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Abstract

The biodistribution of liposomes with two different kind phospholipids (hydrogenated egg phosphatidylcholine and
egg phosphatidylcholine) plus cholesterol (CHOL) were investigated after intravenous administration to rats.
Elimination of liposomes from blood circulation was affected by the lipid composition. It appeared that the inclusion
of CHOL in liposomes accelerates the rate of liposome uptake by liver, resulting in rapid elimination of liposomes.
The amount of C3 fragments bound to liposomes was quantitatively determined to assess the contribution of the
complement system to liposome accumulation into organs and liposome destabilization in vivo and in vitro. The
amount of bound C3 fragments was directly proportional to CHOL content, and the amount was also proportional
to the CLh, CLs as well as CLrel. This relationship suggests that the complement system is responsible for the
elimination of liposomes from blood circulation, presumably as a consequence of opsonization by C3 fragments and
assembly of membrane attack complex (MAC) onto liposomes. In addition, substitution of cholesteryl methyl ether
into the liposome formulation for CHOL significantly diminished not only the binding of C3 fragments but also the
CLh, CLs and CLrel, resulting in increased mean resident time (MRT) of the liposomes. This result suggests that the
hydroxyl-group on CHOL is a binding site for C3 fragments on the liposomes and that CHOL in a liposome
formulation promotes the accumulation of liposomes into the liver and spleen, probably due to their uptake by
phagocytic cells, and impairs the stability of the liposomes in blood circulation, via a mechanism involving the
complement system. © 2000 Elsevier Science B.V. All rights reserved.
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Abbre6iations: AUC, area under the blood concentration–time curve; CF, 5(6)-calboxyfluorescein; CHOL, cholesterol; C3, third
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1. Introduction

Liposomes have been extensively evaluated as a
potential drug carrier system for therapeutic appli-
cations because of their ability to alter the phar-
macokinetics and reduce the toxicity of their
associated drugs (Hwang, 1987; Allen and
Hansen, 1991). After administration of liposomes
in vivo, opsonins are adsorbed onto the surface of
liposomes by a process called opsonization, trig-
gering recognition and liposome uptake by the
mononuclear phagocyte system (MPS) through
receptor-mediated phagocytosis or endocytosis
(Senior, 1987; Patel, 1992; Liu, 1997). Further-
more, the functional importance of serum proteins
in destabilization of liposomes has been supported
by in vitro studies (Funato et al., 1992; Hernan-
dez-Caselles et al., 1993; Harashima et al., 1996;
Ishida et al., 1997; Panagi et al., 1998). The
complement system has been suspected to be a
possible candidate for major dominant opsonin in
the clearance process because it plays a critical role
in elimination of particulate materials, such as
pathogens, through initiating membrane lysis and
enhancing the uptake by the MPS (Porter and
Reid, 1979; Pangburn, 1983; Tomlinson, 1993).

The third component of the complement system
(C3) is one of the principal opsonins, enhancing
the uptake and clearance of liposomes by the
MPS. When the complement system is activated,
activated C3 fragments termed C3b bind to hy-
droxyl or amino groups on the target, and bound
C3 fragments termed C3b or iC3b enhance uptake
of the target by the MPS through complement
receptor-mediated phagocytosis (Brown, 1991;
Wright, 1992). Our laboratory and others have
shown the potential role of the complement system
in the uptake of liposomes by Kupffer cells in an
in situ perfused liver system (Kiwada et al., 1987;
Harashima et al., 1994, 1998; Matsuo et al., 1994;
Liu et al., 1995a,b; Liu and Liu, 1996; Harashima
and Kiwada, 1996a,b) or isolated Kupffer cells
(Dijkstra et al., 1984, 1985; Moghimi and Patel,
1988). However, a quantitative method to estimate
the contribution of the complement system, espe-
cially the C3 fragments, to in vivo biodistribution
of liposomes has not been developed. Since the
complement system is expected to influence lipo-

some biodistribution by assisting the body in re-
moval of the drug carrier from circulation,
understanding of the correlation between the
amount of bound C3 fragments and liposome
biodistribution can help us to predict the fate of
liposomes after administration, thus helping de-
velop a more desirable liposomal drug delivery
system.

