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The surface pressure (π)–area (A), the surface potential (�V)–Aand the dipole moment (µ⊥)–A isotherms were obtained for two-compon
onolayers of two different cerebrosides (LMC-1 and LMC-2) with phospholipids of dipalmitoylphosphatidylcholine (DPPC) a
ipalmitoylphosphatidylethanolamine (DPPE) on a subphase of 0.5 M sodium chloride solution as a function of phospholipid comp
mploying the Langmuir method, the ionizing electrode method, and the fluorescence microscopy. Surface potentials (�V) of pure
ere analyzed using the three-layer model proposed by Demchak and Fort [J. Colloid Interf. Sci. 46 (1974) 191–202]. The cont

he hydrophilic saccharide group and the head group to the vertical component of the dipole moment (µ⊥) were estimated. The miscibility
erebroside and phospholipid in the two-component monolayers was examined by plotting the variation of the molecular area and
otential as a function of the phospholipid molar fraction (Xphospholipid), using the additivity rule. From theA–Xphospholipidand�Vm–Xphospholipi

lots, partial molecular surface area (PMA) and apparent partial molecular surface potential (APSP) were determined at the disc
ressure. The PMA and APSP with the mole fraction were extensively discussed for the miscible system. Judging from the two-d
hase diagrams, these can be classified into two types. The first is a positive azeotropic type; the combinations of cerebrosides w
iscible with each other. The second is a completely immiscible type: the combination of cerebrosides with DPPE. Furthermore

urface mixture, for which the Joos equation was used for the analysis of the collapse pressure of two-component monolaye
alculation of the interaction parameter (ξ) and the interaction energy (−�ε) between the cerebrosides and DPPC component. The m
f 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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imensional phase diagram; Fluorescence microscopy

. Introduction

The functions of animal cells at their surfaces regulate such
undamental biological processes as growth, differentiation,
nd motility. Although the nature of the functions is not un-
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derstood at the molecular level, it is understood that the
plex glycolipid and glycoprotein molecules sitting at the o
surface of the cells are involved. Lipid molecules con
ing sugar groups are called glycosphingolipids. Glycos
golipids (GSLs) are present in most animal cell plasma m
branes and are thought to play a role in a number of ce
functions, including cell recognition, adhesion, regula
signal transduction, and development of tissues. They
dominantly locate on the outer leaflet of the membrane
may act to protect the membrane from harsh conditions
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as a low pH or degradative enzymes[1]. A detailed descrip-
tion of the chemical, structural, and functional properties of
glycolipids in general can be found in a review article by
Mggio [2].

Glycosphingolipids (cerebrosides) are amphiphilic com-
pounds consisting of saccharide and ceramide moieties and
are ubiquitous components of the plasma membrane of all
eucaryotic cells[3,4]. Glycosphingolipids are considered to
be receptors for microorganisms and their toxins, modula-
tors of cell growth, and differentiation, and organizers of
cellular attachment to matrices[5,6]. Recent cell biological
studies show that cerebrosides in plasma membranes form
clusters, the so-called rafts, with cholesterol and are rela-
tively less phospholipids than other areas of plasma mem-
brane. Glycosphingolipids 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 con-
ducted by raft[7,8]. Glycosphingolipids[9–13] are a ma-
jor component of the myelin sheath[14–16]. Glucocerebro-
sides and lactosylceramide are the major extraneural gly-
cosphingolipids[17–19]. GSLs with tri- and tetrasaccharide-
containing head groups, known as globosides, are found in
the erythrocyte membrane[20]. GSLs show heterogeneity
not only in their saccharide head group, but also in their
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apparent partial molar surface potential (APSP). The molec-
ular interaction between monolayer components was investi-
gated using the Joos equation. Finally, the monolayers were
examined by fluorescence microscopy. Similar analyses are
reported for binary cerebroside – steroid monolayers in the
following articles in series.

2. Experimental

2.1. Materials

The cerebrosides (PA-0-5, LMC-1, and LMC-2) possess
�-O-glucosyl head group linked to the terminal hydroxyl
group of ceramide. These compounds were obtained from
the less polar fraction of the extract of the echinoderms.
PA-0-5 was extracted from the sea cucumberPentacta
australis (Gokakukinko in Japanese). The chemical struc-
ture of this compound has been already identified[28].
On the other hand, LMC-1 and LMC-2 were obtained
from the starfish Luidia maculata (Yatsudesunahitode
in Japanese). These compounds (LMC-1 and LMC-2)
were molecular species[19]. LMC-1 has double bonds
in the hydrophobic chains. By hydrogenation with Pd/C
in n-hexane/EtOH (1:1, v/v), LMC-1 was converted into
sphinganine (LMC-1-H) that has two saturated hydrophobic
c
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eramide moieties. The biological significance of ceram
eterogeneity is not still understood well. However, e
ially the structure of ceramide for the fatty acid moie
ould influence the localization and functions of GSLs
he plasma membrane, possibly by direct interaction
holesterol, phospholipids, and the transmembrane dom
f receptor proteins[21–24]. Unusual structures of GS
ill be revealed in future through further technolog

nnovation.
However, the organization of cerebroside–phospho

ixtures is quite unclear. As long as we know, reports
erebrosides are still much fewer in number than repor
angliosides[25]. In the previous studies, we have only
tricted a two-component monolayer system of sphingo
cereboroside:LMC-2), cholesteryl sodium sulfate (Ch
nd cholesterol and their combinations as to monolayer
rties of surface pressure– and surface potential–surfac
t the air/water interface without fluorescence microsc
easurements[26].
Here, we have focused on characterizing the Lang

ehavior of some pure cerebrosides, phospholipids,
heir two-component systems at air/water interface. Su
ressure (π)–, surface potential (�V)–, and dipole mom
µ⊥)–Aisotherms were obtained for the pure compounds
heir two-component systems. The surface potentials
nalyzed using the three-layer model proposed by Dem
nd Fort[27]. The phase behavior of two-component mo

