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Abstract

To obtain information on the effects of Ca2� on the membrane properties of the lipid A
analogue E5531, we have determined the aggregate size, zeta potential, membrane ¯uidity,
micropolarity and permeability of the E5531 membrane as a function of Ca2� levels.

Within the molar ratios of [Ca2�]=[E5531]� 1 and 3, Ca2� increased the zeta potential
of the E5531 membrane but had no effect on aggregate size (approximately 20 nm). Within
the above ratios, Ca2� decreased the membrane ¯uidity, as measured by micropolarity of
E5531 and increased the phase transition temperature.

The pharmacokinetics in rats for these samples with different membrane ¯uidity,
prepared by changing the pre-dose formulation concentration of Ca2�, was determined
and a correlation between membrane ¯uidity and pharmacokinetics was clearly observed.

It thus appears that Ca2� effects the membrane ¯uidity of E5531 as well as its
pharmacokinetics in rats.

Lipid A, a lipid anchor in lipopolysaccharide, is
located on the outer membrane of Gram-negative
bacteria. Lipid A is a potent biologically active site
(Morrison & Ryan 1979) and is involved in the
induction of prostaglandins and cytokines such as
interferon (Homma et al 1985) in mammalian
macrophages and lymphocytes. The compound is
also involved in inducing certain undesirable toxic
effects such as fever and the Schwartzmann
bleeding reaction (Vogel et al 1984; Galanos et al
1985).

Numerous attempts have been made to synthesize
low toxicity lipid A analogues. Recent work in our
laboratory indicates that some lipid A analogues
may be potent lipopolysaccharide antagonists. The
synthetic disaccharide lipid A analogue E5531
(Figure 1) has a low toxicity, while retaining a
variety of useful biological activities (such as
reduction of production of tumour necrosis factor
(TNF)) (Christ et al 1995). This compound has
been found to be a speci®c lipopolysaccharide
antagonist, as evidenced by a lipopolysaccharide-

binding assay, and inhibits lipopolysaccharide-
induced TNF production in monocytes=macro-
phages. The anticipated use for this compound is as
a drug for the treatment of septic shock.

In this study, a new pH-jump method for dis-
persing E5531 has been developed for the pre-
paration of an injectable formulation (Asai et al
1998). E5531 aggregates have vesicles with dia-
meters of approximately 20 nm (Asai et al 1999a).
In addition, the membrane ¯uidity was determined
in the dispersing process in the pH-jump method
and the pharmacokinetic pro®le was found to be
dependent on membrane ¯uidity (Asai et al 1999b).

In the case of cationic phospholipids, membrane
¯uidity is affected by divalent cations which results
in an increase in the phase transition temperature
(Hammoudah et al 1979; Dluhy et al 1983; Hauser
& Shipley 1984). E5531 is also classi®ed as a
cationic lipid and, hence, it would be expected that
the membrane ¯uidity of E5531 aggregates would
be altered by the addition of cations. In this study,
the following hypotheses were examined: E5531
aggregates will rapidly interact with macro-
molecules and other factors in biological ®elds to
form reaction products; the resulting pharmaco-
kinetic properties of these reaction products would

Correspondence: Y. Asai, Formulation Research Labora-
tory, Kawashima, Eisai Co., Ltd, Takehaya-machi, Kawa-
shima-cho, Hashima-gun, Gifu 501-6195, Japan.



likely be a function of the membrane properties of
the original particles, which in turn would be
functions of the formulation conditions, particu-
larly [Ca2�].

The purpose of this study was to verify the above
hypotheses by investigating the effects of Ca2� on
E5531 membrane properties such as aggregate size,
zeta potential, membrane ¯uidity, micropolarity
and permeability and to correlate these physico-
chemical properties with pharmacokinetics in rats.

Materials and Methods

Materials
E5531 (MW� 1543�80) was obtained from Eisai
Chemical Co., Ltd (Ibaraki, Japan). Calcium
chloride (CaCl2) and 1,6-diphenyl-1,3,5-hexatriene
(DPH) were purchased from Wako Pure Industrial
Ltd (Osaka, Japan). Calcein (3,30-bis[N,N-bis (car-
boxymethyl)aminomethyl]-¯uorescein) was pur-
chased from Dojin Co., Ltd (Kumamoto, Japan). N-
Dansylhexadecylamine (DSHA) was obtained from
Lambda Co., Ltd (Graz, Austria).

