
Sodium cholate (Na-chol) is a physiological detergent. Its
solubilizing properties are important in several fundamental
biophysical and biochemical processes. This includes disin-
tegration of biomembranes to mixed micelles,1) reconstitu-
tion of membrane proteins and lipids to functional supramo-
lecular structures (vesicles in most cases)2,3) and preparation
of homogeneous lipid vesicles of controlled sizes.4,5)

The vesicle destruction mechanism has been studied in
connection with the reconstitution of membrane proteins
after purification in detergent solutions. Concerning the dis-
integration from mixed vesicles to mixed micelles by Na-
chol, many studies have concentrated on the variation in
morphology and properties of mixed aggregates.6,7) Conse-
quently, the solubilization process of phosphatidylcholine
(PC) vesicles is summarized as follows; addition of very
small amounts of Na-chol to vesicles results in the partition-
ing of Na-chol between the water and lipid phases. At a fur-
ther increased detergent concentration, vesicles containing a
large amount of Na-chol are formed, whose behavior, such as
fusion of small vesicles to larger ones, is found to be differ-
ent from that of PC vesicles containing large amounts of
nonionic detergents (i.e. octylglucoside).5) At a still further
increased detergent concentration, the Na-chol-containing
vesicles disintegrate into intermediate structures, and finally
into mixed micelles.8,9) As far as intermediate structures are
concerned, structural changes from vesicles to perforated
vesicles, to discoidal sheets,10) or to rod-like structures11)

have been reported. As described above, the incorporation of
Na-chol into vesicular membranes remarkably influences the
structures and properties of PC vesicles. However, little is
known about the effects of the incorporation of Na-chol on
the behavior of membranes at a molecular level, although it
is important for further detailed studies on the mechanism of

vesicle disintegration.
The present report deals with the influence of addition of

small amounts (insufficient to destroy vesicles) of Na-chol on
several physicochemical properties of PC small unilamellar
vesicles (SUV). Similar to the previous reports,12—14) ESR
spectra of a spin label 12-doxylstearic acid (12-DS) are ap-
plied to monitor the variation in properties and structures of
the mixed PC SUV. Differential scanning calorimetry (DSC)
and z potentials measured with electrophoretic light scatter-
ing methods were also employed for observing the variation
in the properties of PC SUV induced by Na-chol. The ob-
tained results will be considered in connection with the ini-
tial stage of the solubilization of PC vesicular membranes.

Experimental
Materials Phosphatidylcholine isolated from egg yolk (EPC) (purity

approximately 98.8%) was purchased from Nihon Yushi (Tokyo, Japan).
Sodium cholate and cholesterol of guaranteed degree were obtained from
Nacalai Tesque (Kyoto, Japan). Synthetic dimyristoylphosphatidylcholine
(DMPC) (purity ca. 99%) as well as 5-, 12-, and 16-DS were purchased
from Sigma (St. Louis, MO, U.S.A.). All reagents were used without further
purification.

Preparation of Vesicle Suspensions A phospholipid (EPC or DMPC)
and, if necessary, a given amount of cholesterol and a spin probe (5-, 12-, or
16-DS, about 1 mol% of the PC concentration) dissolved together in chloro-
form were evaporated under reduced pressure in a sample tube to yield a
thin film. Then, the film was dispersed into N-Tris(hydroxymethyl)methyl-2-
aminoethanesulfonic acid (TES) buffer (150 mM NaCl, and 20 mM TES, pH
7.0) with vortexing, yielding multilamellar vesicles (MLV). The MLV sus-
pensions were frozen and thawed five times, then extruded through two
stacked 0.6-mm-defined or 0.2-mm-defined pore polycarbonate filters (Nu-
cleopore, Costar Co., U.S.A.) at least five times, producing extruded large
unilamellar vesicles (LUV) possessing an average diameter of 200 nm. The
repeated extrusion appeared to produce more uniform LUV. Small unilamel-
lar vesicles (SUV) were prepared as follows: MLV suspensions of 4 ml325
mM EPC were ultrasonicated three times for 20 min, with a rest time of 10
min, at an ice-bath temperature under a nitrogen atmosphere. Titanium frag-
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ments and multilamellar aggregates were removed by centrifugation at
1000003g for 60 min at 4 °C. Here, SUV were found to have a uniform size
(average diameter: 30 nm). 

