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Effect of cholesterol or phospholipids
incorporation on vesicle formation of
muramyldipeptide derivative B30-MDP

Summary The muramyldipeptide
derivative B30-MDP has
immunoadjuvant activity and vesicle-
forming ability in aqueous solutions.
To assist in the clinical application of
B30-MDP to liposomal vaccine, we
investigated the physicochemical
properties including membrane
fluidity, surface charge and particle
size of B30-MDP vesicles containing
cholesterol, dipalmitoylphosphatidyl-
choline (DPPC) or dipalmitoyl-
phosphatidylglycerol (DPPG).

The membrane fluidity of B30-
MDP/cholesterol vesicles was slightly
influenced by cholesterol concentra-
tion and temperature. The membrane
fluidity of B30-MDP/phospholipid
vesicle was dependent on temper-
ature. ESR spectra clearly showed the
good miscibility of cholesterol with
B30-MDP and the occurrence of
phase separation between B30-MDP
and phospholipid.

The surface charge and particle
size of B30-MDP/cholesterol vesicles
were hardly influenced by cholesterol
concentration in the membrane
because the membrane surface was
covered with the hydrophilic region of
B30-MDP. The effect of this
hydrophilic region of B30-MDP on
the surface charge and particle size of
B30-MDP/phospholipid vesicle was
greater than that of phospholipid.

This study showed that the
membrane structure of B30-MDP/
cholesterol vesicle differed from that
of B30-MDP/phospholipid vesicle.
Further, the hydrophilic region of
B30-MDP is considered to play an
important role in the physicochemical
properties and formation of the
vesicle.
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Introduction

The muramyldipeptide derivative 6-O-(2-tetradecylhexa-
decanoyl)-N-acetylmuramyl-L-alanyl-D-isoglutamine
(B30-MDP) was synthesized to reduce the toxicity and
improve the immunoadjuvant activity of muramyldipept-
ide [1, 2]. B30-MDP is an amphipathic compound which
has double alkyl chains consisting of 14 carbons as the

lipophilic region and an MDP containing a carboxylic
group as the hydrophilic region. B30-MDP therefore
forms vesicles by itself in aqueous solutions [3]. These
characteristics suggested that B30-MDP would be useful
in the development of improved high-immunogenicity vac-
cines. Experimentally, Nerome et al. [4] reported that the
formation of liposomes with B30-MDP containing influ-
enza hemagglutin and neuraminidase antigens enhanced
the level and persistence of circulating antibody and
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cellular immunity in guinea-pigs and mice. However, clini-
cal use of B30-MDP as an adjuvant for liposomal vaccines
requires the evaluation of its physicochemical properties,
including membrane fluidity, surface charge and vesicle
size [5-9].

We previously reported the physicochemical proper-
ties of B30-MDP membrane obtained using polarizing
optical microscopy, differential scanning calorimetry and
electron spin resonance (ESR), and described the relation-
ship between its physicochemical properties and chemical

stability of B30-MDP in vesicle formation [10]. In the

present study, we evaluated the effect of cholesterol or
phospholipids incorporation on the physicochemical
properties and vesicle formation of B30-MDP using the
ESR [11], zeta-potential [12] and quasi-elastic laser light
scattering (QELS) methods [13].

Materials and methods
Chemicals

Muramyldipeptide derivative, [6-O-(2-tetradecylhexa-
decanoyl)-N-acetylmuramyl-L-alanyl-D-isoglutamine:
B30-MDP], synthesized by Daiichi Pharmaceutical Co.,
Ltd. (purity not less than 99%, Tokyo, Japan), was used
[1]. Dipalmitoylphosphatidylcholine (DPPC) and dipal-
mitoylphosphatidylglycerol (DPPG) (purity not less than
99%; Nichiyu Liposome Co., Ltd,, Tokyo, Japan) were
used without further purification. Cholesterol was ob-
tained from Sigma Chemical Co. (purity not less than
99%, MO, U.S.A)). The spin labeled reagents 5-doxyl-
stearic acid (SNS), 12-doxyl-stearic acid (12NS), and
2,2,6,6.-tetramethylpiperidine-N-oxyl (TEMPO) were ob-
tained from Aldrich Chemical Co., Ltd. (Wisconsin.,
U.S.A)). Octyl-g-D-glucoside (OG) (purity not less than
97%; Dojindo Laboratories, Kumamoto, Japan) was used
without further purification. All other chemicals used were
of the highest grade commercially available.