ayers was examined in terms of additivity of molecular
ace area and of surface potential. Furthermore, it was
yzed employing the partial molar molecular area (PMA)
hains. All cerebrosides were checked by1H- and 13C-
MR spectra after purification by TLC and HPLC. T
ompositions of the hydrophobic acyl chain and long c
ase (LCB) are given inTable 1. In Fig. 1,n andm are the
umber of carbon atoms of the acyl chain and long c
ase, respectively. Dipalmitoylphosphatidylcholine(l
-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine, D
C) was purchased from Avanti Polar Lipids, Inc. (Birmi
am, Alabama, U.S.A.) and dipalmitoylphosphatidyle
olamine(l-�-1-palmitoyl-2-hydroxy-sn-glycero-3-phosph
ethanolamine, DPPE) was obtained from NOF Corpora
Japan). Their purity was >99%. All phospholipids w
hecked by TLC just before their use and used without
her purification. The chemical structures of the cerebros
sed are shown inFig. 1.

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

Composition (%)

PA-0-5 LMC-1 LMC-2

cyl chain
22 100 (22:0) 56.8 56.0
23 34.7 35.5
24 8.5 8.5

CB part
16 (m= 11) 9.6
17 (m= 12) 100 (17:1) 38.5 5.3
18 (m= 13) 16.0 12.2
19 (m= 14) 35.9 82.5
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Fig. 1. Chemical structures of the cerebroside molecules studied: (a) PA-0-5; (b) LMC-1; (c) LMC-1-H; (d) LMC-2.n andm show the carbon number and
underbars indicate the major component of the molecular species.

After the samples were dried in a vacuum desiccator con-
taining phosphorus pentaoxide (Nacalai tesque), stock so-
lutions of these samples were prepared in about 0.065 mM
by using a microbalance (Mettler Toledo, AT21 Comparator)
and gas-tight syringe (Dynatech). Specimens were dissolved
in n-hexane/ethanol mixture (7/3, v/v; the former from Cica-
Merck, Uvasol, and the latter from Nacalai Tesque).

The subphase of 0.5 M sodium chloride, presumed sea-
water, was prepared using triple distilled water. The first dis-
tillation was practiced with an addition of potassium per-
manganate (Nacalai tesque) for the purpose to remove or-
ganic substances in tab water. Sodium chloride was roasted
at 1023 K for 24 h to remove any surface-active organic im-
purity.

2.2. π–A and�V–A measurements

The surface pressure (π) was measured by automated
Langmuir film balance. A resolution of its balance (Cahn
RG, Langmuir float type) is 0.01 mN m−1. 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, respec-
tively. The absence of surface-active compounds in the sub-
phase (0.5 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 sub-
strate. Only substrate that did not show changes of surface
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pressure above 0.5 mN m−1 and of surface potential 50 mV
on this procedure was used. A monolayer was prepared by
spreading a 100-�L solution at 298.2 K. A period of time,
15 min was needed to evaporate the spreading solvent, and
then the monolayer was compressed at a constant rate of
1.00× 10−1 nm2 molecule−1 min−1.

Surface potential (�V) was simultaneously recorded while
the monolayer was compressed. It was measured with an elec-
trometer (Keithley, 614) and241Am air-ionizing electrode at
1–2 mm above the interface, while a reference electrode was
dipped in subphase. Reproducibility was within±0.05 nm2,
±0.1 mN m−1, and±5 mV for molecular area, surface pres-
sure, and surface potential, respectively. Other experimental
conditions were the same as described in the previous paper
[29].

2.3. Fluorescence microscopy

Fluorescence images were observed using the auto-
mated Langmuir film balance equipped with a fluores-
cence microscope (BM-1000, U.S.I. System, Japan). It
is possible to record simultaneously the surface pressure
(π)–area (A) and the surface potential (�V)–Aisotherms
along with the monolayer images to correlate these prop-
erties of the same monolayer. A 300-W lamp (XL 300,
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areas of the cerebrosides (glycosphingolipids) were larger
than those of phospholipids. The high compressibility of the
cerebrosides over the whole surface pressures and the ab-
sence of discontinuities in theirπ–A isotherms show that
they are typical liquid-expanded (LE) monolayer (Fig. 2A).
All cerebrosides employed in this study possess an identical
hydrophilic head group. Differences of average molecular
areas result from variation in the packing state of the hy-
drophobic chains slight olefin and branching chain parts. The
long-chain base of PA-0-5 consists of a 14-methylhexadecane
derivative, while the long-chain base of LMC-1 and LMC-2
is mixtures of various chain lengths. So, theπ–A isotherms of
PA-0-5 occupied larger area than any other cerebrosides and
was stable up to 41 mN m−1. The extrapolated area in the
closed pack state was 0.68 nm2, and the collapse area was
0.48 nm2. LMC-1 and LMC-2 contain an unsaturated hydro-
carbon chain and their double bonds weretrans-type. The ex-
trapolated area and the collapse area of theirπ–A isotherms
were 0.65 and 0.56 nm2 for LMC-1 and 0.41 and 0.38 nm2 for
LMC-2. LMC-1-H has no double bond owing to hydrogena-
tion of LMC-1, and the extrapolated area and the collapse area
were 0.50 and 0.32 nm2, respectively. The collapse pressures
of these cerebrosides were almost same, about 50 mN m−1.

On the other hand, the DPPC isotherm presented the
characteristic first-order transition from the disordered LE
phase to the ordered liquid-condensed (LC) phase (Fig. 2B).
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neum) was used for fluorescence excitation. A 546
and pass 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
ectly into computer memory through an online image
essor (VAIO PCV-R53, Sony: video capture soft). All
xperiments were carried out in a dark room at 298.2 K.
ge analysis was performed using NIH image (develop

he U.S. National Institutes Health). All images prese
ppear without image enhancement.

