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Relationship between physicochemical
properties and chemical stability of

muramyldipeptide derivative B30-MDP
in liposomai soiutions

Abstract The muramyldipeptide
derivative B30-MDP has
immunoadjuvant activity and vesicle-
forming ability in aqueous
environments. It is therefore
important to evaluate the relationship
between its physicochemical
properties and chemical stability for
use as a vaccine adjuvant. We studied
the effects of octyl-f-D-glucoside
(0.G)) incorporation on the
physicochemical properties and
chemical stability in aqueous solution
at pH 7.4. The changes in particle size
and in the membrane fluidity of
B30-MDP liposomes, which were
induced by the addition of O.G., were
measured to confirm the transition
from micelle phase to vesicle phase.
The degradation of B30-MDP in both
liposomal and mixed micellar

solutions was measured by reverse-
phase high-performance liquid
chromatography. This degradation
occurred by a pseudo first-order
reaction at 313, 323 and 333 K. The
shelf-life of the B30-MDP solution
supplemented with O.G. was
approximately one-seventh of that of
B30-MDP alone in the liposomal
solution. The changes in the k,
values of B30-MDP correlated well
with those in membrane fluidity
induced by O.G. incorporation. These
results indicate that an increase in
membrane fluidity labilizes B30-
MDP in liposomal solution.
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Introduction

The muramyldipeptide derivative 6-O-(2-tetradecythexa-
decanoyl)-N-acetyl-muramyl-L-alanyl-D-isoglutamine
(B30-MDP) was synthesized to reduce the toxicity and
improve the immunoadjuvant activity of muramyldipep-
tide [1, 2]. Additionally, in an aqueous environment, B30-
MDP has amphipathic properties in vesicle formation, as
has a phospholipid [3]. It therefore appeared that B30-
MDP would be very useful in the development of im-
proved high immunogenicity vaccines. In practice,
Nerome et al. [4] reported that the formation of liposomes

with B30-MDP containing influenza hemagglutin and
neuraminidase (HANA) antigens enhanced the level and
persistence of circulating antibody and cellular immunity
in guinea-pigs and mice.

If B30-MDP is to be used in practice as an adjuvant for
a liposomal vaccine, the prediction of its chemical stability
in liposomal solution is important. It is also necessary to
carefully monitor the stability of B30-MDP during lipo-
some manufacture. In view of the generally low stability of
antigens, a detergent removal method was used for the
manufacturing of B30-MDP liposomal vaccine [5].
Octyl-g-D-glucoside (O.G.) has been chosen as the deter-
gent for this method because O.G. has apparently mild
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affinity for proteins and can be easily removed from a solu-
tion containing solubilized antigens and lipids by dialysis
[é, 71.

In a previous paper [3], we reported the physicochemi-
cal properties of B30-MDP in relation to membrane
formation, using polarizing optical microscopy, differen-
tial scanning calorimetry and electron spin resonance
spectroscopy. The physicochemical characteristics of the
gel-to-liquid crystalline phase transition and the fluidity of
B30-MDP membrane were clarified.

In the present paper, we evaluated the changes in the
physicochemical properties of B30-MDP liposome that
were induced by the incorporation of O.G., and studied
the effect of these changes on the chemical stability of
B30-MDP. First, we evaluated the physicochemical effects
on the vesicle-forming process from B30-MDP-O.G.
mixed micellar solutions. The particle size and membrane
fluidity of the liposomal and mixed micellar solution of
B30-MDP were measured by the quasi-elastic laser light
scattering (QELS) method and the electron spin resonance
(ESR) method, and the chemical stability of the liposomal
and mixed micellar solutions of B30-MDP was then deter-
mined by high-performance liquid chromatography
(HPLC). We next evaluated the relationship between the
physicochemical properties and the degradation kinetics
of B30-MDP.