Preparation of vesicle samples

Vesicle samples for ESR and zeta potential measurement
were prepared by the Bangham method [14]. Briefly, B30-
MDP, cholesterol and phospholipids were dissolved sep-
arately in chloroform and the solutions were mixed in
a 20-ml round-bottomed flask. Cholesterol content ranged
from 0% to 75% (molar basis} and that of each phos-
pholipid from 0% to 100% (molar basis) against B30-
MDP. In addition, the content of spin probes SNS and
12NS was set at 0.5% (molar basis) of the total, where

necessary. The sample solutions were evaporated to dry-
ness and the films were hydrated at a temperature above
323 K with phosphate-buffered saline (PBS) and sonicated
with an ultrasonic cleaner (Model 5200; Branson Ultra-
sonics Japan) for 30 min to make multi-lamella vesicles
(average diameter 300400 nm). The prepared vesicles
were then filtrated using a membrane filter (Millipore
filter, pore size (.45 um) and PBS was added to bring the
total component concentration to 10 mmol/dm?®. For ves-
icles for experiments using TEMPO, TEMPO solution
(10 mmol/dm? in PBS) was added and adjusted to a final
concentration of 30 umol/dm?. Total component concen-
tration was adjusted to 10 mmol/dm?.

Vesicle samples for particle size measurement were
prepared by the detergent removal method [15]. The lipid
film was solubilized with PBS containing OG 10% (w/v).
Total component concentration was adjusted to 100
mmol/dm?. The sample solutions were packed into seam-
less cellulose tubing and dialyzed against several changes
of 2000 volumes of PBS with stirring several times to
remove OG.

Electron spin resonance (ESR) measurement

ESR spectra were recorded at the X-band as described
previously [3]. ESR measurement was performed at 298,
310.5 and 323 K. The outer hyperfine splitting con-
stant, Amax, was obtained from the separation 2Amax
between the low-field maximum and the high-field
minimum peaks in experiments using SNS and 12NS,
and TEMPO parameter was calculated from the meas-
ured high field nitroxide hyperfine line as described by
McConnell et al. [11].

Zeta potential measurement

The electrophoretic mobilities of the vesicles in PBS were
measured with a electrophoretic light scattering spectro-
photometer (model ELS-800 He-Ne laser 10 mW; Otsuka
Electronics Co., Ltd., Japan) at 298 K. The zeta potential
was then obtained by the Smoluchowski equation [12].

Particle size measurement

The particle size of the vesicles was measured by the QELS
method with a dynamic light scattering spectrophoto-
meter (model DLS-700 Ar laser 75 mW; Otsuka FElec-
tronics Co., Ltd., Japan) at 293 K. Average diameter was
measured by scattered intensity, and the distribution of
particle size was determined using histograms [13].
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Results and discussion
ESR measurement

ESR measurements were performed to determine the
membrane fluidity of B30-MDP with cholesterol, DPPC
or DPPG. Membrane fluidity was expressed by the Amax
and TEMPO parameters [11]: an increase in fluidity was
signified by a decrease in Amax or an increase in TEMPO
parameter. The average diameter of the vesicles used in
ESR measurements was 300400 nm.

Changes in membrane ﬂuiditj/ measured with SNS

The fluidity of the vesicle membranes was measured with
5NS, in which the nitroxide monitoring group is posi-
tioned near the membrane surface. Figure 1 shows the
Amax of 5NS in B30-MDP membranes with cholesterol,
DPPC or DPPG at 298, 310.5 and 323 K.

