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Abstract 

The effects of a soybean-derived sterol mixture (SS) and their glucoside mixture (SG) in dipalmitoylphosphatidyl- 
choline (DPPC) liposomes on blood circulation and hepatic distribution were investigated by measuring the leakage 
of calcein after intravenous administration to mice. Four kinds of liposomes were prepared: liposomes consisting 
only of DPPC (DPPC liposomes); and DPPC liposomes containing SS, cholesterol (Ch) or SG (molar ratio of 
DPPC/X = 7:2, X = SS, Ch, SG; SS, Ch and SG liposome), respectively. The area under the blood concentration-time 
curve (AUC) was greater in the order, SS liposomes > DPPC liposomes > SG liposomes, and the order is the same 
for lower membrane fluidity. Hepatic cellular distribution of SG liposomes 2 h after intravenous injection was 
significantly high compared with that of DPPC and SS liposomes. The results indicated that SS liposomes were 
stable in the blood circulation; however, SG liposomes were not stable and appeared to have an enhancing effect on 
hepatic uptake. This difference might indicate that hepatic accumulation is primarily governed by the glucose group 
of SG. 
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I.  Introduct ion 

Liposomes have been investigated for their 
potential  use as drug carriers for many years 
(Senior, 1987). Systemically administered lipo- 
somes are rapidly taken up by the reticuloen- 
dothelial system (RES), primarily Kupffer  cells 
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and splenic macrophages  (Hwang, 1987). Man- 
nose and galactose have often been used in the 
targeting of liposomes and polymers to Kupffer  
cells and parenchymal cells, respectively (Leser- 
man and Machy, 1987). Recently, lactose carrying 
polystyrene has been reported to be effective in 
targeting to parenchymal cells (Goto et al., 1994). 
The lactose group is a liver-specific targeting 
material. However, the glucose group is not 
known to favor a specific biodistribution. 
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R= CH 3 : campesterol 
R= C2H 5 : sitosterol 
R= C2H s and A 22 : stigmasterol 
R= CH 3 and A 22 : brassicasterol 

Fig. 1. Chemical structures of soybean-derived sterols (SS). 

chased from Tokyo Kasei Kogyo (Tokyo, Japan). 
SS and SG were kindly supplied by Ryukakusan 
Co., Ltd (Tokyo, Japan). Sodium pentobarbital 
(Nembutal ®, Dainabot, Osaka, Japan), Hank's 
balanced salt solution (Life Technologies, Inc., 
NY) and collagenase (Wako Pure Chemical In- 
dustries, Ltd, Osaka, Japan) were purchased 
commercially. All other chemicals used were of 
reagent grade. 

Male ddY mice weighing 27-32 g, purchased 
from Saitama Experimental Animal Supply 
(Saitama, Japan), were used in all experiments. 
For plasma incubation, the plasma of Wistar rats 
was used. 

We have reported that dipalmitoylphos- 
phatidylcholine liposomes (DPPC liposomes) with 
a soybean-derived sterol mixture (SS) and its glu- 
coside mixture (SG) are very different in physico- 
chemical properties in vitro (Muramatsu et al., 
1994). The SG is a mixture of monoglucosides of 
/3-sitosterol (49.9%), campesterol (29.1%), stig- 
masterol (13.8%), and brassicasterol (7.2%) as 
shown in Fig. 1. SS is obtained by the hydrolysis 
of the glucoside bond of SG, i.e., SS is the agly- 
con of SG. SS stabilized the DPPC liposomes to a 
greater extent than cholesterol (Ch), which is 
usually used as a stabilizer, in a molar ratio of 
D P P C / X  = 7:2, X = Ch, SS, but SG appears to 
fluidize the membrane (Muramatsu et al., 1994; 
Qi et al., 1995). These differences in the in vitro 
behavior of SS and SG may be due to the glucose 
group of SG; therefore, it is of interest to exam- 
ine the in vivo behavior. 

In this study, the effects of DPPC liposomes 
with SS or SG entrapping calcein on stability in 
blood and hepatic cellular distribution were in- 
vestigated by measuring the release of calcein 
compared with an in vitro experiment incubating 
liposomes in plasma. 

