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Abstract

The surface pressure)Xzarea (A), the surface potential (AV)a#d the dipole moment (g)—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 frdnimckia laevigata, and two-component
monolayers of two different cerebrosides (LLC-2 and LLC-2-8) with phospholipid of dipalmitoylphosphatidylcholine (DPPC) on a subphase
of 0.15M sodium chloride solution as a function of cerebroside compositions in the two-component systems by employing the Wilhelmy
method, the ionizing electrode method, and the fluorescence microscopy. The new finding was that LLC-2 showed a stable and liquid expanded
type film. Four of them (LLC-2-8, -10, -12, and -15) had the phase transition from the liquid-expanded (LE) to the liquid-condensed (LC)
states at 298.2 K. The apparent molar quantity changes (g, andAu”) on their phase transition on 0.15M at 298.2 K were calculated.
The miscibility of cerebroside and phospholipid in the two-component monolayers was examined by plotting the variation of the molecular
area and the surface potential as a function of the cerebroside molar fracliQrda¢3, using the additivity rule. From th&—X.ereprosisgeand
AVin—XonospholipiaPlots, a partial molecular surface area (PMA) and an apparent partial molecular surface potential (APSP) were determined
at the discrete surface pressure. The PMA and APSP with the mole fraction were extensively discussed for the miscible systems. Judging
from the two-dimensional phase diagrams, these were found to be one type, a positive azeotropic type; all the cerebrosides were miscible
with DPPC. Furthermore, assuming a regular surface mixture, the Joos equation for the analysis of the collapse pressure of two-component
monolayers allowed calculation of the interaction paramefjearté the interaction energy (—Ae¢) between the cerebrosides and DPPC. The
miscibility 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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1. Introduction locate on the outer leaflet of the membrane and may act to
protect the membrane from harsh conditions such as a low
Lipid molecules containing sugar groups are called gly- pH or degradative enzymg&0]. A detailed description of
cosphingolipids. Glycosphingolipids (GSLs) are present in the chemical, structural and functional properties of glycol-
most animal cell plasma membranes and are thought to play apids in general can be found in a review article by Maggio
role in a number of cellular functions, including cell recogni- [11].
tion[1,2], cell differentiatior{3-5], signal transductiof®, 7], Glycosphingolipids (GSLs) (cerebrosides) are amphi-
apoptosi$8], and receptors for viry®]. They predominantly  philic compounds consisting of saccharide and ceramide moi-
eties and are ubiquitous components of the plasma membrane
"+ Corresponding author. Tel.: +81 92 642 6669; fax: +81 92 642 6669, ©! &l eukaryotic cell§12,13]. Recent cell biological studies
E-mail addressshibata@phar.kyushu-u.ac.jp (O. Shibata). show that cerebrosides in plasma membranes form clusters,
URL: http://kaimen.phar.kyushu-u.ac.jp. so called as rafts, with cholesterol and are relatively less con-

0927-7765/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfh.2005.06.006



124 T. Maruta et al. / Colloids and Surfaces B: Biointerfaces 44 (2005) 123-142

tent of phospholipids than other areas of plasma membraneaccumulated substrate of Gaucher disease. Then glycocere-
Glycosphingolipids (GSLs) could mediate the signal trans- broside has several activities, for example, anti-ulcerogenic
duction pathway through interaction with these signaling activity [52], anti-tumor activity[53], and anti-microbial
proteins and not only circulate between the plasma mem- activity [35]. So, it is expected that glycocerebroside is uti-
brane and intracellular organs but also move laterally over thelized as a new medical resource from natural products. The
exoplasmic membrane. Such migration could be conductedmonolayer properties of glycocerebroside were reported from
by raft[14,15]. Galactocerebrosides are a major component 1970s, but all reports used the molecular species of glycocere-
of the myelin sheatljl6—-20]. Glycocerebrosides and lac- broside[37,50,52—61].
tosylceramide are the major extraneural glycosphingolipids  Here, we have focused onisolated GSLs fidntkia lae-
[21-24]. GSLs with tri- and tetrasaccharide containing head vigataas new medical natural resources and on characterizing
groups, known as globosides, are found in the erythrocytethe Langmuir behavior of some pure cerebrosides, phos-
membrand25]. GSLs show heterogeneity not only in their pholipid, and their two-component systems at the air—water
saccharide head group but also in their ceramide moieties.interface. Surface pressure){/A, surface potential (AV)-A,
The biological significance of ceramide heterogeneity is still and dipole moment (w)—A isotherms were obtained for
not well understood. However, especially the structure of the pure compounds and their two-component systems. The
ceramide for the fatty acid moieties could influence the local- phase behavior of two-component monolayers was exam-
ization and functions of GSLs on the plasma membrane, ined in terms of additivity of molecular surface area and of
possibly by direct interaction with cholesterol, phospho- surface potential. Furthermore, it was analyzed employing
lipids, and the transmembrane domains of receptor proteinsthe partial molecular area (PMA) and the apparent partial
[26—29]. Unusual structures of GSLs will be revealed in molecular surface potential (APSP). The molecular interac-
future through further technological innovation. GSLs exist tion between monolayer components was investigated using
not only in the vertebrate but also in the molly§o], the the Joos equatiof82]. Finally, the monolayers were exam-
echinoderni23,24,31-34], the plari85,36], and so on; for  ined by fluorescence microscopy.
example, GSLs from the starfish (LMCE23], LMC-2 [23],
and LLG-3[34]).

The interfacial behaviors of GSLs are investigated by 2. Experimental
using several apparatuses for the monolgdr42], the
bilayer [43], and the liposomg44,45]. Particularly the 2.1. Material
monolayer is used as the simplest model of biomem-
brane. The monolayer properties of GSLs are investigated The blue sea stdr. laevigata(Aohitode in Japanese) is
in terms of ther—A isotherm[37-41], theAV-Aisotherm  belonging to the Ophidiasteridae family, the Phanerozonia
[37,40,41], the fluorescence microscd@y], the Brewster  order, the Asteroidea class, the Eleutherozoa subphylum, and
angle microscopy40], and the atomic force microscopy the Echinodermata phylum of animals. It was collected in the
[41,42]. Some researchers systematically investigate thesea near Motobu in Okinawa, Japan in 2000. The chemical
monolayer properties of GSLs by paying much attention structure of isolated cerebrosides (LLC-2, LLC-2-1, LLC-2-
to the structure of sugar cha[87-40]. Others investigate 8, LLC-2-10, LLC-2-12, and LLC-2-15) fronh.. laevigata
multi-component systems, approaching to the biomembraneysed in this study were shovig. 1. The more detailed sep-
composition[42]. aration and purification were reported elsewhg2]. All