In the case of B30-MDP/cholesterol membrane, fluid-
ity of the membrane was slightly decreased with increasing
concentration of cholesterol at 298, 310.5 and 323 K.
When DPPC was added to B30-MDP membrane, fluidity
of the membrane was unchanged with increasing con-
centration of DPPC at 298 K. At 310.5 K, the fluidity of
B30-MDP/DPPC membrane was higher than that of
both DPPC and B30-MDP lone membrane. At 323 K,
the fluidity of B30-MDP/DPPC membrane was in-
creased at the DPPC concentration of 25% and above.
DPPC lone membrane has a gel-to-sub gel phase
transition (so-called pretransition) temperature of about
308 K and a sub gel-to-liquid crystalline phase tran-
sition (so-called main transition) temperature of about
315K [16, 17]. Changes in B30-MDP/DPPC membrane
fluidity were clearly related to that in phase of DPPC
lone membrane, namely gel, sub gel and liquid crystal-
line phase. The behavior of the B30-MDP/DPPC
membrane was closely similar.to that of B30-MDP/DPPG
membrane.

Miscibility of B30-MDP/cholesterol and B30-MDP/
phospholipid membrane was evaluated from ESR spectra
of 5NS. Figure 2 shows typical ESR spectra of 5NS in
B30-MDP membranes with cholesterol or DPPG at
323 K. When homogeneous distribution occurs in a binary
system membrane, the ESR spectra obtained from the
spin probe in the membrane indicates the unchanged
form, not peak width, at various proportions of B30-
MDP in the system. However, if phase separation of
the membrane occurs, the ESR spectra is observed by
the composite of the two individual signals, and two
separated signals appear in the lower and higher mag-
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Fig. 1 Relationship between concentration of cholesterol, DPPC or
DPPG and Amax value for 5NS in the membranes at various
temperatures. O: cholesterol, 0: DPPC, A: DPPG, a: 298K, b:
310.5K, ¢ 323K Vertical bars denote SD for a series of three
separate determinations

netic field of the spectra. This is because the distribution of
spin probe differs between the two component parts in the
membrane.

The ESR spectra B30-MDP/cholesterol membranes
were similar to that of the B30-MDP alone membrane
(Fig. 2a~d). These results indicate that cholesterol had
good miscibility with B30-MDP in membrane formation,
and was probably distributed homogeneously in the B30-
MDP membrane.
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2Amax

Fig. 2 Typical ESR spectra of 5NS in B30-MDP/cholesterol or
B30-MDP/DPPG vesicles at 323 K. a: B30-MDP lone vesicle, b:
33% of cholesterol, ¢: 50% of cholesterol, d: 75% of cholesterol, e:
25% of DPPG, f: 50% of DPPG, g: 75% of DPPG, h: DPPG lone
vesicle. The solid arrows indicate the low-field maximum and the
high-field minimum peaks. The dotted arrows with star symbols
indicate the low-field maximum peak corresponding to B30-MDP

On the other hand, the anisotropy of the spectra de-
creased with increasing concentration of DPPG in the
membrane, and the appearance of two separated signals in
the lower magnetic field was observed in the ESR spectra
of B30-MDP/DPPG membranes (Fig. 2e—g). In addition,
although the two separated signals should have been ob-
served at in higher magnetic field in the spectra, this was
not measurable owing to low sensitivity. The Amax values
of B30-MDP/DPPG membrane decreased with increas-
ing DPPG concentration, whereas the positions of the
peaks indicated by star symbols did not move with in-
creasing DPPG concentration but were the same as that of
the peak of the lower magnetic field obtained from B30-
MDP lone membrane. It was considered that the peaks
indicated by star symbols originated from B30-MDP
cluster formation in the B30-MDP/DPPG membrane,
and thus the phase separation between B30-MDP and
DPPG occurred in the membrane. The change in the ESR
spectra caused by the addition of DPPC to B30-MDP
membrane was similar to that by DPPG (data not shown).
It was considered that phase separation between B30-
MDP and DPPC also occurred in the B30-MDP/DPPC
membrane.
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Fig. 3 Relationship between concentration of cholesterol, DPPC or
DPPG and Amax value for 12NS in the membrane at various
temperatures. O: cholesterol, 0: DPPC, A: DPPG, a: 298K, b:
310.5K, ¢ 323K Vertical bars denote SD for a series of three
separate determinations

