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The systemic degradation and the reticuloendothelial system (RES)
uptake of calcein entrapped in dipalmitoylphosphatidylcholine
(DPPC) liposomes with soybean-derived sterols (SS) were examined
after intravenous administration to mice by measuring the free and
liposomal calcein levels in the blood. The results indicate that the
rates of systemic degradation and the RES uptake of liposomes
decrease with the addition of SS in DPPC liposomes since the SS has
the ability to stabilize the liposomes. The rate of uptake by RES is
larger than the rate of systemic degradation. The rate of leakage of
calcein from liposomes by incubation in plasma in vitro is almost the
same as that of systemic degradation in vivo.
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INTRODUCTION

Liposomes have demonstrated considerable promise as
a carrier for the delivery of drugs in vivo. When administered
intravenously, liposomes generally tend to be taken up by
the reticuloendothelial system (RES) existing in the liver and
spleen, and even when RES uptake can be avoided, they
tend to be decomposed in the systemic circulation (1).

Recently, we demonstrated that dipalmitoylphosphati-
dylcholine (DPPC) liposomes with soybean-derived sterols
(8S) were very stable compared to only DPPC liposomes in
vitro (2) and in vivo (3). Especially, when the molar ratio of
DPPC and SS was 7:4, the liposomes have the greatest sta-
bility, and the area under the concentration-time curve
(AUC) was dramatically higher than those of liposomes with
different DPPC and SS molar ratios (3).

In this study, we evaluated the rates of systemic degra-
dation and RES uptake of DPPC liposomes with SS in order
to clarify the difference in AUC among the liposomes of
DPPC/SS, by measuring the free and liposomal calcein levels
in the blood when calcein entrapped liposomes were admin-
istered to mice.

MATERIALS AND METHODS

Preparation
The preparation methods of DPPC liposomes with SS
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were described elsewhere (3). Four types of liposomes were
prepared with 35 umol DPPC and various molar ratios of SS
(liposomes of DPPC/SS (7:0; 7:2; 7:4; 7:7)] by a reverse
phase evaporation vesicle method. As a marker, 1ml of 20
mM calcein in 1/10 dilution of phosphate-buffered saline in
distilled water (pH = 7.31, PBS) was used in the prepara-
tion. DPPC was purchased from Nippon Oil & Fats Co., Ltd.
(Tokyo, Japan). SS used in this study was a mixture of B-sito-
sterol (49.9%), campesterol (29.1%), stigmasterol (13.8%),
and brassicasterol (7.2%) and was kindly provided by
Ryukakusan Co., Ltd. (Tokyo, Japan). Calcein was pur-
chased from Tokyo Kasei Kogyo (Tokyo, Japan). All other
chemicals used were of reagent grade. Liposomes were suc-
cessively extruded through polycarbonate membranes (Nu-
clepore, U.S.A.) of 1.0, 0.4 and 0.2 pum pore size at about
60 °C. Unencapsulated calcein was removed by gel filtration
of the liposome suspension through a Sephadex G-50 column
(1.8 x 35 cm; Pharmacia, Sweden) with the PBS in all frac-
tions. The concentration of DPPC in the liposomes was de-
termined by an enzymatic assay using a Phospholipid B-test
Wako (Wako Pure Chemical Industries, Ltd. Osaka, Japan).
The amount of calcein entrapped in the liposomes was de-
termined using a fluorescence spectrometer (excitation at
490 nm and emission at 520 nm; Hitachi F-4010, Tokyo, Ja-
pan). The captured volume was 8.04 = 0.15, 7.08 = 0.07,
10.8 = 2.4, 12.7 = 2.5 L/mol lipid for the liposomes of DPPC/
SS(7:0, 7:2, 7:4, 7:7), respectively. The average diameter for
each type of liposomes was approximately 0.2 wm after ex-
trusion through the 0.2 pm pores of polycarbonate mem-
branes, respectively (3).

