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Effect of cholesterol or phospholipid
incorporation on the chemical stability
of the muramyldpeptide derivative
B30-MDP in mixed vesicles

Abstract Application of the
muramyldipeptide derivative B30-
MDP to liposomal vaccines will aid in
the development of improved high
immunogenicity vaccines. To give full
play to the effectiveness of B30-MDP
as a liposomal vaccine, it is important
to evaluate the effect of cholesterol,
dimyristoylphosphatidylcholine
(DMPC) or distearoylphosphatidyl-
choline (DSPC) incorporation on the
chemical stability of B30-MDP and
physicochemical properties of B30-
MDP/lipid mixed vesicles from the
view point of pharmaceutics.

The observed degradation rate
constants of B30-MDP by hydrolysis
in B30-MDP/cholesterol mixed vesi-
cles were increased with increasing
concentration of cholesterol, however,
those in B30-MDP/DMPC and B30-
MDP/DSPC mixed vesicles were
unchanged with increasing
concentration of DMPC and DSPC.
The degradation behavior of B30-
MDP was then compared with
physicochemical properties of B30-
MDP/lipid mixed vesicles, such as

membrane fluidity and particle size. It
was apparent that the degradation of
B30-MDP in B30-MDP/cholesterol
mixed vesicles was influenced by the
particle size, but not by the fluidity of
the membranes. In the case of B30-
MDP/phospholipid mixed vesicles,
the degradation of B30-MDP was not
influenced by either the membranes’
fluidity or the particle size of the
mixed vesicles.

It is considered that the degrada-
tion of B30-MDP in the mixed
vesicles is dependent on the mem-
brane state, and the addition of
cholesterol to B30-MDP vesicle
inhibits the mutual interaction of
MDP regions, whereas the addition of
phospholipids hardly influences the
mutual interaction of MDP regions,
possibly owing to phase separation
between B30-MDP and phospho-
lipids.
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Introduction

The muramyldipeptide derivative 6-O-(2-tetradecyl-
hexadecanoyl)-N-acetyl-muramyl-L-alanyl-D-isogluta-
mine (B30-MDP) was synthesized to reduce the toxicity
and improve the immunoadjuvant activity of muramyl-

dipeptide [1,2]. B30-MDP is an amphipathic compound
which has double alkyl chains consisting of 14 carbons as
the lipophilic portion and a muramyldipeptide (MDP)
containing a carboxylic group as the hydrophilic portion.
B30-MDP is able to form vesicles by itself in aqueous
solutions [3]. These characteristics suggested that B30-
MDP would be useful in the development of improved
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high immunogenicity vaccines. Experimentally, Nerome
et al. [4] reported that the formation of liposomes with
B30-MDP containing influenza hemagglutin and neura-
minidase antigens enhanced the level and persistence of
circulating antibody and cellular immunity in guinea-pigs
and mice.

It is of importance to clarify the chemical stability of
B30-MDP and the physicochemical properties of B30-
MDP/lipid mixed vesicles to be used clinically as an
adjuvant for liposomal vaccines [5-8]. We previously
evaluated the membrane fluidity of B30-MDP vesicles
containing cholesterol, dipalmitoylphosphatidylcholine
(DPPC) or dipalmitoylphosphatidylglycerol (DPPG) [9].
The findings have shown that the membrane fluidity of
B30-MDP/cholesterol mixed vesicles is slightly influenced
by cholesterol concentration and temperature, and that of
B30-MDP/phospholipid mixed vesicles is dependent on
the phospholipid concentration and temperature. ESR
spectra clearly showed the good miscibility of cholesterol
with B30-MDP and the occurrence of phase separation
between B30-MDP and phospholipid in the vesicle mem-
branes. It is thus apparent that the membrane structure of
B30-MDP/cholesterol vesicle differs from that of B30-
MDP/phospholipid vesicle.

