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Abstract: The miscibility behavior of palmitoyl sphingomyelin (PSM) with phytosterol derivatives of
B-sitosterol (SITO), B-sitosteryl glucoside (SG), and B-sitosteryl glucoside palmitate (SGP) was
systematically investigated using Langmuir monolayers. The surface pressure (7)-molecular area (4) and
surface potential (AV)—A isotherms for binary PSM/SITO, PSM/SG, and PSM/SGP systems on 0.02 M Tris
buffer with 0.13 M NaCl (pH 7.4) were measured as a function of the molar fraction of PSM (Xg,). The
surface potentials (A}) of the pure components were analyzed using the three-layer model proposed by
Demchak and Fort [J. Colloid Interface Sci. 46 (1974) 191-203]. The contributions of the hydrophilic
p-glucose moiety, hydrophobic palmitoyl group, and sphingomyelin group to the vertical component of the
dipole moment (u,) were evaluated. The thermodynamic quantities, based on the 7—A isotherms, revealed
that PSM interacts attractively with all three phytosterol derivatives in the following order: SITO > SGP >
SG. In addition, the two-dimensional phase diagram constructed based on the phase transition pressure
(z*%), from a liquid-expanded to liquid-condensed state, and collapse (z°) pressure shows that the two-
component systems are all miscible with each other. The manner of miscibility between PSM/SG and PSM/
SGP systems is found to be opposite in the large X, region. The interaction between the same molecules
(PSM—-PSM or SG—SG) is stronger than that of the different molecules (PSM—SG) in the PSM/SG system,
and vice versa in the PSM/SGP system. These results suggest that the incorporation of a p-glucose and
palmitoyl group to a SITO molecule dramatically changes the miscibility behavior with PSM. Observations
using fluorescence microscopy imaging also provide insights into miscibility behavior in the monolayer

state.
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1 Introduction

Lipid rafts have recently been proposed as a microdo-
main of plasma membranes. They are thought to be a
highly dynamic assembly that floats freely within a liquid,
disordered bilayer in cell membranes' ™. They are com-
posed mainly of sphingolipids (both sphingomyelins (SM)
and glycosphingolipids), phospholipids, and sterols. In
rafts, it is postulated that the long saturated acyl chains in
the sphingolipids tightly interact and are packed with cho-
lesterol (CHOL), resulting in an organization of liquid-or-
dered (lo)phases4_7>. In contrast, unsaturated phospholip-
ids are loosely packed to form liquid-disordered (I,) phases.
The different packing properties lead to phase-separated

membranes® . Although they are relatively new, lipid rafts
have attracted significant attention because they constant-
ly provide dynamic scaffolding for a variety of different cel-
lular processes such as protein trafﬁckingm , signal trans-
duction” ', CHOL and membrane transport'>'?, and
calcium homeostasis™ .

Plant sterols, or phytosterols, are primarily known as
substances that effectively lower the plasma level of low-
density lipoprotein CHOL, which is an important risk factor
for atherosclerosis and cardiovascular diseases'. In addi-
tion, phytosterols are naturally occurring in plants and are
concentrated in most vegetable oils'. In this regard, the
demand for phytosterols as a functional food and food ad-
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ditive has been increasing worldwide. In human 7 vivo
studies, the intestinal absorption of CHOL is competitively
inhibited by phytosterols, resulting in lowering its level in
the plasma. This is based on incorporation of phytosterols
into the tissues and cellular membranes of erythrocytes
because of the structural similarity between them'® .

In addition to phytosterols, steryl glycosides (StG)and
acyl steryl glycosides (AStG) are also known as major sterol
derivatives'” 2", StG and AStG both have a broad diversity,
which ranges from the type of sterol, sugar moiety, linkage
configuration, and number of sugar groups to the acylation
of the sugar unit. As the most common form of StG, a sugar
monomer, which is pyranose form of b-glucose, is attached
to the 3B-hydroxy group on the C3 position of B-sitosterol

(A)

(B)

©

Fig.1 Chemical structures of (A) B-sitosterol (SITO),
(B) B-sitosteryl glucoside (SG) and (C)
B-sitosteryl glucoside palmitate (SGP).
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(SITO) (Fig. 1(B)), becoming so called B-sitosteryl gluco-
side (SG). Generally, acylation of fatty acids mainly occurs
at the C6 position of the sugar moiety. As shown in Fig. 1
(C), p-sitosteryl glucoside palmitate (SGP)is connected at
that position with palmitic acid (16:0), which is the most
common fatty acid found in AStG?. Lin et al. reported
that StG and AStG also lower CHOL absorption in
humans® . However, the effect of such phytosterol deriv-
atives on membrane properties remains unknown, though
phytosterols have been reported to modify fluidity, fragility,
and deformability of erythrocyte membranes* *. The in-
teraction between phytosterol derivatives and membranes
is of interest from the viewpoint of diet and health food,
because they are contained much in a plant only.

The Langmuir monolayer has been widely utilized to elu-
cidate the interaction between a model membrane, mim-
icking an outer leaflet of plasma membrane, and com-
pounds of interest. Using that method allows easy capture
of dynamic formation and destruction of lipid rafts. Up to
date, the monolayer interactions between sterol derivatives
and phospholipids, such as dipalmitoylphosphatidylcholine
(DPPC)? | palmitoylmyristoylphosphatidylcholine (PMPC)* |
palmitoyloleoylphosphatidylcholine (POPC)?" | and
sphingolipids of egg—SMzg’ * have been extensively report-
ed. In these studies, the condensing effect of sterol deriva-
tives on sphingolipid monolayers was elucidated by adding
various kinds of sterol derivatives to egg-SM. As a result,
CHOL was found to be much more effective for condensa-
tion of aliphatic chains in sphingolipids than in phytoster-
ols™. In addition, it was revealed that the SM-sterol inter-
action is reinforced in a 2:1 proportion. In this manner,
miscibility, interaction, and phase behavior in the binary
system can be widely discussed by employing Langmuir
monolayers. However, there is very little information on SG
and SGP, although they are the most common phytosterol
derivatives. Furthermore, it is worth noting that little is
known about the effect modification of the hydrophilic
group will have on the interfacial behavior of an amphiphi-
le, even though the effect of modification on a hydrophobic
group has been well investigated® *”. In the present study,
the structural differences of SITO, SG, and SGP in the
monolayer state were evaluated using a three-layer model,
where the dipole moment of the subphase, polar head
group, and hydrophobic chain were considered. In addi-
tion, the monolayer interactions of palmitoyl SM (PSM) with
SITO, SG, and SGP were systematically investigated at the
air-water interface from the aspects of thermodynamics,
surface potential analyses, and surface morphology.

