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Phase diagram
otropic phase behavior of the distearoylphosphatidylcholine (DSPC)–cholesterol
binary bilayer membrane as a function of the cholesterol composition (Xch) by fluorescence spectroscopy
using 6-propionyl-2-(dimethylamino)naphthalene (Prodan) and differential scanning calorimetry (DSC). The
fluorescence spectra, each of which has a single maximum, showed that the wavelength at the maximum
intensity (λmax) changed depending on the bilayer state: ca. 440 nm for the lamellar gel (Lβ′ or Lβ) and the
liquid ordered (Lo) phases, ca. 470 nm for the ripple gel (Pβ′) phase and ca. 490 nm for the liquid crystalline
(Lα) phase, respectively. The transition temperatures were determined from the temperature dependences of
the λmax and endothermic peaks of the DSC thermograms. Both measurements showed that the pretransition
disappears around Xch=0.035. The constructed temperature–Xch phase diagram indicated that the phase
behavior of the binary bilayer membrane at Xch≤0.15 is similar to that of general liquid–solid equilibrium for
a binary system where both components are completely miscible in the liquid phase and completely
immiscible in the solid phase. It was also revealed that the diagram has two characteristic points: a
congruent melting point at Xch=0.08 and a peritectic-like point at Xch=0.15. The hexagonal lattice model was
used for the interpretation of the phase behavior of the binary bilayer membrane. These characteristic
compositions well correspond to the bilayer states in each of which cholesterol molecules are regularly
distributed in the hexagonal lattice in a different way. That is, each composition of 0.035, 0.08 and 0.15 is
nearly equal to that for the binary bilayer membrane which is entirely occupied with units, each composed of
a cholesterol and 30 surrounding DSPC molecules within the next-next-next nearest neighbor sites (Unit
(1:30): Lβ(1:30)), with units, each of a cholesterol and 12 surrounding DSPC molecules within the next
nearest sites (Unit (1:12): Lβ(1:12)) or with units, each of a cholesterol and 6 surrounding DSPC molecules at
the nearest neighbor sites (Unit (1:6): Lβ(1:6)), respectively. Therefore, the eutectic behavior observed in the
phase diagram was fully explainable in terms of a kind of phase separation between two different types of
regions with different types of regular distributions of cholesterol. Further, the Lo phase was found in the
higher Xch-region (XchN0.15). No endothermic peak over the temperature range from 10 to 80 °C at Xch=0.50
suggested that the single Lo phase can exist at XchN0.50.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Cholesterol is a major and essential constituent of plasma mem-
branes. In mammalian plasma membranes, cholesterol is found to be
about 30% of the total lipidmass [1]. Cholesterol also plays an important
role in a recent model for membrane structure, the so-called raft model
[2]. Thismodel represents the structural feature of heterogeneity in lipid
membranes, and the origin of the heterogeneity is closely related to the
presence of cholesterol. Therefore, the clarification of the role of
cholesterol as a membrane component is indispensable for better
understanding the functions, properties and structures of cell mem-
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branes. Considerable researches have been made for more than three
decades and large amount of informationon the role of the cholesterol is
now available to us. Cholesterol and the relating matters in cell
membranes have been described in some recent review articles [3–8]
and a textbook edited by Yeagle [9].