2.2. Preparation of  liposomes 

Multilamellar liposomes were prepared ac- 
cording to a standard method (Bangham et al., 
1974) as described in a previous study (Mura- 
matsu et al., 1994). Briefly, the appropriate lipids 
were dissolved in chloroform and dried under 
reduced pressure. The resultant lipid film (70 
/xmol DPPC) was then hydrated in 3 ml of pH 7.4 
phosphate-buffered saline (PBS) containing cal- 
cein as an aqueous marker. The mixture was then 
vortexed, followed by sonication in a bath-type 
sonicator (Honda Electronics, W220R, Tokyo, 
Japan) and centrifugation at 9500 × g for 5 min 
to remove large particles and form a homoge- 
neous size. Non-entrapped calcein was removed 
by gel filtration. DPPC liposomes with Ch, SS or 
SG (Ch, SS or SG liposomes) were composed of 
DPPC/Ch,  SS or SG in a molar ratio of 7:2, 
respectively. The size of Ch, SS and SG lipo- 
somes was determined to be 83.6-96.9, 139.6- 
157.1 and 100-117 nm, respectively, using a Sub- 
Micron Particle Analyzer (Coulter model N4, 
Coulter Co.). 

2. Materials and methods 

2.1. Materials 

DPPC and Ch were purchased from Sigma 
Chemical Co. (St. Louis, MO). Calcein was pur- 

2.3. Fluorescence anisotropy measurement 

The precise method of fluorescence anisotropy 
measurement was previously reported (Mura- 
matsu et al., 1994). The fluorescence anisotropy 
with diphenylhexatriene (DPH) in liposomes was 
measured at 37 ° C. 
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2.4. Leakage of  calcein from liposomes in plasma 
in vitro 

Each liposome suspension (0.5 ml, 0.95 mg of 
total lipids) was added to rat plasma (0, 25, 50, 
90% (v/v))  and incubated at 37 + 0.5 ° C. 0, 10, 
20, 30, 40, 50 and 60 min after addition of the 
liposomes, the percentage of calcein released 
from liposomes was calculated from the fluores- 
cence intensities (excitation at 490 nm, emission 
at 520 nm) with and without Triton X-100 treat- 
ment according to the following equation; 

% of calcein release = 100( F t - FR)/ / (  Foo - FR) 

(1) 

where F R is the fluorescence intensity of the 
suspension of liposomes entrapping calcein, F~ 
denotes the fluorescence intensity of calcein when 
the liposomes entrapping calcein were completely 
disrupted by Triton X-100 and F t is the fluores- 
cence intensity of calcein at time t. 

2.5. Blood circulation and biodistribution 

Mice were intravenously injected via the tail 
vein with a dose of liposome suspension in PBS 
(6.7 ml /kg ,  0.38 mg of total lipids). 5, 10, 15, 20, 
30, 60, 120, 240 and 360 min after the injection, a 
10 /zl sample of blood was drawn from the tail 
vein (n = 3). The samples were immediately 
poured into 2.4 ml of PBS and well mixed, then 
centrifuged at 1000 x g for 15 min, and 1 ml of 
the supernatant solution without hemolysis was 

added to 100 Izl of 0.275 M E D T A  according to 
the method of Sawahara et al. (1991). 

In addition, 360 min after injection, the mice 
were killed by cervical dislocation, and the liver 
and spleen were removed. The whole liver and 
spleen were homogenized with 25 ml of PBS and 
then centrifuged at 1000 × g for 30 min, and 1 ml 
of filtered supernatant solution was added to 100 
/xl of 0.275 M EDTA. In these experiments, the 
fluorescence intensity of calcein from liposomes 
was calculated according to Eq. 1. The area un- 
der the blood concentration-time curve (AUC) 
was calculated based on the trapezoidal rule from 
0 t o 6 h .  

2.6. Fractionation of  fiver cells 

The liposome suspension (6.7 ml /kg)  was in- 
travenously injected via the tail vein of mice 
which were anesthetized by an i.p. injection of 
sodium pentobarbital (2 ml /kg  body wt) and 200 
IU of heparin was injected intraperitoneally. 

