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Process of destruction of large unilamellar
vesicles by a nonionic detergent,
octylglucoside, and size growth factor

in vesicle formation from phospholipid-
detergent mixed micelles

Abstract The process of vesicle sol-
ubilization and size growth by
detergents, especially by octylgluco-
side, was examined in detail in order
to elucidate the phenomena
observed in the vesicle-to-micelle
transition and to clarify the size-
determining factor of vesicles pre-
pared by removing detergent from
phospholipid—detergent mixed
micelles. In the vesicle solubilization
process, when the detergent concen-
tration in the vesicle membrane
reached a critical value, the collapse
of large unilamellar vesicles (LUV)
into small unilamellar vesicles (SUV)
was observed. This newly appeared
SUV were named SUV*. The SUV*
could be produced by adding an
appropriate amount of detergent to
the SUV prepared by an ultrasoni-
cation method so as to increase the
concentration to a little over the
critical value, such as, in the case of

adding octylglucoside, a molar ratio
of 1.0-1.1 to phospholipid in the
membrane phase. The SUV* con-
taining octylglucoside were fusible
and grow time-dependently, but
those containing sodium cholate
were not fusible. On the basis of the
SUV* data, the following problems
were solved: the variety of the size of
the vesicles prepared by detergent
removal from mixed micelles com-
posed of a phospholipid and differ-
ent detergents, or by different
removal methods; the complex
appearance of turbidity or vesicle
size observed in vesicle destruction
and formation; the conflict between
LUV and SUYV in the partition
behavior of detergent and the size
change with addition of detergent.
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Introduction

The micelle—vesicle transition has been widely studied in
close relationship to the functional reconstitution of
membrane proteins after they have been purified in
detergent solutions [1, 2, 3, 4, 5, 6,7, 8,9, 10, 11]. It has
been pointed out that the efficiency of reconstitution of
a protein is determined by the micelle—vesicle transition
as well as by the properties of the protein itself [12]. The
changes in the membrane properties on the addition of
detergent, i.e., in the vesicle solubilization, and the

mechanism of the micelle—vesicle-transition have been
widely studied [13, 14, 15, 16, 17, 18, 19, 20, 21]. In the
past 10 years considerable progress has been made on
the elucidation of the micelle-to-vesicle transition and
the vesicle-to-micelle transition [22, 23, 24, 25, 26, 27,
28, 29, 30, 31, 32]. As a minimum scheme, a three-stage
model or a four-stage model has been proposed to
elucidate the observations made during the micelle—
vesicle transition [33, 34, 35]. Although these models are
very helpful for understanding the micelle—vesicle tran-
sition, the phenomena observed in the micelle—vesicle