. Results and discussion

.1. π–A and�V–A isotherms of cerebroside and
hospholipid monolayers

The π–A, �V–A, andµ⊥–A isotherms of monolaye
ade from pure cerebrosides (PA-0-5, LMC-1, LMC-1
nd LMC-2) and phospholipids (DPPC and DPPE) sprea
.5 M NaCl solution at 298.2 K are shown inFig. 2. Surface
-

he transition pressure,πeq at 298.2 K was 10.5 mN m−1,
bove which the surface pressure rose due to the or

ional change. Collapse of the DPPC monolayer occurr
9 mN m−1, and the extrapolated area was 0.52 nm2. DPPE
xhibited a liquid-condensed (LC) monolayer, its colla
ressure was 53 mN m−1 and the extrapolated area w
.46 nm2.

The surface potential (�V) is a measure of the ele
tatic field gradient perpendicular to the surface and
aries considerably with the molecular surface density.
ehaviors of�V–Aisotherms for cerebrosides correspon

he change of the molecular orientation upon compres
s shown inFig. 2A. The surface potentials (�V) of cereb
ides showed always positive. The PA-0-5 monolayer sho
he largest variation of�V under compression among the
hich reached a value of around 320 mV at the closest pa
tate. The LMC-2 monolayer showed the smallest�V value
f 110 mV at high surface pressure.

The vertical component of surface dipole moment,µ⊥,
as calculated from the Helmholtz equation using the m
ured�V values:

V = µ⊥/ε0εA (1)

hereε0 is the permittivity of a vacuum andε the mean
ermittivity of the monolayer (which is assumed to be
is the area occupied by the molecule. The�V values in-

olve the resultant of the dipole moments carried by the
ar head (saccharide), the CH bond (the CH3 group), and
he subphase. As the subphase and the hydrophilic
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Fig. 2. Surface pressure (π)–area (A) isotherms (a), surface potential (�V)–Aisotherms (b), and surface dipole moment (µ⊥)–A isotherms (c) of cerebrosides
(A) and phospholipids (B) on 0.5 M NaCl at 298.2 K; (1) PA-0-5, (2) LMC-1, (3) LMC-1-H, (4) LMC-2, (5) DPPC, and (6) DPPE.

are identical for the present four cerebrosides, the differ-
ence observed in the�V values for the cerebrosides clearly
evidences the magnitude of influence of the hydrophobic
tails.

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

The surface potential of monolayers was often analyzed
using the three-layer model proposed by Demchak and Fort
[27], which is based on the earlier model of Davies and Rideal
[30]. 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 effec-
tive local dielectric constants are attributed to each of the
three layers. Other models, such as the Helmholtz model and
the Vogel and M̈obius model are also available[31]. These
different models were reviewed in Ref.[29]. The conclusion
was that, despite its limitations, the Demchak and Fort model
provided good agreement between theµ⊥ values estimated
from the monolayer surface potentials and those determined
from measurements on bulk material for various aliphatic
compounds.
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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 Demchak and Fort
model assumes a condensed Langmuir monolayer of close-
packed vertical chains[27,30]. Application of this model to
the cerebrosides LE monolayer may lead to a rough estima-
tion. However, if the value of closest-packed cerebrosides
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.

We want to determine the contribution of the hydrophobic
group of cerebroside and saccharide of hydrophilic group sep-
arately. Carboxylic and hydroxyl groups have already been
determined by the Demchak and Fort model[27].

The initial set of values proposed by Demchak and
Fort (µ1/ε1 = 0.040 D,ε2 = 7.6, andε3 = 5.3 [27]) was de-
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as follows:

µ⊥(SA) = µ1/ε1 + µCOOH
2 /ε2 + µCH3

3 /ε3 = 0.16 D (3)

In the calculation, it was assumed that the CX dipole
of terminal CH2X moiety (where X is a hydrogen) was
inclined at half the tetrahedral angle (i.e. 54◦44′) with respect
to the water surface as suggested by Bernett et al.[34] and
that the group moments have the values given by Smyth[35].
In addition, it was assumed that the CH group moment
was 0.4 D, the carbon being negatively charged[36]. So the
contribution of terminal methyl group is 0.33 D. The values
have been proposed forµ2 for the different conformations
of the COOH group:µ2(COOH � cis(cis) acid) = 0.82 D,
µ2(COOH � trans(cis) acid) =−0.64 D, µ2(COOH �
cis(trans) acid) = 3.56 D, µ2(COOH � trans(trans)
acid) = 0.99 D,µ2(COOH � cis(free) acid) = 2.36 D, and
µ2(COOH � trans(free) acid) = 0.25 D[28]. Here, we have
used µ2(COOH � cis(cis) acid) = 0.82 D value, because
they provide a good agreement between calculated values
and experimental values of dipole moments measured on a
saline phase. The authors have used the combination of the
set of values (µ1/ε1 =−0.065 D,ε2 = 6.4, andε3 = 2.8).

Second, we evaluated the contribution of the hydrophobic
tail and the hydrophilic head group of cerebrosides.

µ⊥(PA-0-5)= µ1/ε1 + µsac
2 /ε2 + µPA-0-5

3 /ε3 = 0.41 D
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ermined for monolayers made from terphenyl derivat
nd octadecyl nitrile. Another set of values was determ

n the papers by Petrov et al. (µ1/ε1 = 0.025 D, ε2 = 7.6,
nd ε3 = 4.2 [32]) for monolayers ofn-heptanol and 16
romohexadecanol. We have used a set of values introd
y Taylor et al. (µ1/ε1 =−0.065 D, ε2 = 6.4, andε3 = 2.8)
or monolayers of�-halogenated fatty acids and amin
33].