Experimental
Materials

B30-MDP synthesized by Daiichi Pharmaceutical Co.,
Ltd. (Tokyo, Japan), was used in the present study. Its
chemical structure is shown in Fig. 1. Octyl-f-D-giucoside
(0.G.) (97%, Dojindo Laboratories, Kumamoto, Japan)
was used without further purification. The spin probe,
5-doxyl-stearic acid (5NS), was obtained from Aldrich
Chemical Co., Ltd. (Wl., U.S.A).

Fig. 1 Chemical structure of B30-MDP
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Buffer solutions

The 0.05 M phosphate buffers were prepared by dissolving
potassium dihydrogen phosphate in water and adjusting
the pH to 7.4 with concentrated sodium hydroxide. The
ionic strength of the phosphate buffers was adjusted with
sodium chloride to remain in the range 0.05 to 0.5.

Particle size

The particle size of the liposomal and mixed micelle solu-
tion of B30-MDP was measured by the QELS method
with a dynamic light-scattering spectrophotometer
(Otsuka Electronics Co., Ltd., model DLS-700 Ar, Japan).
The average diameter measured by scattered intensity and
the distribution of particle sizes were determined using
histograms [8].

ESR method

Spin-labeled B30-MDP solutions were prepared as fol-
lows. B30-MDP and 5NS were dissolved separately in
chloroform, and these solutions were mixed in a 20-mL
round bottomed flask, giving a spin probe content of
approximately 0.5% of that of B30-MDP on a molar basis.
This solution was evaporated to dryness. An accurately
weighed quantity of the lipid film of B30-MDP was hy-
drated at room temperature with an appropriate buffer
solution, and was sonicated with a ultrasonic cleaner
(Branson Ultrasonics, model 5200, Japan) for 20 min to
make the liposomal or mixed micellar solution.

ESR spectra were recorded as described previously [3].
The experimental temperature was set at 323 K. Order
parameter was calculated from measured T}, and T, in
experiments using 5SNS as reported by McConnell et al.

(9]

Kinetic measurements

The sample solutions were prepared as the same manner
as for ESR, but the solution did not contain SNS. Aliquots
of the sample solutions were put into 2ml ampules in
a nitrogen atmosphere and sealed, and were then allowed
to stand in constant temperature cabinets, which were set
at 313, 323, and 333 K (accuracy + 0.3 K).

HPLC Method

A high-performance liquid chromatograph (Jasco, model
PU-980, Japan) with a variable-wavelength ultra violet
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(UV) spectrophotometer (Jasco, model UV-970, Japan),
and an intelligent sampler (Jasco, model 851-AS, Japan)
were employed for the quantitative analysis of B30-
MDP. Chromatographic separation was carried out
using a Shodex ODSpak F-511A column (5 um;
250 mm x 4.6 mm i.d.) with the mobile phase: methanol-
water (19:1) containing 0.1% of perchloric acid. The flow
rate was 1.2 ml/min. The column temperature was kept at
313K by a variable temperature control unit (Jasco,
model 860-CO, Japan). The wavelength of the detector
was set at 215 nm. The injection volume of the sample was
50 pL. All kinetic measurements were performed in tripli-
cate.

Results and discussion

Effects of O.G. incorporation on size and membrane fluid-
ity of B30-MDP liposome

B30-MDP liposomal vaccine was prepared by the deter-
gent removal method, which utilizes a phase transition
from mixed micelle to vesicle. The effect of O.G. on the
particle size and membrane fluidity of B30-MDP solutions
was evaluated over a range of O.G. concentration from
1 to 100 mmol/dm? to confirm the phase transition. The
concentration of B30-MDP in the solution was adjusted to
100 umol/dm?®. Figure 2 shows that the particle size
remained constant in a range of O.G. concentrations from
30 to 100 mmol/dm? and suddenly increased as the O.G.
concentration was decreased to 25 mmol/dm?, and the
particle size of B30-MDP then decreased at an O.G. con-
centrations below 25 mmol/dm3. These resuits indicate
that the B30-MDP liposome formed from mixed micelle at
O.G. concentration below 25 mmol/dm?3. In addition, the
changes in the particle size of B30-MDP liposomes in-
dicated a phase transition. These phenomena were similar
to those observed in the phospholipid liposome when the
detergent removal method was used [10].