70

transition on an experimental time scale are more
complicated and are dependent on the experimental
conditions, leading to a consideration of kinetics [14, 31,
33]. In fact, the sizes of the vesicles prepared by the
detergent-removal method are dependent on the types of
detergents and on the detergent-removal methods; in
vesicle formation by removing detergent by dialysis,
why are vesicles prepared using octylglucoside as a
detergent large (about 200 nm in diameter) and why are
vesicles prepared using sodium cholate or sodium
dodecyl sulfate small (about 40 nm)? When octylgluco-
side was used as a detergent, the vesicles prepared by
removing detergent by dialysis were large, but the
vesicles prepared by rapid detergent removal, such as
using hydrophobic porous beads or gel filtration, were
small; on the other hand, when sodium cholate was used
as a detergent, the resulting vesicle size was not depen-
dent on the detergent-removal methods, being small in
both cases. In addition, the models cannot explain the
discrepancy of the partition behavior of octylglucoside
for large unilamellar vesicles (LUV) and small unila-
mellar vesicles (SUV); the partition coefficient (which
was defined as k = x / ¢, where x is the mole fraction of
detergent in the membrane phase and ¢; is the molar
concentration in the water phase) of octylglucoside for
SUYV remains almost constant over a wide concentration
range, being about 33 M~' [36], while the partition
coefficient for large vesicles is dependent on the deter-
gent concentration, and is 70-90 M~" in the very low
concentration range [5, 16, 38], decreasing with
increasing octylglucoside concentration, and it com-
pares interestingly with that for SUV just before vesicle
solubilization. Furthermore, it has been reported that
the size growth of SUV by incorporation of a detergent
cannot be simulated by an equation derived from the
effective cross-sectional area of the detergent incorpo-
rated into the vesicle membrane by a simple distribution
equilibrium between membrane and water phases [36],
while the size growth of LUV could be simulated well by
a similar equation up to a rather high concentration of
detergent (10 mM detergent in water in equilibrium)
[32]. In order to clarify these complicated phenomena
and to control the vesicle size in the vesicle formation,
we conducted a detailed study on the vesicle destruction
process, and we found the appearance of detergent-rich
small vesicles before LUV solubilization by detergent as
a common phenomenon regardless of the types of
detergents used. We tentatively named the detergent-
rich small vesicles SUV* to distinguish them from
conventional SUV prepared by sonication or extruding
[39]. The introduction of SUV* in the micelle—vesicle
transition can not only explain the previously mentioned
discrepancies consistently, but can also suggest how to
control the vesicle size in the vesicle preparation by
removing the detergent from phospholipid—detegent
mixed micelles.

Experimental

Materials

L-o-Phosphatidylcholine from egg yolk was purchased from Nip-
pon Yusi Co. n-Octyl-f-d-glucopilanoside (octylglucoside) was
purchased from Wako Chemicals. 5-Doxyl stearate (5-DS) as a
spin probe for electron spin resonance (ESR) measurements was
obtained from Sigma Co. All other reagents were of reagent grade
from Wako Chemicals.

Preparation and size evaluation of vesicles

Detergent-free LUV were prepared by extruding a vesicle suspen-
sion five times through two stacked nuclear pore filters with a pore
size of 200 nm using THE EXTRUDER (Lipex Biomembranes)
after freeze—thawing five times. Detergent-free SUV were prepared
by sonication using a probe type sonicator (US-600TS, Nissei
Japan) under ice cooling for 40 min followed by the removal of
titanium fragments and multilamellar aggregates by centrifugation
at 100,000 g for 30 min. Mixed vesicles were prepared by the slow
addition of octylglucoside solutions of different concentrations into
the detergent-free vesicles with stirring. The concentration of the
detergent incorporated into the vesicles was determined by a par-
tition equilibrium experiment as previously reported [16]. The
characterizations of the mixed vesicles were usually performed at
25 °C 24 h after addition of detergent in order to avoid a significant
time effect, except for the time course experiment of size growth.
The vesicle size was determined by quasielastic light scattering
using a dynamic light scattering apparatus (Otsuka Electronics
LPA 3000/3100) at a fixed angle of 90°. The optical density (OD) at
500 nm for LUV or at 350 nm for SUV was measured using a
spectrophotometer (Shimadzu UV-160A).

ESR experiment

A spin probe, 5-DS, was incorporated into the membrane phase at
a molar ratio of 1/100 to phospholipid. ESR spectra were recorded
with an ESR spectrometer (JEOL JM-3x, Japan) at 25 °C. The
order parameter, S , used for characterization of the membrane
fluidity of the particles (vesicles or micelles), was calculated
according to the following equation:

_ A -4,
Azz — 1/2(Axx + Ayy)’
where 4 and A, are the parallel and perpendicular hyperfine

splitting parameters, respectively, and Ayy, Ayy, and Az, denote
the hyperfine tensor constants.