Especially monogylcosylated ceramides (cerebrosides)cerebrosides were classified by and3C NMR spectra,
are the simplest class of glycosphigolipids; they are impor- FAB—MS spectra, GC—MS spectra after purification by TLC
tant surface molecules found in virtually all cells. Galactosyl and HPLC. The compositions of the hydrophobic acyl chain
ceramides and their metabolites have been shown to pos-and long chain base (LCB) are givenTiable 1.
sess important functions in promoting the regulation of nerve
cell [46], regulating protein kinase C activitigd7], and Table 1

mOd,UIatmg th_e function of hormone receptc[>4§]. In the. Acyl chain and long chain base (LCB) composition of cerebrosides
previous studies, we have reported the surface behavior of

some pure cerebrosides and of two-component monolayers MW Fatty acid LCB Ratio (%)
made from cerebrosides (LMC-1 and LMC-2) and phospho- ttggé ;gg Geo gl&o igg
lipids (DPPC and DPPE}9] and steroids (cholesterol and - G20 170
cholesteryl sodium sulfat¢y0,51]at the air-water interface. ~ LLC-2-10 817 G20 Cigo 50
In order to know the detailed interactions of sphingolipids Caz0 Ciz0 50
and their roles in the cell membrane, it is necessary to col- LLC-2-12 831 G20 Cig0 25
lect more information on their dependence on the molecular 22310 21810 2(5)
structure difference, i.e. the number, location, and orientation 240 170
of hydroxyl groups attached to the acyl chains. Glycocere- LL.C-2-15 859 Gao Cig:0 80

Cas:0 Cis:0 20

broside is famous for the precursor of gangliosides or the
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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-a-1-palmitoyl-2-hy-  the chloroform/methanol mixture (2:1) at the air/agueous
droxy-sn-glycero-3-phosphocholine: DPPC) was purchasedsolution interface. Chloroform and methanol were pur-
from Avanti Polar Lipids Inc. (Birmingham, Alabama, USA), chased from Cica-Merck (Uvasol). The substrate solution
the purity was >99% and used without further purification. of 0.15M sodium chloride (Nacalai Tesque) was prepared
The pure compounds or their mixtures were spread from using thrice distilled water (surface tension, 71.96 mN'm
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at 298.2+ 0.1K; resistivity, 18 MCxm). Sodium chloride  ious temperatures. The entire optical set-up was placed on
(Nacalai Tesque) was roasted at 1023 K for 24 h to remove an active vibration isolation unit (Model-AY-1812, Visola-
any surface active organic impurity. tor, Japan).

2.2. 7—A andAV-A measurements
3. Results and discussion

The surface pressure of the monolayer was measured using
an automated home-made Wilhelmy film balance, which 3.1. Surface pressure Jzarea (A), surface potential
was the same as that used in the previous styéig$4]. (AV)-A, and dipole moment (y)—A isotherms of
The surface pressure balance (Mettler Toledo, AG245) hadcerebroside monolayers and phospholipid monolayer
resolution of 0.01 mNm!. The surface measuring system
was equipped with the filter paper (Whatman 541, periph-  The n—A, AV-A and u—A isotherms of monolayers
ery 4cm). The trough was made from aluminum coated with made from cerebrosides (LLC-2, LLC-2-1, LLC-2-8, LLC-
Teflon and its dimension was 500 mail50 mm. Beforeeach  2-10, LLC-2-12, and LLC-2-15) on 0.15M NacCl solution
experiment, the trough was rinsed and cleaned with acetoneat 298.2 K were shown ifrig. 2. The molecular species
and chloroform, alternately. The absence of surface-active LLC-2 isotherm showed a typical liquid-expanded mono-
compounds in the subphase (0.15M NacCl, about pH 6.5) layer behavior, the high compressibility of LLC-2 over the
was checked by reducing the available surface area to lessvhole surface pressures and the absence of discontinuities in
than 4% of its original area after sufficient time was allowed the 7—A isotherms. Its extrapolated area was 0.52 amd
for adsorption of possible impurities that might be present the collapse pressure was 47.0 mN'{0.39 nn?), respec-
by trace amounts in the substrate. Only substrate that did nottively. This result is very close to those previously reported
show changes of surface pressure above 0.5 mNand of [50], except for minor distinctions caused by dissimilarities
surface potential 50 mV on this procedure was used. A mono- in the molecular species composition.
layer was mainly prepared by spreading a ji0solution More fractionated cerebrosides (glycosphingolipids:
at 298.2K. A period of time, 15min was needed to evap- LLC-2-1, LLC-2-8, LLC-2-10, LLC-2-12, and LLC-2-
orate the spreading solvent, and then the monolayer wasl5) showed the transition pressure®{zfrom the liquid-
compressed at the speed of 0.10¥mnolecule X min—1, expanded (LE) state to the liquid-condensed (LC) state,
because no influence of difference in the compression ratewhosen—A isotherms in the expanded scale are shown in
(at0.11 nrd molecule min—1) could be detected withinthe ~ Fig. 2d. Glycocerebrosides isolated from various species

limits of the experimental error. were different in terms of the ceramide core structure, the
terminal structure, and the chain length. All cerebrosides
2.3. Fluorescence microscopy employed in this study possess an identical hydrophilic