Since the thermotropic and barotropic phase behavior of phos-
pholipid bilayer membranes is intrinsically related to thermodynamic
properties of the bilayer membrane [10–14], drawing phase diagrams
for cholesterol–phospholipid binary bilayer membranes is useful to
elucidate the effect of cholesterol on phospholipid bilayermembranes.
There have been many studies dealing with the determination of
phase boundaries for cholesterol–phospholipid binary systems using
various experimental techniques such as neutron or X-ray scattering
[15,16], differential scanning calorimetry (DSC) [17,18], fluorescence
spectroscopy [19–21], dilatometry [22,23], EPR (ESR) or NMR [24–28]
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Fig. 1. Emission spectra of Prodan in DSPC bilayer membrane at every 2 °C from 48 to
60 °C: spectrum 1, 48 °C; 2, 50 °C; 3, 52 °C; 4, 54 °C; 5, 56 °C; 6, 58 °C; 7, 60 °C.
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and others [29,30]. Most studies commonly showed that the
incorporation of a good amount of cholesterol remarkably enhances
the stability of the overall bilayer membrane. This stabilization causes
the severe uncertainty of the bilayer phase transition at the same time,
so the reported phase diagrams are more or less different from one
another. This inconsistency indicates that different experimental
methods can monitor different aspects of the phase behavior of the
binary bilayer system. Lentz et al. [19] have early pointed out the
importance of extensive investigation by the combination of several
techniques, although the results might render an abstruse phase
diagram in terms of thermodynamics.

The phase diagram that is most extensively accepted is probably
that of the cholesterol/chain perduterated dipalmitoylphosphatidyl-
choline (d62-DPPC) system given by Vist and Davis [25]. This is because
the phase diagram is consistent with the calculation based on a
thermodynamic and a simple microscopic model by Ipsen et al. [31].
These phase diagrams indicate some interesting features. One is that a
two-phase region appears at relatively high compositions of choles-
terol: a cholesterol-rich phase and a cholesterol-poor phase. The
former phase is called liquid ordered (Lo) phase, which is character-
ized by high conformational order in the hydrocarbon chains like the
gel state and relatively fast lateral diffusion. This phase separation is
considered to be relevant to the formation of the heterogeneous
structure of cell membranes. Another feature is that the cholesterol
and the phospholipid molecules are as miscible even in the gel phase
(i.e., a solid-like state) as in the liquid crystalline phase in the low
cholesterol-composition region. Such miscibility is interesting,
because even the binary mixtures of phosphatidylcholine analogues
tend to exhibit immiscibility in the gel phase as their difference in the
molecular structure, such as the hydrocarbon-chain length and the
presence of chain unsaturation, becomes greater [32]. In general,
physicochemical behavior in the low composition region, namely
dilute region, is of greater importance because properties of an
individual solutemolecule in the binarymixture can be reflectedmore
definitely. Probably, this view can be applied to also the cholesterol–
phospholipid binary membrane, and at least it is reasonable to
consider that the miscibility between cholesterol and phospholipid
molecules essentially changes depending on the molecular structure
of the phospholipid. Nevertheless, less attention has been paid to the
phase behavior in the low composition region.

In the present study, we report the thermotropic phase behavior of
distearoylphosphatidylcholine (DSPC)–cholesterol binary bilayer
membrane investigated by means of DSC and fluorescence spectro-
scopy using 6-propionyl-2-(dimethylamino)naphthalene (Prodan) as
a fluorescent probe. The DSC is highly sensitive to the conformational
change of hydrocarbon chains (i.e., chain melting) in the bilayer. On
the other hand, the Prodan fluorescence method is sensitive to the
microscopic change near the hydrophilic surface in the bilayer [33].
Thus, the combination of the two disparate techniques allows us to
observe the phase behavior of the system from different aspects. Much
effort has been directed toward elucidating the phase behavior
especially at low cholesterol compositions. In addition, we propose a
novel interpretation of the phase diagram, including the Lo phase
formed at high cholesterol compositions, which can explain the lateral
distribution of cholesterol molecules in the bilayer membrane on the
basis of a modified superlattice model [3].