Changes in membrane fluidity measured with 12NS

The fluidity of the membranes was measured with 12NS, in
which the nitroxide monitoring group is positioned near
the central region of the alkyl chain of the lipid bilayer.
Amax of 12NS in B30-MDP membrane with cholesterol,
DPPC or DPPG at 298, 310.5 and 323 K were shown in
Fig. 3. The results indicated that the membrane fluidity of
the central region agreed with the results mentioned for
SNS above. In particular, membrane fluidity was clearly
changed by the addition of phospholipids at 323 K.
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fluidity of B30-MDP membrane with phospholipids
agreed with the results with SNS and 12NS. In particular,
it was likely that the fluidity of B30-MDZP/phospholipid
membrane at 310.5 K was more disordered than that of
B30-MDP or phospholipid lone membrane.

Effect of cholesterol incorporation on the membrane
Sfuidity of B30-MDP

In a previous paper, we reported that B30-MDP mem-
brane occurs in a liquid crystalline phase at temperatures
above 278 K, and that membrane fluidity at the liquid
crystalline phase is initially almost as low as that of phos-
pholipids at gel phase [3]. Further, we assumed that the
low fluidity of B30-MDP membrane at the liquid crystal-
line phase was caused by the stabilizing effect of hydrogen-
bonding on the hydrophilic region of B30-MDP [3].
Accordingly, the fluidity of B30-MDP/cholesterol mem-
brane was slightly decreased by increasing the concentra-
tion of cholesterol (Figs. 1-4), although it is well known
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Fig. 4 Relationship between concentration of cholesterol, DPPC or
DPPG and TEMPO parameter (f) in the membrane at various
temperatures. O: cholesterol, 0o: DPPC, a: DPPG, a: 298K, b:
310.5K, ¢ 323K Vertical bars denote SD for a series of three
separate determinations

Changes in membrane fluidity measured with TEMPO

TEMPO penetrates from outer aqueous phase to the
membrane, the fluidity of which can be expressed as the
TEMPO parameter. Results for B30-MDP with choles-
terol, DPPC or DPPG at 298, 310.5 and 323 K by this
parameter were shown in Fig. 4. Cholesterol enhanced the
rigidity of B30-MDP membranes. It was considered that
cholesterol was well miscible with B30-MDP and that the
lateral diffusion rates of B30-MDP were reduced by hy-
drophobic incorporation with cholesterol. The changes in

that cholesterol clearly reduces the lateral diffusion rates of
phospholipids at the liquid crystalline phase [16-18]. It
was considered that the decrease of membrane fluidity by
increasing the concentration of cholesterol was due to
a cooperative phenomenon of the stabilizing effect of hy-
drogen-bonding on the hydrophilic region of B30-MDP
and the hydrophobic interaction of cholesterol. On the
other hand, the homogeneous distribution of cholesterol
in B30-MDP membrane shown in the ESR spectra
(Figs. 2b-d) suggest that, if the stabilizing effect of the
bulky hydrophilic region in B30-MDP is destroyed by the
presence of a large amount of cholesterol in the membrane,
the fluidity of B30-MDP/cholesterol membrane is reduced
by the hydrophobic interaction of cholesterol.

Effect of phospholipids incorporation on the membrane
fluidity of B30-MDP

The effects of DPPC and DPPG incorporation on the
fluidity of B30-MDP were closely similar. The changes in
B30-MDP/phospholipid membrane fluidity did not relate
to the difference between DPPC and DPPG in surface
charge or structure, but rather depended on experimental
temperature (Figs. 1, 3,4). Thus, B30-MDP/phospholipid
membrane fluidity related to the phase of phospholipid
lone membrane, namely gel, sub gel and liquid crystalline
phase. The ESR spectra of SNS in B30-MDP/phospho-
lipid membranes indicated that phase separation occurred
between B30-MDP and phospholipid (Fig. 2e-g). These
data agreed with our previous report in which phase
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separation between B30-MDP and phospholipid was de-
termined using differential scanning calorimeter [3].