Measurement of the Molar Ratio of Na-chol to PC in the Membrane
(Re) as a Measure of Detergent Concentration Na-chol solutions having
given concentrations were added to the SUV or LUV suspensions with a sy-
ringe with stirring. The molar ratio of Na-chol to PC in the membrane (Re)
was employed as a measure of detergent concentration.15—18) The Re value
was directly measured by equilibrium dialysis method. That is, the vesicle
suspension was incubated with an appropriate amount of Na-chol for 1 d
using a dialysis cell, which was composed of two compartments and sepa-
rated by a dialysis membrane. The concentration of 14C-labelled Na-chol
was determined by monitoring its radioactivity using an LSC-5200 liquid
scintillation system (Aloka, Japan). The phospholipid concentration was de-
termined as phosphorous according to Ames.19)

Turbidity and Size Measurement The molar turbidity of the mixed
PC/Na-chol SUV was determined as absorbance at 350 nm with a UV spec-
trophotometer (UV-160, Shimadzu, Japan) at 25 °C. The mean diameter and
size distribution were obtained by a quasielastic light scattering apparatus
(LPA-3000/3100 laser particle analyzer, Otsuka Electronics, Japan) at 25 °C. 

Measurement of ESR Spectra The vesicle suspensions containing 5-,
12-, or 16-DS were injected into glass capillary tubes (20 m l) after incubat-
ing at 37 °C for DMPC SUV or at 25 °C for EPC SUV. Measurement was
performed with a JES-FE3X type X-band spectrometer (JEOL, Japan) at 
28 °C. The conditions were set as follows: modulation amplitude, 100 kHz,
0.1 mT; microwave power, 8 mW; scan field, 65 mT; scan speed, 4 min; re-
sponse time, 0.1 s. The rotational correlation time (t c) due to an isotropic
spectrum was calculated according to Cannon et al.20):

t c56.5310210 W0 [(I0/I21)
1/221]

where W0 is the maximum-to-minimum line width of I (nuclear spin angular
momentum)50 hyperfine splitting band; I0 and I21 are maximum-to-mini-
mum heights of the I50 and -1 hyperfine splitting bands, respectively.

DSC Measurement Approximately 60 ml of LUV or SUV suspension
(lipid concentration: 25 mM) was equilibrated at 25 °C for 48 h. Measure-
ments were made with a SSC/560 scanning calorimeter (Daini Seikosha,
Japan) at a scan rate of 0.1 °C/min. The PC concentration was held constant
(25 mM) in order for relative calorimetric enthalpies to be calculated simply
by integrating obtained transition curves. As a check on reproducibility, at
least two scans were performed on a given sample.

Measurement of zz Potentials Electrophoretic light scattering apparatus
(ELS-8000/6000, Otsuka Electronics, Japan) was used for measuring elec-
trophoretic mobility of the Na-chol-containing EPC SUV. The measure-
ments were performed in electric fields applied in the direction of and in the
opposite direction of, gravity, at 25 °C. The mobility was calculated from the
arithmetic mean of the values in the two directions. These electrophoretic
mobilities were detected 3—5 times for each sample. The mobility was con-
verted to z potential through Smoluchowski equation21): 

Up5ez /(4ph) 

where z is z potential; Up is mobility; e is dielectric constant; h is coeffi-
cient of viscosity.