To determine the set of the parameters of our experim
ondition, the selection of parameter values was done
he standard sample of stearic acid (SA). In the first app
mation, we assume that they are constant independe
he nature of the head group so that they may be eval
rom the data on stearic acid. These data are listed inTable 2
he experimental values of surface dipole moment for st
cid (SA) used to determine the set of the parameters

able 2
urface potential data used for dipole moment evaluation

ample A0 (nm2) �V (mV)

tearic acid 0.20 313
A-0-5 0.49 316
MC-1 0.42 249
MC-1-H 0.32 197
MC-2 0.39 104
PPC 0.43 527
PPE 0.38 589

0 is the molecular surface area obtained by extrapolating the high-pr
ortion of theπ–A isotherms to zero pressure.�V is the surface potenti
t maximum compression. In all cases, the subphase was 0.5 M N
98.2 K.
(4)

e thought here that the structure of PA-0-5 was alre
dentified and not molecular species, then the contributio
ydrophobic group of PA-0-5 depends on both the two
inal methyl groups and one vertical of CH bond. So we

an get 1.06 D forµsac
2 . Inserting this value to Eq.(4), the

ontribution of the saccharide part was 0.63 D. Next the
rophilic groups of three cerebrosides (LMC-1, LMC-1
nd LMC-2) are the same as the group of PA-0-5, and th

ore, we can evaluate the value of hydrophobic parts (µLMC-1
3 ,

LMC-1-H
3 , andµLMC-2

3 ) using Eqs.(5)–(7), respectively:

⊥(LMC-1) = µ1/ε1 + µsac
2 /ε2 + µLMC-1

3 /ε3 = 0.28 D

(5)

⊥(LMC-1-H) = µ1/ε1 + µsac
2 /ε2 + µLMC-1-H

3 /ε3

= 0.17 D (6)

⊥(LMC-2) = µ1/ε1 + µsac
2 /ε2 + µLMC-2

3 /ε3 = 0.11 D

(7)

rom the above equations, we obtainedµLMC-1
3 = 0.69 D,

LMC-1-H
3 = 0.38 D, andµLMC-2

3 = 0.22 D.
Finally, to make sure the suitability of the above se

arameters, we rechecked the contribution of the polar
roup to the dipole moment for DPPC and DPPE. We
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used the CH3 group of 2× 0.33 D = 0.66 D for the following
equations:

µ⊥(DPPC)= µ1/ε1 + µPC
2 /ε2 + µCH3

3 /ε3 = 0.60 D (8)

µ⊥(DPPE)= µ1/ε1 + µPE
2 /ε2 + µCH3

3 /ε3 = 0.59 D (9)

The above two equations allowed us to obtainµPC
2 = 2.75 D

for PC head andµPE
2 = 2.68 D for PE head. These values

are a little bit larger than those resported by Taylor et al. for
DPPC and DPPE (2.44 and 2.23 D, respectively)[33]. In each
case, the difference in�V may result from a change in PC
and PE hydration. Also, theµ⊥ values for PC and PE must
reflect the water structure. Then, these differences may result
from variation in experimental conditions such as substrate
composition (electrolyte, pH), compression rate, and so forth.

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

Next, turning to the discussion toward two-component
systems, four combinations of two-component monolayer
systems composed of the two cerebrosides (LMC-1 and
LMC-2) and two phospholipids (DPPC and DPPE) have been
studied in order to clarify the effect of molecular structure, the
interaction between two components, and the miscibility on
the monolayer state. For the above purpose, theπ–A,�V–A,
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tion of the mean molecular areas as a function ofXDPPCsatis-
fies the additivity rule[37]. Comparison between the experi-
mental mean molecular areas and the mean molecular areas
based on ideal mixing is shown inFig. 4A and B at four sur-
face pressures (5, 15, 25, and 35 mN m−1). Forπ = 5 mN m−1

of LMC-1/DPPC system (Fig. 4A), experimental values show
a negative deviation from the theoretical line, indicating at-
tractive interaction between LMC-1 and DPPC. This may
result from the fact that the interactions between LMC-1 and
DPPC are mainly governed by the enhanced attractions be-
tween hydrophobic groups. Forπ = 15 and 25 mN m−1 of
LMC-1/DPPC system, positive deviations are observed, in-
dicating diminished interaction between the head groups of
LMC-1 and DPPC and between fatty acid chains of LMC-1
and DPPC. At 35 mN m−1, the variation almost obeys the
additivity rule. This indicates that LMC-1 and DPPC are al-
most ideally mixed in the monolayer. As LMC-1 has a longer
alkyl chain than DPPC, attractive interaction between LMC-
1 hydrocarbon segments and DPPC chains is maximized and
compensates for steric hindrance produced by the LMC-1
hydrocarbon segment. For LMC-2/DPPC system (Fig. 4B),
comparison of the experimental data with calculated values
clearly indicates a good agreement at 5 and 35 mN m−1. The
A–XDPPC shows positive deviations at 15 and 25 mN m−1.
These behaviors are explained as the same of LMC-1/DPPC
system.
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ndµ⊥–A isotherms were measured at various composi
t 298.2 K on a 0.5 M NaCl subphase for LMC-1/DPPC
MC-2/DPPC and DPPE two-component systems of the
ombinations. The isotherms of four two-component sys
re shown inFig. 3. The isotherms of five two-componen
iscrete mole fractions are also inserted in the corresp

ng figures. All the curves of the two-component syst
xist between those of the respective pure components
hey successively change with the increasing mole fra
f phospholipids.