Animal Experiments

Male ddY mice weighing about 30 g (7-weeks old) pur-
chased from Saitama Experimental Animal Supply (Saitama,
Japan) were used in all experiments (n=3). Free calcein and
the calcein entrapped in liposomes of DPPC/SS were in-
jected via the tail vein at a dose of 2.5 pmol/kg weight of
calcein, and then a 10-pl blood sample was obtained from the
tail vein. The determination of the amount of calcein in the
blood as described previously (3). The free calcein levels
(Ciiee) and the total calcein levels (C,,,,) in the blood were
determined before and after the addition of Triton X-100,
where Cg.. expresses the free calcein released from the li-
posomes before the addition of Triton X-100, and C,,,, ex-
presses the total calcein that was released from the lipo-
somes and still entrapped in the liposomes in the blood. The
liposomal calcein levels (Cy;,,,) in the blood were calculated
according to (Cy;,, = Coa — Cgee)- The total blood content
was assumed to be 7.3% of the body weight of mice and the
calcein level in the blood was expressed as a percentage of
the injected dose.

Clearance Kinetics for Liposomes

The systemic elimination of liposomes after intravenous
administration can be explained by RES uptake and sys-
temic degradation of the liposomes (Fig. 1). The liposomes
after intravenous administration immediately enter the sys-
temic circulation and mix with the systemic blood. During
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Fig. 1. The kinetics model of liposome elimination after intravenous administration.

circulation, some of the liposomes are degraded therein,
while others are taken up by the RES when they pass
through the RES compartment (4).

According to a clearance theory (4-6), the average rate
of systemic elimination of liposomes (ky;,,) can be expressed
as:

Kiipo = [100 — Cy;, (1) 1/ AUC,;, () m

where C;;,,(t) refers to the liposomal calcein level in the
blood at time t and AUC,;,(t) refers to the area under the
curve of Cy;, levels between time 0 and time t.

According to the model of Fig. 1, the free calcein level
in blood at time t (Cg..(1)) can be expressed as:

dCfree(t)/dt = kdeg ¢ Clipo(t) - kfree * Cfree(t) (2)

where k., and Ky refer to the average rates of systemic
degradation of liposomes and elimination of free calcein, re-
spectively. We assumed that ky;, is only determined by the
rates of the RES uptake (k,.,) and k4, Ky;,, 18 the sum of k
and k.., and therefore, k., can be estimated from ky;,, and
Kgeg (4):

kres = klipo - kdeg 3)

where we assumed that liposomes distributed in the RES do
not release the entrapped calcein back into the systemic cir-
culation.

RESULTS AND DISCUSSION

Systemic Clearance of Free and Entrapped Calcein After
Administration of Liposomes

After injection of free calcein solution, the free calcein
was rapidly eliminated at a first-order rate from the blood
(Fig. 2). The K., was 0.031 = 0.008 min~' and is assumed
to be constant during the elimination of free calcein from the
blood after administration of both calcein solution and lipo-
somes.

The Cpparr Ciipo @and Cg. levels after administration of
the liposomes are shown in Fig. 3. After administration of
the liposomes without SS, [DPPC/SS (7:0)], the Cy;,, levels

were lower than the corresponding Cy,.. level and the lipo-
somal calcein was eliminated from the blood 30 min after
administration. In contrast, the liposomes with SS, [DPPC/
SS(7:2, 7:4, 7:7)1, the Cy;,, levels were much higher than the
corresponding Cg.. levels. The Cy, levels are higher in the
following order: DPPC/SS (7:4) > DPPC/SS (7:7) > DPPC/
SS (7:2) > DPPC/SS (7:0)-liposomes.

Rate of Systemic Degradation of Liposomes

We can estimate k., by using Eq. 2 as shown in Fig. 4.
The Kgeg (0.196 min~") of the liposomes of DPPC/SS (7:0)
was 1.6-2.1 times higher than those of the liposomes of
DPPC/SS (7:2, 7:4, 7:7) at 5 min and rapidly decreased to
zero at 15 min. The k., of the liposomes with SS decreased
from 0.095-0.127 min~!, respectively, to constant values.
The kg, (0.004-0.006 min ~ 1 of liposomes of DPPC/SS (7:2,
7:4, 7:7) were similar to that (0.3 hr~!) of DPPC liposomes
with disteroylphosphatidylcholine (7:3, w/w) studied by Iga
and co-workers (4). These results suggest that the liposomes
of DPPC/SS (7:0) were unstable and rapidly degraded in
blood due to the interaction of the bilayer of the liposomes

c 1007
S
o
[\
(8]
[]
Qo 10
=
(o]
"5'0
©
sE |
e !
£E
c
8%
ER
o 1 1
0 20 40 60 80 100 120 140

Time after injection (min)
Fig. 2. Time-course of systemic clearance of free calcein after ad-
ministration of calcein solution. Values are means=S.D. (n=3).