Preparation of E5531 dispersions
Samples were prepared using the pH-jump method
(Asai et al 1998). A 1�3-g sample of E5531 was

dispersed in 650 mL 0�003 M NaOH solution by
stirring at 50�C for 60 min. This solution was
mixed with phosphate±NaOH buffer containing
lactose and the volume adjusted to 13 L by adding
water to achieve the formulated solution, which
was E5531: 100 mg mLÿ1 (64�7 mM), 4�25 mM

phosphate±NaOH and 10% lactose solution,
pH 7�3. This formulated solution was passed
through a 0�22-mm ®lter and lyophilized. After
reconstitution with water to an E5531 concentration
of 100mg mLÿ1, the solution was ready for use in
the experiments. Solutions (10 mM) of CaCl2 were
prepared and added to the E5531 reconstituted
solutions to achieve [Ca2�]=[E5531] molar ratios
of 0, 1, 3, 5, 7 and 10.

Effect of Ca2� on E5531 aggregate size
The size of the E5531 aggregates was determined
after the addition of Ca2� to the reconstituted
solutions at 25�C by dynamic light scattering
(DLS) techniques using a laser particle analyser
(model DLS-7000DL, Ohtsuka Electronics Co.,
Ltd, Osaka, Japan). The data were analysed by the
histogram method (Gulari et al 1979) and the
weight-averaged size evaluated.

Effect of Ca2� on zeta potentials
Zeta potentials of the E5531 aggregates after the
addition of Ca2� to the reconstituted solutions were
measured at 25�C using a zeta potential analyser
(model ELS-800, Ohtsuka Electronics Co., Ltd,
Osaka, Japan). The data are given as the mean
value of triplicate measurements.

Effect of Ca2� on membrane ¯uidity of E5531
aggregates
The membrane ¯uidity of E5531 aggregates, after
the addition of Ca2� to the reconstituted solutions,
was determined using a ¯uorescence polarization
technique (probe: DPH) as reported by Iwamoto et
al (1982). DPH has been well established as a probe
for evaluation of the ¯uidity of the hydrocarbon
regions in lipid membranes (Shinitzky 1984). DPH
has an all-trans-polyene structure and a rod-like
shape. The adsorption and ¯uorescence transition
moments lie along the major axis of the molecule.
Therefore, when DPH is excited by pulsed light at
the last absorption band, time dependent emission
anisotropy re¯ects the molecular motion of the
hydrocarbon chains around DPH. DPH was added
at 1 mol% of total lipids. The excitation and
emission wavelengths used were 360 nm and
428 nm, respectively. All ¯uorescence measure-

Figure 1. Chemical structure of the synthetic lipid A ana-
logue, E5531.
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ments were carried out using a Model F-4500
¯uorescence spectrophotometer (Hitachi Co., Ltd,
Tokyo) equipped with a thermoregulated cell
compartment, Atago Coolnics Model REX-C10
(Atago Co., Ltd, Tokyo). The steady-state aniso-
tropy (rs) is de®ned by the following equation:

rs � �IVV ÿ Cf �IVH�=�IVV � 2Cf �IVH� �1�
where I is the ¯uorescence intensity and subscripts
V and H indicate the vertical and horizontal
orientations of excitation (®rst) and analysis (sec-
ond) polarizers, respectively. Cf (� IHV=IHH) is the
grating correction factor. The order parameter, S,
was calculated using the following equation (Heyn
1979):

S � �rs=ro�1=2 �2�
where ro represents the maximal and limiting
¯uorescence anisotropy. For DPH, ro has been
estimated to be 0�398 using nanosecond time-
resolved ¯uorescence techniques (Heyn 1979). In
this work, equation 2 was used to estimate the order
parameter, S. The data are given as the mean value
of triplicate measurements.