The effect of O.G. on the membrane fluidity of B30-
MDP liposome is also shown in Fig. 2. The fluidity of
B30-MDP membrane was measured with 5NS the B30-
MDP. The results showed that the order parameter, which
reflected membrane fluidity [9], did not change between
O.G. concentrations of 25 and 100 mmol/dm3, while the
order parameter of B30-MDP membrane increased as the
O.G. concentration was decreased below 25 mmol/dm?3.
These results indicate that the phase transition of B30-
MDP vesicle formation from B30-MDP-O.G. mixed
micelle occurred at an O.G. concentration of
25 mmol/dm?, and was quantitatively evaluated from
the standpoint of physicochemical properties such as the
changes in particle size and membrane fluidity.
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Fig. 2 Effect of O.G. concentration on size and order parameter of
B30-MDP solutions (pH 7.4, p = 0.17). O, size and ®, order para-
meter

Chemical stability of B30-MDP in aqueous solutions

The chemical stability of B30-MDP in aqueous solutions
was studied to clarify the effect of phase transition on
degradation kinetics. The initial concentration of B30-
MDP in the sample solutions was adjusted to
100 pmol/dm?, and the kinetic measurements of B30-
MDP solutions were carried out at pH 7.4 because it is
necessary to take care to maintain the stability of antigens
for practical use as liposomal vaccines. Antigens tend to be
generally aggregated and denatured by changes in pH,
especially in acidic solution [11-13]. Figure 3 shows that
the degradation of B30-MDP in aqueous solutions was
performed at various temperatures at a constant pH
(pH = 7.4) and a constant ionic strength (u = 0.17). The
semi-logarithmic plots of remaining B30-MDP versus
time showed linearity (r > 0.99). These data indicate that
the degradation of B30-MDP occurred by a pseudo first-
order reaction at 313, 323 and 333 K in both liposomal
and mixed micellar solutions of B30-MDP. The degrada-
tion kinetics of B30-MDP liposome were similar to that
observed with the phospholipid liposome [14-16]. In the
same articles, it was reported that the degradations of
phospholipids in liposome membranes resulted in the
formation of lyso-phosphatidylcholine and fatty acid,
which led to the conclusion that the degradation of the
phospholipids occurred in their hydrophilic portions. It is
supposed that the degradation of B30-MDP liposome
occurs in the MDP region, where the hydrophilic portion
of the B30-MDP membrane is situated. Additionally, if the
chemical degradation of B30-MDP occurs only in the
monodisperse state, and not in the liposomal state, the
degradation kinetics may indicate a pseudo zero-order
reaction [17].
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Fig. 3 Plots of the degradation kinetics of B30-MDP at various
temperatures (pH 7.4, u = 0.17). B30-MDP in liposomal solution: O,
313K; A, 323K and O, 333 K. B30-MDP in mixed micellar solu-
tion (O.G. concentration: 100 mmol/dm?): @, 313K and 4, 323K
and W, 333K

The effects of ionic strength on the degradation rate of
B30-MDP liposomal and micellar solutions were then
evaluated.

Within a restricted range of ionic strength (1), logkon,
(kops: Observed degradation rate constant) may be ex-
pressed by the following equation:

Logkess = Logk (n =0) + 24ZxZn /(1 + V1) (1)

where A is a constant for a given solvent at a given
temperature and Z, and Zy are the charges on reaction
species A and B, respectively [18]. The logk,,, values

versus \//:/(1 + \/;1) would be expected to be linear only
within the limits of the Debye—Huckel expressions;
Carstensen [ 19] reviewed kinetic ion effects in the pharma-
ceutical literature and concluded that plots of logkqps

versus \/;7/(1 + \/;:) may be linear at ionic strengths be-
low 1.0.