At the liquid crystalline phase temperature range of
the phospholipids lone membrane, the fluidity of B30-
MDP/phospholipid membrane was increased at the phos-
pholipid concentration of 25% or more (Figs. 1c, 3c,4c).
Regarding the addition of phospholipid to B30-MDP
membrane, it was considered that membrane fluidity was
increased with decreasing a network of stabilizing effect of
MDP region [3]. Because the stabilizing effect of the MDP
region on membrane fluidity was retained, phase separ-
ation occurred between B30-MDP and phospholipid in
the membrane, and the cluster of B30-MDP did not affect
the fluidity of the whole membrane.

Figures 1b,3b and 4b indicate the presence of max-
imum fluidity value versus phospholipid concentration
was observed at the sub gel phase temperature range of the
phospholipids lone membrane. B30-MDP membrane was
disordered by the addition of phospholipid, and phos-
pholipid membrane was disordered by the addition of
B30-MDP. These results suggest that the stabilizing effect
of MDP region at the membrane surface was disordered
by the presence of phospholipid, and that the hydrophobic
interaction of phospholipid at sub gel phase was disturbed
by the presence of B30-MDP. We consider that, if the
stabilizing effect of the surface structure in B30-MDP lone
membrane is lost, the flexibility of the alkyl chain of
B30-MDP at liquid crystalline phase will be higher than
that of phospholipid at sub gel phase.

At the gel phase temperature range of the phospholipid
lone membrane, the fluidity of B30-MDP/phospholipid
membrane was unchanged with increasing phospholipid
concentration. The fluidity of B30-MDP lone membrane
and phospholipid lone membrane was closely similar. The
fluidity of B30-MDP membrane was stabilized by the
effect of hydrogen-bonding on the hydrophilic region of
B30-MDP, and that of phospholipid membrane is stabil-
ized by the hydrophobic interaction of alkyl chains of
phospholipid at gel phase. Accordingly, it was considered
that the alkyl chain flexibility of the B30-MDP/phos-
pholipid membrane was stabilized by the hydrophobic
interaction of phospholipid at gel phase, while the stabiliz-
ing effect of the MDP region on membrane surface fluidity
was disturbed by the presence of phospholipid.

Zeta potential and particle size measurements
Zeta potential measurement
Zeta potential measurement provides direct information

about the B30-MDP vesicle surface charge and allows
estimation of how the B30-MDP vesicle surface is effect of

Zeta potential / mV

100
Concen./ %

Fig. 5 Relationship between concentration of cholesterol, DPPC or
DPPG and zeta potential on the membrane surface at 298 K. 0O:
cholesterol, 0: DPPC, A: DPPG

these on the zeta potential of B30-MDP membrane at
298 K. That of B30-MDP lone vesicle was about
—60 mV. This result indicates that zeta potential is in-
fluenced by the surface distribution of the dissociated
carboxylic group in the MDP region of B30-MDP in the
vesicle. The addition of cholesterol to B30-MDP vesicle
caused almost no increase in zeta potential. The surface
charge of a neutral phospholipid: DPPC lone vesicle was
about 0 mV, while that of an acidic phospholipid: DPPG
lone membrane was about —40mV (Fig. 5). The max-
imum error in this measurement was about 0.9 mV. Al-
though the surface charge of both phospholipids lone
membranes greatly differed from that of the B30-MDP
lone membrane, the magnitude of changes in the surface
charge of B30-MDP/phospholipid vesicles did not
increase in a phospholipid concentration-dependent
manner. In addition, the surface charge of 75% choles-
terol-containing membrane was lower than that of 75%
DPPG-containing membrane (Fig. 5).