Results 
Change in Molar Turbidity with Molar Ratio of PC to

Na-chol in Membrane (Re) Figure 1 shows the depen-
dence of molar turbidity of 5 mM EPC or DMPC SUV on Re
at 25 °C. These curves possess several breakpoints. No sig-
nificant change occur in the turbidity curve of EPC SUV in
the region of Re,0.23, whilst the turbidity for DMPC SUV
increases considerably in the region of 0,Re,0.08, fol-
lowed by a gradual increase in the region of 0.08,Re,0.16.
The average sizes of DMPC SUV increased from 30 (Re50)
to 80—100 nm (Re50.14) accompanied with this turbidity
increase, which agreed with the results reported by Malloy
and Binford.22) There is a sudden increase in turbidity at
Re50.30 for EPC SUV and Re50.18 for DMPC SUV. The
previous study with freeze fracture electron microscopy
demonstrated that no vesicle existed at these Re values.11)

Beyond these Re values, the turbidity decreased drastically,

and the appearance of both EPC and DMPC SUV suspen-
sions became clear, showing the formation of mixed mi-
celles.23,24) Thus, the vesicle regions for EPC or DMPC/Na-
chol SUV are determined to be 0,Re,0.23 or 0<Re<0.16,
respectively.9,22)

Behavior of Nitroxide Spin Probes in PC SUV Contain-
ing Small Amounts of Na-chol Figures 2, 3, and 4 display
the variation in ESR spectra of EPC/5-DS SUV, EPC/12-DS
SUV, and DMPC/12-DS SUV, respectively, with Re of the
vesicle region at 28 °C. There are some differences in the
spectra of 5-DS (Fig. 2) and those of 12-DS (Fig. 3). In the
absence of Na-chol, the spectrum of 5-DS is anisotropic, but
that of 12-DS is isotropic. Isotropic triplet bands shown in
Fig. 3A have been assigned to 12-DS incorporated into the
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Fig. 1. Dependence of Molar Turbidity of 5 mM EPC SUV (s) and 5 mM

DMPC SUV (d) on Re at 25 °C

Fig. 2. ESR Spectra of EPC/5-DS SUV at Re50 (A), 0.15 (B), and 0.20
(C) at 28 °C

Fig. 3. ESR Spectra of EPC/12-DS SUV at Re = 0 (A), 0.07 (B), 0.15 (C),
0.22 (D), and 0.25 (E) at 28 °C

Arrows indicate the additional signals.



hydrophobic domain of EPC. A weak additional band ap-
pears at Re50.07 for EPC or at Re50.05 for DMPC SUV, as
illustrated by arrows in Fig. 3 or 4, respectively. The intensity
of the additional band increases with an increase in Re (Figs.
3C—E). The intensity of this additional band decreased at
further increased Re, and became unobservable at an Re
value greater than 0.30 for EPC SUV. On the other hand, no
additional band appeared in the spectrum of 5-DS (Fig. 2) or
16-DS (data not shown) incorporated into EPC/Na-chol SUV.
Further, the location of the additional band is scarcely influ-
enced by the presence of the main band, but the total spectral
width slightly decreases in the presence of the additional
band. 

Figure 5 represents ESR spectra of 12-DS dissolved in
DMPC SUV containing cholesterol at 28 °C. Similar to the
results of Na-chol-containing SUV systems (Fig. 4), the
spectrum obtained when 15 mol% cholesterol is added (Fig.
5B) is explained as the superposition of strong triplet bands
and a weak additional signal. The additional band did not ap-
pear in the absence of cholesterol. The intensity of the addi-
tional band increases with an increase in the amount of
added cholesterol.

Figure 6 shows the dependence of the rotational correla-
tion time (t c) of 12-DS added to EPC and DMPC SUV on
Re values in the vesicle region at 28 °C. The t c value is fre-
quently employed as a measure of the immobilization degree
of a spin probe. When Na-chol is added, the t c values for
EPC or DMPC SUV increase with Re values, almost leveling
off at a further increased Re. Figure 7 shows the dependence
of the t c values of 12-DS incorporated into EPC and DMPC

SUV on cholesterol mol% at 28 °C. The incorporation of
cholesterol into the EPC SUV resulted in a steady increase in
the t c values with cholesterol mol%. On the other hand, the
t c values of DMPC SUV decreases at a cholesterol mol%
less than 5%, followed by a steady increase at a further in-
creased cholesterol mol%.

