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Langmuir monolayers of cerebroside originated fromLinckia laevigata:
Binary systems of cerebrosides and phospholipid
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Abstract

The surface pressure (π)–area (A), the surface potential (�V)–Aand the dipole moment (µ⊥)–Aisotherms were obtained for six cerebrosides
of LLC-2, LLC-2-1, LLC-2-8, LLC-2-10, LLC-2-12, and LLC-2-15, which were isolated fromLinckia laevigata, and two-component
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onolayers of two different cerebrosides (LLC-2 and LLC-2-8) with phospholipid of dipalmitoylphosphatidylcholine (DPPC) on a s
f 0.15 M sodium chloride solution as a function of cerebroside compositions in the two-component systems by employing the
ethod, the ionizing electrode method, and the fluorescence microscopy. The new finding was that LLC-2 showed a stable and liqu

ype film. Four of them (LLC-2-8, -10, -12, and -15) had the phase transition from the liquid-expanded (LE) to the liquid-conden
tates at 298.2 K. The apparent molar quantity changes (�sγ , �hγ , and�uγ ) on their phase transition on 0.15 M at 298.2 K were calcula
he miscibility of cerebroside and phospholipid in the two-component monolayers was examined by plotting the variation of the
rea and the surface potential as a function of the cerebroside molar fraction (Xcerebroside), using the additivity rule. From theA–Xcerebrosideand
Vm–Xphospholipidplots, a partial molecular surface area (PMA) and an apparent partial molecular surface potential (APSP) were d
t the discrete surface pressure. The PMA and APSP with the mole fraction were extensively discussed for the miscible system

rom the two-dimensional phase diagrams, these were found to be one type, a positive azeotropic type; all the cerebrosides we
ith DPPC. Furthermore, assuming a regular surface mixture, the Joos equation for the analysis of the collapse pressure of two
onolayers allowed calculation of the interaction parameter (ξ) and the interaction energy (−�ε) between the cerebrosides and DPP
iscibility of cerebroside and phospholipid components in the monolayer state was also supported by fluorescence microscopy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lipid molecules containing sugar groups are called gly-
osphingolipids. Glycosphingolipids (GSLs) are present in
ost animal cell plasma membranes and are thought to play a

ole in a number of cellular functions, including cell recogni-
ion [1,2], cell differentiation[3–5], signal transduction[6,7],
poptosis[8], and receptors for virus[9]. They predominantly

∗ Corresponding author. Tel.: +81 92 642 6669; fax: +81 92 642 6669.
E-mail address:shibata@phar.kyushu-u.ac.jp (O. Shibata).
RL: http://kaimen.phar.kyushu-u.ac.jp.

locate on the outer leaflet of the membrane and may a
protect the membrane from harsh conditions such as a
pH or degradative enzymes[10]. A detailed description o
the chemical, structural and functional properties of gly
ipids in general can be found in a review article by Mag
[11].

Glycosphingolipids (GSLs) (cerebrosides) are am
philic compounds consisting of saccharide and ceramide
eties and are ubiquitous components of the plasma mem
of all eukaryotic cells[12,13]. Recent cell biological studi
show that cerebrosides in plasma membranes form clu
so called as rafts, with cholesterol and are relatively less
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tent of phospholipids than other areas of plasma membrane.
Glycosphingolipids (GSLs) could mediate the signal trans-
duction pathway through interaction with these signaling
proteins and not only circulate between the plasma mem-
brane and intracellular organs but also move laterally over the
exoplasmic membrane. Such migration could be conducted
by raft [14,15]. Galactocerebrosides are a major component
of the myelin sheath[16–20]. Glycocerebrosides and lac-
tosylceramide are the major extraneural glycosphingolipids
[21–24]. GSLs with tri- and tetrasaccharide containing head
groups, known as globosides, are found in the erythrocyte
membrane[25]. GSLs show heterogeneity not only in their
saccharide head group but also in their ceramide moieties.
The biological significance of ceramide heterogeneity is still
not well understood. However, especially the structure of
ceramide for the fatty acid moieties could influence the local-
ization and functions of GSLs on the plasma membrane,
possibly by direct interaction with cholesterol, phospho-
lipids, and the transmembrane domains of receptor proteins
[26–29]. Unusual structures of GSLs will be revealed in
future through further technological innovation. GSLs exist
not only in the vertebrate but also in the mollusk[30], the
echinoderm[23,24,31–34], the plant[35,36], and so on; for
example, GSLs from the starfish (LMC-1[23], LMC-2 [23],
and LLG-3[34]).

The interfacial behaviors of GSLs are investigated by
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accumulated substrate of Gaucher disease. Then glycocere-
broside has several activities, for example, anti-ulcerogenic
activity [52], anti-tumor activity [53], and anti-microbial
activity [35]. So, it is expected that glycocerebroside is uti-
lized as a new medical resource from natural products. The
monolayer properties of glycocerebroside were reported from
1970s, but all reports used the molecular species of glycocere-
broside[37,50,52–61].

Here, we have focused on isolated GSLs fromLinckia lae-
vigataas new medical natural resources and on characterizing
the Langmuir behavior of some pure cerebrosides, phos-
pholipid, and their two-component systems at the air–water
interface. Surface pressure (π)–A, surface potential (�V)–A,
and dipole moment (µ⊥)–A isotherms were obtained for
the pure compounds and their two-component systems. The
phase behavior of two-component monolayers was exam-
ined in terms of additivity of molecular surface area and of
surface potential. Furthermore, it was analyzed employing
the partial molecular area (PMA) and the apparent partial
molecular surface potential (APSP). The molecular interac-
tion between monolayer components was investigated using
the Joos equation[82]. Finally, the monolayers were exam-
ined by fluorescence microscopy.
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sing several apparatuses for the monolayer[37–42], the
ilayer [43], and the liposome[44,45]. Particularly th
onolayer is used as the simplest model of biom
rane. The monolayer properties of GSLs are investig

n terms of theπ–A isotherm[37–41], the�V–A isotherm
37,40,41], the fluorescence microscopy[40], the Brewste
ngle microscopy[40], and the atomic force microsco

41,42]. Some researchers systematically investigate
onolayer properties of GSLs by paying much atten

o the structure of sugar chain[37–40]. Others investiga
ulti-component systems, approaching to the biomemb

omposition[42].
Especially monogylcosylated ceramides (cerebros

re the simplest class of glycosphigolipids; they are im
ant surface molecules found in virtually all cells. Galacto
eramides and their metabolites have been shown to
ess important functions in promoting the regulation of n
ell [46], regulating protein kinase C activities[47], and
odulating the function of hormone receptors[48]. In the
revious studies, we have reported the surface behav
ome pure cerebrosides and of two-component monol
ade from cerebrosides (LMC-1 and LMC-2) and phos

ipids (DPPC and DPPE)[49] and steroids (cholesterol a
holesteryl sodium sulfate)[50,51]at the air–water interfac
n order to know the detailed interactions of sphingolip
nd their roles in the cell membrane, it is necessary to

ect more information on their dependence on the mole
tructure difference, i.e. the number, location, and orient
f hydroxyl groups attached to the acyl chains. Glycoc
roside is famous for the precursor of gangliosides o
. Experimental