Effect of Ca2� on the micropolarity around DSHA
The effect of Ca2� on the micropolarity of E5531
aggregates was determined using a ¯uorescence
technique (probe: DSHA). The ¯uorescence char-
acteristics of DSHA were dependent on the
micropolarity around the probe (Waggoner &
Stryer 1970). In the case of phospholipid lipo-
somes, the dansyl ¯uorophore is located in the
glycerol backbone of liposomal bilayers (Iwamoto
et al 1982) and the hydration increases greatly in
phospholipid liposomes above the phase transition
temperature (Iwamoto & Sunamoto 1981; Iwamoto
et al 1982). Therefore, it is expected that the
emission maxima of DSHA in E5531 aggregates
would provide information on the micropolarity
around their surface. DSHA was added at 1 mol%
of the total lipids. The ¯uorescence spectra were
measured by excitation at 330 nm as a function of
the incubation temperature. The micropolarity of
DSHA incorporated into the E5531 membranes
was evaluated using the wavelength of maximum
intensity of emission. DSHA (3 mg) was dissolved
in 10 mg methanol, ethanol, propanol, butanol,
acetone, tetrahydrofuran, benzene or hexane.
Samples of each solution (5mL) were then diluted
with 5 mL of the same solvent. The wavelengths
at the maximum ¯uorescence intensity of each
solution were plotted against the polarity of each
solvent (Dimorth & Reichardt 1963). The micro-
polarity around the probe was determined using this

standard curve. The data are given as the mean
value of triplicate measurements.

Effect of Ca2� on the pharmacokinetics of
E5531 aggregates in rats
E5531 reconstituted solutions (100mg mLÿ1,
pH 7�3, [Ca2�]=[E5531]� 0, 1 and 3) were admi-
nistered as a bolus injection (0�3 mg kgÿ1) via a
femoral vein. Blood samples were collected before
and 2, 10 and 30 min and 1 and 2 h after dosing.
The concentration of E5531 in plasma (100mL)
was measured by HPLC analysis with ¯uorescence
detection (Reynaud et al 1994). The area under
the plasma concentration±time curve (AUC) was
calculated by the trapezoidal method from the
plasma concentration for 2 h after administration
(AUC0±2 h). For the AUC calculations the plasma
concentration at time zero was estimated to be
equal to the concentration at the ®rst time-point
measured (2 min).

Determination of permeability in rat plasma for
E5531 aggregates with Ca2�
To investigate the stability of E5531 aggregates
([Ca2�]=[E5531]� 0, 1 and 3) after intravenous
injection into rats, the leakage of calcein from the
aggregates in plasma was evaluated using pre-
viously described methods (Kirby et al 1980;
Kiwada et al 1988). E5531 (50 mg) was dispersed
in 25 mL 70 mM calcein solution (pH 11�0), stirred
at 50�C for 60 min and then cooled to 25�C. The pH
of the solution was then adjusted to 7�3 by a 1 M

HCl solution. The solutions of CaCl2 were added to
the E5531 solutions to give [Ca2�]=[E5531]� 0, 1
and 3.

The untrapped calcein was eluted from Sephadex
G-50 gel with 4�25 mM phosphate±NaOH, 10%
lactose buffer solution (pH 7�3) and 0�5 mL of this
fraction was added to 2�5 mL of rat plasma. The
permeability of the E5531 aggregates was eval-
uated ¯uorometrically by monitoring the leakage of
calcein during incubation with rat plasma at 37�C.
The percent leakage of calcein was calculated using
the following equation:

Leakage �%� � ��Fÿ Fo�=�F1 ÿ Fo�� � 100 �3�
where F0 represents the initial ¯uorescence inten-
sity at time zero, F is the ¯uorescence intensity
monitored during the incubation at 37�C, and F?
denotes the maximum ¯uorescence intensity after
lysis of the aggregates via the addition of 0�1 mL
10% Triton X-100.
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Results

Determination of E5531 aggregate size and zeta
potential
Table 1 shows the weight-averaged size of E5531
aggregates in the presence of different molar ratios
of [Ca2�]=[E5531], as evaluated by DLS mea-
surements.