2.1 Materials
N-palmitoyl-p-erythro-sphingosylphosphorylcholine
(palmitoyl sphingomyelin, PSM; >99%), (2,4-p-ethyl)
-stigmast-5-en-3p-ol (B-sitosterol, SITO; >99%), and
1-palmitoyl-2- {6-[ (7-nitro-2-1,3-benzoxadiazol-4-yl)
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aminoJhexanoyl -sn-glycero-3-phosphocholine (NBD-PC;
>99% )were purchased from Avanti Polar Lipids, Inc. (Ala-
baster, AL, USA). B-Sitosteryl glucoside (SG; >98% )and
B-sitosteryl glucoside palmitate (SGP; >98% ) were pur-
chased from Matreya, LLC (Pleasant Gap, PA, USA). These
lipids were used without further purification or character-
ization. Chloroform (99.7% )and methanol (99.8% ) were
purchased from Kanto Chemical Co. Inc.(Tokyo, Japan)
and nacalai tesque (Kyoto, Japan), respectively, and used
as spreading solvents. A chloroform/methanol (2/1, v/v)
mixture was used for the preparation of stock solutions for
each monolayer (1.0 mM). Tris (hydroxymethyl) amino-
methane (Tris), sodium chloride (NaCl), and acetic acid
were obtained from nacalai tesque. To remove the surface-
active organic impurities, NaCl was heated at 1023 K for 24
h before use. Thrice distilled water, with a surface tension
of 72.0 mN m ™" at 298.2 K and electrical resistivity of 18
MQ cm, was used for preparation of a subphase solution.

2.2 Surface pressure-area isotherms

A Wilhelmy balance (Mettler Toledo, AG-245), with a
resolution of 0.01 mN m ™', was used to measure surface
pressure () against the molecular area (A ) for the Langmuir
monolayers’“ﬁm. The pressure-measuring system was
equipped with filter paper (Whatman 541, periphery =4
cm). The trough was made of Teflon-coated brass (area=
750 cm?), and Teflon barriers (both hydrophobic and lipo-
phobic) were used in this study. The 7—A isotherms were
recorded at 298.2 0.1 K, and the temperature was con-
trolled using a circulating water system. After spreading
the samples onto a subphase of a 0.02 M Tris buffer solu-
tion, with 0.13 M NaCl from the organic solvent, the
spreading solvents were allowed to evaporate for 15 min
prior to compression. The monolayer was compressed at a
speed of ~0.10 nm® per molecule per minute. The standard
deviations (SD) for the molecular area and surface pressure
were ~0.01 nm® and ~0.1 mN m ™, respectively. The pH
of the subphase was adjusted to 7.4 with an adequate
amount of acetic acid.

2.3 Surface potential-area isotherms

The surface potential (AV) was measured simultaneously
with the surface pressure when the monolayer was com-
pressed at the air-water interface. It was monitored using
an ionizing *"'Am electrode 1-2 mm above the interface,
while a reference electrode was dipped into the subphase.
An electrometer (Keithley 614)was used to measure the
surface)potential. The SD for the surface potential was ~5
mVSl*SS )

2.4 Brewster angle microscopy (BAM)

The monolayer was directly visualized using a Brewster
angle microscope (KSV Optrel BAM 300, KSV Instruments,
Finland) coupled to a commercially available film balance

system (KSV Minitrough, KSV Instruments, Finland) at
298.2%0.1 K. In the BAM experiments, a 20 mW He-Ne
laser, at a wavelength of 632.8 nm, was used as the light
source. A Glan-Thompson polarizer was placed between
the laser and minitrough to provide p-polarized light at the
Brewster angle (53.1°). A 10 X objective lens allowed a
lateral resolution of ~2 pm. The angle of the incident
beam to the air-water interface was fixed to the Brewster
angle, and the reflected beam was recorded with a high-
grade charge-coupled device (CCD)camera (EHDkam-
Pro02, EHD Imaging GmbH, Germany). The BAM image

was digitally saved on a computer hard disk™.

2.5 Fluorescence microscopy (FM)

The film balance system (KSV Minitrough, KSV Instru-
ments, Finland) was mounted onto the stage of an Olympus
microscope BX51W1 (Tokyo, Japan) equipped with a 100 W
mercury lamp (USH-1030L), an objective lens (SLMPlan 50
X, SLMPlanFI 20 % , working distance =15 mm), and a 3
CCD camera control unit (IKTU51CU, Toshiba, Japan). The
z-directional focus on the monolayer was adjusted using an
automation controller (MAC 5000, Ludl Electronic Products
Ltd., NY). The stock solution for FM was prepared by addi-
tion of 1 mol% of the fluorescent probe, NBD-PC. Images
taken under an excitation wavelength of 460 nm and an
emission wavelength of 534 nm were directly recorded to
the hard disk via an online image processor (DVgate Plus;
Sony, Tokyo, Japan) connected to the microscope. Image
processing and analysis were done using Adobe Photoshop
Elements ver. 9.0 (Adobe System Incorporated, CA). The
total quantity of ordered domains (dark contrast regions)
was evaluated and expressed as a percentage per frame by
dividing the respective frames into dark and bright

. 31,32
regions™ .