.1. Material

The blue sea starL. laevigata(Aohitode in Japanese)
elonging to the Ophidiasteridae family, the Phaneroz
rder, the Asteroidea class, the Eleutherozoa subphylum

he Echinodermata phylum of animals. It was collected in
ea near Motobu in Okinawa, Japan in 2000. The chem
tructure of isolated cerebrosides (LLC-2, LLC-2-1, LLC
, LLC-2-10, LLC-2-12, and LLC-2-15) fromL. laevigata
sed in this study were shownFig. 1. The more detailed se
ration and purification were reported elsewhere[62]. All
erebrosides were classified by1H and 13C NMR spectra
AB–MS spectra, GC–MS spectra after purification by T
nd HPLC. The compositions of the hydrophobic acyl c
nd long chain base (LCB) are given inTable 1.

able 1
cyl chain and long chain base (LCB) composition of cerebrosides

MW Fatty acid LCB Ratio (%

LLC-2-1 733 C16:0 C18:0 100
LLC-2-8 803 C22:0 C17:0 100

LLC-2-10 817 C22:0 C18:0 50
C23:0 C17:0 50

LLC-2-12 831 C22:0 C19:0 25
C23:0 C18:0 50
C24:0 C17:0 25

LLC-2-15 859 C24:0 C19:0 80
C25:0 C18:0 20
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Fig. 1. Chemical structures of the cerebroside molecules studied; LLC-2-1, LLC-2-8, LLC-2-10, LLC-2-12, and LLC-2-15. n and m show the carbon number,
and parentheses indicate combination of the two chain lengths for the molecular species.

Dipalmitoylphosphatidylcholine (l-�-1-palmitoyl-2-hy-
droxy-sn-glycero-3-phosphocholine: DPPC) was purchased
from Avanti Polar Lipids Inc. (Birmingham, Alabama, USA),
the purity was >99% and used without further purification.
The pure compounds or their mixtures were spread from

the chloroform/methanol mixture (2:1) at the air/aqueous
solution interface. Chloroform and methanol were pur-
chased from Cica-Merck (Uvasol). The substrate solution
of 0.15 M sodium chloride (Nacalai Tesque) was prepared
using thrice distilled water (surface tension, 71.96 mN m−1
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at 298.2± 0.1 K; resistivity, 18 M�cm). Sodium chloride
(Nacalai Tesque) was roasted at 1023 K for 24 h to remove
any surface active organic impurity.

2.2. π–A and�V–A measurements

The surface pressure of the monolayer was measured using
an automated home-made Wilhelmy film balance, which
was the same as that used in the previous studies[63,64].
The surface pressure balance (Mettler Toledo, AG245) had
resolution of 0.01 mN m−1. The surface measuring system
was equipped with the filter paper (Whatman 541, periph-
ery 4 cm). The trough was made from aluminum coated with
Teflon and its dimension was 500 mm× 150 mm. Before each
experiment, the trough was rinsed and cleaned with acetone
and chloroform, alternately. The absence of surface-active
compounds in the subphase (0.15 M NaCl, about pH 6.5)
was checked by reducing the available surface area to less
than 4% of its original area after sufficient time was allowed
for adsorption of possible impurities that might be present
by trace amounts in the substrate. Only substrate that did not
show changes of surface pressure above 0.5 mN m−1 and of
surface potential 50 mV on this procedure was used. A mono-
layer was mainly prepared by spreading a 100�L solution
at 298.2 K. A period of time, 15 min was needed to evap-
orate the spreading solvent, and then the monolayer was
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ious temperatures. The entire optical set-up was placed on
an active vibration isolation unit (Model-AY-1812, Visola-
tor, Japan).

3. Results and discussion

3.1. Surface pressure (π)–area (A), surface potential
(�V)–A, and dipole moment (µ⊥)–A isotherms of
cerebroside monolayers and phospholipid monolayer

The π–A, �V–A and µ⊥–A isotherms of monolayers
made from cerebrosides (LLC-2, LLC-2-1, LLC-2-8, LLC-
2-10, LLC-2-12, and LLC-2-15) on 0.15 M NaCl solution
at 298.2 K were shown inFig. 2. The molecular species
LLC-2 isotherm showed a typical liquid-expanded mono-
layer behavior, the high compressibility of LLC-2 over the
whole surface pressures and the absence of discontinuities in
the π–A isotherms. Its extrapolated area was 0.52 nm2 and
the collapse pressure was 47.0 mN m−1 (0.39 nm2), respec-
tively. This result is very close to those previously reported
[50], except for minor distinctions caused by dissimilarities
in the molecular species composition.

More fractionated cerebrosides (glycosphingolipids:
LLC-2-1, LLC-2-8, LLC-2-10, LLC-2-12, and LLC-2-
15) showed the transition pressure (πeq) from the liquid-
e tate,
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ompressed at the speed of 0.103 nm2 molecule−1 min−1,
ecause no influence of difference in the compression
at 0.11 nm2 molecule−1 min−1) could be detected within th
imits of the experimental error.

.3. Fluorescence microscopy

Fluorescence images were observed using an auto
ome-made Wilhelmy film balance equipped with a fluo
ence microscope (BM-1000, U.S.I. System, Japan)[63,64].
t is possible to record simultaneously the surface pres
π)–area (A) and the surface potential (�V)–Aisotherms
long with the monolayer images to correlate these p
rties of the same monolayer. A 300 W lamp (XL 3
neum) was used for fluorescence excitation. A 54
and path filter (Mitutoyo) was used for excitation an
90 nm cut-off filter (Olympus) for emission. The mon

ayer was observed using a 20×long-distance objective len
Mitutoyo f= 200/focal length 20 mm). A xanthylium 3,
is(diethylamino)-9-(2-octadecyloxycarbonyl)phenyl ch
ide (R18, Molecular Probes) was used as an insoluble
escent probe. It has its absorbance and emission band
ma at 556 and 578 nm, respectively. The solution use
he fluorescence microscopy experiments contained 1 m
f the fluorescent probe against insoluble materials. Flu
ence images were recorded with a CCD camera (75
CCD camera, Denmark) connected to the microscope
ransferred directly into computer memory through an on
mage processor (VAIO PCV-R53, Sony: video capture s
ll the experiments were carried out in a dark room at
-

xpanded (LE) state to the liquid-condensed (LC) s
hoseπ–A isotherms in the expanded scale are show
ig. 2d. Glycocerebrosides isolated from various spe
ere different in terms of the ceramide core structure

erminal structure, and the chain length. All cerebros
mployed in this study possess an identical hydrop
ead group. Difference in average molecular areas re

rom variation in the packing state of the hydropho
hains with slight olefin and branching chain parts.
ong-chain bases (LCB) of LLC-2-1 and LLC-2-8 co
ist of 16-methyl-heptadecane-1,3,4-triol and 15-me
exadecane-1,3,4-triol chains, respectively, while the
f LLC-2-10, LLC-2-12 and LLC-2-15 are mixtures of va

ous chain lengths (Table 1). That is, the LCB of LL
-10 consists of 15-methyl-hexadecane-1,3,4-triol (5
nd 16-methyl-heptadecane-1,3,4-triol (50%) chains, w

hat of LLC-2-12 does 15-methyl-hexadecane-1,3,4-
25%), 16-methyl-heptadecane-1,3,4-triol (50%), and
ethyl-octadecane-1,3,4-triol (25%) and that of LLC
5 does 15-methyl-hexadecane-1,3,4-triol (20%), and
ethyl-octadecane-1,3,4-triol (80%) chains.
The monolayer properties of glycocerebrosides had

eported by using the molecular species[37,49–51,54–58]. A
inor component LLC-2-1 in LLC-2 showed more expan

tate than LLC-2 in theπ–A isotherms at 298.2 K, whic
as based on its shorter hydrocarbon chain length.
ure compound LLC-2-1 isotherm also showed a typ

iquid-expanded (LE) and collapse pressure at 48.8 mN−1

0.44 nm2). In contrast, the isotherm of the pure compo
f LLC-2-8 showed the characteristic first-order tra
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Fig. 2. Surface pressure (π)–area (A) isotherms (a), surface potential (�V)–A
isotherms (b), surface dipole moment (µ⊥)–A isotherms (c), and expanded
surface pressure (π)–area (A) isotherms (d) of cerebrosides on 0.15 M NaCl
at 298.2 K; LLC-2, LLC-2-1, LLC-2-8, LLC-2-10, LLC-2-12, and LLC-2-
15. Arrow shows the transition pressure of each cerebroside.

