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Characterization of aggregate structures
of phospholipid in the process of vesicle
solubilization with sodium cholate using laser

light scattering method

Abstract The aggregate structures
formed during vesicle solubilization
by sodium cholate, and their prop-
erties, were characterized by static
laser light scattering (SLS) and
electrophoretic light scattering
(ELS) methods. The change in dis-
symmetry value Z45 was observed by
examining the regions of vesicles and
micelles. The angular light scattering
intensity data could be fitted with a
modified shell model for the vesicles
and a hollow cylinder model for the
mixed micelles. In the case of the
vesicles, the scattering curves were
fitted with a spherical shell model by
introducing the interparticle scatter-
ing factor S(q) and taking into ac-
count the intervesicle positional
correlations, which is a function of
the fractal dimension (D) and the
interparticle correlation length (L).
On the basis of the physical mean-
ings of the fractal dimension and
interparticle correlation length, the

molecular packings of the membrane
and the repulsive interaction be-
tween the vesicles were analyzed.
Furthermore, using electrophoretic
light scattering (ELS) the zeta po-
tentials on the mixed vesicles were
found to increase with the molar
ratio (Re) of sodium cholate to egg
yolk phosphatidylcholine (EggPC)
in the membrane. It is suggested that
the electrostatic properties of the
vesicles result in repulsive interac-
tion which is responsible for no fu-
sion of the mixed vesicles. In
addition, in the transition from ves-
icles to micelles, a cylinder-like mi-
celle appeared as an intermediate
structure.

Keywords Vesicle solubilization -
Angular light scattering - Interparti-
cle scattering factor S(q) - SUV*
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Introduction

The mechanisms of vesicle solubilization by detergent
have been extensively studied by various experimental
techniques—fluorimetry, DSC, ESR, NMR and many
other methods [1, 2, 3, 4, 5, 6, 7]. The aggregate structure
has also been examined by small-angle neutron scatter-
ing, small-angle X-ray scattering, and cryo-transmission
electron microscopy [8, 9, 10, 11]. Recently, a four-stage
model, instead of a three-stage model, for the mecha-
nism of vesicle solubilization has been proposed. This

involves: 1) the distribution of detergent between water
and lipid phase resulting in mixed vesicles; 2) an in-
creasing concentration of detergent leads to small,
nearly detergent-saturated vesicles, or SUV*, which are
distinguished in property from SUV prepared by soni-
cation; 3) when a critical molar ratio of detergent/lipid is
reached, a slight increase of detergent concentration
causes the vesicles to transform into the intermediates,
large micelles of disk or cylindrical structures; 4) lastly,
the intermediates disappear and detergent-rich micelles
are formed [14, 17]. Although a number of studies have
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been corroborated in the scheme of micelle-vesicle
transition, the structures and properties of intermediates
in the transition are still unclear [12, 13, 14, 15, 16, 17].

Investigations on the micelle-vesicle transition in
the EggPC/sodium cholate system revealed that the
small vesicles containing a large amount of sodium
cholate, or SUV*, could not fuse to increase their
sizes, contrasting with SUV* containing octylglucoside
or CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate) [16, 17]. This fusion has been re-
lated to a size growth in the formation of large vesi-
cles upon the detergent removal [18]. It was proposed
that for the SUV* containing sodium cholate, no
fusion event takes place because of electrostatic re-
pulsion due to an anionic detergent, leading to small
vesicle formation upon detergent removal [17]. How-
ever, no further detailed analysis has been made of the
changes in surface potential of the vesicles in response
to the addition of sodium cholate.

The main purpose of the present paper is to under-
stand the structural transitions and the forces that hin-
der the SUV* fusion from a thermodynamic point in the
vesicle solubilization by sodium cholate. The methods
used were static light scattering (SLS), electrophoretic
light scattering (ELS), and freeze-fracture electron mi-
croscopy. The measurements were carried out at a fixed
concentration of about 5 mM of EggPC and at a series
of detergent concentrations. The patterns of scattered
light spectra were used to elucidate the aggregate
structures and the vesicle properties. At the first step in
this study, the regions of vesicles and micelles in the
solubilization process were examined in term of
the changes in the dissymmetry value Z,5 (defined by the
scattering intensity ratio at two angles Rys and Rjs;s).
The scattered light intensities for vesicles were well fitted
with the spherical shell model by introducing the inter-
particular structure factor S(q). This assumes the inter-
particle positional correlation as the interparticle
structure factor and is a function of the fractal dimen-
sion D and the interparticle correlation length L. This
approach could be helpful in observing the changes in
the vesicle behavior as a function of the molar ratio (Re)
of sodium cholate to EggPC in the membrane. In ad-
dition, the electrophoretic mobility of those vesicles was
measured as zeta potential. The results from SLS sup-
port the theory that in vesicle solubilization by sodium
cholate, SUV* could not fuse to grow in size due to the
surface charges and that the cylindrical micelles ap-
peared as an intermediate between the vesicles and
micelles.