At molar ratios [Ca2�]=[E5531]� 0, 1 and 3, the
mean diameters were close to 20 nm. At molar
ratios of 5, 7 and 10, the aggregate size increased
with increasing [Ca2�]. The size distribution of
E5531 aggregates in the absence of Ca2� was a
single population. After the addition of Ca2�
([Ca2�]=[E5531]� 10), the shape of the histogram
(not shown) was a normally distributed single
population, indicating that the distribution did not
change to the multi-model as the result of added
Ca2�. To evaluate the effect of Ca2� on the
physicochemical properties at the conditions where
the size of the aggregates was similar (approxi-
mately 20 nm), the zeta potentials, ¯uidity and
micropolarity of the membrane, pharmacokinetics
in rats and stability in the plasma were determined
using the samples having molar ratios
[Ca2�]=[E5531]� 0, 1 and 3. Zeta potentials were
negative and increased slightly with increasing
[Ca2�] (Table 1). Since E5531 is negatively
charged in neutral aqueous solution, the phosphate
group at the head sugar moiety has a net negative
charge and minus values for the zeta potentials. The
addition of Ca2�, in part, neutralizes the negative
charge of the head phosphate group, thus causing
the zeta potential to be increased. An increase of
the zeta potential, in some cases, induces instability
of the colloidal particles (Kamo et al 1978) and
their fusion (Nakagaki et al 1982). However, at the
molar ratio [Ca2�]=[E5531]� 0, 1 and 3, these
phenomena were not observed.

Effect of Ca2� on E5531 membrane ¯uidity
The in¯uence of Ca2� on the membrane ¯uidity of
E5531 aggregates was evaluated by ¯uorescence

polarization (probe: DPH). Figure 2 illustrates the
relationship between the temperature and order
parameter as a function of the molar ratio of
[Ca2�]=[E5531]. A dramatic change in ¯uores-
cence polarization and an increase in the phase
transition temperature occurred with increasing
[Ca2�]. In the absence of Ca2�, a phase transition
takes place at 30�C and, as [Ca2�] is increased, the
phase transition is shifted to slightly higher tem-
peratures. When [Ca2�]=[E5531]� 1, the phase
transition temperatures increased to 37�C and when
[Ca2�]=[E5531]� 3, the phase transition tempera-
ture increased and was not detected in the tem-
perature range from 20�C to 50�C. This is probably
due to the fact that the phase transition temperature
is lost by the formation of a glass-like phase which
has no distinct phase transition temperature.

Effect of Ca2� on the micropolarity around DSHA
in E5531 aggregates
The in¯uence of Ca2� on the micropolarity around
DSHA in E5531 aggregates was evaluated by the

Table 1. Effect of Ca2� on the physicochemical properties of E5531 aggregates and pharmacokinetics in rats.

[Ca2�]=[E5531] Aggregate
size (nm)

Zeta
potential (mV)

Order parameter at 37�C (probe:
1,6-diphenyl-1,3,5-hexatriene)

AUC0 ± 2 h

(ng h mLÿ1)
Plasma half-life
(t1/2 0�5 h� (h)

0 20�9� 6�2 ÿ48�7� 0�6 0�434 11384� 376 4�0� 1�0
1 21�2� 6�4 ÿ39�3� 0�7 0�558 8582� 665 4�3� 1�3
3 20�6� 6�2 ÿ35�1� 0�5 0�702 5321� 419 4�0� 1�2
5 54�8� 26�6 np np np np
7 144�9� 78�0 np np np np
10 169�0� 36�2 np np np np

np� not performed.

Figure 2. Relationships between temperature and order para-
meter of E5531 membranes (¯uorescence probe: 1,6-diphenyl-
1,3,5-hexatriene) at 39�C as a function of the molar ratio of
[Ca2�]=[E5531]. Each point represents the mean of three
samples. [Ca2�]=[E5531]� 0 (s), 1 (n), and 3 (u).
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¯uorescence intensity taken from the shift in the
maximum for the emission wavelength. The emis-
sion maximum wavelength as a function of tem-
perature is illustrated in Figure 3 for E5531
aggregates at three different Ca2� concentrations.
Above the phase transition temperature the maxi-
mum wavelengths increased and exhibited a red shift,
indicating that the micropolarity around the surface of
E5531 aggregates increased. In the absence of Ca2�,
the phase transition takes place at 30�C and is shifted
to slightly higher temperatures with increasing Ca2�
concentrations. When [Ca2�]=[E5531]� 1, the phase
transition temperatures increased to 35�C and when
[Ca2�]=[E5531]� 3, phase transition temperature
increased, but was not detected in the temperature
range from 20�C to 50�C. These results are consistent
with ¯uorescence polarization data.