.3.1. Cerebrosides (LMC-1 and LMC-2)/DPPC system
The π–A isotherms of two-component monolayers

he cerebrosides (LMC-1 and LMC-2) and DPPC syst
re shown inFig. 3A and B. Increasing amounts of t
erebrosides does not result in a clearly distinguish
hase transition from liquid-expanded to liquid-conden
hase. The change and disappearance of such tran
ressure with increasing amounts of the cerebrosides
est that cerebrosides have an ability to make DPPC
ible in the monolayers, which is mentioned in the l
ection of two-dimensional phase diagram. This obse
ion is a first evidence of the miscibility for the two co
onents within the monolayer. As it is difficult to ascert

he presence of the transition pressure at the mole frac
0.3 on theπ–A isotherms, we have investigated cereb
ides/phospholipids two-component monolayers by fluo
ence microscopy (later section).

The interaction between LMC-1 or LMC-2 and DP
olecules was investigated by examining whether the v
The influence ofXDPPCon the�V–Aandµ⊥–A isotherms
s shown inFig. 3A and B. Analysis of the surface poten
�V) of the two-component monolayers in terms of the a
ivity rule is presented inFig. 5A and B. For LMC-1/DPPC
ystem (Fig. 5A), comparison of the experimental data
us calculated variations clearly indicates a good agree
ith the ideal line at 5 mN m−1 and negative deviations
5–35 mN m−1. On the other hand, the�V–XDPPCof LMC-
/DPPC system (Fig. 5B) shows slightly positive devia
t 5 mN m−1 and the good agreement at 15–35 mN m−1.

.3.1.1. Mean surface areas (Am), partial molecular surfac
reas (PMA), mean surface potentials (�Vm), and appar
nt partial molecular surface potentials (APSP).Whenπ–A

sotherms of a given binary mixture are analyzed, it is
ential to examine whether the relation of mean surface
Am) with mole fraction (X) satisfies the additivity rule or n
nd if not, which deviation is observed, negative or posi

In Fig. 4A and B, theAm for the LMC-1/DPPC and LMC
/DPPC two-component systems is plotted againstXDPPC
t discrete surface pressure of 5, 15, 25, and 35 mN−1.
binary system can show an ideal behavior by eithe

orming ideally mixed monolayer or (2) the two compone
annot mix completely but can form the so-called patc
lm, where the additivity should show a linear relation
ndicated by a broken line.

The behavior of occupied surface area and surface p
ial can be seen more clearly if the partial molar quantitie
valuated, where one of them have been employed in p
us studies[38,39]. HereAm and�Vm are assumed to satis
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the following equations: the additivity rule for mean surface
area can be expressed as

Am = X1A1 + X2A2

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 (PMA) in the two-component film at a definite surface
pressure. Correspondingly, the surface potential should be

given by

�Vm = X1�V1 + X2�V2

where�Vm is the average molecular surface potential in the
two-component film, and�V1 and�V2 are the partial molec-
ular surface potential in the two-component film at a definite
surface pressure. When PMA is denoted asA1 andA2 for com-
ponents 1 and 2, theA1 andA2 values can be determinable
as the respective intercept value atX2 = 0 andX2 = 1 of a tan-
gential line drawn at any given point on theAm–Xphospholipid

F
s

ig. 3. Surface pressure (π)–area (A) isotherms, surface potential (�V)–Aisothe
ystems on 0.5 M NaCl at 298.2 K: (A) LMC-1/DPPC, (B) LMC-2/DPPC, (C)
rms, and surface dipole moment (µ⊥)–A isotherms of the two-component
LMC-1/DPPE, and (D) LMC-2/DPPE systems.
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Fig. 3. (Continued).

curve as shown inFig. 4.A1 andA2 from the relation are
given as

A1 = Am − X2

(
∂Am

∂X2

)
T,π

(10)

A2 = Am + (1 − X2)

(
∂Am

∂X2

)
T,π

(10’)

whereAi is defined as

Ai =
(

∂Ai

∂Ni

)
T,π

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 (APSP) can be obtained from the rela-
tionship between the average molecular surface potential and
mole fraction, which is the same as above area

�V1 = �Vm − X2

(
∂�Vm

∂X2

)
T,π

(11)

where�Vm was evaluated by dividing the measured surface
potential (�V) by the number of molecules in the unit area.



166 H. Nakahara et al. / Colloids and Surfaces B: Biointerfaces 42 (2005) 157–174

Fig. 4. Deviation of two-component monolayer behavior from ideal one. Variation of the mean molecular area with phospholipid mole fraction for the
cerebrosides/phospholipids mixtures at surface pressures of 5, 15, 25, and 35 mN m−1: (A) LMC-1/DPPC, (B) LMC-2/DPPC, (C) LMC-1/DPPE, and (D)
LMC-2/DPPE systems.

The surface potential (�V) is measured by an air electrode
whose area is ca. 1 cm2. Therefore, we assumed its dimension
to be by mV cm−2. The average molecular surface potential
(�Vm) 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 1 and 2, they are determined by the respective
intercepts atX2 = 0 andX2 = 1 of a tangential line drawn at
any given point on the�Vm–Xphospholipidcurve as shown in
Fig. 6.

For cerebrosides/DPPC systems, they were miscible due
to the evidence of transition pressure change behavior which
increases withXDPPC (mentioned above). So, PMA and
APSP procedures were applied to cerebrosides/DPPC sys-
tems. The PMA–XDPPC curves for cerebrosides/DPPC sys-
tems are shown inFig. 7. It is noted that if the two-component
systems are ideal mixing, PMA and APSP should be par-
allel to the axis ofX2 (the additivity rule). The PMA for
both cerebrosides/DPPC systems indicates the similar behav-
ior at each surface pressure except for low surface pressure
of 5 mN m−1. It is found that DPPC molecules have almost
same surface area in the binary LMC-1 or LMC-2/DPPC
systems. At 5 mN m−1 of LMC-1/DPPC system, the partial
molecular areas of LMC-1 and DPPC do not remain constant
over the whole mole fraction. On the contrary, as for LMC-
2/DPPC system, those of LMC-2 and DPPC show individual
o -

sides/DPPC systems, the partial molecular areas of both sys-
tems are very changeable too. This complex behavior comes
from the LE/LC transition of DPPC. The characteristic PMA
behavior may 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 molecu-
lar areas of the two mixtures show an almost linear in regard
toAm versusXDPPCplots, although small positive deviations
from the additivity rule are seen. However, these deviations
are not attributable to experimental errors.