Differential Scanning Calorimetric Studies Figures 8
and 9 depict representative DSC heating thermograms ob-
tained with ultrasonicated DMPC/Na-chol SUV and ex-
truded DMPC/Na-chol LUV, respectively. The ultrasonicated
Na-chol-free SUV have a broad low-temperature transition at
18 °C and a midpoint at about 24 °C (Fig. 8A), while the ex-
truded Na-chol-free LUV have a single transition at 23.6 °C
(Fig. 9A). Thus, the transition curves obtained in the absence
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Fig. 4. ESR Spectra of DMPC/12-DS SUV at Re50 (A), 0.05 (B), 0.07
(C), and 0.12 (D) at 28 °C

Arrows indicate the additional signals.

Fig. 5. ESR Spectra of 12-DS Incorporated into DMPC SUV Containing
0 (A), 13 (B), 15 (C), and 17 (D) mol% cholesterol at 28 °C

Arrows indicate the additional signals. 

Fig. 6. Dependence of Rotational Correlation Times of 12-DS Incorpo-
rated into EPC SUV (s) and DMPC SUV (d) on Re at 28 °C

Fig. 7. Plots of Rotational Correlation Times of 12-DS Incorporated into
EPC SUV (s) and DMPC SUV (d) against Cholesterol mol% at 28 °C

Fig. 8. DSC Transition Curves for the Ultrasonicated DMPC/Na-chol
SUV at Re50 (A), 0.025 (B), 0.061 (C), 0.073 (D), and 0.10 (E)



of Na-chol are dependent on their preparation methods. The
addition of small amounts of Na-chol (Re50.025) to ultra-
sonicated SUV (Fig. 8B) results in a single sharp transition
with a large calorimetric enthalpy, which is similar to the
curve obtained with extruded DMPC/Na-chol LUV (Fig.
9B). As shown in Figs. 8C—E and 9C—E, the DSC curves
obtained at further increased Re values in the vesicle region
exhibit two (a sharp low-temperature and a broad high-tem-
perature) transitions. The DSC curves obtained in the pres-
ence of Na-chol were found to be reproducible, indicating
DMPC/Na-chol mixed systems to be vesicles.18)

Figure 10 displays the variation in phase transition temper-
atures of ultrasonicated DMPC/Na-chol SUV with Re. As
can be seen from Figs. 8 and 10, both transition temperature
(Tc) and relative enthalpy of the low-temperature transition
curves decrease with an increase in Re. On the other hand,
high-temperature transition curves become broader with an
increase in Re. Their transition temperature midpoints (Tm)
are high and relative enthalpy decreases gradually with in-
creasing Re.

z Potentials of Na-chol-Containing EPC SUV Figure
11 displays the dependence of z potentials of EPC/Na-chol
SUV on the Re values at 25 °C. As can be seen from Fig. 11,
there is a gradual decrease in z potential in the 0,Re,0.15
region, followed by a drastic drop in the 0.15,Re,0.25 re-
gion. Thus, anionic densities on the surface of the SUV are
the greatest at a Re value slightly below the initiation of the
vesicle solubilization. These negative charges may play an
important role in the initiation of PC SUV solubilization by
Na-chol. Further increasing the value of Re results in a dras-
tic increase in z potentials (or decrease in anionic densities).