2. Materials and methods

Synthetic DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) and
cholesterol (5-cholesten-3β-ol) were purchased from Sigma-Aldrich
Co. (St. Louis, MO) and used without further purification. The
fluorescent probe of Prodan (6-propionyl-2-(dimethylamino)
naphthalene) was obtained from Molecular Probes Inc. (Eugene, OR).
Water used in preparing sample solutions was distilled twice from
dilute alkaline permanganate solution. The multilamellar vesicle
(MLV) suspensions of DSPC and mixture of DSPC and cholesterol were
prepared by referring to the Bangham's method [34] as follows. The
stock solutions of DSPC/chloroform, cholesterol/chloroform and Pro-
dan/ethanol weremixed and themixed solutionwas dried in vacuum to
remove all residual solvents. The resulting dry filmwas dispersed by the
addition of a given amount of distilled water. The suspension obtained
was stirred using a vortex mixer and sonicated for ca. 5 min at a
temperature several degrees higher than the main-transition tempera-
ture of the DSPC bilayer membrane to form a homogeneous MLV
suspension, which was translucent. The concentrations of DSPC and
Prodan were fixed at 1 mmol kg−1 and 2 μmol kg−1 (i.e., molar ratio of
DSPC to Prodan is 500:1), respectively. In our previous study [35], it has
been verified from the DSC thermogram of the Prodan–DSPC bilayer
membrane that such a slight amount of Prodan has no significant
influence on the thermotropic phase behavior of the DSPC bilayer
membrane. The cholesterol composition (Xch) in the bilayer mem-
brane was varied from 0 to 0.50 in mole fraction. Here, Xch is defined as
mch/ (mDSPC+mch), where mch and mDSPC represent the molalities of
cholesterol and DSPC in the sample solution, respectively.

The fluorescence measurements were performed using a fluores-
cence spectrophotometer (Hitachi Model F-3010) at constant tem-
peratures ranging from 30 to 80 °C. Temperature was controlled
within an accuracy of 0.1 °C by circulating thermostated water from a
temperature-regulated water bath. The excitation wavelength was
361 nm and the emission spectra were recorded in the range of 400–
600 nm.

Differential scanning calorimetry (DSC) measurements were carried
out by means of high-sensitivity differential scanning calorimeter
(MicroCalMCS). The heating ratewas0.33 °Cmin−1 and the temperature
range was from 10 to 80 °C. The temperatures and enthalpy changes
associated with the phase transitions were determined from endother-
mic peaks in the DSC thermograms by use of a data-analyzing software
ORIGIN supplied by MicroCal.

3. Results and discussion

3.1. Fluorescence measurements for DSPC bilayer membrane

Fig. 1 shows the emission spectra of Prodan in the DSPC bilayer
membrane at every 2 °C from 48 to 60 °C. Every spectrum has a single
maximum, and the wavelength at the maximum fluorescence
intensity (λmax) shifts from ca. 440 to ca. 490 nm with increasing
temperature. It is known that the λmax is sensitive to the polarity of
microscopic environment around the fluorescent probe molecule. We
also have previously confirmed that the λmax values of Prodan in
various solvents vary depending on the dielectric constant of the
solvent and that there is a good correlation between the dielectric
constant and the λmax value [33]. Therefore, the shift of the λmax of



Fig. 2. Temperature dependence of wavelength at maximum fluorescence intensity for
DSPC bilayer membrane. Two discontinuous changes indicated by dashed lines
correspond to the pre- and main transitions.

Fig. 3. Temperature dependence of wavelength at maximum fluorescence intensity,
λmax, for various DSPC-cholesterol binary bilayer membranes at different cholesterol
compositions from 0.005 to 0.50: (a) ○, 0.005; □, 0.01; w , 0.02; △, 0.03; ▽, 0.04; (b) ○,
0.06;□, 0.07; w , 0.08; (c)○, 0.09;□, 0.10; w , 0.11;△, 0.12;▽, 0.14; ×, 0.15; (d)○, 0.10;□,
0.15; w , 0.20; △, 0.30; ▽, 0.40; ×, 0.50.
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Prodan in the DSPC bilayer membrane with increasing temperature is
attributed to the change in the polarity around the Prodan molecules.
The temperature dependence of the λmax is shown in Fig. 2. There are
two abrupt changes in the λmax vs. temperature curve: one is from ca.
440 to ca. 470 nm in the vicinity of 50 °C and the other from ca. 470 to
ca. 490 nm at almost 54 °C. The lower and higher temperatures are
nearly equal to those of the pretransition between the lamellar gel (Lβ′)
and ripple gel (Pβ′) phases and the main transition between the Pβ′ and
liquid crystalline (Lα) phases for the DSPC bilayer membrane,
respectively. This means that the local polarity around the Prodan
molecules in the bilayer well corresponds to the phase state of the
bilayer. Okamura et al. [36] have proposed a zone model for
phosphatidylcholine bilayer membranes, where the local polarity in
the bilayer steeply varies in the interfacial region between the
hydrophilic surface and the hydrophobic core. Therefore, the change
in the local polarity around the Prodan molecules is probably caused
by the change of the vertical distribution of Prodan molecules in the
bilayer with the thermotropic phase transitions, and the discontin-
uous change in the λmax vs. temperature curve corresponds to the
bilayer phase transitions.