3.1 Isotherm behavior for binary monolayers of PSM and
phytosterol derivatives (SITO, SG, and SGP)

The surface pressure (7)—molecular area(A)and surface
potential (AV)—-A isotherms for pure PSM, SITO, SG, and
SGP were measured on 0.02 M Tris buffer with 0.13 M NaCl
(pH 7.4)at 298.2 K(Fig. 2). The pure PSM monolayer
(curve 3)possesses a phase transition pressure (7°) of ~
21 mN m ™! at 298.2 K, at which point the monolayer state
changes from a liquid-expanded (LE) to a liquid-condensed
(LC) phase (indicated by an arrow). Monolayer collapse,
when monolayers begin to transform into a bulk phase, is
observed at ~57 mN m ™' with further compression. The
7—-A isotherms of SITO (curve 1), SG(curve 2), and SGP
(curve 4) show that they form a typical LC monolayer with
monolayer collapse pressures (7°) of ~40.6, ~51.2, and ~
45.3 mN m™ ', respectively. The z° value of SG increases,
but it is generally estimated that the incorporation of D-
glucose leads to a LE monolayer state. These results indi-
cate that the incorporation of p-glucose into the head
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Fig.2 The n-4 and AV-4 isotherms of pure PSM,
SITO, SG, and SGP monolayers spread on 0.02
M Tris buffer containing 0.13 M NaCl at 298.2
K (pH 7.4). The open-headed arrow in the AV-A4
isotherms represents the transition point from
gas state of monolayers, and the solid arrow in
the -4 isotherms indicate an LE/LC phase tran-
sition at ~21 mN m ' of pure PSM.
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group of SITO unexpectedly enhances the stability of the
monolayers upon compression. In addition, further intro-
duction of a palmitoyl group into SG induces a decrease in
¢, It is assumed that the hydrophobic steroid backbone
plays an essential role in the dominating z° value, because
the z° value is not affected much by length modification or
the carbon-carbon binding manner of the sterol backbone
side chain®?"**  On the other hand, modification of the
hydroxyl group (-OH)at the C3 position causes changes in
the z° value, as mentioned above. This may be accounted
for by the hydration degree of the hydrophilic group in the
subphase. SG contains D-glucose as a hydrophilic group,
and thus it attracts water molecules more strongly than
SITO, resulting in an increase in the z° value for SG. In
contrast, the hydration degree of SGP is smaller than that
of SG because of the incorporation of a palmitoyl group
into the p-glucose of SG, which causes the decreased z°

812

value for SGP. As for a limiting area of SITO and SG, they
have respectively ~0.38 nm” which is found to be identical
to that of CHOL (~0.38 nm®) ™, and ~0.41 nm® which is in
agreement with that reported previously’”. In the SGP
monolayer, the limiting area is ~0.64 nm”. The difference
in limiting area between SG(~0.41 nm®)and SGP (~0.64
nm?)is ~0.23 nm”. This value is almost the same as the
cross-sectional area, ~0.19 nm®, of one saturated aliphatic
chain. This means that the palmitoyl chain of SGP is
thought to be positioned beside the SG moiety in the close-
packed state, keeping a small cavity (0.04 nm®) where the
palmitoyl chain can move.

The AV value is a measure of the electrostatic field gradi-
ent vertical to the surface, and varies considerably with the
dipole density of the molecular surface. Thus, the AV value
is highly sensitive to changes in the monolayer orientation
and conformation. The AV-A isotherm reflects the phase
transition from a gas to a liquid state, where the orientation
of the hydrophobic chain starts to change (indicated by an
open-headed arrow in Fig. 2). The AV values of all the
monolayers positively vary upon compression, which
means that the monolayer orientation is improved in the
direction of the normal surface normal®*”. The maximum
AV values for SITO, SG, and SGP monolayers are ~410
mV, ~590 mV, and ~590 mV, respectively. AV values
depend on the hydrophilic moiety, terminal hydrophobic
moiety, and subphase38>. The contribution of the D-glucose
moiety to the AV values is estimated to be ~180 mV, as-
suming that the hydrophobic parts of SITO and SG are
similarly packed. Interestingly, the maximum AV value of
SG(~590 mV)is the same as that of SGP(~590 mV).
These results are derived from the terminal moiety of the
hydrophobic part, which generally affects the AV value in
the close-packed state. The terminal hydrophobic moiety
of SG is the methyl (~<CH,) group. Similarly, as for SGP, the
methyl group, derived from the palmitoyl group, is located
at the terminal of monolayers. Thus, the contribution of
the palmitoyl-group introduction in SGP to the AV value is
considered to be negligible.

The 7—A and AV-A isotherms for binary (PSM/SITO,
PSM/SG, and PSM/SGP) systems have been measured at
298.2 K to reveal the interactions of PSM with phytosterol
derivatives (Fig. 3). In the binary PSM/SITO system (Fig. 3
(A)), the 7—A isotherms overlap at 0 < Xpqy < 0.5. This be-
havior can be discussed in terms of the additivity rule for
molecular areas™ (Fig. 4). The dashed line is drawn ac-
cording to the additivity rule, and the solid points repre-
sent the experimental value. Negative deviation from lin-
earity implies that PSM attracts SITO to a large cavity,
which is produced by like a corn-motion of PSM, and then
wraps the SITO molecule. In addition, the experimental
molecular area shows the almost constant value over the
range of 0 < Xpgy < 0.5, which results from the overlap ob-
served in the 7-A isotherms (curves 1-4 in Fig. 3(A)).