Discussion
In order to investigate the membrane properties of PC/Na-

chol mixed vesicles, we distinguished the region of Re for
mixed vesicles from that for mixed micelles. The process of
SUV solubilization has been well characterized by the depen-
dence of molar turbidity on Re.22,25) According to Fig. 1,
vesicle solubilization was found to initiate at Re50.23 for
EPC SUV and Re50.16 for DMPC SUV. As can be seen
from Fig. 1, the molar turbidities of DMPC and EPC SUV
show different relations with an increase in Re. The turbidity
and size measurements shown in the present report were car-
ried out at 25 °C, where EPC was liquid crystalline. On the
other hand, the phase transition temperature of DMPC is
about 24 °C (close to our experimental temperature), suggest-
ing the coexistence of gel and liquid crystalline phases in the
SUV, which results in the destabilization of SUV and a dras-
tic increase in molar turbidities. Overall, solubilization of
DMPC SUV was initiated at a considerably smaller Re value
compared to that of EPC SUV.

The main purpose to obtain molar turbidities and particle
sizes of EPC or DMPC/Na-chol SUV was to determine their
vesicle regions rather than to obtain their physical properties.
In contrast, ESR, DSC, and z potentials were employed
mainly for investigating physical properties at small Re val-
ues in the vesicle region. As can be seen from Figs. 3 and 4,
additional bands for 12-DS incorporated into PC SUV begin
to appear at Re50.07 for EPC SUV and Re50.05 for DMPC
SUV. These Re values are not only below the critical micelle
concentration of Na-chol (8 mM), but also much smaller than
the Re value for vesicle solubilization described above.
Moreover, these additional bands did not appear in the ESR
spectra of EPC and DMPC SUV containing both Na-chol
and 5- or 16-DS at any Re value. After all, among the doxyl-
stearic acids examined, only 12-DS was capable of producing
such additional bands. Furthermore, no additional band was
observed in spectra of EPC/12-DS SUV containing varying
amounts of octylglucoside. Thus, neither probe decomposi-
tion nor micelle formation is responsible for the formation of
the additional bands. As can be seen from Fig. 5, similar ad-
ditional bands are obtainable with DMPC/cholesterol/12-DS
SUV. The nitroxide group of 12-DS is known to locate very
close to the rigid steroidal framework and to be easily subject
to the influence of molecules with steroidal structures.12,13)

Therefore, analysis of the ESR spectra of 12-DS should pro-
vide useful information about the behavior of Na-chol in
vesicular membranes. 

Kawamura et al. reported the coexistence of two (strongly
and weakly immobilized) immiscible components in dihy-
droxy and trihydroxy bile salt micelles by using 12-DS.12)

Similarly, we presumed from Figs. 3 and 4 that two (or more)
immiscible sites for 12-DS might coexist in the membranes
of EPC/Na-chol SUV at an appropriate region of Re. Gener-
ally speaking, fast rotational motion of a nitroxide spin probe
or large fluidity of membranes results in narrow ESR spectral
width accompanied by a remarkable increase in the intensity
of I521 hyperfine splitting band locating at the highest
magnetic field.26) As can be seen from Figs. 3 and 4, the fact
that only the hyperfine splitting bands near the highest mag-
netic field could be observed clearly and that total spectral
width observed in the presence of the additional band (Figs.
3B—E) is slightly narrower than that obtained in the absence
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Fig. 9. DSC Transition Curves for the Extruded DMPC/Na-chol LUV at
Re50 (A), 0.04 (B), 0.10 (C), 0.15 (D), and 0.18 (E)

Fig. 10. Variation in Phase Transition Temperatures for Ultrasonicated
DMPC/Na-chol SUV with Re  

s, low-temperature transition; d, high-temperature transition midpoint. 



of it (Fig. 3A) indicates the production of more weakly im-
mobilized components formed in the middle of the hydrocar-
bon chains of PC SUV. The small ratio of peak area of the
additional band to that of the main band may indicate a small
distribution of 12-DS into the newly appeared weakly immo-
bilized phases.