The degradation of B30-MDP at various ionic
strengths occurred by a pseudo first-order reaction (data

not shown). The plots of log k,,; versus \/;;/(1 + ﬁ) are
shown in Fig. 4. The results showed that the slopes were
approximately zero. Thus, an increase in the ionic strength
of buffer solutions did not affect the k,,, values of B30-
MDP in either the liposomal or the mixed micellar solu-
tion. It was clear that no kinetic ion effect of B30-MDP
was observed in an aqueous environment; it is considered
that the k., value of B30-MDP was closely related to
spontaneous hydrolysis or a water-catalyzed reaction
[18, 19].

We next evaluated the effect of O.G. incorporation on
the degradation of B30-MDP liposome. Figure 3 indicates
that the degradation of B30-MDP was accelerated by the
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Fig. 4 Effect of ionic strength on degradation rate of B30-MDP at
various temperatures at pH 7.4. B30-MDP in liposomal solution: O,
313K; A, 323K and [, 333 K. B30-MDP in mixed micellar solu-
tion (O.G. concentration: 100 mmol/dm?®): @, 313K and A, 323K
and W, 333K
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Fig. 5 Effect of temperature on the degradation of B30-MDP by the
Arrhenius plots (pH 7.4, u = 0.17). O, B30-MDP in liposomal solu-
tion and @, B30-MDP in mixed micellar solution (O.G. concentra-
tion: 100 mmol/dm?)

addition of O.G. (100 mmol/dm?). Thus, the effect of tem-
perature and O.G. incorporation on the degradation
of B30-MDP in agueous solution was evaluated by the
Arrhenius plots shown in Fig. 5. Here, B30-MDP in
100 mmol/dm? O.G. solutions formed an O.G.-B30-MDP
mixed micelle as suggested by the results shown in Fig, 2,
The degradation of B30-MDP in both the liposomal solu-
tion and the mixed micellar solution showed in accordance
with the Arrhenius equation, and the degradation rates of
B30-MDP, increased by the presence of O.G., did not
depend on the changes in the apparent activation energy,
but rather on those in the frequency factor, as shown in
Fig. 5. From a theoretical point of view, this is consistent
with the assumption that the degradation processes of
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Table 1 Activation energies (Ea) and frequency factors (A) for the degradation of B30-MDP in aqueous solutions and the calculated shelf lives

(too) at 298 and 288 K.

Formation Ea(kJ mol™ %) AG™Y tgo at 298 K (day) too at 288 K (day)
Liposome 134.5 1.58 x 101> 289 1869
Mixed micelle* 132.6 478 x 10*3 45 287

*At an O.G. concentration of 100 mmol/dm3

B30-MDP in both liposomal and in mixed micellar solu-
tions are the same [20]. It also suggests that the acceler-
ation of B30-MDP degradation occurs independently of
the catalytic action of O.G.

On the other hand, it is important to evaluate both the
chemical stability of B30-MDP in liposomal solutions and
the process of liposome manufacture from the standpoint
of producing a B30-MDP vaccine for practical use. The
shelf lives (t50) of B30-MDP in liposomal and mixed micel-
lar solutions were calculated using the parameters ob-
tained from the Arrhenius plots in Table 1. The results
showed that the tg9 of B30-MDP in the mixed micellar
solution was approximately one-seventh of that seen with
B30-MDP alone in the liposomal solution. The minimum
shelf-life of B30-MDP as a vaccine adjuvant would in
general need to be longer than 1 year, and so B30-MDP
liposome must be kept below 288 K. The calculated t, for
B30-MDP in mixed micellar solution at 298 K was 45
days, suggesting that the stability of B30-MDP during the
process of liposome manufacture is assured. Its stability in
liposomal solution has been shown to be much higher than
that of other hydrophilic MDP analogs at neutral pH
[21]. These results indicate that the degradation of
B30-MDP was inhibited by the formation of liposome.