3.2. Fluorescence measurements for DSPC–cholesterol binary bilayer
membranes

The temperature dependences of the λmax at various Xch are shown
in Fig. 3. At Xch=0.005, the λmax vs. temperature curve was almost
similar to that for the pureDSPCbilayer. The pretransition becamemuch
more obscure with increasing Xch: the stepwise λmax shift progressively
disappearedwith Xch. Such change in the λmax is no longer detectable at
Xch=0.04, indicating that the pretransition vanishes in the vicinity of the
composition. The behavior of the λmax suggests that the pretransition
does not correspond to the transition from the Lβ′ to the Pβ′ phase like the
pure DSPC bilayer in the binary bilayers, which will be elucidated from
the temperature–Xch phase diagram later.

As the Xch increases further, an influence on the main transitionwas
clearly observed in the curves. At Xch=0.06, the abrupt λmax shift took
place at almost 54 °C, but the λmax jump itself did not reach around
490 nm. Subsequent heating over a few degrees brought about
moderate increase in the λmax and then the λmax value became almost
constant at about 490 nmas is seen in theplateau regionof theλmax. The
temperature interval of the moderate change in the λmax was extended
with increasing Xch up to 0.08. The region of themoderate change in the
λmax corresponds to some two-phase region as revealed in the following
section. Interestingly, such moderate change in the λmax once became
smaller at Xch=0.09 and 0.10, and the gradual change appeared again in
0.11≤Xch≤0.15 over much wider temperature range. In such Xch range,
theλmax jump at 54 °Cwas rather depressed than that for Xch=0.08. The
λmax increased gradually up to about 475 nmwith succeeding heating,
which was followed by another sudden shift of the λmax up to the
plateau region at 490 nm. At Xch≥0.15, a gradual increase of the λmax

started around 54 °C instead of the steep rise, and it was followed by an
abrupt shift up to about 465 nm at a higher temperature. After a slight
increase in the λmax over a temperature range of about 5 °C, the λmax

shifted abruptly once again to 490 nm. The temperature interval of the
former gradual increase in the λmax starting at about 54 °C was much
extended with increasing Xch up to 0.30. At first glance, the two steep
λmax changes in the λmax vs. temperature curve appear to correspond to
bilayer transitions. However, we regarded the points at which the λmax

started to increase from 440 nm and reached 490 nm as the beginning
and completion of the transition from the gel phase to the liquid
crystalline phase, respectively, taking into account that the λmax values



Fig. 4. DSC thermograms of pure DSPC bilayer and DSPC–cholesterol binary bilayer
membranes at different cholesterol compositions. Each thermogram is vertically shifted
to avoid overlapping one another. (a) 1, Xch=0; 2, Xch=0.02; 3, Xch=0.04; 4, Xch=0.07; 5,
Xch=0.10; 6, Xch=0.14; 7, Xch=0.20; 8, Xch=0.40; (b) 1, Xch=0; 2, Xch=0.005; 3,
Xch=0.010; 4, Xch=0.015; 5, Xch=0.020; 6, Xch=0.025; 7, Xch=0.030; 8, Xch=0.035.