N

(1)

Electron microscopy

Freeze—fracture experiments were carried out according to the
previous report as follows. About 10 ul sample suspension was
placed on a copper plate and quenched in liquid difron 13 and then
transferred to liquid nitrogen. The specimens were fractured in an
EIKOFD-2A freeze—fracture apparatus under high vacuum
(1073 Pa) and below —120 °C. Each fractured specimen was repli-
cated by shadowing with platinum/carbon at an angle of about 45°,
followed by carbon shadowing to improve the mechanical stability
of the replica for subsequent electron microscopy. Electron
micrographs were taken with a JEOL JEM-200 CX electron
microscope.
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Results

Vesicle size and OD changes with incorporation
of octylglucoside

The OD at 500 nm and the relative particle size (diam-
eter of vesicles containing detergent at mole fraction x
divided by the diameter of the initial detergent free
vesicles, D,/ D) are plotted against octylglucoside con-
centration in Fig. la. The size of the initial detergent-
free vesicles was about 200 nm and the phospholipid
concentration was kept at 4 mM. As the detergent
concentration was increased, the OD and the apparent
particle size initially increased, then decreased, subse-
quently increased and decreased again. These observa-
tions suggest that at least four distinctive states are
included in the process of destruction of LUV by
detergent. With more than 30 mM detergent, the OD is
almost 0 and the particle size becomes very small, sug-
gesting the formation of mixed micelles.

Membrane state and order parameter

The order parameters of LUV and SUV are shown in
Fig. 2. The order parameters are not significantly dif-
ferent between LUV and SUV. Up to 20 mM detergent,
the order parameters slightly decrease with an increase
in the detergent concentration, but the decrease is small
and simple, suggesting a lamellar state is still main-
tained, even though the OD and the size abruptly
changed at about 10 mM detergent concentration. At a
concentration over 25 mM, the order parameter
abruptly decreased, indicating the beginning of the
destruction of the lamellar structure, i.e., vesicle solu-
bilization. The destruction of the lamellar structure is
completed at a concentration of 30 mM, where the OD
becomes almost 0 and the particle size is very small as
shown in Fig. 1.
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Fig 1 a Optical density ( OD) at 500 nm and b relative particle
diameter, D, / D, versus total octylglucoside concentration. The
phosphatidylcholine concentration was kept at 4 mM. The broken
line in b represents the theoretical line of Eq. (2)
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Fig. 2 Order parameter of A large unilamellar vesicles (LUV) and
B small unilamellar vesicles. 5-Doxyl stearate (5-DS) was used as a
spin probe in the electron spin resonance experiment. The
phosphatidylcholine concentration was kept at 4 mM

At a detergent concentration over 20 mM, two pha-
ses were separated after 48-h standing. The lower one
was viscous and clear and the other (upper one) was
turbid, similar to that previously observed by Almog
et al. [36]. They used SUV with 11.6 mM phospholipid.
They showed that phase separation occurs in a range of
32-54 mM detergent concentration [36]. As shown in
Fig. 3, freeze—fracture electron micrographs of the upper
turbid phase revealed the existence of small vesicles
about 30 nm in diameter, even though the original
detergent-free LUV was about 200 nm in diameter. We
named these small vesicles containing a large amount of
detergent SUV* in order to distinguish them from con-
ventional SUV prepared by ultrasonication. The
formation of SUV* can elucidate the situation in which
the OD and the size decrease but a lamellar state is
maintained.

Nature of SUV*

In order to examine the nature of SUV* in detail, SUV*
can be produced by adding an appropriate amount of
detergent into SUV prepared by ultrasonication. The
original detergent-free SUV were about 30 nm in
diameter. The time dependence of the vesicles after
addition of octylglucoside (1.0 molar ratio, R , in the
membrane phase) or sodium cholate ( R =0.3) is shown
in Fig. 4. As shown in Fig. 4 significant growth of SUV*
after addition of octylglucoside was observed with
incubation time and after about 2 days the size reached
a maximum, indicating that the growth is a rather slow
process. Freeze—{fracture electron micrographs are
shown in Fig. 5. The appearance of a transient state of
fusion was observed even at 7 days after addition of
detergent (Fig. 5b). On the other hand, detergent-free
vesicles kept their original size 7 days after preparation
(Fig. 5¢). Next, the following cycle was devised. Oc-
tylglucoside was added to initially detergent-free SUV of
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Fig. 3 Freeze—fracture electron
micrograph of a original vesi-
cles and b small vesicles in the
upper turbid phase near the
peak in Fig. 1b. The bar
represents 200 nm
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Fig. 4 Time course of vesicle size after addition of octylglucoside
(A) and sodium cholate (B)