Furthermore, we also have described the effect of octyl-
glucoside (OG) incorporation on the chemical stability of
B30-MDP in vesicle forming process [8]. Degradation of
B30-MDP in both vesicle and B30-MDP/OG mixed
micellar solutions occurred by a pseudo first-order reac-
tion at 313,323 and 333 K. The shelf-life of B30-MDP
mixed micellar solution supplemented with OG was ap-
proximately one-seventh that of B30-MDP alone in the
vesicle. The observed changes in degradation rate constant
{kops) of B30-MDP correlated well with those in membrane
fluidity induced by OG incorporation. Tt was clarified that
the increase in membrane fluidity labilizes B30-MDP in
the vesicle-forming process and that the increase of k.,
value of B30-MDP is dependent on a rise in the frequency
of its contact with water molecules, resulting from the
increase in membrane fluidity. We thus arrived at the
conclusion that the hydrophilic region of B30-MDP plays
an important role in determining the relationship between
the chemical stability of B30-MDP and the physicochemi-
cal properties of the vesicle.

In the present study, we evaluaied the effect of cho-
lesterol, dimyristoylphosphatidylcholine (DMPC) or dis-
tearoylphosphatidylcholine (DSPC) incorporation on the
chemical stability of B30-MDP in mixed vesicle as deter-
mined by high-performance liquid chromatography
(HPLC). We next evaluated the membrane fluidity of
mixed vesicles as determined by the electron spin reson-
ance (ESR) method and particle size as determined by
quasi-elastic laser light scattering (QELS) method, and

discussed the correlation between the degradation kinetics
of B30-MDP and membrane fluidity or particle size of
B30-MDP/lipid mixed vesicles.

Materials and methods
Chemicals

The muramyldipeptide derivative 6-O-(2-tetradecylhexa-
decanoyl)-N-acetyl-muramyl-L-alanyl-D-isoglutamine
(B30-MDP) (purity not less than 99%) synthesized by
Daiichi Pharmaceutical Co., Ltd. {Tokyo, Japan) was used
[1]. The phospholipids dimyristoylphosphatidylcholine
(DMPC) and distearoylphosphatidylcholine (DSPC)
(purity not less than 99%; Nichiyu Liposome Co., Ltd,,
Tokyo, Japan) were used without further purification.
Cholesterol (purity not less than 99%) was obtained from
Sigma Chemical Co. (St. Louis, MO, USA). The spin-
labeled reagent 5-doxyl-stearic acid (5NS) was obtained
from Aldrich Chemical Co., Inc. (Milwaukee, WI., USA).
All other chemicals used were of the highest grade com-
mercially available.

Preparation of vesicle samples

Mixed vesicle samples were prepared by the Bangham
method [10]. Briefly, B30-MDP, cholesterol and phos-
pholipids were dissolved separately in chloroform and the
solutions were mixed in a 20 ml round-bottomed flask.
The cholesterol and phospholipid content ranged from
0% to 75% (molar basis) against B30-MDP. In addition,
the content of SNS was set at 0.5% (molar basis) of the
total, where necessary. The sample solutions were evapor-
ated to dryness for making lipid film. The films were
hydrated at a temperature above 333 K with phosphate-
buffered saline (PBS: pH 7.4, u = 0.17) and sonicated with
an ultrasonic cleaner (model 5200, Branson Ultrasonics,
Japan) for 30 min to obtain mixed vesicles. The prepared
mixed vesicles were filtrated using a membrane filter (Mil-
lipore filter, pore size 0.45 yum) and PBS was then added to
bring the B30-MDP concentration to 100 umol/dm3. No
degradation of B30-MDP during the sonicating procedure
was detected by HPLC.