J. Oleo Sci. 62, (10) 809-824 (2013)
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Fig.3 The z-4 and AV-A isotherms of binary monolayers at the air/water interface on 0.02 M Tris buffer containing 0.13
M NaCl (pH 7.4) at 298.2 K formed by PSM and phytosterol derivatives: (A) PSM/SITO, (B) PSM/SG, and
(C) PSM/SGP monolayers. An inset in the Fig. 3 (B) represents enlarged -4 isotherms in the surface pressure
region of 0 <7 <50 mN m ' (0.3 <A <0.5 nm").
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This overlap indicates that SITO has a condensing effect
up to Xpgy =0.5. As for the collapse, the z° values in the
binary PSM/SITO system gradually increases with increas-
ing Xpgy (Fig. 7(A) ). In the AV-4 isotherms, the maximum
AV value at 0 < Xpqy < 0.5 converges on ~408 mV (curves
1-4) . The values decrease with an increase in Xpg,, where
maximum AV value of PSM is ~354 mV (Fig. 2). These
results indicate that the PSM/SITO monolayer, over the
range of 0.1 < Xpgy < 0.5, is similar to the single SITO
monolayer. In the case of the binary PSM/CHOL system,
the same behavior was observed; the additional effect of
PSM disappears in the specific Xpgy range34>, Considering
the structural similarity between SITO and CHOL, the
bulkiness in the hydrophobic moieties (or steroid back-
bone)is deeply related to such phenomena.

For the binary PSM/SG system (Fig. 3(B) ), the pattern
of the 7—A isotherms is similar to the patterns in the PSM/
SITO system. However, the behavior at X, =0.1 is found
to be unique. The 7-A isotherm at Xy =0.1(curve 1)
shifts to smaller areas compared to pure SG monolayers
(Fig. 2), even though the other isotherms vary between
pure PSM and SG. This suggests that the small amounts of
PSM (X;g = 0.1) provoke a stronger condensation than that
seen at 0.3 < Xpgy < 0.95. Because the extrapolated molecu-
lar area of PSM (0.48 nm®), the molecular area of the or-
dered-state part on the 7—A isotherm at 7 =0, is larger than
the limiting area of SG(0.41 nm®), a condensing effect (at-
tractive interaction) seems to be generated to have smaller
limiting area at a specific ratio of Xpgy=0.1. The z° values
in the binary PSM/SG system gradually increase by ~5.3
mN m ™' as Xpgy increases (Fig. 7(B)). In the AV-A4 iso-
therms, the maximum AV value decreases from ~590 mV
(SG)to ~354 mV (PSM) as Xpgy increases. When a jump in
the AV value, corresponding to the transition from the gas
phase to the liquid condensed phase, is focused on, the
jump at Xpgy = 0.1 (curve 1)appears at smaller areas com-
pared with other isotherms (curves 2-8). This corresponds
to the 7-A isotherm (curve 1)mentioned above. In Fig. 4
(B), the degree of negative deviation from linearity is
smaller than in the PSM/SITO system, especially up to 35
mN m ™', Although PSM interacts attractively with SG, as
well as SITO, the insertion of the SG steroid backbone into
the cavity of PSM in the PSM/SG system is likely prevented
by the D-glucose moiety, more so than in the PSM/SITO
system.

In the case of the binary PSM/SGP system (Fig. 3(C)),
the 7-A isotherms shift to a smaller area with increasing
Xpsy. In addition, the z° values gradually increase with in-
creasing Xpey (Fig. 7(C)). Interestingly, several 7—A iso-
therms (curves 6-7)overlap with those for pure PSM
(curve 8)above ~29.0 mN m ™', but they are different
below it. Among the 7—A isotherms (curves 6-8)below ~
29.0 mN m™", the pure PSM isotherm (curve 8)has the
largest mean area. The AV-A isotherms display a similar

pattern to those for the PSM/SG system, which exhibits a
decrease in the maximum AV value from ~590 mV (SGP)
to ~354 mV (PSM) as Xrqy increases. Concerning the A—
Xpsu Dlots (Fig. 4(C) ), the degree of negative deviation
from ideality is larger than that seen in the PSM/SG system
(Fig. 4(B) ). This suggests that PSM interacts more strong-
ly with SGP than SG, because the saturated palmitoyl
group in SGP is considered to enhance cohesive attraction
of double-saturated acyl chains in PSM.

3.2 Contribution of ®-groups and polar head groups to
the dipole moment for phytosterol derivatives

To investigate the structural differences in a pure mono-
layer, the surface potential of monolayers on 0.02 M Tris
buffer with 0.13 M NaCl(pH 7.4) was analyzed using the
three-layer model proposed by Demchak and Fort*”, which
is based on the earlier model of Davies and Rideal® . This
model postulates independent contributions from the
subphase (layer 1), polar head group (layer 2), and hydro-
phobic 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 Vogel-Mobius model are also available™ .
These different models were recently reviewed*”. The con-
clusion of the review was that, despite the limitations of
each, the Demchak and Fort model provides good agree-
ment between u, values estimated from the monolayer's
surface potentials and those determined from measure-
ments on the bulk material, for various aliphatic com-
pounds.

The estimation of u, (the vertical components of the
dipole moment on the plane of the monolayer) for polar
head groups and hydrocarbon chains, using the Demchak
and Fort model, assumes a close-packed Langmuir mono-
layer*" *. Application of this model to the PSM LC/LE
monolayer may lead to a rough estimation. However, if the
closest-packed PSM monolayer is applied to this model, it
may lead to a useful estimate, which can help provide a
qualitative explanation of surface potential behavior.

Thus, the experimental values of ¢, in the most con-
densed state of the monolayer have been compared with
those calculated using the three-layer model equation:

o= () (B2) + [£2) ™

& &y &3
where u,/e,, ps/e,, and us/e; are the contributions of the
subphase, polar head group, and hydrophobic chain group,
respectively.