In contrast to PMA, the APSP–XDPPC curves for cere-
brosides/DPPC systems (seeFig. 8) suggest the different
interaction of DPPC between LMC-1 and LMC-2. The
APSP–XDPPCfor LMC-1/DPPC systems indicates the simi-
lar behavior at each surface pressure. It is found that APSP of
DPPC and LMC-1 molecules remain almost the same as the
individual value over the whole mole fraction range as shown
in Fig. 8A. Those of DPPC and LMC-2 are shown inFig. 8B.
Upon compression at 5 and 15 mN m−1, APSP of DPPC de-
creases with increasing mole fraction of DPPC, and the value
reaches the original value. For example, DPPC molecules at
XDPPC= 0.1 are surrounded almost by the LMC-2 molecules
for the binary LMC-2/DPPC system. In the monolayer, DPPC
has a minimum molecular area of about 0.46 nm2 (Fig. 1)
[40,41], which is limited by the relatively large head group
cross-sectional area. The cross-sectional area of an optimally
p
ne over the whole mole fraction. At 15 mN m−1 of cerebro
 acked, alltrans, hydrocarbon chain is about 0.20 nm2 [42],
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Fig. 5. Deviation of two-component monolayer behavior from ideal behavior. Variation of the surface potential with phospholipid mole fraction for the
cerebrosides/phospholipids mixtures at surface pressures of 5, 15, 25, and 35 mN m−1: (A) LMC-1/DPPC, (B) LMC-2/DPPC, (C) LMC-1/DPPE, and (D)
LMC-2/DPPE systems.

Fig. 6. Variation of the mean molecular surface potential (�Vm) with phospholipid mole fraction for the cerebrosides/DPPC mixtures at surface pressures of
5, 15, 25, and 35 mN m−1: (A) LMC-1/DPPC, (B) LMC-2/DPPC.
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Fig. 7. Variation of partial molecular surface area (PMA) for two-component cerebrosides and DPPC as a function ofXDPPCat surface pressures of 5, 15, 25,
and 35 mN m−1: (A) LMC-1/DPPC and (B) LMC-2/DPPC systems.

F
o

ig. 8. Variation of apparent partial molecular surface potential (APSP) for tw
f 5, 15, 25, and 35 mN m−1: (A) LMC-1/DPPC and (B) LMC-2/DPPC systems
o-component cerebrosides and DPPC as a function ofXDPPCat surface pressures
.
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so the hydrocarbon portion of the DPPC molecule would
like to occupy an area ofA= 2 nm ×0.20 nm = 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[40,43]. Tilting is also accompanied by a decrease
in the coherence length of monolayer packing.

Addition of LMC-2 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. Increasing the mole fraction of DPPC increases the
APSP of LMC-2 at lower surface pressures, leading to a good
conformation with DPPC. Upon compression at 25 mN m−1,
for 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 LMC-2.

Upon compression at 35 mN m−1, APSP behavior of both
DPPC and LMC-2 are parallel to the axis ofXDPPC. The APSP
for both DPPC and LMC-2 has the individual value at each
mole fraction owing to high surface pressure.

For the LMC-1/DPPC system, both components show al-
most the individual values over the whole mole fraction, re-
sulting from matching of DPPC chains (saturated) and LMC-
1 ones (unsaturated). On the other hand, the packing for the
LMC-2/DPPC system changes depending upon the surface
pressure. This behavior is owing to the matching of the chain
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use of the transition pressure (πeq) and/or the collapse pres-
sure (πc) changes at various mole fractions of phospholipids.
Representative phase diagrams at 298.2 K are shown inFig. 9.

3.4.1. Cerebrosides/DPPC
The transition pressures from disordered (gaseous or

liquid-expanded) to ordered (liquid-condensed) phase are
also plotted against a mole fraction of phospholipid inFig. 9A
and B. In LMC-1/DPPC and LMC-2/DPPC systems for
XDPPC= 0.3 to 1,π–A isotherm displays a phase transition
pressure (πeq) that changes almost linearly withXDPPC. Judg-
ing from the change of the transition pressure, two compo-
nents of all other mole fractions are miscible each other.
This behavior is a first evidence of the miscibility of the
two components within the monolayer state. This can be
explained by the fact that film-forming molecules become
more dense by compression, decreasing the surface tension
more by the film-forming molecule. Then the resultant sur-
face pressure increased. Decrease in the transition pressure
with mole fraction of DPPC means that transition does ap-
pear when the film-forming molecules become denser with
the mole fraction. These phenomena resemble the elevation of
boiling point and the depression of freezing point in the mixed
solution.

Assuming that in these cerebrosides/DPPC cases the sur-
face mixtures behave as a regular solution with a hexagonal
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ength of DPPC (saturated) and to the position of OH gr
n LMC-2 chains (saturated). In consequence, the surfac
ntation of DPPC molecules are affected more strongl
MC-2 chains than LMC-1 ones due to the position of
roup in LMC-2 chains (saturated).

.3.2. Cerebrosides (LMC-1 and LMC-2)/DPPE system
Fig. 3C and D showsπ–A, �V–A, andµ⊥–A isotherms

f binary LMC-1/DPPE and LMC-2/DPPE systems, resp
ively. Both cerebrosides and DPPE had no transition p
n theirπ–A isotherms. In addition, theπ–A isotherms an
uorescence images (later section) indicated the LE film
erebrosides and LC film for DPPE.