Fig. 5. The dependence of enthalpy changes on cholesterol composition for pre- and
main transitions. The inset is a magnification of region in the vicinity of pretransition.

Fig. 6. The dependence of peak temperatures on cholesterol composition for pre- and
main transitions. The inset is a magnification of region in the vicinity of pretransition.

98 N. Tamai et al. / Biophysical Chemistry 135 (2008) 95–101
of 440 and 490 correspond to the gel and liquid crystalline phases of the
bilayer. Further, we considered that the wide temperature difference
between the onset and completion of the transition is also attributable
to another kind of two-phase region. AtXch≥0.40, no significant increase
in the λmax was observed in the λmax vs. temperature curves.

3.3. DSC measurements for DSPC–cholesterol binary bilayer membranes

Fig. 4(a) demonstrates DSC thermograms of the DSPC–cholesterol
binary bilayer membranes at different Xch. Here, the thermograms in
the vicinity of the pretransitions at Xch below 0.035 are magnified in
Fig. 4(b). The thermogram of the pure DSPC bilayer exhibited two
endothermic peaks corresponding to the pre- and main transitions at
50.5 °C and 54.8 °C, respectively. The endothermic peak of the main
transition became smaller and broader with increasing Xch. No
endothermic peak was observed at Xch=0.50. Regarding the pre-
transition, the peak also became smaller with increasing Xch and
disappeared at Xch=0.035.

In Fig. 5, the enthalpy changes (ΔH) of the pre- and main transitions
are plotted against Xch. The ΔH value of the main transition decreased
linearly with increasing Xch and reached zero at about Xch=0.50. Similar
behavior has been reported by McMullen et al. [37,38], and they found
that there was actually no trace of the peak representing the main
transition on the DSC thermogram for the binary bilayer at Xch=0.50.
Since the thermodynamic quantity changes of the main transition of a
phospholipid bilayer membrane is attributable to the trans–gauche
conformational change of the hydrocarbon chains (i.e., chain melting),
the decrease in ΔH with increasing Xch indicates that the incorporation
of cholesterol into the bilayer membrane restrains the conformational
change. We also observed a similar decrease in the ΔH value of the
pretransition with Xch. The ΔH value became zero at about Xch=0.035.
The composition of the pretransition disappearancewaswell consistent
with that obtained from the fluorescence measurements.

The peak temperatures of the pre- andmain transitions are plotted
against Xch in Fig. 6. The main-transition temperature decreased with
increasing Xch up to about 0.15, whereas it increased slightly with Xch

above 0.30. Hence, the transition temperature vs. Xch curve had a
shallow minimum around Xch=0.20. Taking into account that the
variation of the temperature was small for all the remarkably broad
and small endothermic peak of the main transition, however, we
regarded the temperature as virtually constant at Xch≥0.15, which is
clarified on the phase diagram later. The solid line in Fig. 6 represents
the relationship between the transition temperature T and Xch
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calculated by use of the equation of liquid–solid phase equilibrium for
an ideal binary solution:

ln 1� Xchð Þ ¼ DH-
R

1
T
� 1
T-

� �

where ΔH° and T° are an enthalpy change of a phase transition and a
transition temperature for a pure bilayer membrane, respectively, and R
is the gas constant. Here, we used ΔH°=45.2 kJ mol−1 and T°=327.93 K
for the DSPC bilayer to draw the curve of the phase equilibriumbetween
the Pβ′ and the Lα phases on the assumption of the perfect miscibility of
cholesterol and phospholipid molecules in the Lα phase and the perfect
immiscibility of them in the Pβ′ phase. The experimental data were in
good agreement with the transition temperature calculated using the
equation at lower Xch≤0.04. This suggests that the pure DSPC bilayer,
which serves as a solvent, freezes outwhen the phase transition from the
Lα phase to the Pβ′ phase takes place in the low Xch-region, and the
cholesterol andDSPCmolecules are almost immiscible in the Pβ′ phase in
the Xch-region. Vist and Davis [25] have demonstrated for d62-DPPC–
cholesterol binary bilayer membrane that the cholesterol and d62-DPPC
molecules are partially or completely miscible at Xch below about 0.07.
This suggests that the difference in hydrocarbon-chain length only by
two carbon–carbon bonds greatly affects the miscibility of the
cholesterol in the phospholipid membranes.