The initial set of values proposed by Demchak and Fort
(11/e,=0.040 D, ,=7.6, and g, =5.3) were determined for
monolayers made from terphenyl derivatives and octadecy-
Initrile. Another set of values were determined by Petrov,
Polymerropoulos, and Méhwald (u,/e, =0.025 D, £,="7.6,
and g, =4.2) for monolayers of 7-heptanol and 16-bromo-
hexadecanol” and by Taylor and Oliveira (u,/g, = —0.065
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D, &,=6.4, and &,=2.8) for monolayers of w-halogenated
fatty acids and amines™ . Carboxylic and hydroxyl groups
have already been determined using the Demchak and Fort
model*”.

To determine a set of parameters that fit the experimen-
tal conditions using 0.02 M Tris buffer with 0.13 M NaCl
(pH 7.4), the selection of parameter values was done using
those for the standard sample, in which general stearic
acid (SA)is used. The subphase condition in this study is
pH 7.4. The main difference between fatty acids and fatty
alcohols is the head group structure; the acids are sensitive
to influences from the subphase pH. A carboxyl group in
saturated long-chain acids has a value of 5.1-5.7 for its
pKa%). Thus, at pH 7.4, the carboxyl group is partially dis-
sociated (30-44% ) and negatively charged™. On the other
hand, alcohols are extremely weak acids and only dissoci-
ate under strong basic conditions, and there was no evi-
dence of hydroxyl group dissociation.

In this case, hexadecanol (HD)was used for the standard
sample shown in Eq.(2). The data are listed in Table 1.
The experimental values of the surface dipole moment for
HD used to determine the set of the parameters were as

follows:
OH CHy
o (1] o155 o @

&1 &3 &3
where it was assumed that the C—X dipole of the terminal
—CH,X moiety (where X is hydrogen)was inclined at half
the tetrahedral angle (i.e., 54° 44’ ) with respect to the
water surface, as suggested by Bernett et al.” and that the
group moments had the values given by Smyth*. In addi-
tion, it was assumed that the C-H group moment was 0.40
D, the carbon being negatively charged49>. The contribution
of the terminal methyl group was 0.33 D, Next, the con-
tribution of u, to the surface dipole moment was proposed
for the different conformations of the OH group: u,(OH-

>=0.19D

gauche) =1.00 D, u,(OH-trans) = —0.63 D, and u,(OH-
free) =0.18 D. In this study the u, (OH-gauche) =1.00 D
was employed, as many studies support the gauche con-
formation for condensed alkanol monolayers“). This gives
the result u,/e, = —0.083 D, which is a little bit different
from Taylor and Oliveira’'s parameter, /g, = —0.065 D.
The difference may come from variations in experimental
conditions such as substrate composition (buffer solution,
electrolyte, and pH), compression rate, and so forth.

As a result, these parameter values had good agreement
between calculated and experimental values for dipole
moments measured on a saline phase. A combination of set
values was used (u,/s, = —0.083 D, &, = 6.4, u, (OH-gauche)
=1.00 D, 4;=0.33 D, and &,=2.8 for CH,). Then the con-
tribution of the hydrophilic group in the phytosterol deriva-
tives was determined by comparing them with the steroid
structure of cholesterol.

on _cHOL
g2, OHOL = (ﬂ) T (L) + <,u;7> =0.36D (3)
£, &y &3
‘ ol SITO
ﬂ,bITO:<&>+<”27)+(1137>:0.36D (4)
& &y €3

From Egs.(3)and (4), the u,"*=0.81 D and u,""°=0.80
D values can be obtained. From this result, the contribu-
tion of the ethyl group at C24 in SITO to the dipole
moment is estimated to be negligible.

Next, from Eq.(5), the contribution from the hydrophilic

group of the glycoside can be derived, that is, ,uzD’Gl =25D.
D-Gl SITO
(5)

e ) () (57 s
&) & &3

For SGP molecules, the contribution of the hydrophobic
steroid segment was evaluated using Eq.(6) (see Table 1).
The contribution of u; to the surface dipole moment has
been proposed for the different chain in the sitosteryl
group [11;*""" =0.80 DJ]and the palmitoyl part[u;""*=0.33
DJ. Then the contribution of u,™" to the surface dipole

Table 1 Surface potential data used for dipole mo-
ment evaluation.

Sample Amm®)  AV@mV) u, (D)
Hexadecanol (HD) 0.179 402£5 0.191
Choresterol (CHOL) 0.341 401 %5 0.364
SITO 0.329 410£5 0.358

SG 0.376 5865 0.585

SGP 0.564 5835 0.873

PSM 0.396 3495 0.352

DPPC 0.399 5515 0.584

A is the molecular surface area at the close-packed high
pressure portion of the 7z-4 isotherms and AV is obtained at
the point. i, is total dipole moment and the subphase was 0.02
M Tris buffer with 0.13 M NaCl (pH 7.4) at 298.2 K in all

cases.
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moment was evaluated to be ,uZSGP#l =5.9 D. However,
judging from the 7-A isotherm, the extrapolated area of
SGP is larger, even though the addition of the palmitoyl
part area is taken into account. Next, the contribution of 15
to the surface dipole moment was proposed for the differ-
ent chain of the sitosteryl grouplu,"™=0.80 D], and the
palmitoyl part behaves as a sitosteryl group [;43016 =0.80 D].
As a result, the contribution of ,uZSGP to the surface dipole
moment was evaluated to be ;""" =25 D. On the other
hand, in general, saturated hydrophobic long-chain is intro-
duced into a molecule, monolayer stability is typically in-
creased. In this case, the collapse pressure (z°)is bigger
than the former structure. However, z° in SGP is almost the
same as that in SITO. Considering the above, the contribu-

tion of u,*" to the surface dipole moment in the SGP mole-
SGP#1 SGP#2

cule is evaluated to be an average of u, and p,” . Its
value is i, =4.2 D.
) :SGP ‘SITO/CIG
= (B (B (B 087D (6)
&1 &3 &3

Next, for the PSM molecule, the contribution of the hy-
drophilic part was evaluated using Eq.(7) (see Table 1).
SPC CHy
p = (ﬂ) + <“2—) + (“*—) =0.35D (7)
& 2P) &3
The contribution of y,” "~ to the surface dipole moment in
the PSM molecule was evaluated as u,” ~ = 1.3 D.