35-nm diameter at R =1.1. The size of the vesicles in-
creased from point E to point F in Fig. 6. Then, the
vesicles were incubated for 6 h, and the size increased

from point F to point G. Finally, the detergent was re-
moved by dialysis against 1,000 ml buffer solution for
24 h, and the size decreased a little from point G to
point H. Electron micrographs of points G and H are
shown in Fig. 7. The image of the transient state of fu-
sion (point G) completely disappeared in removing
detergent (point H). In this cycle the vesicle size
increased to about 3 times the original size.

Fig. 5A-C Freeze—fracture electron micrographs of vesicles after
addition of octylglucoside at a molar ratio of 1.0. A Immediately,
B 7 days after addition of detergent, C detergent-free vesicles
7 days after preparation. The bar represents 200 nm
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Fig. 6 Size change of liposomes in the process of adding detergent,
standing, and removing detergent

Discussion

The solubilization of LUV by detergent is shown sche-
matically in Fig. 8. The scheme is characterized by
insertion of SUV* in the second stage of the three-stage
or four-stage model. The presence of SUV* can explain
many phenomena observed in the micelle—vesicle tran-
sition, which appear, in some cases, to conflict with each
other. The order parameter of the aggregate showed that
the lamellar structure was maintained up to 20 mM
octylglucoside, while the OD and the particle size
abruptly decreased near 10 mM. These observations can
be well explained by the formation of SUV* over
10 mM octylglucocide.

The partition behavior of octylglucoside observed in
our previous study is very different from that reported
by Almog et al. The apparent partition coefficient of
octylglucoside for LUV showed a strong dependence on
octylglucoside concentration as reported by Ollivon et al.

Fig. 7 Freeze—fracture electron
micrographs at points G and H
in Fig. 6 : -’
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Fig. 8 Schematic representation of the solubilization process of
LUV by a detergent

In the very low concentration range, the partition coef-
ficient was about 70 M. In contrast to our results,
Almog et al. reported that the partition coefficient for
SUV remains almost constant at 33 M~! over a wide
range of concentration, which is about half the value
obtained in our study. Interestingly, in a high concen-
tration range our value approached that reported by
Almog et al. [36]. The break down of LUV into SUV*
with the addition of octylglucoside at a concentration
of over 10 mM can well explain the discrepancy in
partition behavior.

The size and turbidity changes with the increase
in detergent concentration were dependent on the
lipid concentration. The previously mentioned four
distinctive states were observed in the phospholipid

G H



74

concentration range of 2.4-7 mM. At a lipid concen-
tration of less than 2 mM, the second increases in OD
and in size were not observed. On the other hand, at a
lipid concentration of more than 7 mM, the first de-
creases in OD and in size were not observed [30]. With
less than 10mM detergent, the OD and size simply in-
creased as shown in Fig. 1. In this concentration range,
if the growth of the vesicle size is only due to the
extension of the bilayer by the detergent molecules
incorporated into the vesicle membrane, the size of the
vesicles containing detergent at D, can be simulated
using the “‘effective” cross-sectional area of the detergent
molecules incorporated. If the “effective cross-sectional
area of the detergent is assumed to be half that of
phospholipid by allowing for a single chain of the
detergent and a double chain of the phosholipid, we
obtain the following equation:

4n(D,/2)*= 4n(Dy/2)* (14+R/2). (2)
Then
D./Dy=(1+R/2)'?, (3)

where R is the effective molar ratio of detergent to
phospholipid in the membrane phase and is a function
of the detergent concentration in the condition of
constant phospholipid concentration. The broken line
in Fig. 1b shows the theoretical line of Eq. (3). Below
10 mM octylglucoside, the theoretical curve coincides
with the experimental data, indicating that in this
concentration range the vesicles grow almost in accor-
dance with the cross-sectional area of the detergent
incorporated and that no special events, such as vesicle
destruction or vesicle fusion, occur. This is not the case
of Almog et al. [36]. They showed that the theoretical
curve in a similar analysis as ours did not agree with
experimental plots using SUV instead of LUV, even in
the low detergent concentration range [36]. This
discrepancy will be discussed later. Over 10 mM
octylglucoside, the experimental plots (solid line in
Fig. 1b) cannot be represented by a simple theoretical
line (dotted line), suggesting that some special events
occur in this concentration range.

Over 11 mM odetergent concentration, the OD and
the size decreased, then increased at about 20 mM
detergent, and abruptly decreased at a concentration of
just less than 30 mM. This observation suggests that
destruction of LUV occurs in two stages at least. The
initial decrease in the OD and the size suggests that small
particles form in the first stage and real wvesicle
destruction, i.e., solubilization, occurs in the second
stage.

The result of our simulation of vesicle growth with
increasing detergent concentration also differed from
that of Almog et al. Our experimental plots agreed well

with the theoretical curve up to 10 mM octylglucoside
concentration as shown in Fig. 2. The result suggests
that in this concentration range no special events occur
for LUV, the vesicle size simply increasing by the cor-
responding cross-sectional area of the detergent incor-
porated in the membrane. On the other hand, Almog
et al, in a similar analysis as ours, reported that the
experimental plots did not agree with the theoretical
curve even in the low concentration range. They used
small vesicles of about 30 nm in diameter prepared by
ultrasonication as the initial detergent-free vesicles. As
the phosphatidylcholine molecule is almost cylindrical,
the membrane surface is flat, i.e., larger vesicles are ex-
pected to be stable in the absence or in the presence of a
small amount of detergent. Then a size of 30 nm is
maybe far from the “apparent equilibrium size” [37,40],
and addition of a small amount of detergent easily
triggered vesicle growth on the experimental time scale,
similar to that in Fig. 5c.

The experiment carried out regarding the growth of
SUV* by addition of detergent to SUV does not involve
the same process of vesicle growth in the micelle-
to-vesicle transition. Nevertheless, these experimental
results give us useful information; when the vesicle
membrane is not so rigid, the size of the vesicles tends to
increase to the “apparent equilibrium size [37,40]. The
findings that a transient fusion image was observed
after addition of octylglucoside (Figs. 5b, 7, point G)
and that the transient fusion image completely
disappeared and spherical vesicles appeared (Fig. 7,
point H), lead to the consideration of the mechanism of
fusion that in the transient state local phase separation
might occur.

In this report we have described that vesicle fusion is
responsible for growth of small vesicles. Two mecha-
nisms have been proposed: one is fusion and the other is
phospholipid transfer. In this report electron microscopy
images strongly suggest that vesicle fusion is the main
process in the growth of small vesicles. Recently it has
been found that egg phosphatidylcholine vesicles con-
taining 5% of distearoyl phosphatidyl ethanolamine—
poly(ethylene glycol) are small, only 70 nm in diameter,
when the vesicles are prepared by octylglucoside re-
moval by dialysis. This is to be compared to 200 nm for
the size of conventional egg phosphatidylcholine vesicles
prepared by the same method. This suggests that fusion
is predominant in vesicle growth because a small amount
of distearoyl phosphatidyl ethanolamine—poly(ethylene
glycol) hardly interrupts phospholipid transfer, but
easily interrupts vesicle fusion owng to steric hindrance
by the great hydration of ethylene oxide.
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