tion from liquid-expanded (LE) phase to liquid-condensed
(LC) phase at 41.2 mN m−1 as shown by an arrow num-
ber 8 in Fig. 2d. The LLC-2-8 monolayer collapsed at
49.3 mN m−1 (collapsed area: 0.40 nm2), and the extrap-
olated area was 0.47 nm2. Also, LLC-2-10, -12, and -15
have the LE/LC phase transition pressure (πeq) at 37.2,
33.2, and 25.0 mN m−1, and their extrapolated areas were
0.47, 0.46, and 0.46 nm2, respectively. And also the collapse
pressures were 48.0 mN m−1 (collapsed area: 0.40 nm2),

46.3 mN m−1 (0.40 nm2), and 42.6 mN m−1 (0.40 nm2),
respectively.

The longer the hydrocarbon chains are, the lower the tran-
sition pressure becomes and the smaller the extrapolated area
does. These behaviors result from the cohesive hydropho-
bic interaction. However, in spite of the increasing cohesive
force, the collapse pressure became lower in the following
order LLC-2-8 > -10 > -12 > -15. It may be due to the steric
hindrance at the hydrophobic part packing by the terminal
iso-type structure. These results seem to suggest the hint that
the molecular species like LLC-2 regulate the organism by
multi-components (such as LLC-2-1, -8, -10, -12, and -15)
in biological systems.

All cerebrosides employed in this study possess an iden-
tical hydrophilic head group. Differences of their average
molecular areas result from variation in the packing state of
the hydrophobic chains of slight olefin and branching chain
parts.

To check the packing in the monolayer state, surface
potential is useful. The surface potential (�V) is a measure
of the electrostatic field gradient perpendicular to the sur-
face and thus varies considerably with the molecular surface
density. The behaviors of�V–A isotherms for cerebrosides
correspond to the change of the molecular orientation upon
compression as shown inFig. 2b. The surface potentials (�V)
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f cerebrosides showed always positive. The LLC-2 m
ayer showed the largest variation of�V under compressio
mong them, which reached a value of around 100 mV a
losest packing state. The LLC-2-8 monolayer showed
mallest�V value of 70 mV at high surface pressure.

The vertical component of surface dipole moment,µ⊥ was
alculated from the Helmholtz equation using the meas
V values,

V = µ⊥
ε0εA

, (1)

hereε0 is the permittivity of a vacuum andε the mean pe
ittivity of the monolayer (which is assumed to be unityA

s the area occupied by a molecule. The�Vvalues involve th
esultant of the dipole moments carried by the polar head
haride), the CH bond (the CH3 group), and the subphas
s the subphase and the hydrophilic head are identical fo
resent four cerebrosides, the difference observed in th�V
alues for the cerebrosides clearly evidences the magn
f influence of the hydrophobic tails.

.2. Surface dipole moments (µ⊥) of cerebrosides

The surface potential of monolayers was often anal
sing the three-layer model proposed by Demchak and

65], which is based on the earlier model of Davies and Ri
66]. This model postulates independent contributions o
ubphase (layer 1), polar head group (layer 2), and hydro
ic chain (layer 3). Independent dipole moments and effe

ocal dielectric constants are attributed to each of the t
ayers. Other models, such as the Helmholtz model an
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Vogel and M̈obius model are also available[67]. These dif-
ferent models were reviewed[68]. The conclusion was that,
despite its limitations, the Demchak and Fort model pro-
vides good agreement between theµ⊥ values estimated from
the monolayer surface potentials and those determined from
measurements on bulk material for various aliphatic com-
pounds.

The estimation ofµ⊥ (the vertical components of the
dipole moment to the plane of the monolayer) of polar head
groups and hydrocarbon chains using the Demchack and Fort
model assumes a condensed Langmuir monolayer of close-
packed vertical chains[65,66]. Application of this model to
mainly the cerebrosides LE monolayer may lead to a rough
estimation. However, if the value of closest-packed cerebro-
sides monolayer is applied to this model, it may lead to
a useful estimation, which can help to provide qualitative
explanation of surface potential behavior.

We have thus compared the experimental values ofµ⊥ in
the most condensed state of the monolayer with those calcu-
latedµ⊥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.
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water surface as suggested by Bernett et al.[70] and that
the group moments have the values given by Smyth[71].
In addition, it was assumed that the CH group moment
was 0.4 D, the carbon being negatively charged[72]. So,
the vertical contribution of terminal methyl group is 0.33 D.
The structure of the saccharide for hydrophilic group is lit-
tle bit different compared with that of the starfishLuidia
maculata(LMC) which is reported in the previous paper
[49]. But all the cerebrosides employed in this study pos-
sess an identical hydrophilic head group. If the value of
the saccharide of hydrophilic group is identical to that of
LMC, it was set to 0.63 D (that is,µsac

2 = 0.63 D) from previ-
ous report[49]. Then, it is possible to compare the packing
state of hydrophobic part of each cerebroside in this study.
The authors have used the combination of the set of val-
ues (µ1/ε1 =−0.025 D,ε2 = 7.6, andε3 = 2.8), because they
provide a good agreement between calculated values and
experimental values of dipole moments measured on a saline
phase.

Secondly, we evaluated the contribution of the hydropho-
bic tail group of cerebrosides by using the following equation:

µ⊥(LLC-2-8) = µ1

ε1
+ µsac

2

ε2
+ µ3

ε3
= 0.075 D (4)
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We want to determine the contribution of the hydropho
roup of cerebroside. Carboxylic and hydroxyl groups h
lready been determined by the Demchack and Fort m

59]. The saccharide of hydrophilic group was also de
ined by previous report[49].
The initial set of values proposed by Demchak and

µ1/ε1 = 0.040 D, ε2 = 7.6, andε3 = 5.3 [65]) were deter
ined for monolayers made from terphenyl derivatives
ctadecyl nitrile. Another set of values were determ

n the papers by Petrov et al. (µ1/ε1 = 0.025 D, ε2 = 7.6,
nd ε3 = 4.2 [69]) for monolayers ofn-heptanol and 16
romohexadecanol. We have used a set of values
uced by Taylor and Oliveira (µ1/ε1 =−0.065 D,ε2 = 6.4,
nd ε3 = 2.8) for monolayers of�-halogenated fatty acid
nd amines[68].