Relationship between physicochemical properties and
degradation kinetics of B30-MDP

We considered that the chemical stability of B30-MDP
was influenced by the presence of O.G., but that the
acceleration of its degradation induced by O.G. was a result
of its different state of dissolution in the mixed micellar
solution, not of the catalysis by O.G. To confirm the
distinction between the chemical stability of B30-MDP in
liposomal solution and that in micellar solution, we
studied the relationship between the physicochemical
properties and degradation kinetics of B30-MDP. We first
examined the effect of O.G. on the observed degradation
rate constant (k) of B30-MDP as shown in Fig. 6. The
results showed that, while the k., values of B30-MDP
solutions containing O.G. increased with the O.G. concen-
tration, they did not change at concentrations higher than
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Fig. 6 Effect of O.G. concentration on the observed degradation rate
constant of B30-MDP (pH 74, u = 0.17)
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Fig. 7 Correlation between the size of B30-MDP liposomes and the
observed degradation rate constants (pH 7.4, u = 0.17). O.G. concen-
tration: O, not higher than 15 mmol/dm? A, 20 mmol/dm® and
25 mmol/dm? and @, 30 mmol/dm? or above

25 mmol/dm?. At concentrations above 25 mmol/dm?, it is
thought that B30-MDP formed a mixed micelle, and the
kops values of B30-MDP in the micellar solutions remained
constant. This suggests that the degradation of B30-MDP
was not affected by the number of micelles of O.G., in
contrast with the concept of a “micellar catalyzed reac-
tion” described by Yasuhara et al. [22].
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Fig. 8 Correlation between the order parameter of B30-MDP lipo-
somes and the observed degradation rate constants (pH 7.4,
u = 0.17). O.G. concentration: O, not higher than 15 mmol/dm?; A,
20 mmol/dm? and 25 mmol/dm?; and @, 30 mmol/dm? or above

It was suspected that the increase in the k. values of
B30-MDP might have corresponded with the progress of
B30-MDP liposome solubilization in factors such as the
changes in particle size and membrane fluidity shown in
Fig. 2. The particle size was therefore compared with the
kops values of B30-MDP in an aqueous environment, as
shown in Fig. 7, with results indicating however, that the
changes in the particle size of the liposome did not corre-
late with the changes in the k., values of B30-MDP. In
addition, it was apparent that the relationship between the
particle size and the k,,, values was of three kinds, and in
three phases, according to the increase of O.G. concentra-

tion: 1) change in k., value without change in particle size,
2) no change in k., value but a change in particle size, and
3) no change in either.

To examine the relationship between the membrane
fluidity and chemical stability of B30-MDP, we next com-
pared the order parameter with k,, values (Fig. 8). The
changes in the k., values correlated well with those in
membrane fluidity induced by O.G. incorporation, indi-
cating that an increase in membrane fluidity labilizes B30-
MDP in liposomal solution. The good correlation found
between these parameters suggests that the hydrophilic
portion of B30-MDP is the site of degradation reaction,
and it was considered that the increase of B30-MDP k,,,
was dependent on a rise in the frequency of contact with
water molecules, resulting from the increase in membrane
fluidity.

The present findings suggest that the micelle-vesicle
phase transition and the process of solubilization resulting
from detergent removal can be monitored by observing
changes in particle size and membrane fluidity. The
micelle-vesicle phase transition affected the chemical stab-
ility of B30-MDP in an aqueous environment, and the
changes in the membrane fluidity of B30-MDP lipocsome
correlated with those in its chemical stability. It is sup-
posed that the hydrophilic portion of the B30-MDP mol-
ecule probably plays an important role in the
physicochemical properties and the chemical stability of
the B30-MDP liposome.
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