head group. Difference in average molecular areas results

Fluorescence images were observed using an automatedrom variation in the packing state of the hydrophobic
home-made Wilhelmy film balance equipped with a fluores- chains with slight olefin and branching chain parts. The
cence microscope (BM-1000, U.S.1. System, Jaf@B64]. long-chain bases (LCB) of LLC-2-1 and LLC-2-8 con-
It is possible to record simultaneously the surface pressuresist of 16-methyl-heptadecane-1,3,4-triol and 15-methyl-
(m)—area (A) and the surface potential (AV)isdtherms hexadecane-1,3,4-triol chains, respectively, while the LCB
along with the monolayer images to correlate these prop- of LLC-2-10, LLC-2-12 and LLC-2-15 are mixtures of var-
erties of the same monolayer. A 300W lamp (XL 300, ious chain lengths (Table 1). That is, the LCB of LLC-
Pneum) was used for fluorescence excitation. A 546 nm 2-10 consists of 15-methyl-hexadecane-1,3,4-triol (50%)
band path filter (Mitutoyo) was used for excitation and a and 16-methyl-heptadecane-1,3,4-triol (50%) chains, while
590 nm cut-off filter (Olympus) for emission. The mono- that of LLC-2-12 does 15-methyl-hexadecane-1,3,4-triol
layer was observed using a 20ong-distance objective lens  (25%), 16-methyl-heptadecane-1,3,4-triol (50%), and 17-
(Mitutoyo f=200/focal length 20 mm). A xanthylium 3,6- methyl-octadecane-1,3,4-triol (25%) and that of LLC-2-
bis(diethylamino)-9-(2-octadecyloxycarbonyl)phenyl chlo- 15 does 15-methyl-hexadecane-1,3,4-triol (20%), and 16-
ride (R18, Molecular Probes) was used as an insoluble fluo- methyl-octadecane-1,3,4-triol (80%) chains.
rescent probe. It has its absorbance and emission band max- The monolayer properties of glycocerebrosides had been
ima at 556 and 578 nm, respectively. The solution used in reported by using the molecular spedi#s,49-51,54-58]. A
the fluorescence microscopy experiments contained 1 mol%minor component LLC-2-1in LLC-2 showed more expanded
of the fluorescent probe against insoluble materials. Fluores-state than LLC-2 in ther—A isotherms at 298.2 K, which
cence images were recorded with a CCD camera (757 JAlwas based on its shorter hydrocarbon chain length. The
ICCD camera, Denmark) connected to the microscope, andpure compound LLC-2-1 isotherm also showed a typical
transferred directly into computer memory through an online liquid-expanded (LE) and collapse pressure at 48.8 mim
image processor (VAIO PCV-R53, Sony: video capture soft). (0.44 nn?). In contrast, the isotherm of the pure compound
All the experiments were carried out in a dark room at var- of LLC-2-8 showed the characteristic first-order transi-
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Fig. 2. Surface pressure)sarea (A) isotherms (a), surface potential (AV)-A
isotherms (b), surface dipole moment,(}+A isotherms (c), and expanded
surface pressure jzarea (A) isotherms (d) of cerebrosides on 0.15M NaCl
at 298.2K; 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 41.2mNmt as shown by an arrow num-
ber 8 in Fig. 2d. The LLC-2-8 monolayer collapsed at
49.3mNnt! (collapsed area: 0.40rf)) and the extrap-
olated area was 0.47 fmAlso, LLC-2-10, -12, and -15
have the LE/LC phase transition pressuré%mat 37.2,
33.2, and 25.0mNmt, and their extrapolated areas were
0.47, 0.46, and 0.46 nmrespectively. And also the collapse
pressures were 48.0mNTh (collapsed area: 0.40 rfi)

46.3mNnT! (0.40nnf), and 42.6mNm! (0.40nn?),
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 (AV) is a measure
of the electrostatic field gradient perpendicular to the sur-
face and thus varies considerably with the molecular surface
density. The behaviors afV—Aisotherms for cerebrosides
correspond to the change of the molecular orientation upon
compression as shownkiig. 2b. The surface potentials (AV)
of cerebrosides showed always positive. The LLC-2 mono-
layer showed the largest variation &% under compression
among them, which reached a value of around 100 mV at the
closest packing state. The LLC-2-8 monolayer showed the
smallestAV value of 70 mV at high surface pressure.

The vertical component of surface dipole momentwas
calculated from the Helmholtz equation using the measured
AV values,

v ML 1)

goeA’

whereg is the permittivity of a vacuum andthe mean per-
mittivity of the monolayer (which is assumed to be unité).

is the area occupied by a molecule. Th&values involve the
resultant of the dipole moments carried by the polar head (sac-
charide), the €H bond (the CH group), and the subphase.
As the subphase and the hydrophilic head are identical for the
present four cerebrosides, the difference observed inthe
values for the cerebrosides clearly evidences the magnitude
of influence of the hydrophobic tails.

3.2. Surface dipole moments (Jof cerebrosides

The surface potential of monolayers was often analyzed
using the three-layer model proposed by Demchak and Fort
[65], which is based on the earlier model of Davies and Rideal
[66]. This model postulates independent contributions of the
subphase (layer 1), polar head group (layer 2), and hydropho-
bic chain (layer 3). Independent dipole moments and effective
local dielectric constants are attributed to each of the three
layers. Other models, such as the Helmholtz model and the
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Vogel and Mobius model are also availabjig7]. These dif- water surface as suggested by Bernett e{7l] and that
ferent models were reviewd@8]. The conclusion was that, the group moments have the values given by Snjyfl.
despite its limitations, the Demchak and Fort model pro- In addition, it was assumed that the-& group moment
vides good agreement between thevalues estimated from  was 0.4 D, the carbon being negatively chardéd]. So,
the monolayer surface potentials and those determined fromthe vertical contribution of terminal methyl group is 0.33D.
measurements on bulk material for various aliphatic com- The structure of the saccharide for hydrophilic group is lit-
pounds. tle bit different compared with that of the starfithiidia
The estimation ofu (the vertical components of the maculata(LMC) which is reported in the previous paper
dipole moment to the plane of the monolayer) of polar head [49]. But all the cerebrosides employed in this study pos-
groups and hydrocarbon chains using the Demchack and Forsess an identical hydrophilic head group. If the value of
model assumes a condensed Langmuir monolayer of closethe saccharide of hydrophilic group is identical to that of
packed vertical chaing5,66]. Application of this modelto ~ LMC, it was set to 0.63 D (that i$;3%°= 0.63 D) from previ-
mainly the cerebrosides LE monolayer may lead to a rough ous repor{49]. Then, it is possible to compare the packing
estimation. However, if the value of closest-packed cerebro- state of hydrophobic part of each cerebroside in this study.
sides monolayer is applied to this model, it may lead to The authors have used the combination of the set of val-
a useful estimation, which can help to provide qualitative ues (w/e1=—0.025D,e2=7.6, ands3z =2.8), because they

explanation of surface potential behavior. provide a good agreement between calculated values and

We have thus compared the experimental valugs,oin experimental values of dipole moments measured on a saline
the most condensed state of the monolayer with those calcuphase.
lated it | calc By the three-layer model-based equation, Secondly, we evaluated the contribution of the hydropho-

m 2 U3 bic tail group of cerebrosides by using the following equation:
K 1calc = o + P + = ) sac
o po(Llc2-8) =2ty B2 B8 _go75D 4)

where /e, uolen, andusles are the contributions of the €1 €2 €3

subphase, polar head group, and hydrophobic chain groupyye assumed here that the contribution of two hydrophobic

respectively. _ o _tails of LLC-2-8 depends on either the two termiied or
We want to determine the contribution of the hydrophobic anti-isomethyl groups and one vertical of€ bond. So, we

group of cerebroside.. Carboxylic and hydroxyl groups have used 0.63 D fopp52and inserted this value to E¢#), and
already been detgrmmed by the .D_emchack and Fort mOde'the contribution of the hydrophobic group becar®033 D.
[59]. The saccharide of hydrophilic group was also deter- Then, we can gatz = —0.092. The same procedure was done

mined py_previous repof49]. for other systems. From the above equations, we obtained
The initial set of values proposed by Demchak and Fort 3'1C2=_0.011D, us''C21=_0.039D, uz LLC-28=

(u1/e1=0.040D, e2=7.6, ande3=5.3 [65]) were deter- —0.092D, ;3-tC210=_0.090D, us--c212=_0.076D,
mined for monolayers made from terphenyl derivatives and LLC-2-15 —
octadecyl nitrile. Another set of values were determined
in the papers by Petrov et al. {fg¢1=0.025D, ¢2=7.6,

and e3=4.2 [69]) for monolayers ofn-heptanol and 16-
bromohexadecanol. We have used a set of values intro-
duced by Taylor and Oliveira (ge1 =—0.065D, e2=6.4,

ndus —0.028 D. The results were givenTable 2.