In this study, we quantitatively determined the
biodistribution of liposomes after intravenous ad-
ministration to rats. We developed an in vitro
assay system to evaluate the amount of associated
C3 fragments onto liposomes after exposure to
isolated rat serum. The relationship between the
biodistribution of liposomes and the amount of
bound C3 fragments was examined. Our findings
demonstrated that the complement system is re-
sponsible for elimination of liposomes from blood
circulation. Cholesterol present in liposomes accel-
erates the elimination of liposomes from circula-
tion via a mechanism involving complement
activation.

2. Materials and methods

2.1. Materials

Egg phosphatidylcholine (EPC) and hydro-
genated egg phosphatidylcholine (HEPC) were
kindly donated by Nippon Fine Chemical (Osaka,
Japan). Dicetylphosphate (DCP) was purchased
from Nacalai Tesque (Kyoto, Japan). Cholesterol
(CHOL) was of analytical grade (Wako Pure
Chemical, Osaka, Japan). Cholesteryl methyl ether
was purchased from Sigma (CA, USA). All lipids
were used without further purification. 5(6)-Car-
boxyfluorescein (CF) was purchased from East-
man Kodak (NY, USA). [3H]Cholesterylhexadecyl
ether ([3H]CHE) and [3H]inulin were purchased
from NEN Research Products (MA, USA). All
other reagents were of analytical grade.

2.2. Preparation of liposomes

Preparation of multilamellar vesicles (MLV)
was carried out by modification of a conventional
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lipid film hydration method described previously
(Funato et al., 1992). Liposomes were composed
of EPC/CHOL/DCP (EPC-MLV) or HEPC/
CHOL/DCP (HEPC-MLV) at a molar ratio of
4:4:1 (high-CHOL liposomes), 5:3:1 (medium-
CHOL liposomes), and 6:2:1 (low-CHOL
liposomes), and sized by extrusion through
polycarbonate membrane filters (Nuclepore, CA)
with a pore size of 400 nm. Mean diameters of
liposomes (380–420 nm) were determined using a
NICOMP 370 HPL submicron particle analyzer
(Particle Sizing System, CA). [3H]Inulin or CF
was encapsulated as an internal space marker to
follow biodistribution of liposomes in vivo or to
measure liposome destabilization in vitro,
respectively. For determining C3 fragments
associated with liposomes, the liposomes were
labeled with a trace amount of [3H]CHE (1 mCi/40
mmol of total lipids) as a nonexchangeable lipid
phase marker (Pool et al., 1982; Derksen et al.,
1987).

2.3. Biodistribution and pharmacokinetics of lipo-
somes

Male Wistar rats weighing 180–230 g (Inoue
Experimental Animal, Kumamoto, Japan) were
cannulated via the left femoral vein (PE-20, Nat-
sume, Tokyo, Japan), artery (PE-50) and bladder
(PE-20 and PE-50 tied together in parallel). Lipo-
somes containing encapsulated [3H]inulin were ad-
ministered intravenously through the femoral vein
cannula into rats. The injected volume was 2.5
ml/kg body wt. with a dose corresponding to 25
mmol as total lipid/kg body wt. At indicated time
points after injection, blood was sampled through
the femoral artery cannula, and urine was col-
lected from the bladder by washing with 2–3 ml
of saline. Liver and spleen were collected from
animals after sampling of blood and urine.
[3H]Inulin in blood, urine and tissues were as-
sayed as described previously (Kume et al., 1991).

The time courses of liposome concentration in
the blood was determined using the following Eq.
(1) with MULTI (Yamaoka et al., 1981). The
Damping Gauss Newton method was chosen as
an algorithm for the nonlinear least squares

method, and the inverse of blood concentration
was used as a weight. Pharmacokinetic parame-
ters were calculated as follows:

Cb=A exp(−at)+B exp(−bt) (1)

AUC=A/a+B/b (2)

MRT= (A/a2+B/b2)(A/a+B/b) (3)

where a and b are the apparent rate constants, A
and B are the corresponding zero-time intercepts,
and t is time. The AUC and MRT are the area
under the blood concentration–time curve and
the mean residence time, respectively.