Thegreaterdepressionof thepretransition temperature compared to
the main-transition temperature was observed and the pretransition
itself abolished at Xch=0.035. Although the thermodynamic considera-
tion can be applied to the depression of the pretransition temperature
on the basis of the partitioning of the cholesterol molecules into the Lβ′
and Pβ′ phases [39], the difference in the membrane structure between
the Lβ′ andPβ′phases cancels outeachother progressivelywith increasing
Xch, judging from theXch-dependence of theΔH value. Sowe introduced
a new idea by use of a hexagonal lattice model to explain themiscibility
and immiscibility of the cholesterol and DSPC molecules in the liquid
crystalline and gel phases, which is discussed on the temperature–Xch
phase diagram later.

The peak width at half height (ΔT1/2) of the endothermic peak for
the main transition is plotted against Xch in Fig. 7. The peak of the pure
DSPC bilayer membrane was quite sharp and the ΔT1/2 value was
0.27 °C. The slight addition of cholesterol caused the apparent
broadening of the peak (e.g., ΔT1/2=0.59 °C at Xch=0.005). The ΔT1/2
increased with increasing Xch and it reached about 1 °C at Xch=0.05. At
Xch=0.06, the ΔT1/2 suddenly jumped to about 2 °C. Subsequently, it
decreased abruptly down to almost 1 °C at Xch=0.10 and it remained
Fig. 7. The dependence of peak width at half height on cholesterol composition for
endothermic peak of main transition.
almost constant at Xch up to 0.15. At Xch≥0.15, the ΔT1/2 value
markedly increased with increasing Xch and finally reached more than
12 °C at Xch=0.45. The above characteristic compositions of 0.06, 0.10
and 0.15 were well consistent with those at which the behavior of the
λmax vs. temperature curve in Fig. 3 changed: (1) a temperature
interval of a few degrees after the abrupt λmax shift at 54 °C at
Xch=0.06, (2) relatively sharp shift of the λmax at Xch=0.09 and 0.10,
(3) the remarkable extension of the temperature range for the λmax

increase at Xch≥0.15. A broad endothermic peak is generally regarded
as responsible for a decrease in the cooperativity of lipid molecules in
bilayer phase transitions [32]. McMullen et al. have reported for
phospholipid–cholesterol binary bilayer membranes [18,37,38] that
the endothermic peak at themain transition, which usually appears as
a single peak, consists of two overlapping components, a sharp peak
and a broad peak corresponding to the chainmelting of phospholipids
in a cholesterol-poor region and in a cholesterol-rich region,
respectively. They pointed out for the DPPC–cholesterol binary
membrane [18] that the variation of the ΔT1/2 value of the overall
endothermic peak is not necessarily relevant to the two-phase
equilibrium of the binary bilayer membranes. However, taking
account of the above good coincidence of the results between the
DSC and fluorescence measurements, we can say that the sharpening
and broadening of the overall endothermic peak are closely related to
the extent of the two-phase equilibrium.