System Degradation and RES Uptake of Calcein Liposomes

100
A
10
1—
.1 1 1 1 1 1 H
0 60 120 180 240 300 360
100

10

Concentration of calcein
% of injected dose

Cc

~<oT

q ' 1
60

120

180 240 300 360

51

100

10

] 1 1 ]

180 240 360

180 240 300 360

.1 1 1
0 60 120

Time after injection (min)

Fig. 3. Time-course of systemic clearance of free calcein (—M—), liposomal calcein (---0---) and total calcein
(—@—) after administration of liposomes. (A) is DPPC/SS (7:0)-liposomes, (B) is DPPC/SS (7:2)-liposomes, (C)
is DPPC/SS (7:4)-liposomes, (D) is DPPC/SS (7:7)-liposomes. Values are mean+S.D. (n=3).

with the proteins in blood, and SS has the ability to stabilize
the bilayer of the DPPC liposomes (2, 3).

Rate of RES Uptake of Liposomes

The Kk,
3, and is shown in Fig. 5. The k., of

can be estimated by using k., and ky;,, in Eq.

the liposomes of DPPC/

SS (7:0) was 15.0, 26.3, and 11.2 times that of liposomes of
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Fig. 4. kg -time profiles after administration of liposomes. (M) is
DPPC/SS (7:7)-liposomes, ((J) is DPPC/SS (7:4)-liposomes, (@) is
DPPC/SS (7:2)-liposomes, (Q) is DPPC/SS (7:0)-liposomes. Values

are mean £ SD (n = 3).

DPPC/SS (7:2, 7:4, 7:7) at 15 min after administration of the
liposomes, respectively. These results suggest that the up-
take by RES mainly occurred during the carly stage after
administration, similar to the result reported by Iga and co-
workers (4). The liposomes of DPPC/SS (7:4) have the low-

est k.., among the liposomes of DPPC/SS. These results
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Fig. 5. K,.-time profiles after administration of liposomes. (M) is
DPPC/SS (7:7)-liposomes, ((J) is DPPC/SS (7:4)-liposomes, (@) is
DPPC/SS (7:2)-liposomes, (O) is DPPC/SS (7:0)-liposomes. Values
are mean * SD (n = 3).
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suggest that the liposomes of DPPC/SS (7:0) were easily
taken up by the RES, the liposomes of DPPC/SS (7:2, 7:4,
7:7) have an ability to evade the uptake by RES and among
them, the ability was the highest when the molar ratio of
DPPC and SS was 7:4.

Comparison Between the Rates of Systemic Degradation and
Uptake by RES

From Figs. 4 and 5, we found that the k., is higher than
the corresponding kg, of liposomes after administration
(K,es > Kgeg)- This result suggests that the uptake by RES is
more important than the systemic degradation for liposomes
with SS after administration since the RES recognizes the
liposomes as ‘‘foreign bodies’’ and removes them from the
blood. The high AUC value of the liposomes of DPPC/SS
(7:4) may be mainly due to the lower k., compared to the
other liposomes (Fig. 5).

Comparing the Rate of Systemic Degradation with that of
the Leakage of Calcein from Liposomes in vitro

The leakage of calcein from liposomes in vitro was stud-
ied by incubating 50 pl liposome suspension for 1 hour and
17 hours in 1 ml of 30% (v/v) rat plasma at 37 + 0.5 °C, and
the shaker speed was 100 min~' (3). The leakage rate of
calcein from liposomes (k,.,,) is calculated from the slope of
the percentage of the leakage of calcein from 0 to 17 hours
except for the liposomes of DPPC/SS (7:0). The k., value in
the liposomes of DPPC/SS (7:0) is calculated at an earlier
time of from 0 to 1 hour since the liposomes of DPPC/SS
(7:0) are unstable (3) and the liposomal calcein was elimi-
nated from the blood 30 min after administration as de-
scribed previously.