To determine the set of the parameters of our experim
al condition, the selection of parameter values was
sing the standard sample of dipalmitoylphosphatidylcho
DPPC). In the first approximation, we assume that the
onstant independent of the nature of the head group s
hey may be evaluated from the data on DPPC. These
re listed in the previous paper[49].The experimental value
f surface dipole moment for DPPC used to determine
et of the parameters were as follows:

⊥(DPPC)= µ1

ε1
+ µ2

PC

ε2
+ µ3

CH3

ε3
= 0.62 D (3)

n the calculation, it was assumed that the C–X dipole of
inal –CH2X moiety (where X is a hydrogen) was inclin
t half the tetrahedral angle (i.e. 54◦44′) with respect to th
ails of LLC-2-8 depends on either the two terminaliso or
nti-isomethyl groups and one vertical of CH bond. So, we
sed 0.63 D forµ2

sacand inserted this value to Eq.(4), and
he contribution of the hydrophobic group became−0.033 D.
hen, we can getµ3 =−0.092. The same procedure was d

or other systems. From the above equations, we obta
3

LLC-2 =−0.011 D, µ3
LLC-2-1 =−0.039 D, µ3

LLC-2-8 =
0.092 D, µ3

LLC-2-10 =−0.090 D, µ3
LLC-2-12 =−0.076 D,

ndµ3
LLC-2-15 =−0.028 D. The results were given inTable 2

As is clear from the values of columnµ3 (D) in Table 2
ector of all cerebrosides in hydrophobic part are nega
hich means that the direction of vector tend from ai
ubphase. This is an opposite direction compared with
al one. This results from structure difference in hydrop
art between LMC and LLC; the former has three hydro
roups, while later has only one. The magnitude of defo

ion for hydrophobic part for LLC-2-8 and LLC-2-10 is t
argest in all the cerebrosides. It comes from the differen

able 2
urface potential data used for dipole moment evaluation

Area (nm2) π (mN m−1) �V (mV) µ⊥ (D) µ3 (D)

LC-2 0.41 42 97 0.104 −0.011
LC-2-1 0.46 42 78 0.094 −0.039
LC-2-8 0.41 47 70 0.075 −0.092
LC-2-10 0.41 43 71 0.076 −0.090
LC-2-12 0.41 41 75 0.081 −0.076
LC-2-15 0.42 35 89 0.098 −0.028

rea is the molecular surface area obtained by the close-packed
ressure portion of theπ–A isotherms, and�V is obtained at that poin

⊥ is total dipole moment andµ3 is that of the part for�-group.
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hydrocarbon chain length between fatty acid and long-chain
base (LCB) parts. Even though hydrophobic part includes
either the two terminalisoor anti-isomethyl groups and one
vertical of C H bond, LLC-2-15 showed good alignment in
all the present cerebrosides. We also discuss the packing den-
sity in the later Section3.4.

3.3. Compression isotherms of
cerebrosides/phospholipid two-component monolayers

Next, turning to the discussion toward two-component
systems, two combinations of two-component monolayer
systems composed of the two cerebrosides (LLC-2 and LLC-
2-8) and one phospholipid (DPPC) have been studied in order
to clarify the effect of molecular structure, the interaction
between two components, and the miscibility on the mono-
layer state. For the above purpose, theπ–A,�V–A, andµ⊥–A
isotherms were measured at various compositions at 298.2 K
on a 0.15 M NaCl subphase for pure system of LLC-2, LLC-
2-8 and DPPC inFig. 3and for LLC-2/and LLC-2-8/DPPC
two-component systems inFig. 4A and B, respectively. The
isotherms of two-components at discrete mole fractions are
also inserted in the corresponding figures. All the curves of
the two-component systems sit between those of the respec-
tive pure components, and they successively change with the
increasing mole fraction of cerebroside.

de
f on
a
p the
d uid-
c ,
a s-
s f the
D
t

C-
2 e
p value
o
i
h bro-
s o the
p h was
o ores-
c es in
� and
t nge.
T
i n the
� f
D to
a V.
T ally
r -
m

Fig. 3. Surface pressure (π)–area (A) isotherms, surface potential (�V)–A
isotherms, and surface dipole moment (µ⊥)–Aisotherms of the pure systems
on 0.15 M NaCl at 298.2 K; DPPC, LLC-2 and LLC-2-8 systems.

Both theπ–A, and the�V–A isotherms of DPPC mono-
layer at subphase of dilute NaCl solutions are very close to
those previously reported[64,67–69], except for minor dis-
tinctions caused by dissimilarities in subphase composition
and temperature.

In spite of having two hydrocarbon chains, absolute sur-
face potential (�V) of the cerebrosides was much lower than
that of DPPC. It may come from the fact that the packing
of hydrophobic part is not very tight due to the terminaliso-
type structure and/or the hydrophilic part contribution is not
so large. All of the cerebrosides indicated almost same ten-
Theπ–A,�V–Aandµ⊥–Aisotherms of monolayers ma
rom DPPC, LLC-2, and LLC-2-8 on 0.15 M NaCl soluti
t 298.2 K were shown inFig. 3. Theπ–A isotherm of DPPC
resented the characteristic first order transition from
isordered liquid-expanded (LE) phase to the ordered liq
ondensed (LC) phase (Fig. 3). The transition pressureπeq

t 298.2 K was 11.5 mN m−1, above which the surface pre
ure rose due to the orientational change. Collapse o
PPC monolayer occurred at 54.6 mN m−1 (0.39 nm2), and

he extrapolated area was 0.46 nm2.
The �V–A isotherms of cerebrosides (LLC-2 and LL

-8) and DPPC were shown inFig. 3b. Absolute surfac
otential (�V) of the cerebrosides showed almost same
f 70–100 mV. Both of them showed a hump in the�V–A

sotherms, as observed in the previous one[49–51]. This
ump comes from the conformational change for cere
ide in the monolayer state. This change may be due t
hase transition from gaseous phase to LE phase, whic
bserved as the morphological change by using the flu
ence microscopy. The positive and the negative chang
V for this hump indicate that two hydrocarbon chains

he polar head group performed the conformational cha
he LE/LC phase transition was clearly reflected on theπ–A

sotherm, which corresponded to a change in slope o
V–A isotherm. On the other hand, the�V–A isotherm o
PPC showed that�Vwas almost constant (∼0 mV) down
critical area (∼1 nm2), and steeply increased up to 300 m
he �V variation was always kept positive and eventu
eached 550 mV. The steep increase of�V reflected confor
ational change in the monolayer state.
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Fig. 4. Surface pressure (π)–area (A) isotherms, surface potential (�V)–Aisotherms, and surface dipole moment (µ⊥)–A isotherms of the two-component
systems on 0.15 M NaCl at 298.2 K: (A) LLC-2/DPPC and (B) LLC-2-8/DPPC systems.

dency for surface potential behaviors. On the other hand, the
µ⊥–A isotherm of DPPC showed a big change reflected by
conformational change in the monolayer state (Fig. 3c).

The π–A isotherms of monolayers for the cerebrosides
(LLC-2 and LLC-2–8)/DPPC systems are shown inFig. 4A
and B. Increasing amounts of the DPPC leads to a clearly dis-
tinguishable phase transition from liquid-expanded to liquid-
condensed phase. The change and appearance of such tran-
sition pressure (πeq) with the amount of the cerebrosides
suggest that the cerebrosides have an ability to make DPPC
miscible in the monolayers, which is mentioned in the later
section of two-dimensional phase diagram. This observation

is the first evidence of miscibility for the two components
within the monolayer as shown inFig. 5. As it is difficult
to ascertain the presence of the transition pressure at the
mole fractions <0.7 on theπ–A isotherms, we have inves-
tigated cerebrosides/phospholipids (two-component) mono-
layers by fluorescence microscopy (later section). ForXLLC-2
lower than 0.7, theπ–A isotherms (Fig. 4A) displayed a
phase transition pressure (πeq) that was almost linear against
XLLC-2 (Fig. 5A-a). On the other hand, for the whole range of
XLLC-2–8, theπ–Aisotherms (Fig. 4B) displayed a phase tran-
sition pressure (πeq) that was almost linear againstXLLC-2-8
(Fig. 5B-a). AtXLLC-2-8 = 0.9, theπ–A isotherm showed the
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Fig. 5. Change of the transition pressure (πeq) and collapse pressure (πc) as a function ofXcerebrosideon 0.15 M NaCl at 298.2 K. The dashed line was calculated
by Eq.(10) for ξ = 0: (A) DPPC/LLC-2 and (B) DPPC/LLC-2-8 systems.

phase transition, but the fluorescence images did not show the
black LC domain like pure LLC-2-8 (mentioned later). So,
this transition did not determine which comes from DPPC
constituent or LLC-2-8 one. As the result, the two systems
of LLC-2/DPPC and LLC-2-8/DPPC showed the miscibility,
but there is no clear difference between them.