Theoretical

In the present work, the shape and size of the vesicles
and micelles were determined by comparing the experi-

mental angular scattered light profiles with the
calculated values for suitable models. The theoretical
equations of the shape factor, P(q), are given as a
function of scattering angle for various models such as
shell and hollow cylinder.

For a vesicle giving two concentric spherical shell
models [19]:

Pg) = [1 /(R = R?)'| [RF(gR) - RPF(gRi)]* (1)
g =4nsin(0/2)/1 (2)
F(qR) = 3(singR — qR cos qR) / (4R)’ (3)

Where 1 is the wavelength of laser light in suspension
(nm); R is outer radius and Ri inner radius; the phosp-
holipid bilayer thickness is assumed to be 4.5 nm ac-
cording to Chang and Colbow [20].

The experimental values almost agreed well with
the theoretical curve in the higher q regions, but
sometimes did not in the lower q regions. The devia-
tion of experimental values from theoretical ones in
the lower q region might be due to the interparticular
structure factor S(q). S(q) is an interparticle structure
factor taking into account the interparticular posi-
tional correlation and is defined in terms of particle
pair correlation function g(R) as a function of the
fractal dimension of the particular distribution in
space D and the particle-particle correlation length L
[20, 21, 22]

S(g)=1+N /0 4R [sin(qR)/qR)g(R)dR (4)

g(R) = (D/4nN)(1/R”)RP~3) exp(—R/L) (5)
where N is number density of vesicles in suspension.
In this case, the scattering intensity profiles are pro-
portional to P(q)S(q).

For a hollow cylinder of diameter 2R and height H
(23]

P(g) Z/IF{(LR(I _X2)1/27 Ri(l —Xz)l/z]z
0

S?(gHX /2)dX (6)
F(q,R,R;)) = [1/(1 — )] [A(gR) — *A4(qR))] (7)
r=Ri/R (8)
S(X) = sin(X) ©)
A(qR) = 2/1(qR)/(qR) (10)

Where J;(q R) is the first order Bessel function.
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Experimental

Vesicle solubilization by sodium cholate

EggPC was obtained from Nihhon Yushi, Japan. Sodium cholate
was from Nacalai Tesque, (Kyoto, Japan). The samples were used
without further purification.

Egg PC was dried overnight at vacuum after the removal of
CHCI3/MeOH and suspended at a concentration of 25 mM in an
appreciate buffer system of 150 mM NaCl and 20 mM TES (pH,
7.0). The SUV suspension was prepared by sonication using a
probe-type sonicator at 4 °C, then diluted to 10 mM with the buffer
as a stock SUV suspension.

The solubilization of vesicles by detergent was performed by
adding a series of concentrations of detergent solutions to SUV
suspensions (prepared by sonication with a syringe) while stirring
the suspensions. The phospholipid concentrations were fixed at
5 mM. The solubilization process of the small vesicles was at first
estimated by turbidity and size measurements. Turbidity was
measured at 350 nm by a UV spectrophotometer (UV-160, Shi-
madzu, Japan) and the size by a quasielastic light scattering (QLS)
apparatus (LPA-3000, Otsuka electronics, Japan).

The molar ratio (Re) of sodium cholate to EggPC in the
membrane was directly measured by equilibrium dialysis according
to the method previously reported [24]. Sodium cholate concen-
tration was determined by monitoring radioactivity of *C-sodium
cholate using an Aloka LSC-5200 liquid scintillation system.
Phospholipid concentration was determined as phosphorous ac-
cording to Ames [25].

The freeze-fractured specimens of vesicles and micelles were
prepared according to the method previously reported [26] using a
freeze-fracture apparatus (EIKO FD-2A). Electron micrographs
were taken with a JEOL JEM-200 CX electron microscope.

Measurements of angular light scattering

Measurements of the light scattered intensity at various scattering
angles were carried out with a modified Ellipsometer, an automatic
light scattering analyzer AEP-100 (Shimadzu Co., Ltd., Japan), at
20°C [27, 28, 29]. The linearly polarized monochromatic incident
light passed through the cylindrical scattering cell and the light
scattered at scattering angle 0 was detected through the linear an-
alyzer by a photomultiplier in a telescopic arm that can rotate from
45° to 135° using a stepping motor. A wavelength of 488 nm was
used. The samples were made optically clean by filtering with a
Millipore filter (pore size, 0.45 pm).