As is clear from the values of columrg (D) in Table 2,
vector of all cerebrosides in hydrophobic part are negative,
which means that the direction of vector tend from air to
subphase. This is an opposite direction compared with nor-
i mal one. This results from structure difference in hydrophilic
and 83:,2'8) for monolayers of»-halogenated fatty acids part between LMC and LLC; the former has three hydroxyl
and amine$68]. , groups, while later has only one. The magnitude of deforma-

To determine the set of the parameters of our experimen-o. for hydrophobic part for LLC-2-8 and LLC-2-10 is the

tal condition, the selection of parameter values was done |, qastin all the cerebrosides. It comes from the difference in
using the standard sample of dipalmitoylphosphatidylcholine

(DPPC). In the first approximation, we assume that they are
constant independent of the nature of the head group so thatrable 2
they may be evaluated from the data on DPPC. These dateSurface potential data used for dipole moment evaluation

are listed in the previous pap9].The experimental values Area(nnf) 7 (MNm™1) AV(MV) puy (D) ps(D)
of surface dipole moment for DPPC used to determine the | | ¢, 0.41 42 97 0104 —0.011
set of the parameters were as follows: LLC-2-1  0.46 42 78 0.094 —0.039
o, 1 5 5 R un om
11 (DPPC)= ol e e T 0.62D () Lc212 o 41 75 0081 —0.076
LLC-2-15 0.42 35 89 0.098 —0.028

In the calculation, it was assumed that the C—X dipole of ter- Area is the molecular surface area obtained by the close-packed high-

minal ~CHX moiety (where X isa hydrqgen) was inclined  pressure portion of the—A isotherms, and\V is obtained at that point.
at half the tetrahedral angle (i.e.84¥) with respect to the ;. is total dipole moment ands is that of the part fots>-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 terminako or anti-isomethyl groups and one
vertical of G-H bond, LLC-2-15 showed good alignment in

all the present cerebrosides. We also discuss the packing den-
sity in the later SectioB.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,thé\, AV-A, andu | —A
isotherms were measured at various compositions at 298.2 K
on a0.15M NaCl subphase for pure system of LLC-2, LLC-
2-8 and DPPC irFig. 3and for LLC-2/and LLC-2-8/DPPC
two-component systems Fig. 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.

Then—A, AV—Aandu | —Aisotherms of monolayers made
from DPPC, LLC-2, and LLC-2-8 on 0.15 M NacCl solution
at 298.2 K were shown iRig. 3. Ther—Aisotherm of DPPC
presented the characteristic first order transition from the
disordered liquid-expanded (LE) phase to the ordered liquid-
condensed (LC) phase (Fig. 3). The transition presstftg,
at 298.2 K was 11.5 mN nt, above which the surface pres-
sure rose due to the orientational change. Collapse of the
DPPC monolayer occurred at 54.6 mN#(0.39 nn?), and
the extrapolated area was 0.4651m

The AV-Aisotherms of cerebrosides (LLC-2 and LLC-
2-8) and DPPC were shown iRig. 3b. Absolute surface
potential (AV) of the cerebrosides showed almost same value
of 70-100 mV. Both of them showed a hump in the/—A
isotherms, as observed in the previous ¢4@-51]. This
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hump comes from the conformational change for cerebro- Fig. 3. Surface pressure Xrarea (A) isotherms, surface potential (AV)—A
side in the monolayer state. This change may be due to theisotherms, and surface dipole moment frAisotherms of the pure systems
phase transition from gaseous phase to LE phase, which wa$n 0-15M NaCl at 298.2K; DPPC, LLC-2 and LLC-2-8 systems.
observed as the morphological change by using the fluores-

cence microscopy. The positive and the negative changes in  Both ther—A, and theAV-Aisotherms of DPPC mono-
AV for this hump indicate that two hydrocarbon chains and layer at subphase of dilute NaCl solutions are very close to
the polar head group performed the conformational change.those previously reporteé4,67—69], except for minor dis-

The LE/LC phase transition was clearly reflected orvithé

tinctions caused by dissimilarities in subphase composition

isotherm, which corresponded to a change in slope on theand temperature.

AV-Aisotherm. On the other hand, tlevV—A isotherm of
DPPC showed thatVwas almost constant (~0 mV) down to
a critical area (~1 nH), and steeply increased up to 300 mV.
The AV variation was always kept positive and eventually
reached 550 mV. The steep increase\Mf reflected confor-
mational change in the monolayer state.

In spite of having two hydrocarbon chains, absolute sur-
face potential (AV) 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 termirsal-
type structure and/or the hydrophilic part contribution is not
so large. All of the cerebrosides indicated almost same ten-
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Fig. 4. Surface pressure Xsarea (A) isotherms, surface potential (AV)sétherms, and surface dipole moment j¢A isotherms of the two-component
systems on 0.15M NacCl at 298.2 K: (A) LLC-2/DPPC and (B) LLC-2-8/DPPC systems.

dency for surface potential behaviors. On the other hand, theis the first evidence of miscibility for the two components
u1—Aisotherm of DPPC showed a big change reflected by within the monolayer as shown irig. 5. As it is difficult
conformational change in the monolayer state (Fig. 3c). to ascertain the presence of the transition pressure at the
The 7—A isotherms of monolayers for the cerebrosides mole fractions <0.7 on the—A isotherms, we have inves-
(LLC-2 and LLC-2-8)/DPPC systems are showrFig. 4A tigated cerebrosides/phospholipids (two-component) mono-
and B. Increasing amounts of the DPPC leads to a clearly dis-layers by fluorescence microscopy (later section) Xroe-2
tinguishable phase transition from liquid-expanded to liquid- lower than 0.7, ther—A isotherms (Fig. 4A) displayed a
condensed phase. The change and appearance of such traphase transition pressure®@ythat was almost linear against
sition pressure (%) with the amount of the cerebrosides X c-2 (Fig. 5A-a). On the other hand, for the whole range of
suggest that the cerebrosides have an ability to make DPPCX_ | c-2—g, ther—Aisotherms (Fig. 4B) displayed a phase tran-
miscible in the monolayers, which is mentioned in the later sition pressure (%) that was almost linear against, c-2-s
section of two-dimensional phase diagram. This observation (Fig. 5B-a). AtX, | c-2-8 = 0.9, ther—A isotherm showed the
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Fig. 5. Change of the transition pressur€9yand collapse pressure{Qyas a function 0Kcerebrosigeon 0.15 M NaCl at 298.2 K. The dashed line was calculated
by Eq.(10) for £=0: (A) DPPC/LLC-2 and (B) DPPC/LLC-2-8 systems.