Finally, to ensure the suitability of this set of parameters,
the contribution of the polar head group to the dipole
moment for DPPC was rechecked:

PC CHy
o= (B () () 058 8)
& &9 &3

The contribution of ;" to the surface dipole moment in
the DPPC molecule was evaluated as u," = 2.8 D for DPPC.
This value for DPPC is in good agreement with the value
reported by Taylor et al.,*” (2.44 D for DPPC).

Using the experimentally determined AV values (see
Table 1), and assuming a set of values (u,/e, = —0.083 D, ¢,
=6.4,(0H-gauche) =1.00 D, t1,=0.33 D for CH,, and &, =
2.8 for CH,), the following values were obtained using the
above equations: ugsm= 0.80 D for SITO, yzb’m: 2.5 D for
SG, 11, " =4.2 D and ;""" =0.49 D for SGP, and p,”°=1.3
D for PSM. These results clearly reflect the contributions
to the dipole moment from the hydrophilic and hydropho-
bic part in each molecule.

SPC

3.3 Excess Gibbs free energy

The excess Gibbs free energy of mixing, AG™, reveals
information about lipid-lipid interactions in a binary mono-
layer system. The AG™ values for the three systems were

calculated using the following equation:™ ",

AG = Ll (Alz_XlAl —X2A2>dﬂ' (9)

where A, and X; are the area per molecule and molar frac-
tion of component %, respectively, and A, is the mean area
per molecule in a mixture of components 1 and 2. In the

case of ideal mixing between the two components, AG™ =
0% 4 A negative AG™ value indicates an attractive inter-
action between two components. The variations in AG™
against Xpgy for PSM/SITO, PSM/SG, and PSM/SGP mono-
layers, at typical surface pressures, are shown in Fig. 5. In
the PSM/SITO system (Fig. 5(A)), the AG®™ values are
negative over the whole range of surface pressures, which
indicates that the interaction between PSM and SITO is
more attractive than the PSM-PSM and SITO-SITO inter-
actions. Obviously, these values decrease with increasing
surface pressure. The monolayer at X5, =0.7 is the
minimum AG™ value over the entire surface pressure
range, and corresponds to the binary PSM/CHOL system,
as reported in a previous paperw. Furthermore, this result
agrees with reports on the interaction between SM and
CHOL derivatives (CHOL, SITO, and stigmasterol)®*.
Figure 5(B)shows AG™“—Xgy curves for the PSM/SG
system. The AG™ values display a minimum ( — 1100 J mol™")
at 50 mN m ' in Xpgy =0.3. Overall, the minimum AG™
value appears at Xpey = 0.5, from 5 to 35 mN m ', and it
appears to shift to Xpg = 0.3 above 35 mN m~'. Compared
with the PSM/SITO system, the AG™ values for the PSM/
SG system form a small negative convex curve. It was sug-
gested that the D-glucose moiety of SG prevents interaction
between the two molecules. AG™ X, curves for the PSM/
SGP system are shown in Fig. 5(C). The maximum AG™
values, over the whole surface pressure range, appear at
Xpsy = 0.7, which is the same as for the PSM/SITO system
(Fig. 5(A)) . In addition, AG™ values are fully negative and
attain a minimum at Xpq = 0.7 (—1700 J mol '). When this
result is compared with the result for the PSM/SG system,
the AG™ values for the PSM/SGP system are a negative
convex shape. The palmitoyl group incorporated into SG
may account for this result as it enhances the cohesive at-
traction of double-saturated acyl chains in PSM.

Collectively, the AG** values (Fig. 5)and additivities in
the area per molecule (Fig. 4)revealed that PSM interacts
most with SITO, followed by SGP and SG, that is, the inter-
action with PSM is reduced by incorporation of D-glucose
into SITO, whereas it is recovered by introduction of a pal-
mitoyl group into SG.

exc

3.4 Compression modulus values
To investigate the influence of the respective phytosterol
derivatives on PSM monolayers, a compressibility modulus
(or dilatational elasticity modulus, Cs ') was calculated
using Eq. (10):
on

Cs '=~- <E)T (10)

The Cs ' value gives information on the packed state of
monolayers upon compression. A high compressibility
modulus (or low compressibility)indicates tight packing
and a large cohesive force between the components. Figure
6 shows the maximum compressibility modulus(Cs ")as a
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Fig. 5 Excess Gibbs free energy of mixing for (A) PSM/SITO, (B) PSM/SG, and (C) PSM/SGP monolayers as

a function of X, at different surface pressures. AG

function of X,gy for the binary monolayers. At 0 < Xpgy <
0.1, the Cs™ ' values of the SG system decrease dramatical-
ly, whereas those of the SITO and SGP systems increase.
The latter result indicates that a small amount of PSM pro-
motes monolayer packing in the PSM/SITO and PSM/SGP
systems. Further addition of PSM to phytosterol derivative
monolayers induces a decrease in Cs ™' values at 0.1 < Xpgy
<0.9, and the Cs ' values attain a minimum at Xpg,=0.9 in
all three systems. This result suggests that a small amount
of phytosterol derivative perturbs the ordering of the acyl
chains in PSM, which reflects a disordering effect of
sterols®”. Similar behavior was observed when SM and
DPPC were mixed with a small molar fraction (~0.1) of an-
drosterol, 6—ketocholester0152), CHOL, SITO, and stigmas-
terol”. Considering the deviations of Cs =X, from lin-
earity between pure components (Fig. 6), the Cs™' values
of SITO and SG display positive and negative deviations,
respectively. These are especially remarkable at Xpgy, < 0.5,
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value was calculated from Eq. (9).
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Fig. 6 The maximum compression modulus (Cs™')
values of the binary PSM/SITO, PSM/SG, and
PSM/SGP monolayers as a function of Xpgy.
Cs ' values were calculated from Eq. (10).