The interaction between LMC-1 or LMC-2 and DP
olecules was analyzed in the same procedures as th

ion 3.3.1(for additivity rule of area and�V). TheA–XDPPE
Fig. 4C) shows a positive deviation at 5 mN m−1 and good
greements with the ideal line at 15–35 mN m−1, while it
Fig. 4D) does positive deviations at 5–15 mN m−1 and
he good agreements at 25–35 mN m−1. For �V–XDPPE in
ig. 5C and D, both LMC-1/DPPE and LMC-2/DPPE s

ems indicate negative deviations at 5 mN m−1 and the goo
greements at 15–35 mN m−1. These behaviors can be e
lained by the above-mentioned interpretation.

.4. Two-dimensional phase diagram

From theπ–A isotherm for the binary systems of LM
/DPPC, LMC-2/DPPC, LMC-1/DPPE, and LMC-2/DPP

heir two-dimensional phase diagrams were constructe
-

attice, the coexistence phase boundary between the or
onolayer phase and the bulk phase can be theoretically
lated by the Joos equation(12), and the interaction para
ter (ξ) was calculated from this deviation[44]:

= xs
1γ

1 exp{(πc
m − πc

1)ω1/kT }exp{ξ(xs
2)2}

+xs
2γ

2 exp{(πc
m − πc

2)ω2/kT } exp{ξ(xs
1)2} (12)

here xs
1 and xs

2 denote the mole fraction in the tw
omponent monolayer of components 1 and 2, respect
ndπc

1 andπc
2 are the corresponding collapse pressure

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

omponent monolayer at given composition ofxs
1 and xs

2.
1 andω2 are the corresponding limiting molecular surf
rea at the collapse points.γ1 andγ2 are the surface activi
oefficients at the collapse point,ξ is the interaction param
ter, andkT is the product of the Boltzmann constant and
elvin temperature.

In these figures,M. indicates a two-component monola
ormed by cerebroside and DPPC species, whileBulk de-
otes a solid phase of cerebrosides and DPPC (“bulk ph
ay be called “solid phase”). The collapse pressureπc de-

ermined at each mole fraction is indicated by filled circ
here the dotted line shows the case where the intera
arameter (ξ) is zero.

From this equation, the interaction parameterξ is obtained
nd these mixtures yieldξ =−1.50 (for LMC-1/DPPC) an
0.10 (for LMC-2/DPPC). This means that there is mu

nteraction between two components in the two-compo
onolayer that is stronger than the mean of the interac
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Fig. 9. Change of the transition pressure (πeq) and the collapse pressure (πc) as a function ofXphospholipidon 0.5 M NaCl at 298.2 K. The dashed line was
calculated by Eq.(12) for ξ = 0: (A) LMC-1/DPPC, (B) LMC-2/DPPC, (C) LMC-1/DPPE, and (D) LMC-2/DPPE systems.

between pure component molecules themselves. As a result,
they are completely mixing. The interaction energy−�ε can
be calculated the following equation:

−�ε = −ξRT/6 (13)

and these values are 620 J mol−1 (for LMC-1/DPPC)
and 41 J mol−1 (for LMC-2/DPPC). As a result, cerebro-
sides/DPPC systems are the positive azeotropic type.

3.4.2. Cerebrosides/DPPE
Next, the second type of phase diagram is constructed

in Fig. 9C for LMC-1/DPPE andFig. 9D for LMC-2/DPPE,
which are same procedures as the above cases. We recognized
that DPPE is completely immiscible with cerebrosides. For
example, in the phase diagrams for LMC-1/DPPE at lowerπ

values, LE film of cerebroside (LMC-1) is formed indepen-
dent upon a DPPE; the film is separated into LMC-1 domains
and DPPE domains, like island and sea. Their region is ex-
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Fig. 10. Fluorescence micrographs of LMC-2 monolayer (a: 0, b: 26 mN m−1), LMC-2/DPPC two-component monolayer (XDPPC= 0.5) (c: 25, d: 39 mN m−1),
LMC-2/DPPC two-component monolayer (XDPPC= 0.9) (e: 16, f: 30 mN m−1) and DPPC monolayer (g: 5 mN m−1, h: 10.5 mN m−1, i: 14 mN m−1, j:
30 mN m−1) observed at a compression rate of 1.0× 10−1 nm2 molecule−1 min−1 at 298.2 K on 0.5 M NaCl. The monolayer contained 1 mol% of fluorescent
probe. The number in these images indicates the surface pressure (mN/m). Scale bar represents 50�m.

pressed as M.(LMC-1) + M.(DPPE). If further compression
of the film is made up to the collapse pressure of the given
LMC-1, then the LMC-1 starts to form a solid (Bulk) of its
own (denoted Bulk(LMC-1) in the figure). Until the LMC-
1 completes its solid formation, the surface pressure is kept
constant. At much higher pressure ofπ, bulks of LMC-1
and DPPE coexist independently, as shown by Bulk(LMC-
1) + Bulk(DPPE). In the middle surface pressure region, the
monolayer (LC) of DPPE coexists with bulk state of the given
LMC-1.

The above implies that cerebrosides and DPPE cannot mix
in the monolayer state. This means that the lateral steric in-
teraction between cerebrosides and DPPE is extremely un-
favorable. Then, two components are completely separated,
and they form patched monolayers. Therefore, this phase di-
agram is divided into three parts by double parallel lines.

3.5. Fluorescence microscopy of
cerebrosides/phospholipids two-component monolayers

In order to interpret the phase behavior on theπ–A
isotherms, we investigated the monolayers by fluorescence

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
LMC-2, DPPC, DPPE, and their two-component monolayers
spread on 0.5 M NaCl at 298.2 K are shown inFigs. 10 and 11
at various surface pressures.