Figure 4 represents the relationship between the
micropolarity of the solvent and the emission
maximum from DSHA at 25�C. Based upon the
results of the emission maxima and the standard
curve (Figure 4), information on the effect of Ca2�
on the micropolarity around DSHA in E5531
aggregates can be obtained. The emission maxima
for E5531 aggregates with the molar ratio of
[Ca2�]=[E5531]� 0, 1 and 3 at 25�C were
approximately 508�6, 503�8 and 499�5 nm, respec-
tively. This indicates that the micropolarity around
the probe in E5531 aggregates was comparable
with that of butanol, acetone and acetone, respec-
tively, and that the micropolarity around the probe
was decreased.

Pharmacokinetics in rats for E5531 aggregates
with different membrane ¯uidity
To investigate the relationship between the mem-
brane ¯uidity of E5531 aggregates and the phar-
macokinetic pro®le, a reconstituted E5531 solution
(100mg mLÿ1, pH 7�3) with different membrane
¯uidity, prepared by the addition of Ca2�, was
intravenously injected into rats. The plasma con-
centrations up to 2 h after dosing indicated linear
kinetics as judged by AUC0±2 h and plasma half-
life (Table 1).

Different pharmacokinetic pro®les in rats are
observed for samples with different membrane
¯uidity. We believe that the ¯uidity of the E5531
membrane was decreased by the addition of Ca2�
and that this ¯uidity has a direct effect on the
pharmacokinetics of the compound in rats.

We should note that the evaluation of AUC
includes the effect of distribution and the elimina-
tion phases (or the plasma half-life, t1/2). As shown
in Table 1, the t1/2 values of the three samples were
similar and we believe that the ¯uidity will effect
the distribution phase. Further investigation is
necessary to clarify the effect of the ¯uidity on the
distribution phase of E5531 and biodistribution in
rats using the [14C]E5531 compound.

Stability of E5531 aggregates in rat plasma
To investigate the stability of E5531 aggregates
after intravenous injection in rats, the permeability
of E5531 aggregates with different membrane
¯uidity ([Ca2�]=[E5531]� 0, 1 and 3) in rat plasma
was evaluated on the basis of the leakage pro®le of
calcein at 37�C. Figure 5 shows the time course for
the leakage of calcein from E5531 aggregates, and

Figure 3. Relationships between temperature and ¯uores-
cence emission maximum of E5531 membranes (¯uorescence
probe: dansylhexadecylamine) as a function of the molar ratio
of [Ca2�]=[E5531]. Each point represents the mean of three
samples. [Ca2�]=[E5531]� 0 (s), 1 (n), and 3 (u).

Figure 4. Relationships between solvent polarity and emis-
sion maximum of dansylhexadecylamine (64�8 nM) at 25�C.
1, Methanol; 2, ethanol; 3, propanol; 4, butanol; 5, acetone;
6, tetrahydrofuran; 7, benzene; 8, hexane.
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indicates that the permeability of E5531 aggregates
for calcein decreased with increase in [Ca2�].
Based on the data relative to membrane ¯uidity
(Figure 2 and Table 1), the order parameters of
E5531 aggregates at 37�C decreases with increas-
ing [Ca2�], indicating that the decrease in ¯uidity,
as the result of added Ca2�, caused a lower per-
meability of the aggregates after intravenous
injection in rats.

Discussion

Within the molar ratio of [Ca2�]=[E5531]� 0, 1
and 3, aggregate size did not change but the
membrane ¯uidity was clearly altered. We can
speculate that within this range of molar ratios,
Ca2� exerts an intramolecular, but not an inter-
molecular effect on the E5531 aggregates.