The interaction between LLC-2 or LLC-2-8 and DPPC
molecules was investigated by examining whether the vari-
ation of the mean molecular surface areas as a function
of Xcerebrosidesatisfies the additivity rule[73,74]. Compar-
ison between the experimental mean molecular areas and
the mean molecular areas based on ideal mixing is shown in
Fig. 6A and B at five different surface pressures (5, 15, 25, 35
and 45 mN m−1). At π = 5 mN m−1 for LLC-2/DPPC system
(Fig. 6A), experimental values show a small negative devia-
tion from the theoretical line, indicating attractive interaction
between LLC-2 and DPPC. This may result from the fact
that the interactions between LLC-2 and DPPC are mainly
governed by the enhanced attractions between hydrophobic
groups. Atπ = 15 and 25 mN m−1 for LLC-2/DPPC system,
positive deviations are observed, indicating diminished inter-
action between the head groups of LLC-2 and DPPC and

between fatty acid chains of LLC-2 and DPPC. At 35 and
45 mN m−1, the variation almost obeys the additivity rule.
This indicates that LLC-2 and DPPC are almost ideally mixed
in the monolayer. As LLC-2 has a longer alkyl chain than
DPPC, attractive interaction between LLC-2 hydrocarbon
segments and DPPC chains is maximized and compensates
for steric hinderance produced by the LLC-2 hydrocarbon
segment. For LLC-2-8/DPPC system (Fig. 6B), compari-
son of the experimental data with calculated values clearly
indicates a good agreement at 5, 35 and 45 mN m−1. The
A–Xcerebrosideshows positive deviations at 15 and 25 mN m−1.
These behaviors are explained by the same reason for the
LLC-2/DPPC system.

The influence ofXDPPCon the�V–A isotherms is shown
in Fig. 4A and B. Analysis of the surface potential (�V)
of the two-component monolayers in terms of the additivity
rule is presented inFig. 7A and B. For LLC-2/DPPC system
(Fig. 7A), and the comparison of the experimental data with
calculated ones clearly indicates a negative deviation from the
ideal line at 15–45 mN m−1 and a positive one at 5 mN m−1.
Such trend is the same as that for the LLC-2-8/DPPC system
(Fig. 7B), too.
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Fig. 6. Deviation of two-component monolayer from ideal behavior. Variation of the mean surface area (Am) with cereboroside mole fraction for the cerebro-
sides/phospholipid mixtures at different surface pressures: (A) LLC-2/DPPC and (B) LLC-2-8/DPPC systems.

3.4. Mean molecular surface area (Am), partial
molecular surface area (PMA), mean molecular surface
potential (�Vm), and apparent partial molecular surface
potential (APSP)

Whenπ–A isotherms 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) satis-
fies the additivity rule or not and, if not, which deviation is
observed, negative or positive. Comparison between exper-
imental mean molecular areas and mean molecular areas
calculated for ideal mixing at five surface pressures (5, 15,
25, 35, and 45 mN m−1) was showed inFig. 6A (LLC-2) and
Fig. 6B (LLC-2-8). A binary system can show an ideal behav-
ior either by forming ideally mixed monolayer or by the case
where the two components cannot mix at all but can form
the so-called patched film, where the additivity should show
a linear relation as indicated by a broken line. Here,Am is
assumed to satisfy the following equations:

Am = X1A1 + X2A2 (5)

whereAm is the average molecular area in the two-component
film, X1 andX2 are the mole fractions of the components 1
and 2, respectively, andA1 andA2 are the partial molecular
areas in the two-component film at a definite surface pressure.

The behaviors of occupied surface area and surface poten-
tial can be seen more clearly if the partial molar quantities are
evaluated. One of them has been employed in previous study
[49,51,75]. When PMA is denoted asA1 andA2 for compo-
nents 1 and 2, theA1 andA2 values can be determinable as the
respective intercept value atX2 = 0 andX2 = 1 of a tangential
line drawn at any given point on theAm–Xcerebrosidecurve as
shown inFig. 6.A1 andA2 from the relation are given as:

A1 = Am − X2

(
∂Am

∂X2

)
T,π

A2 = Am + (1 − X2)

(
∂Am

∂X2

)
T,π

(6)

whereAi is defined as:

Ai =
(

∂At

∂Ni

)
T,π
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Fig. 7. Deviation of two-component monolayer from ideal behavior. Variation of the surface potential (�V) with cereboroside mole fraction for the cerebro-
sides/phospholipid mixtures at different surface pressures: (A) LLC-2/DPPC and (B) LLC-2-8/DPPC systems.

when N1 plus N2 molecules form a surface areaAt (=
N1A1 + N2A2), and 1 and 2 denote cerebrosides and DPPC,
respectively. Correspondingly, the apparent partial molecu-
lar surface potential can be obtained from the relationship
between the average molecular surface potential and mole
fraction, which is the same as the above area.

�V1 = �Vm − X2

(
∂�Vm

∂X2

)
T,π

(7)

where�Vm was evaluated by dividing the measured surface
potential (�V) by the number of molecules in the unit area.
The surface potential (�V) is measured by an americium air
electrode whose area is ca. 1 cm2. Therefore, we assumed its
dimension to be mV cm−2. The average molecular surface
potential in mV molecule−1 unit can be obtained by the�V
and the number of molecules in 1 cm2 calculated from the
π–A isotherm. When APSP is denoted as�V1 and�V2 for
components 1and 2, they are determined by the respective
intercepts atX2 = 0 andX2 = 1 of a tangential line drawn at
any given point on the�Vm–Xcerebrosidecurve as shown in
Fig. 8.

For cerebrosides/DPPC systems, they were miscible due
to the evidence of change of transition pressure which
increased withXcerebroside(above-mentioned). So, the proce-
dures for PMA and APSP were applied to cerebrosides/DPPC
systems. The PMA–Xcerebrosidecurves for cerebrosides (LLC-
2 and LLC-2-8)/DPPC systems are shown inFig. 9. It is noted
that if the two-component systems are ideal mixing, the PMA
and APSP should be parallel to the axis ofX2 (the additivity
rule). The PMA for both cerebrosides/DPPC systems indi-
cates the similar behavior at each surface pressure. It is found
that DPPC molecules have almost the same surface area in the
binary LLC-2 and LLC-2-8/DPPC systems at low and high
surface pressures except for 15 and 25 mN m−1. At 5 mN m−1

of LLC-2/DPPC system, the partial molecular areas of LLC-2
and DPPC do not remain constant over the whole mole frac-
tion. On the contrary, as for LLC-2-8/DPPC system, those of
LLC-2 and DPPC show almost individual one over the whole
mole fraction. At 15 mN m−1 of cerebrosides/DPPC systems,
the partial molecular areas of both systems are very change-
able, too. This complex behavior comes from the LE/LC
transition of DPPC. This characteristic PMA behavior may
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Fig. 8. Variation of the mean molecular surface potential (�Vm) with cereboroside mole fraction for the cerebrosides/phospholipid mixtures at different surface
pressures: (A) LLC-2/DPPC and (B) LLC-2-8/DPPC systems.

be directly related to the liquid expanded state of DPPC.
At the higher surface pressure (35 mN m−1), where DPPC
molecules form a liquid condensed film, all molecular areas
of the two mixtures show an almost linear in regard toAm
versusX2 plots, although small deviations from the additivity
rule are seen. However, these deviations are not attributable
to the experimental errors.