Kinetic measurement

Aliquots of the sample solutions were placed in 2 ml
ampules in a nitrogen atmosphere and sealed, and then
allowed to stand in constant temperature cabinets set at
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313 and 333 K (accuracy + 0.3 K). The maximum storage
periods of sample solutions were set for 16 weeks at 313 K
and 14 days at 333 K, respectively. The B30-MDP concen-
tration in sample solutions was determined by HPLC
analysis as described previously [8]. In view of the neces-
sity for use of liposomal vaccines to maintain the stability
of antigens in the clinical setting, kinetic measurements of
B30-MDP in the mixed vesicles were carried out at a con-
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Fig. 1 Plots of the degradation kinetics of B30-MDP in mixed vesi-
cles at 333 K. 0, B30-MDP alone vesicle. Additives concentration
(molar basis): @, 25%; 4, 50% and m, 75%. a; B30-MDP/cholesterol
mixed vesicles, b; B30-MDP/DMPC mixed vesicles, ¢; B30-MDP/
DSPC mixed vesicles

stant pH (pH = 7.4) and ionic strength (u = 0.17) since
antigens generally tend to be aggregated and denatured by
changes in pH, especially in acidic solutions [11-13].

ESR measurement

ESR spectra were recorded at the X-band according to
experimental conditions described previously [3]. ESR
measurements were performed to determine the mem-
brane fluidity of B30-MDP with cholesterol, DMPC or
DSPC mixed vesicles at 313 and 333 K. Membrane fluidity
of the mixed vesicles was expressed in A,, value, thus an
increase in fluidity is signified by a decrease in A, value.
The A...x value, or outer hyperfine splitting constant, was
obtained from the separation between a lower-field max-
imum and a higher-field minimum peaks corresponding
to 2 Amax in experiments using SNS as described by
McConnell et al. [14]. We previously reported the effect of
cholesterol, DPPC or DPPG incorporation on membrane
fluidity of B30-MDZP mixed vesicles [9]. The membrane
fluidity was evaluated by the use of SNS, 12-doxyl-stearic
acid (12NS), and 2,2,6,6,-tetramethylpiperidine-N-oxyl
(TEMPO). The changes in membrane fluidity detected by
A, were essentially in good agreement with those detec-
ted by TEMPO parameter, and it was considered that
A.ay values reflected the total membrane fluidity of the
membrane surface. Thus, we used 5NS for the evaluation
of membrane fluidity of mixed vesicles in this study.

Particle size measurement

The particle size of the mixed vesicles was measured by the
QELS method with a dynamic light scattering spectro-
photometer (model DLS-700 Ar, laser power 75 mW;
Otsuka Electronics Co., Ltd., Osaka, Japan) at 293 K.
Average diameter was measured by scattered intensity,
and the distribution of particle size was determined using
histograms [15].

Results and discussion
Chemical stability of B30-MDP in mixed vesicles

The effects of cholesterol, DMPC or DSPC incorporation
on chemical stability of B30-MDP in vesicles at 333 K are
shown in Fig. 1. The semi-logarithmic plots of residual
B30-MDP in vesicles versus time showed linearity (cor-
relation coefficients, |r| > 0.99). In addition, the results of
chemical stability of B30-MDP at 313 K also indicated
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Fig. 2 Effect of the concentration of cholesterol, DMPC or DSPC
on degradation rate constant of B30-MDP in the mixed vesicles.
¢ and ¢: B30-MDP alone vesicle, 0 and e: B30-MDP/cholesterol
mixed vesicle, o and m: B30-MDP/DMPC mixed vesicle, o and a:
B30-MDP/DSPC mixed vesicle. Open symbols: 333 K, Closed
symbols: 313 K

linearity {correlation coefficients, |r| > 0.99) against the
semi-logarithmic plots of residual B30-MDP in vesicles
versus time (data not shown). These results suggest that the
degradation of B30-MDP occurs by a pseudo first-order
reaction in the vesicles. We previously reported that the
degradation of B30-MDP in B30-MDP single component
vesicle (B30-MDP alone vesicle) occurred via a pseudo
first-order reaction [8]. We then concluded that the degra-
dation occurred at the MDP region where the hydrophilic
portion of the B30-MDP membrane is situated and that
the degradation depended on the hydrolysis reaction [8].
Accordingly, it was inferred that the hydrolysis of B30-
MDP in the B30-MDP/cholesterol or B30-MDP/phos-
pholipid mixed vesicles occurred at the MDP region in the
present study.