Liver cells were dispersed from mouse liver 
according to the method of Shimaoka et al. (1987). 
The liver was perfused in situ through the portal 
vein with Ca-free Hank's balanced salt solution 
containing 0.5 mM E G T A  at 37 ° C for 5 min, and 
washed with PBS for 5 min and then perfused 
with 0.05% collagenase solution for 10 min. The 
perfused liver was minced, dispersed in Hank's 
solution, and filtered. The liver cells were sepa- 
rated into subfractions according to the method 
of Yamashita et al. (1991). Purified parenchymal 
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Fig. 2. Release profiles of calcein from liposomes incubated with 50% rat plasma (a) or PBS (b) at 37 + 0.5 ° C (DPPC/X = 7:2; 
X = SS, Ch, SG). Each value represents the mean + S.D. of three mice. DPPC liposomes (e), SS liposomes ( • ), Ch liposomes ( • ), 
SG liposomes ( [] ). 



cells were obtained by centrifugation at 50 x g 
for 1 min. The precipitated cells were washed 
twice with Hank ' s  solution. The supernatant  ob- 
tained via the first centrifugation and the washed 
solution were combined and centrifuged at 70 x g 
for 1 min. Similarly, a third centrifugation was 
carried out at 140 x g for 1 min. The viabilities of 
parenchymal and non-parenchymal cells were ex- 
amined by the trypan-blue exclusion test and 
were more than 70%. Parenchymal cell numbers 
were counted in a Burker-Turk chamber.  

2. 7. Statistical analysis 

3. Results 

Data  from the animal experiments using mice 
were compared  using analysis of variance and 
Student 's  t-test. A p value of 0.05 was consid- 
ered significant. 

100 

3.1. Stability o f  liposomes in plasma in vitro 

The time courses of the release (%) of calcein 
ent rapped in DPPC, SS, Ch and SG liposomes 
during incubation with 50% rat plasma and PBS 
at 37.5°C are shown in Fig. 2a and b, respec- 
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Fig. 3. Effects of rat plasma concentration on the release of 
calcein from liposomes after incubation at 375-0.5°C for 1 h 
(DPPC/X = 7:2; X = SS, Ch, SG). Each value represents the 
mean 5- S.D. of three mice. DPPC liposomes (o), SS liposomes 
( • ), Ch liposomes (U), SG liposomes ( [] ). 
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Fig. 4. Decreasing calcein from liposomes in blood after 
intravenous injection in mice (DPPC/X = 7:2; X = SS, SG). 
Each value represents the mean + S.D. of three mice. DPPC 
liposomes (o), SS liposomes (•) ,  SG liposomes ([]). 

tively. The release of the marker  from each lipo- 
some in PBS was less than 20% up to 60 min, but 
about 40% of the marker  was released within 20 
min when exposed to rat plasma, except for SS 
liposomes. The release of calcein into plasma is 
much greater  than that into PBS from the lipo- 
somes. The release of calcein in 50% rat plasma 
was greater  in the following order: DPPC lipo- 
somes = SG liposomes > Ch liposomes >> SS li- 
posomes. 

Fig. 3 shows the effects of rat plasma concen- 
tration on the release of calcein from the lipo- 
somes after incubation for 1 h. The degree of 
release of calcein from the liposomes increased 
with rat plasma concentration. The release pro- 
files of calcein from SG liposomes were similar to 
Ch and DPPC liposomes in more than 50% 
plasma. SS liposomes were the most stable. 

3.2. Blood circulation 

The concentration of calcein ent rapped in the 
liposomes in the blood was expressed as a per- 
centage of the injected dose as shown in Fig. 4. 
DPPC, SS and SG liposomes were present  at 
about 2.6, 8 and 1.4%, respectively, of the in- 
jected dose in the blood circulation at 6 h. The 
calcein concentration of SS liposomes was higher 
than those of the other liposomes at 6 h (3-6  
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Fig. 5. Biodistribution of liposomes 6 h after intravenous 
injection in mice. Liver (a) and spleen (b) ( D P P C / X  = 7:2; 
X = SS, SG). Each value represents  the mean  + S.D. of  three 
mice. * p < 0.05. 

amounted to about 24% of the dose in the liver 
and 10% of the dose in the spleen. 

Fig. 6 demonstrates the cellular distribution of 
liposomes in the liver 2 h after i.v. administration 
to mice. DPPC liposomes were not taken up by 
parenchymal cells and non-parenchymal cells. 
This result indicates that DPPC liposomes were 
not stable in plasma and showed little distribu- 
tion in the liver cells. On the other hand, SG 
liposomes were also unstable in plasma but were 
significantly highly distributed in the parenchymal 
cells compared with the SS and DPPC liposomes. 

fold). Liposomes in the blood 6 h after i.v. injec- 
tion remained greater in the following order: SS 
liposomes > DPPC liposomes > SG liposomes. 
However, Ch liposomes were not observed in the 
blood 5 min after administration. 