In contrast to PMA, the APSP–Xcerebrosidecurves for cere-
brosides/DPPC systems (seeFig. 10) suggest almost same
interaction of DPPC between LLC-2 and LLC-2-8. The
APSP–Xcerebrosidefor cerebroside/DPPC systems indicates
the similar behavior at each surface pressure. It is found
that APSP of DPPC and LLC-2 (or LLC-2-8) molecules
remain almost the same as the individual value over the
whole mole fraction range at low surface pressure (at 5 and
15 mN m−1) as shown inFig. 10A and B. Upon compression
at 35 and 45 mN m−1, APSP of DPPC increases with increas-
ing mole fraction of DPPC. For example, DPPC molecules
at Xcerebroside= 0.9 are surrounded almost by the LLC-2 or
LLC-2-8 molecules for the binary LLC-2/DPPC and LLC-
2-8/DPPC system. In the monolayer, DPPC has a minimum

molecular area of about 0.46 nm2 (Fig. 3) [76,77], which is
limited by the relatively large head group cross-sectional area.
The cross-sectional area of an optimally packed, all trans,
hydrocarbon chain is about 0.20 nm2 [78], so the hydrocar-
bon portion of the DPPC molecule would like to occupy an
area ofA= 2 ×20 nm2 = 0.40 nm2. This mismatch results in
a tilt angle of aliphatic chains of 25–30◦ and a reduction in
the attractive interactions between the chains[75,79]. Tilting
is also accompanied by a decrease in the coherence length of
monolayer packing.

Addition of LLC-2 (or LLC-2-8) reduces the head/tail
mismatch of pure DPPC as shown by potential increase of
APSP for DPPC, indicating the decrease in tilt angle of the
mixed monolayer state. Upon compression at 25 mN m−1,
for the mole fraction of 0.1 and 0.3, part of DPPC changes
to LC film via transition pressureπeq. APSP for DPPC
indicates the decrease in tilt angle of the mixed monolayer
state at the sacrifice of orientation for LLC-2 (or LLC-2-8).
Upon compression at 35 mN m−1, APSP of DPPC decreases
and that of LLC-2 increases, increasing mole fraction of
cerebroside. At the range ofXcerebroside= 0–0.3, APSP of
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Fig. 9. Variation of partial molecular surface area (PMA) for two-component cerebrosides and DPPC as a function ofXcerebrosideat different surface pressures:
(A) LLC-2/DPPC and (B) LLC-2-8/DPPC systems.

DPPC remains almost constant, after that, that of DPPC and
then decreases above the mole fraction. On the contrary,
at the range ofXcerebroside= 0.05–0.5, APSP of LLC-2 (or
LLC-2-8) increases almost linearly and then reaches almost
the individual value which increasing cerebroside mole
fraction.

The packing for the LLC-2 (or LLC-2-8)/DPPC system
changes depending upon the surface pressure. This behavior
is owing to the matching of the chain length of DPPC (sat-
urated) and to the position of methyl group (iso or anti-iso)
in LLC-2 (or LLC-2-8) chains (saturated). In consequence,
the surface orientation of DPPC molecules is affected more
strongly by LLC-2 chains than LLC-2-8 ones due to the mix-
ing of position of methyl group in LLC-2 chains.

3.5. Apparent molar quantity changes on the phase
transition

The temperature effect on the phase transition pressure
of the monolayer is of much interest, since it provides us
with the thermodynamic information on the phase transi-

tion of monolayers.Fig. 11 shows the representativeπ–A
isotherms of LLC-2–15 cerebroside on 0.15 M NaCl solu-
tion at various temperatures. Similar isotherms were observed
for LLC-2-1, LLC-2-8, LLC-2-10, and LLC-2-12 systems.
All the curves have a break point, showing the phase transi-
tion from LE phase to LC phase on compression. This phase
transition was also confirmed by surface potential and fluores-
cence microscopy. As was expected, the transition pressures
increased with increasing temperature. The isotherm of LLC-
2-1 did not show the LE/LC phase transition at 298.2 K but
showed the transition below 293.2 K inFig. 12. Theπ–A
isotherm showed that the collapse pressure decreased with
increasing temperature. For example, the collapse pressures
of LLC-2-8 were 54.0, 51.4, and 49.3 mN m−1 at 288.2,
293.2, and 298.2 K, respectively (figure not shown). In addi-
tion, they showed that the variation of surface potential (�V)
roughly tended to decrease with increasing temperature. For
example, the variation of surface potential of LLC-2-8 was
83, 78, and 70 mV at 288.2, 293.2, and 298.2 K, respectively.
These results are caused by looser packing with increasing
temperature.
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Fig. 10. Variation of apparent partial molecular surface potential (APSP) for two-component cerebrosides and DPPC as a function ofXcerebrosideat different
surface pressures: (A) LLC-2/DPPC and (B) LLC-2-8/DPPC systems.

The temperature dependence of the transition pressure
(πeq) for the cerebrosides is shown inFig. 12. The incli-
nation of LLC-2-1 was quite different from the others. This
reason is that the structure of LLC-2-1 is different from oth-
ers in terms of balance for the hydrocarbon chains between
fatty acid and the long-chain base (LCB) parts. The curves
are almost linear, and the slopes of these curves were used
to calculate the apparent molar quantity change on the phase
transition. The change of thermodynamic quantities on the
phase transition of monolayer was calculated using the pre-
vious method[80,81], which takes the contribution of the
substrate of a monolayer into account. The apparent molar
entropy change (�sγ ) on the phase transition was evaluated
by the following equation:

�sγ (α, β) = (aβ − aα)

[(
∂πeq

∂T

)
p

−
(

∂γ0

∂T

)
p

]
(8)

In this equation,�sγ is an apparent molar entropy change,
aα andaβ are molecular areas (in square nanometers, the
superscriptsα andβ refer phase states),πeq the transition
pressure from theβ phase to theα phase, andγ0 the surface

tension of the substrate.aα andaβ are estimated as follows.aβ

is the area at the point where the film starts to transform from
theβ to theαstate. Theaα value is determined in the following
manner; when the point (πeq,aβ) is moved parallel to the area
axis to zero area, it comes into contact with the elongated
line of theπ–A isotherm of the S (solid) state to the lower
surface pressure. The intersection point gives theaα value.
The right hand side of Eq.(8) is calculated numerically from
theπ–A isotherms given inFig. 11. Moreover, the apparent
molar enthalpy change (�hγ ) and the apparent molar energy
change (�uγ ) on the phase transition were related to�sγ by

�hγ (α, β) = T �sγ (α, β) (9)

�uγ (α, β) = (πeq − γ0)(aβ − aα) + T �sγ (α, β) (10)

Thus, we can determine�hγ and�uγ by use of the above
experimental results.