The hepatic clearance (CLh), splenic clearance
(CLs) and renal clearance (CLrel) were calculated
as follows:

CLh=X(t)h/AUC(0� t) (4)

CLs=X(t)s/AUC(0� t) (5)

CLrel=X(t)rel/AUC(0� t) (6)

where X(t)h, X(t)s and X(t)rel are the hepatic
uptake, splenic uptake and cumulative urinary
excretion of [3H]inulin at time t. AUC(0� t) is the
area under the blood concentration–time curve
from time 0 to t.

2.4. In 6itro liposome destabilization assay

The complement-inactivated rat serum was pre-
pared by heating at 56°C for 30 min and by
addition of EDTA (100 mM) (Okada et al., 1982).
Liposome destabilization in rat serum was as-
sessed by determining the fluorescence intensity of
released CF according to a previously described
method (Funato et al., 1992). In brief, 50 ml of
liposomes containing CF (6 mmol/ml of total
lipid) was added to 450 ml of serum, and the
mixture was incubated for 30 min at 37°C. The
fluorescence intensity in the reaction mixture was
determined with a Hitachi 650-40 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan) at ex-
citation and emission wavelengths of 490 and 520
nm, respectively. The total amount of CF encap-
sulated in the liposomes was measured by lysing
the liposomes with Triton X-100 solution (5%
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(v/v)). Percentage of CF released from liposomes
was calculated by dividing the fluorescence inten-
sity of the reaction mixture by that of the total
encapsulated CF in the liposomes.

2.5. Determination of amount of C3 fragments
associated with isolated liposomes

To 110 ml of liposome solution labeled with
[3H]CHE (20 mmol/ml of total lipid), 990 ml of rat
serum was added and the liposomes–serum mix-
ture was incubated at 37°C for 15 min. The
incubation mixture was then cooled to 4°C using
an ice bath to stop the reaction of the complement
system. The incubation mixture (1100 ml) was
then loaded onto a 10-ml BioGel A-15m, 200–400
mesh size (Bio-Rad) spin column to isolate lipo-
somes from serum components, including very
low density and low density lipoproteins, as de-
scribed previously (Chonn et al., 1991a). The frac-
tions containing liposomes were pooled and
concentrated by centrifugation (75 000 rev./min,
60 min on an Optima TLX Ultracentrifuge, Beck-
man, CA) at 4°C. Radioactivity of [3H]CHE in
the liposome suspension was assayed to determine
the concentration of the liposomes with an Aloka
LSC-3500 liquid scintillation counter (Aloka,
Tokyo, Japan). To assay for C3 fragments associ-
ated with liposomes, the liposome suspension was
mixed with equal amounts of Triton X-100 solu-
tion (2% v/v) to destabilize the liposomal mem-
brane. By addition of a threefold amount of
1,1,2-trichloro 1,2,2-trifluoroethane (Wako Pure
Chemical, Osaka, Japan), the liposome-associated
C3 fragments were extracted into aqueous phase
and delipidated. Extracted C3 fragments were de-
termined in a Sandwich ELISA using a combina-
tion of anti-Rat C3 monoclonal antibody
(produced in our laboratory) and HRP-conju-
gated anti-Rat C3 polyclonal antibody (Cappel,
NA, USA). The number of liposomes in the col-
lected liposome suspension was calculated accord-
ing to the equations described previously (Pidgeon
and Hunt, 1981). Total C3 fragments associated
with the liposomes were expressed as mg per lipo-
some vesicle.

2.6. Statistics

Statistical analyses were performed using
StatView software (Abacus Concepts, CA).