3.3. Biodistribution and hepatic cellular distribution 

In order to clarify the difference in blood 
circulation time among the liposomes, RES up- 
take and hepatic cellular distribution of the lipo- 
somes were examined. First, the distribution of 
the liposomes in liver and spleen was investi- 
gated. 

Fig. 5 indicates the biodistribution of lipo- 
somes 6 h after i.v. administration to mice. SG 
liposomes showed significantly high accumulation 
in the liver, about 26% of the dose, but only 5% 
of the dose in the spleen whereas SS liposomes 
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Fig. 6. Hepat ic  cellular distribution of liposomes 2 h after 
intravenous injection in mice. Parenchymal  cells (a) and non- 
parenchymal  cells (b) ( D P P C / X  = 7:2; X = SS, SG). Each 
value represents  the mean  + S.D. of  three mice. * p < 0.05. 

4. Discussion 

4.1. Stability of liposomes in plasma in vitro 

In general, the liposomes were unstable in 
plasma. Scherphof et al. (1980) have demon- 
strated that the destabilizing action of liposomes 
is caused by serum proteins, in particular by 
high-density lipoproteins, and that cholesterol in- 
creases liposomal stability by reducing interac- 
tions between lipids and serum proteins. Based 
on a previous in vitro study (Muramatsu et al., 
1994), SS liposomes are expected to be stable in 
the blood because of the rigidity of the liposomal 
membrane. It is interesting to investigate the 
difference in the in vivo characteristics between 
SS and SG liposomes considering the behavior in 
vitro. Liposomes of DPPC with Ch, SS or SG in a 
molar ratio of 7:2 were selected, since up to this 
ratio SG may be mixed homogeneously in the 
DPPC liposomes as found for Ch and SS mea- 
sured by DSC (unpublished data) and fluores- 
cence anisotropy (Muramatsu et al., 1994). 

Fig. 2 indicates that the liposomes were desta- 
bilized by components in the plasma. To deter- 
mine the reason, the destabilization of liposomes 
in plasma was investigated after preheating at 
56 ° C for 30 min (data not shown). The release of 
calcein from SS liposomes decreased from 33 to 
20% and that from SG liposomes from 61 to 
45%. The investigators (Finkelstein and Wiss- 
mann, 1979) also reported that a reduction in 
plasma mediated marker release was partially 
achieved by preheating at 56°C for 30 min. 
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This result suggested that the liposomes were 
destabilized by plasma components which were 
inactivated by heating at 56°C for 30 min. The 
apolipoprotein has been described as being heat 
labile (Tall et al., 1976), and it has also been 
reported that the phosphatidylcholine transfer 
activity of high-density lipoprotein (HDL) is facil- 
itated by a heat-labile factor in plasma (Senior et 
al., 1983). In our study, an increase in the stability 
of liposomes in plasma suggested a decrease in 
the interaction between the liposomes and pro- 
teins in the blood. SS liposomes are stable in the 
blood; in contrast, SG liposomes appear to be 
affected by incubation time and plasma concen- 
tration (Fig. 2 and 3). This suggests that the 
plasma proteins may interact with SG liposomes, 
especially the glucose parts. 

4.2. Blood circulation and biodistribution 

It is well known that liposomes are rapidly 
taken up by the RES. In particular, the distribu- 
tion of liposomes in the liver is connected with 
the size of the liposomes and the hydrophilicity of 
the liposomal surface (Namba et al., 1990). Sec- 
ondly, the composition or rigidity of the lipo- 
somes is another important factor affecting their 
elimination half-life (tl/z) in the blood. 

Recently, we demonstrated the physicochemi- 
cal properties of DPPC, SS, Ch and SG lipo- 
somes in vitro (Muramatsu et al., 1994). The 
fluorescence anisotropy values of DPPC, SS, Ch 
and SG liposomes were determined to be 0.213, 
0.255, 0.254 and 0.202, respectively. When the 
lipids went from a gel to a liquid-crystal state 
above the transition temperature, the fluores- 
cence anisotropy decreased because the liposo- 
mal fluidity increased. The anisotropy values of 
SS liposomes are greater than those of SG lipo- 
somes. SS liposomes have low fluidity compared 
with DPPC and SG liposomes. Therefore, Fig. 2 
and 4 indicate that the low fluidity of SS lipo- 
somes in vitro was correlated with the stabiliza- 
tion of the liposomes in plasma and in the blood 
circulation. On the other hand, DPPC and SG 
liposomes showed a high fluidity of the lipid layer 
and were destabilized in plasma in vitro and in 