The apparent molar quantity changes (�sγ , �hγ , and
�uγ ) on the first-order phase transition for LLC-2-8, -10,
-12, -15 and DPPC on 0.15 M NaCl at 298.2 K are given in
Table 3. This table also includes the apparent molar quan-
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Fig. 11. The temperature dependence of surface pressure (π)–area (A)
isotherms, surface potential (�V)–Aisotherms, and surface dipole moment
(µ⊥)–A isotherms of the one-component system on 0.15 M NaCl at various
temperatures for LLC-2-15 system.

Table 3
Apparent molar quantity changes (�s,�h, and�u) for cerebrosides on the
phase transition on 0.15 M NaCl at 298.2 K

−�sγ

(JK−1 mol−1)
−�hγ

(kJ mol−1)
−�uγ

(kJ mol−1)

LLC-2-8 38 11 12
LLC-2-10 40 12 13
LLC-2-12 54 16 17
LLC-2-15 70 21 22
DPPC 217 65 72
Myristic acid(80) 47 14 17

Fig. 12. The transition pressure (πeq) on 0.15 M NaCl at various tempera-
tures for different cerebroside systems.

tity changes of tetradecanoic acid in order to compare with
those of cerebrosides. It can be seen fromTable 3that for the
apparent molar enthalpy changes, all the values are negative
as expected. That is, the transition from the disordered phase
(gaseous or expanded) to the ordered one is exothermic.

Let us look at the entropy column inTable 3, where
longer the chain length of fatty acid part of cerebrosides are,
larger the value of�sγ become. The apparent molar quantity
changes depended on the chain length combination based on
the extent of cohesive force of hydrocarbon chain in cerebro-
sides. The values of the apparent molar quantity changes on
the phase transition for cerebrosides were almost the same as
that of the tetradecanoic acid.

However, the apparent molar quantity changes on the
phase transition for cerebrosides were lowered by one order
of magnitude, compared with that of DPPC. This comes
from the difference in hydrophobic part packing between the
terminaliso-type structure and saturated hydrocarbon chain
alignment.

3.6. Two-dimensional phase diagram

From theπ–A isotherm for the binary systems of LLC-
2/DPPC and LLC-2-8/DPPC, their two-dimensional phase
diagrams were constructed by use of the transition pres-
s eq c
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in the monolayer state. This can be explained by the fact that
the film forming molecules become more dense by compres-
sion, leading to decrease in the surface tension more by the
film forming molecule. Then the resultant surface pressure
increased.

Assuming that in these cerebrosides/DPPC cases the sur-
face mixtures behave as a regular solution with a hexagonal
lattice, the coexistence phase boundary between the ordered
monolayer phase and the bulk solid phase can be theoretically
simulated by the Joos Eq.(11), and the interaction parameter
(ξ) was calculated from this deviation[82].

xs
1γ1 exp

(
πc,m − πc,1

kT
ω1

)
exp

[
ξ(xs

2)2
]

+ xs
2γ2 exp

(
πc,m − πc,2

kT
ω2

)
exp

[
ξ(xs

1)2
]

= 1 (11)

where xs
1 and xs

2 denote the mole fraction in the two-
component monolayer of components 1 and 2, respectively,
andπc,1 andπc,2 are the corresponding collapse pressures of
components 1 and 2.πc,m is the collapse pressure of the two-
component monolayer at given composition ofxs

1 andxs
2. ω1

andω2 are the corresponding limiting molecular surface area
at the collapse points.γ1 andγ2 are the surface activity coef-
ficients at the collapse point,ξ is the interaction parameter,
andkT the product of the Boltzmann constant and the Kelvin
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microscopy, which provides a direct image of the monolay-
ers. A fluorescent dye probe was therefore incorporated into
the monolayer and its distribution was monitored by fluores-
cence micrographs. The contrast is due to difference in dye
solubility between disordered (or LE) and ordered phases (or
LC). Representative fluorescence micrographs (FMs) of pure
LLC-2, LLC-2-8, DPPC, and their two-component monolay-
ers spread on 0.15 M NaCl at 298.2 K are shown inFig. 13A
and B at various surface pressures.

Before examining the effects of a cerebroside on DPPC
domain shape, it is necessary to make pure DPPC behavior
clear. Theπ–A isotherm of DPPC is shown inFig. 3a, where
there exists the LE/LC coexistence region. Domain nucle-
ation occurs at the kink in theπ–A isotherm (typically at
11.5 mN m−1). Initially, the domains appear roughly round
in shape: whether the shape is the case in reality or due to lim-
its in the resolution of the microscope is unclear. Indeed, only
when they grow, they take their fundamental shape inFig. 13.

Column DPPC inFig. 13A and B shows a progression
of fluorescence images through the coexistence region for
DPPC[83–85]. The numerical value indicates surface pres-
sure in the figures for ordinate and mole fraction of cerebro-
side for abscissa. The images indicate the gaseous phase at
5 mN m−1 and the coexistence state of both LE phase and LC
phase at 11.5 and 15 mN m−1, where the bright regions and
dark domains indicate LE and LC phase, respectively. With
i -
c te LC
d e
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p ature
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emperature.
In these figures, M indicates a two-component mo

ayer formed by cerebroside, and DPPC species, while
enotes a solid phase of cerebrosides and DPPC (
hase” may be called “solid phase”). The collapse pres
c determined at each mole fraction is indicated by fi
ircles, where the dotted line shows the case where the
ction parameter (ξ) is zero.

From this equation, the interaction parameterξ is obtained
nd these mixtures yieldξ =−1.20 (for LLC-2/DPPC) an
0.16 (for LLC-2-8/DPPC). This means that there is mu

nteraction between two components in the two-compo
onolayer that is stronger than the mean of the inte

ions between pure component molecules themselves. A
esult, they are completely miscible. The interaction en
�ε can be calculated by the following equation:

�ε = −ξRT

6
(12)

nd these values are 50 J mol−1 (for LLC-2/DPP) and
6 J mol−1 (for LLC-2-8/DPPC). As a result, cerebr
ides/DPPC systems are the positive azeotropic type.

The value of the interaction energy of LLC-2-8/DPPC
bit larger than that of LLC-2/DPPC, but much weaker t

hat of previous reports[49–51,63,64,75,81].

.7. Fluorescence images of cerebroside monolayer

In order to make clear the phase behavior of theπ–A
sotherms, we investigated the monolayers by fluoresc
ncreasing surface pressure from 11.5 to 15 mN m−1, the per
entage of LC phase in each image increases and comple
omain image appears at 20 mN m−1 (data not shown). Th
omains formed are chiral, which is an expression of the
ality of the DPPC molecule. As would be expected, the e
iomer forms mirror images of the domains, and a race
ixture yields non-chiral domains. As is most eviden
ig. 13 at 11.5 mN m−1, the predominant domain shape

ike a bean with distinct cavities. As the monolayer is c
ressed, the domains grow and display their repulsive n
arising from their oriented dipoles) by deforming themse
o fill all available space and transforming into polygons
he surface pressures between 11 and 15 mN m−1, there hap
ens a shape instability resulting in ‘cutting’ the domain a

ntrinsic chiral paths as shown inFig. 13at 14 mN m−1 (data
ot shown). This phase transition is attributed to the pres
f the fluorescence probe, because no such effect is se
rewster angle microscopy[84]. In addition, the phase tra
ition is completely suppressed at higher compression
uggesting a kinetic rather than a thermodynamic origin

Monolayers of cerebroside used in this study do not f
he LC domains in the monolayer. As the result, FM sh
he liquid-expanded image (Fig. 13A and B). As mentio
n Section2, cerebrosides are molecular species whos
ydrophobic parts are too bulky to be closely packed tog
ompared with their occupied area of the polar head gr
s the result, a cavity is formed among the hydrocarbon
f LLC-2 because of the molecular structure. The white

erns in the FM image are the evidence of such LE dom
ndependent on surface pressure (Fig. 13A).
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Fig. 13. Fluorescence micrographs of cerebroside/DPPC (two-component) monolayer as a function ofXcerebrosideobserved at the compression rate of
1.0× 10−1 nm2 molecule−1 min−1 at 298.2 K on 0.15 M NaCl. Numerical number shows mole fraction of cereborside. (A) LLC-2/DPPC; (B) LLC-2-8/DPPC,
where the monolayer contained 1 mol% of fluorescent probe. The number in these images indicates the surface pressure (mN m−1). Scale bar represents 100�m.