3. Results

3.1. Biodistribution of liposomes and
pharmacokinetic analysis

To evaluate the biodistribution of liposomes,
liposomes containing [3H]inulin were administered
intravenously to rats. The time course of blood
concentration of liposomes is shown in Fig. 1. For
liposomes (HEPC-MLVs) containing fully satu-
rated phospholipid (PL) (HEPC), higher and
medium amounts of CHOL in the formulation
caused the liposomes to clear more rapidly than
one containing a lower amount of CHOL (Fig.
1A). For liposomes (EPC-MLVs) composed of
unsaturated PL (EPC), higher and lower amounts
of CHOL caused the liposomes to clear slightly
more quickly than the liposomes containing a
medium amount of CHOL (Fig. 1B). Pharma-
cokinetic parameters for liposome biodistribution
were calculated according to equations described
in Section 2, and are summarized in Table 1. PL
degree of saturation and amount of CHOL con-
tent altered pharmacokinetic parameters. Hepatic
and splenic clearance of liposomes (CLh and CLs)
reflect accumulation of liposomes in liver and
spleen, respectively. Renal clearance of liposomes
(CLrel) reflects liposome destabilization in blood
circulation. The values of CLh, CLs and CLrel in
the HEPC-MLVs were much higher than those in
the EPC-MLVs. CLh increased with an increase
of CHOL content regardless of difference of PL.
CLrel increased with an increase in CHOL con-
tent in the HEPC-MLVs, while CLrel slightly
decreased by increase of CHOL content in the
EPC-MLVs. AUC decreased as CHOL content
was increased in the HEPC-MLVs, whereas there
were no CHOL-dependency on the AUC in the
EPC-MLVs. The mean residence time (MRT) of
liposomes decreased with an increase in CHOL
content regardless of degree of PL saturation.
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3.2. Amount of C3 fragments associated with
liposomes

Liposomes were recovered from a liposome–
serum incubation mixture after incubation at
37°C for 15 min. Serum proteins bound to the
liposomes were extracted from the separated lipo-
somes. The amount of C3 fragments associated
with liposomes is shown in Fig. 2. HEPC-MLVs
bound more C3 fragments than did EPC-MLVs,

regardless of the CHOL content. The amount of
C3 fragments increased with increasing CHOL
content, but this effect was less pronounced for
EPC-MLVs than for HEPC-MLVs.

3.3. Release of carboxyfluorescein (CF) from
liposomes

Release of CF from liposomes in untreated rat
serum, pretreated sera or PBS is shown in Fig. 3.
For HEPC-MLVs, the release of CF from the
liposomes in untreated serum increased with an
increase in CHOL content. On the other hand, for
EPC-MLVs, the release of CF from the liposomes
in untreated serum decreased with an increase in
CHOL content. In heated or EDTA-treated
serum (complement-inactivated sera), the release
of CF from all HEPC-MLVs formulations and
EPC-MLVs containing 22 mol% CHOL (EPC/
CHOL/DCP=6:2:1) was reduced. It appeared
that all HEPC-MLVs formulations and EPC-
MLVs containing 22 mol% CHOL were destabi-
lized through activation of complement system.

3.4. Correlation between amount of bound C3
fragments and in 6i6o pharmacokinetic parameters

Bound C3 fragments (Fig. 2) versus individual
organ clearances (CLh, CLs or CLrel) (Table 1)
are plotted in Fig. 4. The amount of bound C3
fragments affected all organ clearances. There is a
good correlation between the amount of bound
C3 fragments and CLh (r2=0.889, PB0.01, Fig.
4A), CLs (r2=0.880, PB0.01, Fig. 4B) or CLrel
(r2=0.895, PB0.01, Fig. 4C).

3.5. Influence of incorporation of cholesteryl
methyl ether in liposome formulation on the
binding of C3 fragments and the biodisposition of
the liposomes

Liposomes containing cholesteryl methyl ether
(CHOL-O-Me) instead of CHOL (HEPC/CHOL-
O-Me/DCP=4:4:1) were prepared according to
the method described in Section 2. The liposome
size was 398921 nm in diameter. We examined
the binding of C3 fragments to the liposomes, and
the biodistribution of liposomes. As shown in