3.4. T–Xch phase diagram of DSPC–cholesterol binary bilayer membrane

In order to reveal the phase behavior of the DSPC–cholesterol binary
bilayer membrane, we constructed the temperature–Xch phase diagram
from the results of the fluorescence and DSC measurements. The
constructed temperature–Xch phase diagram is shown in Fig. 8. Here, we
use a term of Lα phase as a synonym of liquid disordered (Ld) phase
which is generally used formembranes containing cholesterol. Similarly,
we use the gel phase as the solid ordered (So) phase and the main
transition as the phase transition between the So and Ld phases. We
immediately noticed two characteristic features in the phase diagram.
One is that the phase diagram is essentially similar to those representing
solid–liquid equilibria of binary systems where both components are
completely miscible in the liquid phase and completely immiscible in
the solid phases. The good agreement between the main-transition
temperature curve and an ideal freezing–depression curve at low Xch in
Fig. 6 supports the above view. Another is that the diagramhas one clear
congruent melting point (point X in Fig. 8) and one peculiar melting
point like a peritectic point (point Y in Fig. 8). Such a phase diagram is
obtained for solid–liquid phase equilibrium of a binary mixture where
the two components produce a new compound in the solid phase
stoichiometrically. This finding means that a cholesterol molecule
interacts with some DSPC molecules to form a complex which behaves
as a third chemical species in the gel phase. It has been demonstrated
that there are discontinuous changes of some membrane properties at
specified Xch [3,40–42], which confirms that there really exist such
specific interaction between cholesterol and phospholipid molecules.
According to the so-called superlattice model proposed by Somerharju
et al. [3], the discontinuous changes are regarded as an experimental
evidence for the regular distribution of cholesterol in the membrane.
This means that the binary bilayer membrane in which cholesterol
regularly distributed is in the most stable state in terms of the free
energy of the membrane [3]. This may also imply that an irregular
distribution will possibly give rise to some distortion in the morpho-
logical structure of the vesicles, which leads to the instability of the
binary bilayer membranes. Here, we considered for the DSPC–
cholesterol binary bilayer membrane that the regular distribution is
maintained at any Xch, and then a fundamental unit in the regular
distribution can behave as a complex of the regular structure with the
same stoichiometric composition. The complex phase behavior given in
Fig. 8 can be explained from the combination of the general



Fig. 8. Phase diagram for DSPC–cholesterol binary bilayer membrane: (a) the diagram in
Xch range from 0 to 0.50 and (b) magnified diagram in Xch range from 0 to 0.16. Open and
closed symbols mean the data from fluorescence and DSC measurements, respectively.
Each area designated by an alphabet is assigned as follows: A, Lα; B, Lα+Pβ′; C, Lα+Lβ
(1:12); D, Pβ′+Lβ (1:30); E, Lβ′+Lβ (1:30); F, Lβ (1:30)+Lβ (1:12); G, Lα+Lβ (1:12); H, Lα+Lβ
(1:6); I, Lβ (1:12)+Lβ (1:6); J, Lα+Lo; K, Lβ (1:6)+Lo; L, Lo.
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thermodynamics of liquid–solid phase equilibrium and the superlattice
model for regular distribution of cholesterol in binary bilayer
membranes.
Fig. 9. Schematic illustration for various types of regular distribution of cholesterol in binary b
cholesterol and a DSPC molecule, respectively. A fundamental unit is indicated as a dark
phospholipid molecules (Xch=0.032), (b) Unit (1:12) 12 molecules (Xch=0.077), (c) Unit (1:6
Fig. 9 illustrates various types of units based on the hexagonal
lattice. An open circle on the lattice point in the figure represents a
DSPC molecule and a closed circle does a cholesterol molecule.
Although the superlattice model is often represented by molecular
depictionwhere one lattice point is occupied with either a cholesterol
molecule or one hydrocarbon chain of the phospholipidmolecule [41],
we adopted the occupancy of one molecule in a lattice point taking
into account that the cross sectional areas of a fully extended
hydrocarbon chain, a cholesterol molecule and a phosphatidylcholine
molecule are roughly estimated to be 0.20, 0.40 and 0.55–0.70 nm2