The effect of cholesterol, DMPC or DSPC incorpora-
tion on k., values of B30-MDP in the mixed vesicles at
313 and 333 K is shown in Fig. 2. In the B30-MDP/choles-
terol mixed vesicles, ko, values of B30-MDP increased
with increasing concentration of cholesterol. In contrast,
kops values of B30-MDP in B30-MDP/DMPC and B30-
MDP/DSPC mixed vesicles were scarcely influenced by
changes in the concentration of DMPC and DSPC. The
degradation of B30-MDP in the mixed vesicles was cal-
culated in accordance with the Arrhenius equation; and
the apparent activation energy virtually did not differ
among B30-MDP/cholesterol, B30-MDP/DMPC and
B30-MDP/DSPC mixed vesicles (about 130 kJ/mol, data
not shown). From a theoretical point of view, this is
consistent with the assumption that the degradation pro-
cesses of B30-MDP in the mixed vesicles are the same
[8, 16], and it suggests that the acceleration of B30-MDP

degradation occurs independently of the catalytic action
of cholesterol. Accordingly, it was suspected that the
increase in the degradation rate of B30-MDP might de-
pend on the changes in frequency of contact of water
molecules with the MDP region of B30-MDP, and the
frequency might relate to physicochemical properties
such as the membrane fluidity and particle size of the
mixed vesicles [8].

Effect of cholesterol, DMPC or DSPC incorporation
on membrane fluidity and particle size of mixed
vesicles

Figure 3 shows the effect of cholesterol, DMPC or DSPC
incorporation on the membrane fluidity of mixed vesicles
at 313 and 333 K. The fluidity of the B30-MDP/choles-
terol mixed membrane was similar to that of B30-MDP
alone membrane at 313 K, and was slightly decreased
with increasing concentration of cholesterol at 333 K.
The fluidity of B30-MDP/DMPC membrane evidently
increased with increasing concentration of DMPC at 313
and 333 K. With increasing concentration of DSPC, the
membrane fluidity of B30-MDP/DSPC mixed vesicles
was slightly increased at 313 and 333 K. The membrane
fluidity of B30-MDP/cholesterol mixed vesicles was
slightly influenced by cholesterol concentration and tem-
perature. Conversely, the membrane fluidity of B30-
MDP/phospholipid mixed vesicles was dependent on
temperature and phospholipid concentration. In addi-
tion, DMPC alone membrane is in a liquid crystalline
phase at 313 and 333 K, and DSPC alone membrane is in
a gel phase at 313K and a liquid crystalline phase at
333 K [17,18]. Furthermore, it was apparent that good
miscibility of cholesterol with B30-MDP and the occur-
rence of phase separation between B30-MDP, DMPC
and DSPC were recognized in the ESR spectrum of the
mixed vesicles (data not shown) as described previously
[9]. Therefore, it was reconfirmed that the effect of
DMPC and DSPC on the fluidity and miscibility of
B30-MDP mixed membrane were in agreement with
those of DPPG and DPPC on these properties of B30-
MDP mixed membrane [9].