J. Oleo Sci. 62, (10) 809-824 (2013)



Miscibility of sphingomyelin with phytosterol derivatives

even though those of SGP are nearly at the tie line. That is,
addition of PSM into SITO and SG monolayers promotes
more and less ordered states of binary monolayers, respec-
tively. It is postulated that SITO can swing its tail moiety
(steroid backbone)more than SG at the air-water interface,
because the head group of SITO (hydroxyl group)is smaller
than that of SG (p-glucose moiety) . Therefore, for the PSM/
SITO system, the motion of SITO is thought to be limited
by PSM addition, promoting a more ordered state. In con-
trast, for the PSM/SG system, the limited motion of SG

(A)

?[i | LI | I T r—| LI I LI | I LI |q
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Z n
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induced by incorporated D-glucose is likely promoted by
the addition of PSM, which causes a less ordered state of
monolayers.

3.5 Two-dimensional phase diagram

Two-dimensional phase diagrams for the binary systems
at 298.2 K were constructed by plotting values of z°* and z°
as a function of Xy (Fig. 7). The results show that the 7
value negatively deviates at 0.95 < Xpqy < 1 for the PSM/
SITO (Fig. 7(A) ) system and at 0.9 < Xpgy < 1 for the PSM/

(B)
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Fig. 7 Two-dimensional phase diagrams based on the variation of the transition pressure (7°*: open circle) and collapse
pressure (z°: solid circle) as a function of Xpgy; (A) PSM/SITO, (B) PSM/SG, and (C) PSM/SGP. The dashed
lines were calculated according to the Eq. (11). M. indicates a monolayer state. Bulk indicates a solid phase.
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SG (Fig. 7(B))and PSM/SGP (Fig. 7(C) ) systems. Regard-
ing monolayer collapse, the experimental values of z° vary
with Xpgy for all systems. Hence, the two components in
the three binary systems are miscible in the monolayer
state.

Assuming that the above binary monolayers behave as
regular surface mixtures with a hexagonal lattice, the co-
existence phase boundary between the ordered monolayer
(two-dimensional phase)and bulk phase (three-dimension-
al phase) of the molecules spread on the surface can be

theoretically simulated by the Joos equation® ).

1=2; exp | (7%, — 75) @ /KTt exp 1€ (25)%
+ 25 exp (78, — 73) wo/k T exp & () % (11)

where 2] and a3 denote the respective molar fractions in
the two-component monolayers of components 1 and 2, re-
spectively, and 7| and 75 are the respective collapse pres-
sures of pure component 1 and 2, 7, is the collapse pres-
sure of the two-component monolayer at a given
composition of 25 (or 3), w, and @, are the corresponding
areas per molecule at the collapse points, & is the interac-
tion parameter, and k7 is the product of the Boltzmann
constant and temperature (K). The solid curve at higher
surface pressures was obtained by adjusting the interaction
parameter in Eq. (11) for the best fit of the experimental z°
values. As shown in Fig. 7 (A), the PSM/SITO system shows
&= —0.27. Negative interaction parameters imply domina-
tion of the interaction between different molecules relative
to interactions between like molecules. Accordingly, this
suggests that the intermolecular interaction of PSM-SITO
is stronger. The & value for the PSM/SG and PSM/SGP
systems is divided into two regions at Xpg=0.7. Contrary
to the PSM/SITO system, the & value for the PSM/SG
system is positive (£ =0.39 at 0 < Xpgy < 0.7 and & =0.49 at
0.7 < Xpgy < 1) over all molar fractions (Fig. 7(B) ), that is,
the intermolecular interaction of PSM-PSM or SG-SG is es-
timated to be stronger than that of PSM-SG. As for the
PSM/SGP system, the & value is both positive (£ =0.07 at 0
< Xpoy < 0.7)and negative (= —0.69 at 0.7 < Xpgy < 1), as

shown in Fig. 7(C). The miscibility manner at 0.7 < Xpgy <
1 in the PSM/SGP system is the opposite of that seen in the
PSM/SG system. Thus, this result reveals that the incorpo-
ration of a palmitoyl group into SG plays an important role
in regulating its miscibility manner with PSM at 0.7 < Xpgy <
1.

The interaction energy (Ag)is given as follows:

—As=ERT/z (12)

where z is the number of nearest neighbors (equal to 6)in a
hexagonal packing; the interaction energy is also described
as —As=gp,— (g, +£,,)/2"”; and ¢, represents the poten-
tial energy of interactions between components ¢ and j.
Table 2 shows the interaction parameters(£)and corre-
sponding interaction energies (A¢) calculated using Eq. (11)
and (12), respectively. The interaction energies were cal-
culated to be 116 J mol ™' (£ = —0.27) for the PSM/SITO
system and — 161 Jmol ' (¢ =0.39)and —202 Jmol ' (&=
0.49) for the PSM/SG system. The PSM/SGP system had in-
teraction energies of —29 Jmol ' (¢ =0.07)and 285 J mol '
(6= -10.69). It was found that the two components were
miscible, because the interaction energies were less than
2RT(4958.7 J mol ). The interaction energy for the PSM/
SITO system is approximately half that of the PSM/CHOL
system (& = —0.59, 244 J mol )*” (Table 2). This can be
accounted for by the structural difference between CHOL
and SITO, which was described previously in the section
on excess Gibbs free energy. Furthermore, the Ae value
between representative phospholipids DPPC and CHOL
has been reported to be zero” . Their interaction behavior
corresponds to our results, showing that the Ae values
between PSM and phytosterol derivatives (CHOL, SITO,
SG, and SGP)are too small(Table 2). Thus, the interaction
between phospholipids or sphingolipids and phytosterol
derivatives is regulated by the interactions between satu-
rated aliphatic chains and steroid backbones.