the blood circulation. The tl/2 values for DPPC, 
SS and SG liposomes were 85.0, 147.2 and 75.6 
min, respectively (Fig. 4). The tl/2 and AUC of 
liposomes were significantly greater in the follow- 
ing order: SS liposomes >> DPPC liposomes > SG 
liposomes. SS liposomes show significantly higher 
AUC and tl/2 values than DPPC and SG lipo- 
somes. 

4.3. Hepatic cellular distribution 

It is well established that the RES, principally 
the Kupffer cells and secondarily the splenic 
macrophage cells, is responsible for the clearance 
of liposomes from the circulation. Fig. 5 indicates 
that each liposome is accumulated in the liver 
and spleen. SG liposomes showed considerable 
accumulation in the liver 6 h after intravenous 
injection. Liu et al. (1992) reported that ganglio- 
side GM 1 containing liposomes (egg phos- 
phatidylcholine/Ch/GM 1 = 10:5:1) was found in 
the liver (20%) for liposomes with a size of 100 
nm in diameter. Our data correspond well with 
their results. Ch liposomes were not observed in 
the blood 5 min after i.v. injection. 

It is not clear what kind of cells in the liver 
contributes to the enhancement of hepatic up- 
take. The liver cells consist of parenchymal and 
non-parenchymal cells, distinguished by their 
morphological differences such as cell size. 

The data in Fig. 6 further indicate that stable 
liposomes, SS liposomes, did not accumulate in 
parenchymal and non-parenchymal cells, whilst 
SG liposomes accumulated significantly in 
parenchymal cells. This may suggest that SS in- 
duces liposomal membrane rigidity, preventing 
the liposomes from being opsonized and captured 
by the Kupffer cells. 

Scherphof et al. (1983), Rahman et al. (1982), 
and Roerdink et al. (1984) reported that small 
unilamellar liposomes could extravasate and ac- 
cumulate in the parenchymal cells of liver. This is 
because the fenestra of the liver sinus contains 
holes of 100 nm average diameter (Wisse, 1969). 
In this study, the diameter of the liposomes is 
about 100 nm, and SS and DPPC liposomes were 
not accumulated in the parenchymal ceils, 
whereas accumulation of SG liposomes did occur. 
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Mannose and galactose have often been em- 
ployed in the targeting of liposomes to Kupffer 
cells and parenchymal cells, respectively (Leser- 
man and Machy, 1987), however, the use of glu- 
cose has not been reported. The results for SG 
liposomes may suggest that the glucose unit of 
SG is useful for targeting of the liver in compari- 
son with SS liposomes. This observation suggests 
that the enhanced uptake of SG liposomes in 
parenchymal cells results from the facilitation of 
liposome uptake. However, the mechanism of 
uptake of SG liposomes by parenchymal cells has 
not yet been clarified. 

Because the glucose unit connects directly to 
the sterol part of SG, it is suspected that it may 
project outward from the liposomal surface. By 
observing the difference between SS and SG lipo- 
somes in the blood circulation and hepatic cellu- 
lar distribution, it could be attributed to the fact 
that the glucose unit of SG may dominate. Fur- 
ther investigations in this field are continuing. 

The natural or synthetic glycolipids have the 
limitation that they are very difficult to prepare 
in a highly purified form and are thus very expen- 
sive. Although SG is a mixture, it is an abundant 
product. Therefore, these results are considered 
to be of considerable practical significance. 

5. Conclusions 

SS liposomes were more stable than Ch lipo- 
somes in vitro and in vivo due to the low fluidity 
of the liposomal layer. DPPC and SG liposomes 
were not stable in vitro. SG liposomes showed a 
short residence time in the blood circulation and 
an enhancing effect on hepatic uptake different 
from those of DPPC liposomes. The difference in 
these characteristics of SS and SG liposomes may 
be deduced to result from the glucose group of 
SG, which might project out from the surface of 
the liposomes. These results are expected to be 
useful for liposome applications, since SS can be 
used as a substitute for cholesterol, and SG lipo- 
somes can be used for targeting to parenchymal 
cells in the liver. 
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