phase transition, but the fluorescence images did not show thebetween fatty acid chains of LLC-2 and DPPC. At 35 and
black LC domain like pure LLC-2-8 (mentioned later). So, 45mNn11, the variation almost obeys the additivity rule.
this transition did not determine which comes from DPPC Thisindicatesthat LLC-2 and DPPC are almostideally mixed
constituent or LLC-2-8 one. As the result, the two systems in the monolayer. As LLC-2 has a longer alkyl chain than
of LLC-2/DPPC and LLC-2-8/DPPC showed the miscibility, DPPC, attractive interaction between LLC-2 hydrocarbon
but there is no clear difference between them. segments and DPPC chains is maximized and compensates
The interaction between LLC-2 or LLC-2-8 and DPPC for steric hinderance produced by the LLC-2 hydrocarbon
molecules was investigated by examining whether the vari- segment. For LLC-2-8/DPPC system (Fig. 6B), compari-
ation of the mean molecular surface areas as a functionson of the experimental data with calculated values clearly
of Xcerebrosidesatisfies the additivity rul§z3,74]. Compar- indicates a good agreement at 5, 35 and 45 mN.nThe
ison between the experimental mean molecular areas andA—Xcerebrosid$hOws positive deviations at 15 and 25 mN'm
the mean molecular areas based on ideal mixing is shown inThese behaviors are explained by the same reason for the
Fig. 6A and B at five different surface pressures (5, 15, 25, 35 LLC-2/DPPC system.
and 45mN 1), At 7 =5 mN n1 1 for LLC-2/DPPC system The influence oXpppcon theAV—-Aisotherms is shown
(Fig. 6A), experimental values show a small negative devia- in Fig. 4A and B. Analysis of the surface potential (AV)
tion from the theoretical line, indicating attractive interaction of the two-component monolayers in terms of the additivity
between LLC-2 and DPPC. This may result from the fact rule is presented iRig. 7A and B. For LLC-2/DPPC system
that the interactions between LLC-2 and DPPC are mainly (Fig. 7A), and the comparison of the experimental data with
governed by the enhanced attractions between hydrophobiacalculated ones clearly indicates a negative deviation from the
groups. Atr =15 and 25 mN m? for LLC-2/DPPC system, ideal line at 15-45 mN m* and a positive one at 5 mNTH.
positive deviations are observed, indicating diminished inter- Such trend is the same as that for the LLC-2-8/DPPC system
action between the head groups of LLC-2 and DPPC and (Fig. 7B), too.
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Fig. 6. Deviation of two-component monolayer from ideal behavior. Variation of the mean surface gyetitfAcereboroside 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 areaff partial whereAn, is the average molecular area in the two-component
molecular surface area (PMA), mean molecular surface film, X1 and Xz are the mole fractions of the components 1
potential (Af), and apparent partial molecular surface and 2, respectively, anth andA; are the partial molecular
potential (APSP) areas in the two-component film at a definite surface pressure.

The behaviors of occupied surface area and surface poten-
Whenr—A isotherms of a given binary mixture are ana- tial can be seen more clearly if the partial molar quantities are

lyzed, it is essential to examine whether the relation of mean evaluated. One of them has been employed in previous study
molecular surface area ¢ with mole fraction (X) satis-  [49,51,75]. When PMA is denoted &g andA; for compo-
fies the additivity rule or not and, if not, which deviation is nents 1 and 2, th&; andA, values can be determinable as the
observed, negative or positive. Comparison between exper-respective intercept value ¥ = 0 andX, = 1 of a tangential
imental mean molecular areas and mean molecular areadine drawn at any given point on then—Xcerebrosigecurve as
calculated for ideal mixing at five surface pressures (5, 15, shown inFig. 6. A; andA; from the relation are given as:
25, 35, and 45 mN m') was showed iffFig. 6A (LLC-2) and

Fig. 6B (LLC-2-8). Abinary system can show anideal behav- A; = A, — X» <M“)

ior either by forming ideally mixed monolayer or by the case X2 ) 1.7 6)
where the two components cannot mix at all but can form Ap = Am+(1— X2)<8Am>

the so-called patched film, where the additivity should show 0X2 )15

a linear relation as indicated by a broken line. Heég,is

assumed to satisfy the following equations: whereA is defined as:

. (8A,>
Am = X141 + X242 5) "\Ni ) 1
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Fig. 7. Deviation of two-component monolayer from ideal behavior. Variation of the surface potential (AV) 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 N; plus N2 molecules form a surface are& (= For cerebrosides/DPPC systems, they were miscible due

N1A1+ N2A2), and 1 and 2 denote cerebrosides and DPPC, t0 the evidgnce of change of tran_sition pressure which
respectively. Correspondingly, the apparent partial molecu- increased withcerebrosiad@bove-mentioned). So, the proce-
lar surface potential can be obtained from the relationship dures for PMAand APSP were applied to cerebrosides/DPPC

between the average molecular surface potential and molesystems. The PMA—4 enrosiag€urves for cerebrosides (LLC-

fraction, which is the same as the above area. 2 and LLC-2-8)/DPPC systems are showFig. 9. Itis noted
IAV. that if the two-component systems are ideal mixing, the PMA