(depending on Xch) on insoluble monolayers or mixed monolayers,
respectively [43–46]. When the bilayer surface is entirely occupied
with Units (1:30), each of which is composed of one cholesterol
molecule and 30 surrounding DSPC molecules within the next–next–
next nearest neighbor sites, the Xch value is equal to 0.032. The
composition is very close to that at which the pretransition nearly
disappears. It is known that an addition of small quantity of
cholesterol into the gel phases (i.e., the Lβ′ and Pβ′ phases) of pure
phospholipid bilayer membranes induces the orientation of the
phospholipidmolecules normal to the bilayer surface [47] and reduces
the static undulation of the bilayer surface in the Pβ′ phase [15,48]. That
is, the incorporation of cholesterol in the gel phase of the DSPC bilayer
causes the conversion of both the Lβ′ and Pβ′ phases into the Lβ phase,
which results in the complete disappearance of the pretransition
around Xch =0.035, corresponding approximately to the whole
occupancy with Units (1:30) on the bilayer surface. This means that
the effect of cholesterol spreads over the DSPC molecules within Unit
(1:30), and that the DSPCmolecules in Unit (1:30) become the Lβ state
(hereafter referred as Lβ (1:30)) below the main-transition tempera-
ture. The other characteristic compositions, ca. 0.08 (at the congruent
melting point X in Fig. 8) and 0.15 (at the peritectic-like point Y in
Fig. 8), are nearly equal to those when the bilayer surface is entirely
occupied with Units (1:12), each of a cholesterol and 12 surrounding
DSPC molecules within the next nearest sites and with Units (1:6),
each of a cholesterol and 6 surrounding DSPCmolecules at the nearest
neighbor sites, respectively. The DSPC molecules involved in each unit
are probably in an Lβ-like state below the main-transition tempera-
ture (hereafter referred as Lβ (1:12) and Lβ (1:6)) on the analogy of the
Lβ(1:30) state. However, the Lβ (1:12) and Lβ (1:6) states are defined as
different states in the thermodynamic properties from each other.
Furthermore, it should be noted that the pure Lo phase appears as a
single phase at XchN0.50. The composition confirms that the Lo phase
can be formed by the 1:1 complex of cholesterol and DSPC.
ilayer membranes based on hexagonal lattice model. Closed and open circle represent a
shaded area around a cholesterol molecule in each panel: (a) Unit (1:30) includes 30
) 6 molecules (Xch=0.143).
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We assigned the phase states for each area in the phase diagram
(Fig. 8) according to the above consideration as follows: A, Lα; B,
Lα+Pβ′; C, Lα+Lβ (1:12); D, Pβ′+Lβ (1:30); E, Lβ′+Lβ (1:30); F, Lβ (1:30)+Lβ
(1:12); G, Lα+Lβ (1:12); H, Lα+Lβ (1:6); I, Lβ (1:12)+Lβ (1:6); J, Lα+Lo; K,
Lβ (1:6)+Lo; L, Lo. The binary bilayer membranes exist as five kinds of
two-phase states at temperatures below the main-transition tem-
perature and at Xchb0.50 depending on Xch (i.e., areas of D, E, F, I and K
in Fig. 8). The membrane in the two-phase state is constituted by two
different types of regions with the different regular distributions of
cholesterol. For example, at Xch=0.10 and a temperature below the
main-transition temperature, the present bilayer membrane is
composed of the regions separately formed by Units (1:12) and
Units (1:6): the Lβ (1:12) and Lβ (1:6) phases coexist in the membrane.

In conclusion, we could construct the phase diagram of the DSPC–
cholesterol binary bilayer membrane by using the methods of
fluorescence spectroscopy and DSC. The characteristic compositions at
which the bilayer behavior abruptly changes was reasonably explained
in terms of thermodynamics of liquid–solid phase equilibrium for a
binary mixture and hexagonal lattice model. The hexagonal lattice
model is quite useful in understanding the interaction modes between
theDSPCand cholesterolmolecules in the gel phase. However, the phase
diagram has not yet been perfect in respect of a lack of the line between
points Yand Y′ in the higherXch-region. Unfortunately, wewere not able
to determine the line experimentally in this study because of the
obscurity of the phase transitionwith the occurrence of the Lo phase. For
the exact clarificationof the phase behavior of phospholipid–cholesterol
binary bilayer membranes, further investigation will be required,
especially, in the Xch range where the two phases coexist.
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