Taking into consideration that diluting the mixed vesicles or
micelles of detergent and phospholipid affected their shapes and
properties [12], the SLS measurements for those mixed vesicles or
micelles were performed based on the angular dependence of
scattered light intensity and analyzed according to the Zimm plot
method.

Measurements of zeta potential

Electrophoretic light scattering apparatus (ELS-8000/6000, Otsuka
Electronics, Japan) was used to determine the electrophoretic mo-
bility of the vesicles or micelles. The electrophoretic mobilities of
the particles were measured 3-5 times for each sample. The mea-
surements were made in the electric fields applied in the direction of
gravity and in the opposite direction and the mobility was given by
the arithmetic mean of mobility values in the two directions. The
movement of particles was analyzed by the frequency distribution
of light scattered from the suspensions.

The mobility was converted to zeta potential through the
Smoluchowski equation as follows:

Up = &{/(4mn) (11)

where Up is mobility, ¢ is zeta potential, € is dielectric constant, 7 is
coefficient of viscosity.

Results and discussion

Partition equilibrium of detergent between
the membrane phase and the water phase

Since for elucidation of the solubilization process it is
more important to know the detergent concentration in
the membrane phase than the overall detergent concen-
tration, we performed the partition experiment of sodium
cholate between membrane and water phases as shown in
Fig. 1. The ordinate represents the molar ratio of sodium
cholate to phospholipids in the membrane phase in par-
tition equilibrium and the abscissa represents the total
detergent concentration. The molar ratio Re is given by

Re = Cy/C, (12)

Cy is the concentration of detergent in the membrane and
C, is the concentration of EggPC.

In the low concentration region, the plot gave an
almost linear relation. At molar ratios above 0.15, the
slope became lower, showing a small increase of the
incorporation of sodium cholate into the vesicles. This
small increase might be due to the establishment of
electrostatic potential on the vesicle surface because so-
dium cholate is an anionic detergent. Over 0.25, an
abrupt increase of the molar ratio Re was observed to
accompany vesicle destruction, or the formation of
mixed micelles, as shown in Fig. 1.
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Fig. 1 Partition equilibrium of sodium cholate between the
membrane phase and the water phase at 25°C. The total
concentration of the detergent (C,) is represented by the molar
concentration and that in the membrane phase (Re) by the molar
ratio. The phospholipid concentration is about 5 mM and NaCl
concentration is 150 mM
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Changes in suspension turbidity and vesicle size
during the solubilization process

Figure 2 shows the changes in apparent size and tur-
bidity by adding sodium cholate to SUV suspensions.
Below the critical Re of 0.25, sodium cholate was dis-
tributed into the vesicle bilayers and no significant
change in turbidity and apparent size was found. At the
critical point of Re=0.25, the freeze-fracture electron
microscopic appearance of the suspension showed the
morphology of small vesicles, indicating that vesicle
structure remained. Beyond this point a slight increase in
the detergent content of the vesicles caused a drastic
increase in turbidity, indicating a change in the aggre-
gate structures, that is, the vesicles were transformed
into the intermediate, an aggregate structure between the
vesicles and mixed micelles. Over Re=0.45 the suspen-
sions became optically transparent and the intermediates
were converted completely into mixed micelles.

Observing the process of vesicle solubilization
by static light scattering

Figure 3 shows the relationship between Z,s (ratio of the
scattered light intensities at 45° and 135°) and molar
ratio Re. Since the intensity of scattered light decreased
due to an interference effect, the dissymmetry factor Zys
is generally larger than one when the particle size is
larger than about 1/20 of the wavelength of irradiated
laser light [30]. Below the critical point (Re=0.25), the
Z4s remained almost constant, independent of the Re
increase. This indicates that the addition of sodium
cholate did not affect the vesicles in either the size or
shape, which is in accord with the results measured by
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Fig. 2 Turbidity and apparent size as a function of the molar ratio
(Re) in the vesicle solubilization by sodium cholate. The suspen-
sions were incubated for 24 h at 25 °C. Apparent sizes were
measured by QLS
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Fig. 3 The dissymmetry factor Z,s and apparent size as a function
of the molar ratio (Re) in the solubilization of SUV by sodium
cholate

QLS and turbidity shown in Fig. 2. Beyond the critical
Re, the Z,45 began to decrease while the apparent size did
not change until Re=0.3.Thus, the decrease in Zys re-
sulted mainly from the change in particle shape but not
in particle size [22]. Because SUV* is a vesicle containing
a great amount of detergent, the Re for SUV* can be
estimated at about 0.25. In Fig. 4 the morphology of
SUV* was further demonstrated by the freeze-fractured
electron micrograph.