3.5.1. Cerebroside (LMC-2)/DPPC
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. 2B, where
there exists the LE/LC coexistence region. Domain nucle-
ation occurs at the kink in theπ–A isotherm (typically at
10.5 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. 10.

Fig. 10g–j shows a progression of fluorescence images
through the coexistence region for DPPC[45–47]. The nu-
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Fig. 11. Fluorescence micrographs of LMC-2/DPPE two-component mono-
layer (XDPPE= 0.5) (a: 12 mN m−1, b: 37 mN m−1), LMC-2/DPPE two-
component monolayer (XDPPE= 0.9) (c: 12 mN m−1, d: 37 mN m−1) and
DPPE monolayer (e: 0 mN m−1, f: 14 mN m−1) observed at a compression
rate of 1.0× 10−1 nm2 molecule−1 min−1 at 298.2 K on 0.5 M NaCl. The
monolayer contained 1 mol% of fluorescent probe. The number in these im-
ages indicates the surface pressure (mN/m). Scale bar represents 50�m.

merical value shows surface pressure in the figures and the
percentage is ratio of LC domain in each image to the total
area. They indicate the gaseous phase at 5 mN m−1 and the
coexistence state of both LE phase and LC phase at 10.5 and
14 mN m−1, where the bright regions and dark domains indi-
cate LE and LC phase, respectively. With increasing surface
pressure from 10.5 to 14 mN m−1, the percentage of LC phase
in each image increases and complete LC domain image ap-
pears at 20 mN m−1 (data not shown). The domains formed
are chiral, which is an expression of the chirality of the DPPC
molecule. As would be expected, the enantiomer forms mirror
images of the domains, and a racemic mixture yields nonchi-
ral domains. As is most evident inFig. 10h at 10.5 mN m−1,
the predominant domain shape is like a bean with distinct
cavities. As the monolayer is compressed, the domains grow
and display their repulsive nature (arising from their oriented

dipoles) by deforming themselves to fill all available space
and transforming into polygons. At the surface pressures be-
tween 11 and 15 mN m−1, there happens a shape instability
resulting in ‘cutting’ the domain along intrinsic chiral paths
as shown inFig. 10i at 14 mN m−1. This phase transition is
attributed to the presence of the fluorescence probe, because
no such effect is seen by Brewster angle microscopy[46].
In addition, the phase transition is completely suppressed at
higher compression rates, suggesting a kinetic rather than a
thermodynamic origin.

Monolayers of cerebroside used in this study do not form
the LC domains in the monolayer. As a result, FM shows
the liquid-expanded image (Fig. 10a and b). As mentioned in
Section2, cerebrosides were molecular species and the hy-
drophobic parts of LMC-2 are too bulky to be closely packed
together compared with their occupied area of the polar head
group. A cavity is formed among the hydrocarbon parts of
LMC-2 because of the molecular structure. The white pat-
terns in the FM image are the evidence of such LE domains
independence of surface pressure (Fig. 10a and b).

Next, the mole fraction dependence of the transition
pressure is observed on the FM images of the two-
component system of LMC-2/DPPC inFig. 10c and d for
XDPPC= 0.5, andFig. 10e and f forXDPPC= 0.9. At low sur-
face pressures (π<πeq), cerebroside/DPPC systems of two-
component monolayer were uniformly fluoresced, showing
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he small LC domains of DPPC. The increment in con
ration of cerebroside (atXDPPC= 0.5) makes the LE pha
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f circular LC domains persisted in cerebroside/DPPC
omponent monolayers. As a result, this system is compl
iscible each other.

.5.2. Cerebroside (LMC-2)/DPPE
Fluorescence images of LMC-2/DPPE monolayers

.5 M NaCl solution are shown inFig. 11. The pure DPP
onolayer showed some large domains at very low su
ressure (Fig. 11e). The fluorescent probe of R18 (1 m
artitions into the disordered LE phase in preference to
etter ordered LC phase. However, the fluorescence of R
uenched by contact with water[48,49], and the dark blac
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gray regions are the LC phase, and the bright regions are the
disordered phase. Film compression results in the formation
of the LC phase from the disordered phase, and these fluo-
rescence images became completely black above the surface
pressure of 5 mN m−1. In contrast, the images of pure LMC-2
showed no indication of lateral phase separation regardless of
surface pressure (π), showing the liquid-expanded behavior
(i.e. the whole images were bright).

Fig. 11a–d shows the LMC-2/DPPE two-component
monolayer at the mole fractionsXDPPE= 0.5 and 0.9, respec-
tively. The addition of some amounts of DPPE to LMC-2
induced the ordered/disordered phase separation at zero sur-
face pressure. Changes of morphologies of this phase separa-
tion do not take place up to high surface pressure. This sug-
gests that LMC-2 has a dispersing effect for DPPE. However,
according to the mentioning in the earlier section, LMC-1
and LMC-2 showed miscibility with the DPPC. Therefore, it
turned out that the miscibility of LMC-2 with DPPC or DPPE
can be attributed to the difference of the polar head group.
Fluorescence microscopy for DPPE/LMC-2 system showed
that LMC-2 escapes from the entirely condensed solid phos-
pholipid domains with increasing mole fraction of LMC-2,
while the LMC-2 disperses the condensed domains heteroge-
neously. This indicates that the LMC-2 acts as the dispersing
agent for the condensed phospholipid.
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which the dipole moment of the polar head group was de-
termined to be 0.63 D. Fluorescence microscopy for two-
component cerebrosides/DPPC monolayers on 0.5 M NaCl
solution showed that cerebrosides dissolve the LC domains
formed upon compression of DPPC monolayer. In contrast,
the FM images of the cerebrosides/DPPE systems showed
immiscible pattern. These phenomena indicate that the mis-
cibility of two-component system is influenced by an extent
of hydrophilicity of polar head group.
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