AVL=AVy— X2< m> @ and APSP should be parallel to the axis®f(the additivity
X2 ) 17 rule). The PMA for both cerebrosides/DPPC systems indi-

whereAVy, was evaluated by dividing the measured surface cates the similar behavior at each surface pressure. Itis found
potential (AV) by the number of molecules in the unit area. that DPPC molecules have almostthe same surface areainthe
The surface potential (AV) is measured by an americium air binary LLC-2 and LLC-2-8/DPPC systems at low and high
electrode whose area is ca. 1¢herefore, we assumed its ~ surface pressures exceptfor 15 and 25 niNmt5 mN m—?
dimension to be mV cr?. The average molecular surface 0f LLC-2/DPPC system, the partial molecular areas of LLC-2
potential in mV molecule! unit can be obtained by th&V and DPPC do not remain constant over the whole mole frac-
and the number of molecules in 1 &malculated from the  tion. On the contrary, as for LLC-2-8/DPPC system, those of
n—Aisotherm. When APSP is denoted A%; and AV for LLC-2 and DPPC show almost individual one over the whole
components land 2, they are determined by the respectivemole fraction. At 15 mN m of cerebrosides/DPPC systems,
intercepts al, =0 andX, =1 of a tangential line drawn at  the partial molecular areas of both systems are very change-

any given point on theA\ Vim—XcerebrosideCUrve as shown in  able, too. This complex behavior comes from the LE/LC
Fig. 8. transition of DPPC. This characteristic PMA behavior may
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Fig. 8. Variation of the mean molecular surface potential gAWith 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. molecular area of about 0.46 Ar(Fig. 3)[76,77], which is

At the higher surface pressure (35 mNH, where DPPC limited by the relatively large head group cross-sectional area.
molecules form a liquid condensed film, all molecular areas The cross-sectional area of an optimally packed, all trans,
of the two mixtures show an almost linear in regarddp hydrocarbon chain is about 0.20 Af78], so the hydrocar-

versusXsy plots, although small deviations from the additivity bon portion of the DPPC molecule would like to occupy an
rule are seen. However, these deviations are not attributablearea ofA=2 x 20 nnf = 0.40 nn?f. This mismatch results in
to the experimental errors. a tilt angle of aliphatic chains of 25-3@nd a reduction in

In contrast to PMA, the APSP&ebrosigurves for cere- the attractive interactions between the ch@itts79]. Tilting
brosides/DPPC systems (sErg. 10) suggest almost same s also accompanied by a decrease in the coherence length of
interaction of DPPC between LLC-2 and LLC-2-8. The monolayer packing.
APSP—Xerebrosidefor cerebroside/DPPC systems indicates Addition of LLC-2 (or LLC-2-8) reduces the head/tail
the similar behavior at each surface pressure. It is found mismatch of pure DPPC as shown by potential increase of
that APSP of DPPC and LLC-2 (or LLC-2-8) molecules APSP for DPPC, indicating the decrease in tilt angle of the
remain almost the same as the individual value over the mixed monolayer state. Upon compression at 25 mN,m
whole mole fraction range at low surface pressure (at 5 andfor the mole fraction of 0.1 and 0.3, part of DPPC changes
15 mN nt 1) as shown irFig. 10A and B. Upon compression  to LC film via transition pressurer®d. APSP for DPPC
at35and 45 mN m!, APSP of DPPC increases with increas- indicates the decrease in tilt angle of the mixed monolayer
ing mole fraction of DPPC. For example, DPPC molecules state at the sacrifice of orientation for LLC-2 (or LLC-2-8).
at Xcerebrosige= 0.9 are surrounded almost by the LLC-2 or Upon compression at 35 mNTh, APSP of DPPC decreases
LLC-2-8 molecules for the binary LLC-2/DPPC and LLC- and that of LLC-2 increases, increasing mole fraction of
2-8/DPPC system. In the monolayer, DPPC has a minimum cerebroside. At the range 0fcerebrosige 0-0.3, APSP of
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DPPC remains almost constant, after that, that of DPPC andtion of monolayersFig. 11 shows the representative-A
then decreases above the mole fraction. On the contrary,isotherms of LLC-2-15 cerebroside on 0.15M NacCl solu-
at the range 0¥cerebrosige= 0-05—-0.5, APSP of LLC-2 (or  tionatvarioustemperatures. Similarisotherms were observed
LLC-2-8) increases almost linearly and then reaches almostfor LLC-2-1, LLC-2-8, LLC-2-10, and LLC-2-12 systems.
the individual value which increasing cerebroside mole All the curves have a break point, showing the phase transi-
fraction. tion from LE phase to LC phase on compression. This phase
The packing for the LLC-2 (or LLC-2-8)/DPPC system transition was also confirmed by surface potential and fluores-
changes depending upon the surface pressure. This behaviotence microscopy. As was expected, the transition pressures
is owing to the matching of the chain length of DPPC (sat- increased with increasing temperature. The isotherm of LLC-
urated) and to the position of methyl groupqor anti-iso) 2-1 did not show the LE/LC phase transition at 298.2 K but
in LLC-2 (or LLC-2-8) chains (saturated). In consequence, showed the transition below 293.2K Fig. 12. Ther—A
the surface orientation of DPPC molecules is affected more isotherm showed that the collapse pressure decreased with
strongly by LLC-2 chains than LLC-2-8 ones due to the mix- increasing temperature. For example, the collapse pressures

ing of position of methyl group in LLC-2 chains. of LLC-2-8 were 54.0, 51.4, and 49.3mNh at 288.2,
293.2, and 298.2 K, respectively (figure not shown). In addi-

3.5. Apparent molar quantity changes on the phase tion, they showed that the variation of surface potential (AV)

transition roughly tended to decrease with increasing temperature. For

example, the variation of surface potential of LLC-2-8 was
The temperature effect on the phase transition pressure83, 78, and 70 mV at 288.2, 293.2, and 298.2 K, respectively.
of the monolayer is of much interest, since it provides us These results are caused by looser packing with increasing
with the thermodynamic information on the phase transi- temperature.
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Fig. 10. Variation of apparent partial molecular surface potential (APSP) for two-component cerebrosides and DPPC as a fagtinigsptat different
surface pressures: (A) LLC-2/DPPC and (B) LLC-2-8/DPPC systems.

The temperature dependence of the transition pressureension of the substrate” anda’ are estimated as followa?
(=°9) for the cerebrosides is shown Fig. 12. The incli- s the area at the point where the film starts to transform from
nation of LLC-2-1 was quite different from the others. This thegto thex state. Tha® value is determined in the following
reason is that the structure of LLC-2-1 is different from oth- manner; when the point 64, aﬁ) is moved parallel to the area
ers in terms of balance for the hydrocarbon chains betweenaxis to zero area, it comes into contact with the elongated
fatty acid and the long-chain base (LCB) parts. The curves jine of the 7—A isotherm of the S (solid) state to the lower
are almost linear, and the slopes of these curves were usedurface pressure. The intersection point givesathealue.
to calculate the apparent molar quantity change on the phaserhe right hand side of E8) is calculated numerically from
transition. The change of thermodynamic quantities on the the 7—A isotherms given irFig. 11. Moreover, the apparent
phase transition of monolayer was calculated using the pre-molar enthalpy change (ﬁmand the apparent molar energy
vious method80,81], which takes the contribution of the change (At) on the phase transition were relatedts’ by
substrate of a monolayer into account. The apparent molar
entropy change (A3 on the phase transition was evaluated Ah”(a, B) = T AsY(a, B) 9)

by the following equation:
Au(a, B) = (%= y°)(@” — a*) + T A" (@, B) (10)

drr®d a0
As¥(@, B) = (@ — a”) K aT ) - (3?) ] (8) Thus, we can determinah? and Au” by use of the above
g b experimental results.
In this equationAs” is an apparent molar entropy change, The apparent molar quantity changes {Aah”, and
a® anda® are molecular areas (in square nanometers, the Au”) on the first-order phase transition for LLC-2-8, -10,
superscriptsx and 8 refer phase statesy®9 the transition -12, -15 and DPPC on 0.15M NaCl at 298.2 K are given in
pressure from thg phase to the: phase, ang? the surface Table 3. This table also includes the apparent molar quan-
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Table 3