3.6 Morphological analysis
In situ morphological observations were carried out
using BAM and FM. Figure 8 shows FM images of single

Table 2 Interaction parameter (£) and interaction energy (Ag)
for the binary systems calculated by the Eqgs. (11)
and (12), respectively.

System Xpsm ¢ As (Jmol ")
PSM/SITO 0<Xpu<1 —0.27%0.20 116 =70
0<Xpsn<0.7 0.39%0.07 —161+30

PSM/SG o B S
0.7 < Xpgu < 1 0.49%0.20 —202%70
0<Xpsu<0.7 0.07%0.02 —-29+%10

PSM/SGP o
0.7 < Xpgu < 1 —0.69%0.06 285£25
PSM/CHOL™  0<Xpu<1  —0.59%0.06 24425
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A)

SITO

(B) Xpgpy = 0.9 X, = 0.95
B -
R -
PSM/SGP
20 um

Fig. 8 Fluorescence micrographs of (A) pure SITO, SG, SGP and PSM and (B) binary PSM/SITO, PSM/SG, and
PSM/SGP monolayers (Xps, = 0.9 and 0.95) at 25 mN m ™' on 0.02 M Tris buffer with 0.13 M NaCl (pH 7.4) at
298.2 K. The monolayers contain 1 mol% of the fluorescent probe (NBD-PC). The scale bars of the Fig. 8 (B)
in the lower-right represent 20 pm.
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(SITO, SG, and SGP)and binary (PSM/SITO, PSM/SG, and
PSM/SGP) monolayers at Xpg = 0.9 and 0.95 on 0.02 M Tris
buffer with 0.13 M NaCl(pH 7.4)at 25 mN m " '. A fluores-
cent probe in the FM measurement (here, NBD-PC) can se-
lectively dissolve in LE phases. Thus, bright and dark
domains in the FM images correspond to the LE and LC
phases, respectively.

For the FM images of pure SITO, SG, and SGP (Fig. 8
(A)), homogeneous LC phases (dark contrast) are observed
over the whole range of surface pressures. Interestingly,
the FM images of the pure SG monolayer are darker than
the images of the pure SITO and SGP monolayers. This
means that the SG monolayer is more condensed than the
pure SITO and SGP monolayers. The difference in contrast
was supported by the corresponding BAM. This is also in
agreement with the results in Fig. 6.

Similar to the FM images for the pure individuals, the
FM images of the binary PSM/SITO, PSM/SG, and PSM/SGP
systems (Fig. 8 (B) ) featured uniform LC phases (dark con-
trast)at 0.1 < Xpgy < 0.7 for the PSM/SITO and PSM/SG
systems and 0.1 < Xpgy < 0.9 for the PSM/SGP system (data
not shown). At Xpey = 0.9 for the PSM/SITO and PSM/SG
systems, the microdomains of the LC phases start to form
at ~24 and 25 mN m ', respectively, although the 7** value
for the PSM/SITO system from the 7—A isotherms is not
confirmed (Fig. 3(A)). In the FM images at Xpgy = 0.95 for
the PSM/SGP system, the microdomains emerge at ~22
mN m . These morphological results reveal that PSM and
phytosterol derivatives (SITO, SG, and SGP)are miscible,
since the microdomains emerge at a different z** value
from PSM(~21 mN m ™). Also, the addition of a small
amount of phytosterol derivative induces variations in the
shape and size of the microdomains compared with PSM
(Fig. 8), which is further evidence that PSM interacts with
phytosterol derivatives. However, the correlation between
domain size and thermodynamic parameters did not agree
with the FM analysis. Nanometric methodologies, such as
atomic force microscopy, may be helpful in investigating

the correlation in more detail®™ ™.

Conclusions

The intermolecular interaction between PSM and phy-
tosterol derivatives of SITO, SG, and SGP has been system-
atically investigated employing the Langmuir monolayer. A
thermodynamic analysis based on 7—A and AV-A isotherms
revealed that favorable interactions of the derivatives with
PSM occurred in the following order: SITO>SGP>SG.
This suggested that the interaction with PSM is interrupted
by the incorporation of the D-glucose moiety into SITO and
is recovered by the introduction of a palmitoyl group into
the p-glucose of SG. However, the degree of PSM-SGP in-
teraction is less than that seen for PSM-SITO. The polar
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head groups of PSM and the phytosterol derivatives, along
with the hydrophobic tail groups, strongly influence
surface potential. The Demchak and Fort model was
applied to analyze the surface potential data, and from
those data the dipole moments of the polar head groups
were determined to be 2.5 D for SG, 4.2 D for SGP, and 1.3
D for PSM. Furthermore, the compressibility modulus (Cs ")
values showed that the size of the head groups influences
the packing manner in the binary monolayer. Subsequently,
miscibility between the two components was evaluated by
constructing a two-dimensional phase diagram based on 7*
and 7** values. As a result, the two components are found
to be miscible with each other, but the miscibility is differ-
ent in terms of interaction parameters and energies. Lipid
rafts are mainly composed of SM and CHOL" " ' Consid-
ering that phytosterols lower the level of CHOL in plasma
by competitive inhibition of CHOL absorption* **#* 23), and
that the PSM-SITO interaction is almost the same as the
PSM-CHOL interaction, these findings reveal that SITO
does not have a negative effect on biological membranes.
This is true even if it is competitively absorbed into the in-
testine instead of CHOL. The present study on the penetra-
tion effects of the p-glucose moiety and palmitoyl group on
the PSM monolayer may provide useful information for es-
timating three-dimensional interactions, such as those of a
variety of sterol derivatives with the PSM biomembrane,
which are of great interest in health care.
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