The particle size of mixed vesicles is shown in Table 1.
The average diameters of the mixed vesicles were esti-
mated to be about 90 to 180 nm, and the size of B30-
MDP/cholesterol, B30-MDP/DMPC and B30-MDP/
DSPC mixed vesicles tended to increase with increasing
cholesterol, DMPC and DSPC concentration. The size
distribution of the vesicles prepared by the Bangham
method [10] was increased by increasing the average dia-
meter and was wider than that of the vesicles made by
detergent removal method [9]. The magnitude of increase
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Fig. 3 Effect of cholesterol, DMPC or DSPC incorporation on the
A, values of the mixed vesicles. © and ¢ B30-MDP alone vesicle,
o and e: B30-MDP/cholesterol mixed vesicle, o and m: B30-
MDP/DMPC mixed vesicle, o and a: B30-MDP/DSPC mixed ves-
icle. Open symbols: 333K, Closed symbols: 313 K Vertical bars
denote S.D. for a series of three separate determinations

Table 1 Effect of cholesterol, DMPC and DSPC on the particle size
of B30-MDP vesicle

Formulation of Additives Average  Standard
vesicles concentration diameter deviation

(molar basis; %) (am) (nm)
B30-MDP alone 0 135 38
B30-MDP/cholesterol 25 110 25

50 140 32

75 178 43
B30-MDP/DMPC 25 104 26

50 135 44

75 178 39
B30-MDP/DSPC 25 89 19

50 113 41

75 159 44

in average diameter induced by increasing the additive
concentration was essentially the same for the three addi-
tives cholesterocl, DMPC and DSPC.

Relationship between the degradation kinetics of B30-
MDP in mixed vesicles and the membrane fluidity
or particle size vesicles

Figure 4 shows the relation between A, values and
kous values at 313 and 333 K, and Fig. 5 shows the relation
between particle size and ko, values at 313 K. In the
B30-MDP/cholesterol mixed vesicles, increase in choles-
terol concentration labilized B30-MDP and slightly de-
creased the membrane fluidity. Correlation between the

Fig. 4 Correlations between the 4,,,, values and the observed degra-
dation rate constants of B30-MDP in mixed vesicles. ¢ and e:
B30-MDP alone vesicle, © and e: B30-MDP/cholesterol mixed ves-
icle, 0 and m: B30-MDP/DMPC mixed vesicle, A and a: B30-
MDP/DSPC mixed vesicle Open symbols: 333 K, Closed symbols:
313K
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Fig. 5 Correlation between the particle size and the observed degra-
dation rate constants of B30-MDP in mixed vesicles. o: B30-MDP
alone vesicle, 0: B30-MDP/cholesterol mixed vesicle, o: B30-
MDP/DMPC mixed vesicle, a: B30-MDP/DSPC mixed vesicle at
333K

ko values of B30-MDP and the particle size of B30-
MDP/cholesterol mixed vesicles was recognized (r=
0.877), indicating that an increase of particle size labilizes
B30-MDP in the mixed vesicles. On the other hand,
kobe values of B30-MDP in B30-MDP/DMPC and B30-
MDP/DSPC mixed vesicles were scarcely influenced by
changes in the concentration of DMPC and DSPC, while
membrane fluidity and particle size were increased by the
addition of phospholipids.



S. Ando et al.

683

Effect of lipid incorporation on the chemical stability of B30-MDP

In the case of B30-MDP/cholesterol mixed vesicles, an
increase in the concentration of cholesterol in the vesicle
membrane increased the k., value of B30-MDP (Fig. 2).
Fluidity of the B30-MDP/cholesterol mixed membrane
was similar to that of B30-MDP alone membrane at
313 K, and slightly decreased with increasing concentra-
tion of cholesterol at 333 XK. In addition, the good miscibil-
ity of cholesterol with B30-MDP was recognized in the
mixed vesicles. We previously reported that the membrane
fluidity of B30-MDP in a liquid crystailine phase was
similar to that of phospholipids in a gel phase [3,9], and
that the k., values of B30-MDP in vesicle formation were
much lower than those of other hydrophilic MDP deriva-
tives [8, 19], while the degradation occurred at the mem-
brane surface. Accordingly, the degradation of B30-MDP
seemed to relate to the decrease in formation of hydrogen
bonding in the mutual MDP regions at the membrane
surface [3,8,9]. If the distance between the MDP regions
of B30-MDPs reacting with each other is increased by
increasing the concentration of cholesterol in the mixed
vesicle, the mutual interaction at the MDP regions of
B30-MDPs, which might inhibit the degradation of B30-
MDP in the mixed vesicle, would be diminished. It is thus
mferred that the membrane fluidity of B30-MDP/choles-
terol mixed vesicle does not influence the degradation of
B30-MDP. The particle size of B30-MDP/cholesterol
mixed vesicles increased with increasing concentration of
cholesterol. It is considered that the distance between the
mutual B30-MDPs is increased by existence of cholesterol
in the membrane. In view of the effect of particle size of
B30-MDP/cholesterol mixed vesicles, it appears likely that
the distance between the mutually interacting MDP re-
gions of B30-MDPs is increased by increasing the particle
size and, eventually the interaction at the MDP region of
B30-MDPs diminished. Accordingly, an increase of par-
ticle size labilizes B30-MDP in the E30-MDP/cholesterol
mixed vesicles.