Apparent molar quantity changes (Ash, andAu) for cerebrosides on the

phase transition on 0.15M NaCl at 298.2 K

—AY —AhY —AW

(IK~Imol1) (kImott) (kImott)
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®® 47 14 17
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Fig. 12. The transition pressure$% on 0.15M NacCl 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 fitable 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 imable 3, where
longer the chain length of fatty acid part of cerebrosides are,
larger the value oAs” 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 thes—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-
sures (#£9) and/or the collapse pressure§)at various mole
fractions of cerebrosides. Representative phase diagrams at
298.2 K are shown ifrig. 5A and B.

The transition pressures from disordered (gaseous- or
liquid-expanded) to ordered (liquid-condensed) phase are
also plotted against the mole fraction of cerebrosidagn5a.

In LLC-2/DPPC and LLC-2-8/DPPC systems;Aisotherm
displays the phase transition pressuré9sthat changes
almost linearly withXcereprosigefrom 0.05 to 0.7. Judging
from the change of the transition pressure, two components
atall other mole fractions are miscible each other. This behav-
ior is a first evidence of the miscibility of the two components



138 T. Maruta et al. / Colloids and Surfaces B: Biointerfaces 44 (2005) 123-142

in the monolayer state. This can be explained by the fact thatmicroscopy, which provides a direct image of the monolay-
the film forming molecules become more dense by compres-ers. A fluorescent dye probe was therefore incorporated into
sion, leading to decrease in the surface tension more by thethe monolayer and its distribution was monitored by fluores-
film forming molecule. Then the resultant surface pressure cence micrographs. The contrast is due to difference in dye
increased. solubility between disordered (or LE) and ordered phases (or
Assuming that in these cerebrosides/DPPC cases the surt.C). Representative fluorescence micrographs (FMs) of pure
face mixtures behave as a regular solution with a hexagonalLLC-2, LLC-2-8, DPPC, and their two-component monolay-
lattice, the coexistence phase boundary between the ordereérs spread on 0.15 M NaCl at 298.2 K are showRim 13A
monolayer phase and the bulk solid phase can be theoreticallyand B at various surface pressures.
simulated by the Joos E({L1), and the interaction parameter Before examining the effects of a cerebroside on DPPC

(&) was calculated from this deviatig&2]. domain shape, it is necessary to make pure DPPC behavior
_ clear. Ther—Aisotherm of DPPC is shown ifig. 3a, where

X1 exp(Mwl> exp {g(xg)z} there exists the LE/LC coexistence region. Domain nucle-
kT ation occurs at the kink in the—A isotherm (typically at

s Tem — Te.2 &2 11.5mNn1Y). Initially, the domains appear roughly round

+x2y2 €xp (kT“’Z) exp {5("1) } =1 (11) 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
where x] and x3 denote the mole fraction in the two- when they grow, they take their fundamental shagedgn13.
component monolayer of components 1 and 2, respectively, Column DPPC inFig. 13A and B shows a progression
andrc,1andrc 2 are the corresponding collapse pressures of of fluorescence images through the coexistence region for
components 1 and Z¢,mis the collapse pressure of the two-  DPPC[83-85]. The numerical value indicates surface pres-
component monolayer at given compositiondandx3. w1 sure in the figures for ordinate and mole fraction of cerebro-
andw> are the corresponding limiting molecular surface area sjde for abscissa. The images indicate the gaseous phase at
atthe collapse points:' andy? are the surface activity coef- 5 mN m! and the coexistence state of both LE phase and LC
ficients at the collapse poing,is the interaction parameter, phase at 11.5 and 15 mNh where the bright regions and
andkTthe prOdUCt of the Boltzmann constant and the Kelvin dark domains indicate LE and LC phase, respective|y_ With
temperature. increasing surface pressure from 11.5 to 15 miN the per-

In these figures, M indicates a two-component mono- centage of LC phase in eachimage increases and complete LC
Iayer formed by cerebroside, and DPPC Species, while Bulk domain image appears at 20 mNiLr(data not shown)_ The
denotes a solid phase of cerebrosides and DPPC (“bulkdomains formed are chiral, which is an expression of the chi-
phase” may be called “solid phase”). The collapse pressurer|ity of the DPPC molecule. As would be expected, the enan-
¢ determined at each mole fraction is indicated by filled tiomer forms mirror images of the domains, and a racemic
circles, where the dotted line shows the case where the inter-mixture yields non-chiral domains. As is most evident in
action parameter f§s zero. Fig. 13at 11.5mNn1?, the predominant domain shape is

Fromthis equation, the interaction paramétisrobtained,  |ike a bean with distinct cavities. As the monolayer is com-
and these mixtures yielg)=—1.20 (for LLC-2/DPPC) and  pressed, the domains grow and display their repulsive nature
—0.16 (for LLC-2-8/DPPC). This means that there is mutual (arising from their oriented dipoles) by deforming themselves
interaction between two components in the two-component o fjl| all available space and transforming into polygons. At
monolayer that is stronger than the mean of the interac- the surface pressures between 11 and 15 m\ there hap-
tions between pure component molecules themselves. As theyens a shape instability resulting in ‘cutting’ the domain along
result, they are completely miscible. The interaction energy intrinsic chiral paths as shown ffig. 13at 14 mN nt! (data