The results demonstrated that k., depended on the
included amount of SS in the liposomes of DPPC/SS as sum-
marized in Table 1. The k,.,, represents the average rate of
calcein released from liposomes due to the collapse caused
by the interaction of the bilayer of the liposomes with the
proteins in plasma. We compared the k,.,, in vitro with the
K4eg for the liposomes of DPPC/SS (7:0, 7:2, 7:4, 7:7) after
incubation and administration. Considering that the degree
of leakage of calcein from liposomes is proportional to the
plasma concentration (7, 8), the results indicated that the
K4eg in vivo are almost the same as k., in vitro in spite of
SOme erTor.

CONCLUSIONS

Measuring the levels of free calcein and liposomal cal-
cein in the blood and applying clearance Kinetics to these
data, we evaluated the rates of systemic degradation (k,,,)
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Table I. Comparison of the rate of leakage of calcein (ky.,y) in vitro
with the rate of systemic degradation (k4.p) in vivo

Liposomes composition

DPPC/SS (molar ratio) 7:0* 7:2% 7:4% 7:7*
Kicak (hr') 23.12 0.600°¢ 0.233¢ 0.455¢
Kgeg (hr't) 11.8° 0.2634 0.324¢ 0.3519

*: refer to the value at early times (a is the values from 0 to 1 hour
(3), b is the values at 5 min in Fig. 4).

#: refer to the value at later times (c is the values from 0 to 17 hours
(3), d is the average values from 120 min to 360 min in Fig. 4).

and RES-uptake (k,.,) for the liposomes of DPPC/SS after
intravenous administration to mice. The results indicated
that the rates of systemic degradation and the RES uptake of
liposomes decrease with the addition of SS in DPPC lipo-
somes. The rate of uptake by RES is larger than the rate of
systemic degradation. The rate of leakage of calcein from
liposomes by incubation in plasma in vitro was similar to that
of the systemic degradation in vivo. The AUC of the lipo-
somes of DPPC/SS (7:4) was dramatically higher than those
having different DPPC and SS molar ratios possibly because
of the lower rate of uptake by RES compared to other lipo-
somes.

REFERENCES

1. J. Senior. Fate and behavior of liposomes in vivo: a review of
controlling factors. CRC. Crii. Rev. Ther. Drug Carriers 3:123-
193 (1988).

2. K. Muramatsu, Y. Maitani, Y. Machida and T. Nagai. Effect of
soybean-derived sterol and its glucoside mixture on the stability
of dipalmitoylphosphatidylcholine and dipaimitoylphosphati-
dylcholine/cholesterol liposomes. Int. J. Pharm. 107:1-8
(1994).

3. X. R. Qi, Y. Maitani and T. Nagai. Effect of soybean-derived
sterols on the in vitro stability and the blood circulation of lipo-
somes in mice. Int. J. Pharm. 114:33-41 (1995).

4. K. Iga, Y. Ogawa and H. Toguchi. Rates of systemic degradation
and reticuioendothelial system (RES) uptake of thermosensitive
liposomes encapsulation cisplatin in rats. Pharm. Res.
10(9):1332-1337 (1993).

5. J. R. Gillette and K. S. Pang. Theoretic aspects of pharmacoki-
netic drug interactions. Clin. Pharmacol. Ther. 22:623-639
(1977).

6. Y. Sugiyama. Reconstruction of drug dispositions in vivo from
in vitro studies based on physiological pharmacokinetic model-
ing: from lowing molecular weight drugs to polypeptide com-
pounds. Yakugaku-zasshi 109: 199-231 (1989) (Japanese).

7. K. Funato, R. Yoda, and H. Kiwada. Contribution of comple-
ment system on destabilization of liposomes composed of hy-
drogenated egg phosphatidylcholine in rat fresh plasma. Bio-
chim. Biophys. Acta 1103:198-204 (1992).

8. K. Muramatsu, Y. Maitani, Y. Machida, and T. Nagai. Effects of
soybean-derived sterol and its glucoside mixtures in dipalmi-
toylphosphatidylcholine liposomes on the blood circulation and
hepatic cellular distribution in mice. submitted (1994).