Distinctly different pharmacokinetic pro®les
were obtained in rats using samples obtained via
changing the Ca2� concentration and the mem-
brane ¯uidity. Hampton & Raets (1991) reported
on the interactions between the metabolism of lipid
A-like molecules by macrophages and their
response to these molecules. They concluded that
the uptake of the molecules is mediated by sca-
venger receptors. At this time, the metabolic path-
way of E5531 is not known with certainty. As
shown in Table 1, the t1/2 values of the three
samples were similar and the ¯uidity did effect the
distribution phase. It is assumed that when E5531
molecules are bound to the receptors and incorpo-
rated into the macrophages in the distribution
phase, the more rigid membrane is more easily

bound to the receptor and the uptake of the mole-
cules therefore, occurs more rapidly.

In addition, Ca2� affected the stability of E5531
aggregates in rat plasma. Based on the membrane
¯uidity data (Figure 2), the order parameter of
E5531 aggregates at 37�C increased with increas-
ing [Ca2�]. The rigidity of the E5531 membrane
may increase with an increase in [Ca2�] and a
lower permeability of calcein. These leakage data
indicate that, on injection of the sample with Ca2�
into the blood, the af®nity of Ca2� for E5531 is
large and the equilibrium between Ca2�=E5531
will not be altered by rapid dilution of the Ca2�.

In conclusion, within the molar ratios of
[Ca2�]=[E5531]� 0, 1 and 3, Ca2� increased the
zeta potentials of the E5531 membrane but had no
effect on aggregate size (approximately 20 nm).
The Ca2� decreased the ¯uidity and micropolarity
of E5531 membranes and these membrane prop-
erties of the aggregates could be correlated with the
pharmacokinetics in rats.

References

Asai, Y., Iwamoto, K., Watanabe, S. (1998) Development of a
dispersal procedure for the lipid A analog E5531 using a
`pH-jump method'. Int. J. Pharm. 170: 73±84

Asai, Y., Iwamoto, K. Watanabe, S. (1999a) Characterization
of the physicochemical properties of aggregates of the lipid
A analog, E5531, prepared by a `pH-jump method'. Chem.
Phys. Lipids 97: 93±104

Asai, Y., Sano, Y., Kikuchi, K., Iwamoto, K., Watanabe, S.
(1999b) Controlling of the dispersing process and pharmaco-
kinetics in rats for the lipid A analogue, E5531. J. Pharm.
Pharmacol. 51: 577±584

Christ, W. J., Asano, O., Robidoux, A. L., Perez, M., Wang, Y.,
Dobuc, G. R., Gavin, W. E., Hawkins, L. D., McGuinness,
P. D., Mullarkey, M. A., Lewis, P. D., Kishi, Y., Kawata, T.,
Bristol, J. R., Rose, J. R., Rossignol, D. P., Kobayashi, S.,
Hishinura, I., Kimura, A., Asakawa, N., Katayama, K.,
Yamatsu, I. (1995) E5531, a pure endotoxin antagonist of
high potency. Science 268: 80±83

Dimorth, K., Reichardt, C. (1963) UÈ ber pyridinium-N-phenol-
betaine und ihre verwendung zur characterisierung der
polaritaÈt von loÈsungsmitteln. Liebg Ann. 661: 1±37

Dluhy, R. A., Cameron, D. G., Mantsch, H. H., Mendelsohn, R.
(1983) Fourier transform infrared spectroscopic studies of
the effect of calcium ions on phosphatidylserine. Biochem-
istry 22: 6318±6325

Galanos, C., Lederits, O., Rietschel, E. T., Westpheal, O. (1985)
Synthetic and natural Escherichia coli free lipid A express
identical endotoxin activities. Eur. J. Biochem. 148: 1±5

Gulari, E., Gulari, E., Tsunashima, Y., Chu, B. (1979) Photon
correlation spectroscopy of particle distributions. J. Chem.
Phys. 70: 3965±3972

Hammoudah, M. M., Nir, S., Isac, T., Kornhauser, R., Stewart,
T. P., Hui, S. W., Vaz, W. L. C. (1979) Interaction of La3�

with phosphatidylserine vesicles. Binding, phase transition,
leakage and fusion. Biochim. Biophys. Acta 558: 338±343

Hampton, R. Y., Raets, C. R. H. (1991) Macrophage catabo-
lism of lipid A is regulated by endotoxin stimulation. J. Biol.
Chem. 266: 19499±19509

Figure 5. Leakage pro®les of calcein from E5531 aggregates
at 37�C as a function of the molar ratio of [Ca2�]=[E5531].
[Ca2�]=[E5531]� 0 (s), 1 (n), and 3 (u).