The present experiments were carried out using serial
concentrations of sodium cholate at a fixed EggPC
concentration (5 mM). The samples were measured at
intervals of 24 h within the two days required to reach
equilibrium. Figure 5 shows the scattering patterns of
the samples after 24 h, where 1(q) shows the ratio of the
scattered light intensity at various scattering angles to
that at 135°. With an increasing incorporation of sodium

Fig. 4 Freeze fractured electron micrograph of SUV* at Re=0.25
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Fig. 5 Static light scattering
patterns for the suspensions of a
serial Re at 5 mM EggPC. The
closed circle shows experimental
data and the solid line theoreti-
cal values as described in the
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cholate, the scattering spectra for bilayers bent upward,
such as at Re=0.3 and 0.38. Other series, as shown in
Fig. 6, had similar scattering patterns after 48 h. Those
different patterns indicate that the changes in the mor-
phologies and properties of lipid aggregates depend on
the detergent concentrations and also on time. The
morphology of the lipid aggregates for the intermediate
has been studied by SANS (small angle neutron scat-
tering), SAXS (small angle x-ray scattering) as well as
QLS (quasielastic light scattering) and some different
aggregate structures such as disc or cylindrical micelles
have been reported [8, 9, 31]. In the present SLS mea-

Fig. 6 Static light scattering
patterns for the suspensions of

surement, we tried many models to fit the experimental
data and found an appreciate shell model for vesicles
and a cylinder model for the intermediates.

Effects of interparticular structure factor
on the fitting curves for vesicles

The scattered light intensity curves for the vesicle sus-
pensions showed patterns with the characteristic inter-
particular structure in low q region. As shown in Fig. 7, if
we used only the shape factor P(q) for the normal spher-
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Fig. 7 Angular dependency of the intensities of the scattered light
in Re=0.15 and 5 mM EggPC. The experimental values are shown
with closed circles and the theoretical ones are shown with open
circles calculated by assuming two concentric spherical shell
models, where P(q) is the spherical particle factor and S(q) is the
intermolecular interference factor

ical shell model, the experimental scattering curves fit the
theoretical one only in the larger q portion, but not in the
smaller q region. Interpretation of the deviation from the
theoretical curve would be due to the interparticular
structure factor S(q) taking into account the intervesicular
positional correlation. S(q) can be defined in terms of the
particle pair correlation function g(R) as a function of the
fractal dimension of the particle distribution in space (D)
and interparticle correlation length (L).

In the region of vesicles, intensity over the entire q
range could be approximated as two uniform concentric
spherical shell models modified by considering the S(q)
with different scattering lengths. Each spherical portion
is expressed with the normal spherical particle factor
P(q). The bilayer width was 4 nm. First the parameters
of P(q) were fixed to fit the data in the entire q region as
close as possible, and then S(q) was introduced with two
other parameters D and L as mentioned above. All pa-
rameters were modified slightly to make the fit better
over the whole q region. Both theoretical and experi-
mental values agreed well in the entire q region, as
shown in some fitting figures.

Characterization of SUV* using fractal dimension
and interparticle correlation length

The parameters of R, D, and L obtained are shown in
Table 1. In this experiment, the fitted parameter of
the outer radius R was 23 nm. When sodium cholate
was added, no significant change in size was shown,

Table 1 R, D, and L for the containing sodium cholate

Fitting Re
data

0.07 0.15 0.22 0.25 0.30*
R/nm 23 27 28 28 29 26
D 2.04 2.0; 2.04 2.0, 2.0, 2.0,
L/nm 101 105 120 120 128 60

