 M NaCl. The monolayer
ontained 1 mol% of fluorescent probe. The number in these images in-
icates the surface pressure (mN m−1). Scale bar represents 50�m.
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in Fig. 10f. In the cases of cerebroside/Ch ofXCh = 0.5 and
0.9, even at low surface pressure (0–2 mN m−1) and at high
surface pressure (17 or 32 mN m−1) the two phases coexist
in Fig. 10a–d; that is, two components are immiscible each
other, indicating that the two-dimensional phase diagram is
reasonable.

According to the cerebroside/Ch-S two-component sys-
tems, cerebrosides showed miscibility with Ch-S over all sur-
face pressures. Therefore, it turned out that the miscibility of
cerebrosides with Ch or Ch-S results from the difference of
the polar head group.

4. Conclusion

The cerebrosides derived from echinoderm can be spread
with steroids as stable monolayers on 0.5 M NaCl solution at
298.2 K. Theπ–Aand�V–A isotherms of cerebrosides/Ch-
S mixtures show that the two components are miscible in
the monolayer state over the whole range of Ch-S mole
fractions and of surface pressures investigated. From the
A–XCh-S and �Vm–XCh-S plots, partial molecular surface
area (PMA) and apparent partial molecular surface poten-
tial (APSP) were determined at the discrete surface pres-
sure. Each PMA behavior changes with the mole fraction
and becomes the individual one at high surface pressure for
t hows
a re-
g sys
t t that
t no-
l Joos
e r (ξ
a Ch-
S dia-
g posi-
t tropic
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s ). The
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