The results of ESR measurements indicated that cho-
lesterol has good miscibility with B30-MDP in membrane
formation and reduce the lateral diffusion rates of the alkyl
chain order of B30-MDP in the membrane. It was there-
fore considered that the carboxylic group in the MDP
region approaches the outer region of the B30-MDP/cho-
lesterol vesicle surface while cholesterol was located in the
alkyl chain region of B30-MDP in the membrane. Thus,
the membrane surface of B30-MDP/cholesterol vesicle
was covered by the MDP region and the surface charge of
the membrane was influenced by the carboxylic group in
the MDP region.

In the case of B30-MDP/phospholipid membrane,
the charge density arising of the carboxylic group in the
MDP region in the membrane was decreased by the pres-
ence of phospholipid in the membrane surface; however,
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Fig. 6 Relationship between concentration of cholesterol, DPPC or
DPPG and particle size of the vesicles at 293 K. O: cholesterol, &
DPPC, A: DPPG Vertical bars denote SD for a series of three
separate determinations

changes in the surface charge of B30-MDP/phospholipid
membrane was observed when phospholipid at 75% or
above was added to the membrane. The MDP region is
bigger than the hydrophilic region of phospholipid. It was
speculated that the carboxylic group in the bulky MDP
region approaches the outer region of the B30-MDP/
phospholipid vesicle surface, and the effect of B30-MDP
on the zeta potential is greater than that of phospholipid.
In addition, the effect of phase separation between B30-
MDP and phospholipid in the membrane on the surface
charge was not clarified.

Particle size measurement

In view of the low stability of antigens against high temper-
ature and organic solvents, a detergent removal method
was used to manufacture B30-MDP liposomal vaccine
[15,19,20]. The effect of the addition of cholesterol,
DPPC or DPPG on the particle size of B30-MDP vesicles
prepared by the detergent removal method was shown in
Fig. 6.

The size of B30-MDP/cholesterol vesicles slightly in-
creased with increasing cholesterol concentration in the
vesicle. This effect of cholesterol incorporation (Fig. 6) can
be explained by the experimental fact that cholesterol
slightly enhances the rigidity of bilayer membranes at

room temperature, as described above, and slightly in-
hibits the curving of the bilayers [21].

Regarding B30-MDP/DPPC vesicles, particle size was
hardly changed by increases in DPPC concentration be-
low 75%, but increased at concentrations of 75% and
above. Thus, the particle size of DPPC vesicles was larger
than that of B30-MDP/DPPC vesicles. When DPPG was
added to B30-MDP, particle size first decreased with in-
creasing DPPG concentration and then gradually in-
creased. The size of the B30-MDP/DPPG vesicles was
smaller than that of both the B30-MDP and DPPG alone
vesicles (Fig. 6).

Jiskoot et al. [22] reported that the incorporation of
charged compounds reduces particle size according to the
Increase in electrostatic repulsion force at the vesicle sur-
face. They noted that the curvature of the vesicle is stabil-
ized by . the electrostatic repulsion force, because the
charged hydrophilic regions are further separated from
each other at a high degree of curvature.

The particle size of the DPPC vesicles was therefore
larger than that of B30-MDP/DPPC vesicles, while B30-
MDP/DPPG vesicles were smaller than both the B30-
MDP and DPPG lone vesicles.

The results of ESR measurements indicated that the
low fluidity of B30-MDP membrane at the liquid crystal-
line phase was caused by the stabilizing effect of hydrogen-
bonding on the hydrophilic region of B30-MDP [3], and
that phase separation occurred in the B30-MDP/phos-
pholipid membrane. Furthermore, the effect of the car-
boxylic group in the MDP region of B30-MDP on the
B30-MDP/phospholipid membrane affected the surface
charge and particle size of the membrane. It was apparent
that the hydrophilic region of B30-MDP played an impor-
tant role in B30-MDP/phospholipid vesicle formation.

In addition, the average diameter of B30-MDP/choles-
terol and B30-MDP/phospholipid vesicles ranged from 50
to 130 nm. A relationship was seen between particle size
and the amount of cholesterol or phospholipid added; we
therefore presumed that the particle size of B30-MDP
vesicles in the detergent removal method can be controlled
not only by the dilution rate [23-25] but also by incorpo-
ration with phospholipids or cholesterol.
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