44 YASUYUKI ASAI ET AL



Hauser, H., Shipley, G. G. (1984) Interactions of divalent
cations with phosphatidylserine bilayer membranes. Bio-
chemistry 23: 34±41

Heyn, M. P. (1979) Determination of lipid order parameters
and rotational correlation times from ¯uorescence depolar-
ization experiments. FEBS Lett. 108: 359±364

Homma, J. Y., Matsuoka, M., Kanegasaki, S., Kawakubo, Y.,
Kojima, Y., Shibukawa, N., Kumazawa, Y., Tamamoto, A.,
Tanamoto, K., Yasuda, T., Imoto, M., Yoshimura, H.,
Kusumoto, S., Shiba, T. (1985) Structural requirements of
lipid A responsible for functions: a study with chemically
synthesized lipid A and its analogs. J. Biochem. 98:
395±406

Iwamoto, K., Sunamoto, J. (1981) Liposomal membranes. IX.
Fluorescence depolarization studies on N-dansylhexadecyl-
amine in liposomal bilayers. Bull. Chem. Soc. Jap. 54: 399±
403

Iwamoto, K., Sunamoto, J., Inoue, K., Endo, T., Nojima, S.
(1982) Liposomal membranes. XI. Importance of surface
structure in liposomal membranes of glyceroglycolipids.
Biochim. Biophys. Acta 691: 44±51

Kamo, N., Aiuchi, T., Kurihara, K., Kobatake, Y. (1978)
The quantitative analysis of the interaction of 1-anilino-
naphthalene-8-sulfonate with liposomes: ¯uorescence
intensity and zeta-potential. Colloid Polymer Sci. 256:
31±36

Kirby, C., Clarke, J., Gregoriadis, G. (1980) Effect of choles-
terol content of small unilamellar liposomes on their stabi-
lity in vivo and in vitro. Biochem. J. 186: 591±598

Kiwada, H., Nakajima, I., Matsuura, H., Tsuji, M. (1988)
Application of synthetic alkyl glycolipid vesicles as drug
carriers III. Plasma components affecting stability of the
vesicles. Chem. Pharm. Bull. 36: 1841±1846

Morrison, D. C., Ryan, J. L. (1979) Bacterial endotoxins and
host immune responses. Adv. Immunol. 28: 293±450

Nakagaki, M., Handa, T., Shakutsui, S., Nakayama, M. (1982)
Effect of pH, electrolytes, and surface charges on colloidal
stability of lecithin liposomes. Yakugaku Zasshi 102: 17±22

Reynaud, D., Demin, P., Pace-Asciak, C. R. (1994) Hepoxilin
A3 formulation in the rat pineal gland selectively utilizes
(12S)-hedroperoxyeicosatetraenoic acid (HPETE), but not
(12R)-HPETE. J. Biol. Chem. 269: 23976±23980

Shinitzky, M. (1984) Membrane ¯uidity and cellular functions.
In: Physiology of Membrane Fluidity, Vol. 1, CRC Press,
Boca Raton, FL, pp 1±51

Vogel, S. N., Madonna, G. S., Wahl, L. M., Rick, P. D. (1984)
In vitro stimulation of C3H=HeJ spleen cells and macro-
phages by a lipid A precursor molecule derived from
Salmonella typhimurium. J. Immunol. 132: 347±353

Waggoner, A. S., Stryer, L. (1970) Fluorescence probes
of biological membranes. Proc. Nat. Acad. Sci. USA 67:
579±589

MEMBRANE PROPERTIES AND PHARMACOKINETICS OF E5531 45