*The coexistance of vesicles and micelles

indicating that the addition of sodium cholate did not
affect the vesicle size. This result was compatible with
the Z45s change. These R values for the vesicles were also
significantly consistent with results from the QLS
measurement. With increasing Re, the interparticle
correlation length L of the vesicles gradually increased
and reached 128 nm for SUV*. This behavior is related
to the change in vesicle properties caused by the incor-
poration of sodium cholate. The increase in L would
probably be caused by the repulsive electrostatic inter-
action of those vesicles containing sodium cholate due to
an anion detergent. On the other hand, the fractal di-
mension D decreased gradually with the increase of Re.
Where D =3, the spheres are in a compact arrangement
similar to three-dimensional packing of molecules in
liquids. The special case of D =2 is the Ornstein-Zernike
form of the structure factor familiar in critical scattering
from liquids [32]. In general, D can be a fractal number
less than 3. Herein, the physical meaning of fractal di-
mension D would refer to the molecular packing be-
haviors of the vesicular membrane. The decrease in D
indicates that the incorporation of sodium cholate af-
fected the molecular packings of the EggPC membrane,
leading to a high membrane fluidity. This would agree
well with the result reported by Nichols, in which the
incorporation of sodium cholate increased the rate of
spontaneous phospholipid transfer between vesicles and
altered the dissociation and/or association rate constants
for phospholipid monomer-vesicle interaction [33].
SUV* had the smallest fractal dimension in the vesicle
region, indicating weak molecular packings of the
membrane. However, the weak molecular packings did
not cause the SUV* fusion because of electrostatic re-
pulsion of cholate-incorporated vesicles.

Effect of sodium cholate on zeta potential
of the vesicles

To clarify further that the increase of interparticle cor-
relation length and absence of fusion event were results
of the repulsive interaction between SUV*, we measured
zeta potential on those vesicles by ELS. Zeta potential is
shown as a function of the molar ratio (Re) in Fig. 8.
The zeta potential increased gradually with Re followed
by a relatively great increment for SUV*. Apparently,
the SUV* has distinct properties from other small
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Fig. 8 Zeta potential of the vesicles or micelles as a function of the
molar ratio Re

vesicles containing sodium cholate. The difference
between SUV* and other vesicles would probably corre-
spond to the partition behavior of sodium cholate
between membrane and water phases. The surface charges
were intensified with the increase of Re due to sodium
cholate, an anionic detergent. As a result, SUV* had the
highest surface electrostatics in those mixed vesicles.

Possible structure of the intermediate
from the SLS measurement

In the region of intermediates, a smooth increase in the
scattering curve was observed over the q region. For
samples in this region the data could not be reasonably
fitted by assuming that the measured scattering intensity
was the sum of the intensity of a mixture of intermedi-
ates and vesicles or micelles. We tried to best fit with
either the shell model or the hollow cylinder model to
overlay the scattering intensity. Although the 0 h sample
of Re=0.3 fitted adequately with the shell model, the
24 h sample approached concomitantly neither the shell
model nor the cylinder model, but the 48 h sample fitted
rigorously with the cylinder model, as shown in Fig. 5
and Tables 1 and 2. The model fittings to three time-
dependent samples reflect a slow structure transition of
aggregate shapes, from vesicles to intermediates.

The cylinder dimensions determined from the most
optimum fits are shown in Table 2. In this approach, a
cylindrical shape of bilayers was suggested. The shape

Table 2 Dimensions of the cylinder-like aggregates derived from
the fitting the SLS data

Time/h  Fitting Re
data
0.3 0.38 0.45 0.60
0 R/nm 20 20
R;/nm 16 16
H/nm 58 58
24 R/nm 20 19
R;/nm 16 15
H/nm 50 83
48 R/nm 20 19 19
R;/nm 16 15 15
H/nm 55 67 108

change and the increment of the bilayer dimension are
time-dependent. Evolution of aggregate structures in
vesicle solubilization depends on the nature of detergent,
the methods used, and the experimental conditions and
various aggregate structures will be found. This result
emphasizes that caution should be maintained in deriv-
ing complicated structural models from static light
scattering alone.

Conclusion

The vesicle sizes obtained by SLS agreed with the results
of QLS measurement. The cylinder dimensions of the
intermediates were determined by fitting to a hollow
cylinder model. Furthermore, with the help of the qua-
ternary structure factor, the SLS measurement was ex-
tended to the vesicle behaviors so that the aggregate
structures and properties of SUV* could be character-
ized. The experimental results from SLS showed that
SUV* had a high membrane fluidity and a strong re-
pulsive interaction which distinguished them from other
vesicles. The observed zeta potential for the small vesi-
cles containing sodium cholate suggested that the re-
pulsive interaction might result from an electrostatic
repulsion between SUV* due to an anionic detergent.
Although SUV* had a weak molecular packing of the
membrane, the electrostatic repulsion hindered SUV*
fusion, leading to the formation of small vesicles upon
the removal of sodium cholate from the mixed micelles
of sodium cholate and phospholipid.
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