—Ae can be calculated by the following equation: not shown). This phase transition is attributed to the presence
ERT of the fluorescence probe, because no such effect is seen by
—Ae = 6 (12) Brewster angle microscofd$4]. In addition, the phase tran-

sition is completely suppressed at higher compression rates,
and these values are 50Jmbl (for LLC-2/DPP) and  suggesting a kinetic rather than a thermodynamic origin.
66Jmot! (for LLC-2-8/DPPC). As a result, cerebro- Monolayers of cerebroside used in this study do not form
sides/DPPC systems are the positive azeotropic type. the LC domains in the monolayer. As the result, FM shows
The value of the interaction energy of LLC-2-8/DPPC is the liquid-expanded image (Fig. 13A and B). As mentioned
a bit larger than that of LLC-2/DPPC, but much weaker than in Section2, cerebrosides are molecular species whose the

that of previous reportg9-51,63,64,75,81]. hydrophobic parts are too bulky to be closely packed together
compared with their occupied area of the polar head group.
3.7. Fluorescence images of cerebroside monolayer As the result, a cavity is formed among the hydrocarbon parts

of LLC-2 because of the molecular structure. The white pat-
In order to make clear the phase behavior of t#heA terns in the FM image are the evidence of such LE domains
isotherms, we investigated the monolayers by fluorescenceindependent on surface pressure (Fig. 13A).
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Fig. 13. Fluorescence micrographs of cerebroside/DPPC (two-component) monolayer as a fundiigmpetiseobserved at the compression rate of
1.0x 10~ nn? moleculet min—t 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 presstireSgal¢ivar represents 1Qfn.

Next, the mole fraction dependence of the transition pres- densed DPPC-enriched phase. With increasing the surface
sure is observed on the FM images of the two-component sys-pressure, the conformational change of the polar head groups
tem of LLC-2/DPPC inFig. 13A for Xcerebrosige= 0.05-0.7. in the two-component monolayer is to facilitate the formation
At low surface pressures @r®Y9), cerebroside/DPPC sys- of the small LC domains of DPPC. The fluorescence images
tems of the two-component monolayer were uniformly fluo- also supported the evidence of miscibility. Similarly the size
resced, showing apparently homogeneous liquid-expandedof LC domains became smaller with the addition of LLC-
(LE) phase without liquid-condensed (LC) phase of dark 2-8 inFig. 13B, indicating the prevention of large domains
domains. Increasing the surface pressure, LC domains appeay the mixing of LLC-2-8 into DPPC. FoX | c.2-8 =0.9 the
atXcerebroside 0.05—0.2. In each case, the LE/LC coexistence domains were too small to be visible as LLC-2-8. The sizes
region is observed and transition pressur@Yis higher than of LC domains were much smaller, compared with LLC-
that of pure DPPC (Fig. 13A and B). This suggests that the 2/DPPC system, suggesting that the miscibility of LLC-2-8
observed dark domainsinthese figures would representa conto 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 change of the transition pressure®®rand the collapse
molecular species. This proves that the terminal methyl group pressure (f). The =—A and AV-A isotherms of cerebro-
contributes much to packing of molecules at the surface.  sides/DPPC mixtures show that the two components are
The images of LLC-2-10, -12, -15 did not show the black miscible in the monolayer state over the whole ranges of cere-
domains, which suggested that these cerebrosides form tinybroside mole fraction and of surface pressure investigated.
LC domains compared with normal LC domain. From theAn—XcerebrosideNd AVm—Xcerebrosidddlots, partial
To visualize the LC domains in FM image, much atten- molecular surface area (PMA) and apparent partial molec-
tion was paid to the experimental conditions such as tem- ular surface potential (APSP) were determined at different
perature, subphase, compression speed, and spreading soburface pressures. The PMA changes with the mole fraction
vent. At first, temperature was decreased down to 283.2 K. were extensively discussed for the miscible system. On the
Secondly, subsolution was changed concerning the concen-other hand, the APSP changed depending upon the surface
tration and pH (that is, 1, 2, 5M NaCl, 2M NaCl+pH pressure for LLC-2/and LLC-2-8/DPPC systems. The two-
2 and 2M NaCl+pH 12). Thirdly, compression rate was dimensional phase diagram and the Joos equation allowed
made slow in order to create the LC domain gradually calculation of the interaction paramete) @nd interaction
at 5.2x 10~3nn? molecule * min~! of compression rate.  energy (—A¢) between cerebrosides (LLC-2 and LLC-2-8)
Finally, spreading solvent was changed to toluene/methanoland DPPC for miscible binary systems. The one type of
(2:1) instead of chloroform/methanol (2:1). As the result, the phase diagram was obtained: the positive azeotropic (cere-
LC domains could be observed for LLC-2-15 and -12 with- brosides/DPPC). The interaction of LLC-2-8 and DPPC is
out changing the—Aisotherm profile. However, the domains a bit stronger than that of LLC-2 and DPPC. The fluores-
were not so clear image like that of DPPC and appeared ascence images also supported the miscibility. Fluorescence
gray domains. Here, the images were not shown, becausamicroscopy for two-component cerebrosides/DPPC mono-
they looked like homogeneous LE. This is one of the rea- layers on 0.15M NacCl solution showed that cerebrosides
sons why hydrophobic part of the terminal methyl groisp ( dissolved the LC domains of DPPC monolayer upon com-
andanti-iso) makes unfocused gray LC domain. The part of pression. These phenomena indicated that the miscibility of
the terminal methyl group effects the-A isotherm[86,87] two-component system is influenced by an extent of packing
profile and the branched chains affect the morphol@&8y. of hydrophobic group.
Consequently, the LC domains could not exclude the fluores-  Although the pure compound LLC-2-8 has LE/LC tran-
cence probe completely. sition pressure, LLC-2-8 behaves just like LE film or the
molecular species in the morphology. This proves that the
terminal methyl structureigo or anti-iso) contributes much
4. Conclusion to molecular packing. It can be supposed that the molecular
species of LLC-2 at their surfaces regulate such fundamental
The cerebrosides (LLC-2, LLC-2-1, LLC-2-8, LLC-2-10, biological processes as growth, differentiation, and motility
LLC-2-12, and LLC-2-15) derived frorh. laevigatacan be as the functions of animal cells by the competition and/or the
spread as a stable monolayer on 0.15M NacCl solution at cooperation of multi-components (such as LLC-2-1, -8, -10,
298.2 K together with phospholipid (DPPC). The Demchak -12, and -15). It also suggested that the molecular species in
and Fort model was applied to analyze the surface poten-biological systems play an important role in controlling the
tial of cerebrosides. Using the calculated saccharide polarfluidity and the packing of the biomembrane. Furthermore,
head group, it became clear that the hydrophobic tail groupsthe terminal methyl group plays an important role in control-
strongly influence the surface potential. The new findings ling the fluidity and the packing of the biomembrane.
were that LLC-2 showed LE film and that four components
(LLC-2-8,-10, -12, and -15) have the first order LE/LC phase
transition in ther—A isotherms at 298.2K. The apparent Acknowledgements
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