As shown in Fig. 8A, DSC thermal transition for the ultra-
sonicated DMPC SUV possesses two small broad peaks. Su-
urkuusk et al. reported that calorimetric enthalpies of small
vesicles made up of synthetic PC were smaller than those of
large vesicles.27) Malloy and Binford reported that about 50%
DMPC were present in ultrasonicated centrifuged SUV.22)

Thus, the two peaks shown in Fig. 8A might be due to SUV
and large multilamellar vesicles of DMPC.22) The main tran-
sition temperature (Tc) of the extruded DMPC LUV (23.6
°C) shown in Fig. 9A was close to the 23.9 °C value reported
by Mabrey et al.28) Thus, the DSC transition curves of
DMPC vesicles obtained in the absence of Na-chol vary with
their preparation methods. The addition of small amounts of
Na-chol (Re50.025) to ultrasonicated DMPC SUV (Fig. 8B)
results in a sharp transition peak with a large calorimetric en-
thalpy, which is similar to the one obtained with extruded
DMPC LUV (Fig. 9B). According to Suurkuusk et al.,27)

DMPC SUV containing small amounts of Na-chol aggregate
and fuse into large vesicles. As shown in Figs. 8C—E and
9C—E, sharp endothermic peaks of DMPC vesicles shift to
lower temperatures, and broad peaks appear newly and shift
to higher temperature with an increase in Re. As can be seen
from Figs. 8 and 10, both Tc and relative enthalpies of the
low-temperature transitions decrease with an increase in Re.
On the other hand, high-temperature transition curves be-
come broader with increase in Re. The Tm values are high
and their relative enthalpies decrease gradually with increase
in Re. DSC transition curves obtained with DMPC vesicles
containing Na-chol were shown to be reproducible, indicat-
ing these systems to be vesicles.18)

Spink et al. reported that the DSC transition curves of 
dipalmitoylphosphatidylcholine (DPPC)/taurocholate (TC)
vesicles possessed a broad transition resulted from packing
complexes induced by the steroidal skeleton of TC and a
sharp transition caused by a pure DPPC or TC-poor DPPC
phase.18) Furthermore, Mabrey et al. and other researchers
exhibited the presence of two (a sharp low-temperature and
broad high-temperature) immiscible phases in DMPC/cho-
lesterol mixed vesicles, which were attributed to a pure (or
cholesterol-poor) DMPC and a cholesterol-rich DMPC
phase, respectively.28—30) Therefore, two immiscible peaks in

the DSC transition curves of DMPC/Na-chol SUV (Fig. 8) or
LUV (Fig. 9) might be due to the coexistence of two interior
structures in the vesicular membranes. Furthermore, sharp
low-temperature endothermic peaks are originated from pure
(or Na-chol-poor) DMPC phases, while broad high-tempera-
ture peaks are from Na-chol-rich phases.

Malloy and Binford reported that the partition coefficient
for Na-chol in an aqueous suspension of DMPC vesicles ob-
tained at 20 °C, where DMPC was gel, was almost the same
as that obtained at 27 °C, where DMPC was liquid crys-
talline.22) Further, Schurtenberger et al. demonstrated that the
partition coefficients obtained at temperatures above the
phase transition depended only slightly on temperature and
that the boundary for solubilization of DMPC vesicles was
almost independent of temperature.31) Thus, we thought it
was possible to compare the membrane behavior obtained by
DSC with that by ESR at the same Re. Thus, the strongly im-
mobilized component may be attributable to 12-DS distrib-
uted in the bulky pure PC or Na-chol-poor domains, and the
weakly immobilized component to the 12-DS distributed in
Na-chol-rich phases. In addition, both the additional band in
the ESR spectrum of 12-DS (Fig. 4) and the second peak of
the DSC transition curve (Fig. 10) for DMPC/Na-chol SUV
begin to appear at almost identical Re (ca. 0.05).