Next, the mole fraction dependence of the transition pres-
sure is observed on the FM images of the two-component sys-
tem of LLC-2/DPPC inFig. 13A forXcerebroside= 0.05–0.7.
At low surface pressures (π<πeq), cerebroside/DPPC sys-
tems of the two-component monolayer were uniformly fluo-
resced, showing apparently homogeneous liquid-expanded
(LE) phase without liquid-condensed (LC) phase of dark
domains. Increasing the surface pressure, LC domains appear
atXcerebroside= 0.05–0.2. In each case, the LE/LC coexistence
region is observed and transition pressure (πeq) is higher than
that of pure DPPC (Fig. 13A and B). This suggests that the
observed dark domains in these figures would represent a con-

densed DPPC-enriched phase. With increasing the surface
pressure, the conformational change of the polar head groups
in the two-component monolayer is to facilitate the formation
of the small LC domains of DPPC. The fluorescence images
also supported the evidence of miscibility. Similarly the size
of LC domains became smaller with the addition of LLC-
2-8 in Fig. 13B, indicating the prevention of large domains
by the mixing of LLC-2-8 into DPPC. ForXLLC-2-8 = 0.9 the
domains were too small to be visible as LLC-2-8. The sizes
of LC domains were much smaller, compared with LLC-
2/DPPC system, suggesting that the miscibility of LLC-2-8
to DPPC was easier than that of LLC-2. In morphology,
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the pure compound LLC-2-8 behaves like as LE film or the
molecular species. This proves that the terminal methyl group
contributes much to packing of molecules at the surface.

The images of LLC-2-10, -12, -15 did not show the black
domains, which suggested that these cerebrosides form tiny
LC domains compared with normal LC domain.

To visualize the LC domains in FM image, much atten-
tion was paid to the experimental conditions such as tem-
perature, subphase, compression speed, and spreading sol-
vent. At first, temperature was decreased down to 283.2 K.
Secondly, subsolution was changed concerning the concen-
tration and pH (that is, 1, 2, 5 M NaCl, 2 M NaCl + pH
2 and 2 M NaCl + pH 12). Thirdly, compression rate was
made slow in order to create the LC domain gradually
at 5.2× 10−3 nm2 molecule−1 min−1 of compression rate.
Finally, spreading solvent was changed to toluene/methanol
(2:1) instead of chloroform/methanol (2:1). As the result, the
LC domains could be observed for LLC-2-15 and -12 with-
out changing theπ–Aisotherm profile. However, the domains
were not so clear image like that of DPPC and appeared as
gray domains. Here, the images were not shown, because
they looked like homogeneous LE. This is one of the rea-
sons why hydrophobic part of the terminal methyl group (iso
andanti-iso) makes unfocused gray LC domain. The part of
the terminal methyl group effects theπ–A isotherm[86,87]
profile and the branched chains affect the morphology[88].
C res-
c
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change of the transition pressure (πeq) and the collapse
pressure (πc). The π–A and �V–A isotherms of cerebro-
sides/DPPC mixtures show that the two components are
miscible in the monolayer state over the whole ranges of cere-
broside mole fraction and of surface pressure investigated.
From theAm–Xcerebrosideand�Vm–Xcerebrosideplots, partial
molecular surface area (PMA) and apparent partial molec-
ular surface potential (APSP) were determined at different
surface pressures. The PMA changes with the mole fraction
were extensively discussed for the miscible system. On the
other hand, the APSP changed depending upon the surface
pressure for LLC-2/and LLC-2-8/DPPC systems. The two-
dimensional phase diagram and the Joos equation allowed
calculation of the interaction parameter (ξ) and interaction
energy (−�ε) between cerebrosides (LLC-2 and LLC-2-8)
and DPPC for miscible binary systems. The one type of
phase diagram was obtained: the positive azeotropic (cere-
brosides/DPPC). The interaction of LLC-2-8 and DPPC is
a bit stronger than that of LLC-2 and DPPC. The fluores-
cence images also supported the miscibility. Fluorescence
microscopy for two-component cerebrosides/DPPC mono-
layers on 0.15 M NaCl solution showed that cerebrosides
dissolved the LC domains of DPPC monolayer upon com-
pression. These phenomena indicated that the miscibility of
two-component system is influenced by an extent of packing
of hydrophobic group.
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onsequently, the LC domains could not exclude the fluo
ence probe completely.

. Conclusion

The cerebrosides (LLC-2, LLC-2-1, LLC-2-8, LLC-2-1
LC-2-12, and LLC-2-15) derived fromL. laevigatacan be
pread as a stable monolayer on 0.15 M NaCl solutio
98.2 K together with phospholipid (DPPC). The Demc
nd Fort model was applied to analyze the surface p

ial of cerebrosides. Using the calculated saccharide
ead group, it became clear that the hydrophobic tail gr
trongly influence the surface potential. The new find
ere that LLC-2 showed LE film and that four compone

LLC-2-8, -10, -12, and -15) have the first order LE/LC ph
ransition in theπ–A isotherms at 298.2 K. The appar
olar quantity changes (�sγ , �hγ , and�uγ ) on the phas

ransition on 0.15 M at 298.2 K were calculated. The appa
olar quantity changes depended on the chain length co
ation, which was based on the cohesive force of hydroca
hain in cerebrosides. The values of the apparent molar
ity changes on the phase transition for cerebrosides
lmost the same as that of the tetradecanoic acid. This c

rom the steric hindrance of the hydrophobic part packin
he terminaliso-type structure.

Comparing monolayer behaviors of the molecular spe
LC-2 and the pure compound LLC-2-8 with that of DPP
oth binary systems of LLC-2/DPPC and LLC-2-8/DP
ere investigated. The miscibility was supported by
Although the pure compound LLC-2-8 has LE/LC tr
ition pressure, LLC-2-8 behaves just like LE film or
olecular species in the morphology. This proves tha

erminal methyl structure (iso or anti-iso) contributes muc
o molecular packing. It can be supposed that the mole
pecies of LLC-2 at their surfaces regulate such fundam
iological processes as growth, differentiation, and mo
s the functions of animal cells by the competition and/o
ooperation of multi-components (such as LLC-2-1, -8,
12, and -15). It also suggested that the molecular spec
iological systems play an important role in controlling
uidity and the packing of the biomembrane. Furtherm
he terminal methyl group plays an important role in con
ing the fluidity and the packing of the biomembrane.
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67] V. Vogel, D. Möbius, Thin Solid Films 159 (1988) 73.
68] D.M. Taylor, O.N.J. Oliveira, H.J. Morgan, J. Colloid Interface S

139 (1990) 508.
69] J.G. Petrov, E.E. Polymeropoulos, H. Möhwald, J. Phys. Chem.
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