In addition, Zaslavsky et al. [20] reported that the
relative hydrophilicity of the phospholipid membrane sur-
face is increased by the addition of cholesterol via division
of the phospholipid head group. On the basis of their
report, it was inferred that the relative hydrophilicity of the
B30-MDP membrane surface was increased by the addi-
tion of cholesterol via division of MDP region and that the
increased hydrophilicity resulted in an increase in fre-
quency of contact of water with the MDP region when
cholesterol was added to the B30-MDP membrane. Thus,
the changes in the frequency of contact of water with the
MDP region is related to the state of the interaction at the
MDP region of B30-MDPs. It is considered that the in-
crease of cholesterol in B30-MDP mixed vesicles increases

the frequency of contact between water and the MDP
region in the mixed vesicles.

In the case of B30-MDP/DMPC and B30-MDP/
DSPC mixed vesicles, ko, values of B30-MDP were vir-
tually not influenced by changes in membrane fluidity and
particle size. We previously determined that phase sepa-
ration occurred in a B30-MDP/DPPC mixed membrane
[3,9], and the phase separation also occurred in both
B30-MDP/DMPC and B30-MDP/DSPC mixed mem-
branes. Regarding the occurrence of phase separation in
the mixed membranes, interaction at the MDP region
would be maintained by the formation of B30-MDP clus-
ters. It is considered, therefore, that the cluster formation
of B30-MDP was maintained despite changes in the
membrane fluidity and particle size, and there were no
appreciable changes in k,,, values of B30-MDP/DMPC
and B30-MDP/DSPC mixed membranes possibly owing
to the cluster formation.

We concluded that the degradation behavior of B30-
MDP in the vesicles is dependent on the state of mutual
interaction at the MDP regions of B30-MDPs.

Conclusion

The observed degradation rate constant of B30-MDP in
the mixed vesicles was increased with increasing concen-
tration of cholesterol, but was unchanged with increasing
concentration of DMPC or DSPC. We then discussed the
relation between the degradation of B30-MDP and
physicochemical properties such as membrane fluidity
and particle size of B30-MDP mixed vesicles. It was
apparent that the degradation of B30-MDP/cholesterol
mixed vesicles is influenced by the particle size, but
not by the fluidity of the membranes. In the case of
B30-MDP/phospholipid mixed vesicles, the degrada-
tion of B30-MDP was not influenced by either the mem-
brane fluidity or the particle size of B30-MDP mixed
vesicles.

It is considered that the addition of cholesterol in-
hibits mutual interaction at the MDP regions, whereas the
addition of phospholipids having membrane-forming
ability had little or no influence upon the mutual inter-
action of MDP regions via phase separation between
B30-MDP and phospholipids in the mixed vesicles. We
thus conclude that the degradation behavior of B30-
MDP in the vesicles is dependent on the state of mutual
interaction at the MDP regions of B30-MDPs, which
relates to the frequency of contact of water with the MDP
region.
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