As can be seen from Fig. 6, the t c values for EPC or
DMPC SUV significantly increase with the Re values of the
vesicle region. The t c value increased even at a very small
Re value where the additional band was lacking or very
weak. It can be seen from Fig. 7 that the t c values of
EPC/cholesterol SUV also increase with cholesterol mol%,
which is similar to a previous report.28) As can also be seen
from Fig. 7, the t c value of DMPC SUV exceptionally de-
creases at a cholesterol content ,5 mol%. This is probably
caused by the fact that the phase transition temperature of
DMPC (24 °C) is close to our experimental temperature, so
both gel and liquid crystalline phases may be able to coexist
in vesicular membranes. Although data were not shown, a
similar increase in t c values was observed when 5-DS, in-
stead of 12-DS, was incorporated into PC/Na-chol SUV. On
the contrary, t c values decreased at Re values in the vesicle
region when a nonionic detergent, such as octylglucoside,
was added to the PC SUV (data not shown). Therefore, the
steroidal structure of Na-chol or cholesterol “solidify” the
membranes. Eventually, the aggregation of Na-chol in the
hydrophobic domains of PC/Na-chol SUV induced the for-
mation of the additional weakly immobilized phases at Re
values of the vesicle region. However, the decrease in the
membrane fluidity, which was induced by the steroidal struc-
ture of Na-chol or cholesterol, was found to initiate at much
smaller Re values where the additional phases were lacking.

As can be seen from Fig. 11, there is a pronounced de-
crease in z potentials of EPC/Na-chol mixed SUV at Re val-
ues greater than 0.15, reaching a minimum near the upper
boundary of the vesicle region, and increasing at a further in-
creased Re in the non-vesicle region. We previously demon-
strated that the removal of Na-chol from phospholipid/deter-
gent mixed micelles usually gives rise to relatively small
vesicles (ca. 50 nm), while that of octylglucoside to relatively
large ones (100—200 nm) due to the time-dependent fusion
of detergent-containing SUV.5,9) 3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate (CHAPS) is a zwitter-
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Fig. 11. Dependence of z Potentials of EPC/Na-chol SUV on Re at 25 °C



ionic derivative of a trihydroxy bile salt, which has the same
steroidal structure in the hydrophobic moiety as Na-chol, but
no net charge. When CHAPS was removed from phospho-
lipid/detergent mixed micelles, large vesicles (ca. 350 nm)
were produced.5,9) The present work demonstrated that the
anionic charges produced on the surfaces of vesicles (Fig.
11) might induce electrostatic repulsion and inhibit the time-
dependent fusion of Na-chol-containing SUV to larger vesi-
cles, resulting in the formation of small vesicles. On the con-
trary, SUV containing CHAPS or octylglucoside might easily
fuse and grow to large vesicles time-dependently.

To summarize the initial process in the solubilization of
PC SUV by Na-chol, at a small Re, the steroidal structure of
Na-chol, which is larger in size than the carboxyl and hy-
droxyl groups, may dominate the behavior of Na-chol in the
membranes. At first, the addition of Na-chol gives rise to a
decrease in membrane fluidity, and then to the aggregation of
the Na-chol in the PC SUV, which results in the separation of
the strongly and weakly immobilized phases. At further in-
creased Re values of the vesicle region, anionic densities in-
crease drastically on the surface of the SUV, which is proba-
bly induced by the carboxyl group of Na-chol. The tendency
to produce relatively small vesicles on removal of Na-chol
from PC/detergent mixed micelles might be due to the pres-
ence of these anionic charges. Furthermore, the added Na-
chol aggregated and located at boundaries between the aque-
ous medium and the hydrophobic edges of PC membranes
when either perforated vesicles with transient holes or inter-
mediates such as discoidal and rod-like mixed micelles were
formed.7,10,33) We thought that this boundary formation may
be caused by electrostatic repulsion between the anionic
charges on the surfaces of the vesicles and that the boundary
would protect the hydrophobic edges of the phospholipid
from exposure to the aqueous medium. Eventually, the addi-
tion of Na-chol to PC SUV caused at first a decrease in
membrane fluidity, followed by aggregation of Na-chol in the
PC membranes and the separation of two immiscible phases.
Further addition of Na-chol resulted in a drastic increase in
anionic densities on the surfaces of the SUV, and finally in
the solubilization of PC membranes.
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