Fig. 1. Biodistribution of liposomes. [3H]Inulin was encapsu-
lated into liposomes which were composed of (A) HEPC/
CHOL/DCP=6:2:1 (�), 5:3:1 (�), 4:4:1 (
) or (B)
EPC/CHOL/DCP=6:2:1 (	), 5:3:1 (�), 4:4:1 (
). Lipo-
somes (25 mmol total lipid/kg) were administered by intra-
venous injection into male Wistar rats. At each time point,
blood was collected. [3H]Inulin in blood was determined by
scintillation counting. Each value represents the mean9S.E.
of three separate experiments.
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Table 1
Pharmacokinetic parameters of the liposomesa

AUC CLhLipid composition of CLs Clrel MRT
(ml/min)(ml/min) (ml/min)(% dose min/ml) (min)liposomes

EPC/CHOL/DCP
6:2:1 0.14390.014180915 0.06390.005 0.09190.020 70.8917.8

0.16690.018 0.05490.00325292 0.08590.0065:3:1 50.693.0
1479154:4:1 0.18390.044 0.05190.013 0.03590.011 32.690.7

HEPC/CHOL/DCP
0.21690.109 0.07490.003357979 0.01990.0166:2:1 60.4911.3
0.32490.010 0.09190.004 0.33090.058 51.9911.35:3:1 143932
0.39990.018 0.10490.009 0.37290.041 27.991.8102984:4:1

a Liposomes containing [3H]inulin (25 mmol total lipid/kg) were administered by i.v. injection into male Wistar rats. Blood and
urine at each time point were collected. At 1 h after injection, liver and spleen were collected. [3H]Inulin in blood, urine and each
tissue was assayed. Pharmacokinetic parameters were calculated as described in Section 2. Each value represents mean9S.E. of
three separate experiments.

Table 2, the binding of C3 fragments to liposomes
with CHOL-O-Me substituted for CHOL was
significantly diminished compared to CHOL-con-
taining liposomes. The pharmacokinetic parame-
ters are also summarized in Table 2. AUC of the
CHOL-O-Me-containing liposomes increased al-
most twofold compared to that of the CHOL-
containing liposomes. CLh, CLs and CLrel of the
CHOL-O-Me-liposomes were dramatically re-
duced compared to those of the CHOL-contain-
ing liposomes. In addition, MRT was increased
threefold when CHOL-O-Me was incorporated
into the formulation instead of CHOL. These
results suggest that the hydroxyl-group on the
liposome surface dramatically affects in vivo lipo-
some pharmacokinetics.

4. Discussion

Liposome accumulation in the MPS and lipo-
some destabilization in blood are important fac-
tors which affect liposome circulation lifetimes.
CHOL-dependent CLh and CLs increases were
observed for HEPC-MLVs but not for EPC-
MLVs. In vivo and in vitro CHOL-dependent
liposome destabilization was also observed in the
HEPC-MLVs (Table 1 and Fig. 3). This CHOL-
dependency in the HEPC-MLVs is due to CHOL-
dependent complement activation, since the

destabilization of HEPC-MLVs in rat serum was
decreased in both heated serum (56°C, 30 min)
and EDTA-treated serum (Fig. 3), treatments
which inactivate the complement system (Okada
et al., 1982). This conclusion is further supported
by our findings for quantitative determination of
bound C3 fragments following incubation with
untreated serum. The increase of bound C3 frag-
ments was proportional to the increase of CHOL
content in the composition (Fig. 2); the amount of
bound C3 fragments was also proportional to
CLh, CLs and CLrel (Fig. 4). Recently, we have
reported, for HEPC-MLVs having 800 nm diame-
ter, that a complement-activating factor (CAF),
which adsorbed onto the liposomes in a CHOL-
dependent manner, triggers CHOL-dependent
complement activation in rat serum (Ishida et al.,
1997). Hence, in this study, we assume that the
CAF adsorbed to the HEPC-MLVs initiated the
complement activation, causing both the binding
of C3 fragments and bilayer permeability changes
by assembling the membrane attack complex
(MAC), resulting in rapid liposome elimination.

Interestingly, for EPC-MLVs, CHOL-depen-
dent in vivo and in vitro liposome destabilization
was not observed (Table 1 and Fig. 3), whereas
CHOL-dependent C3 binding was observed (Fig.
2). It appeared that incorporation of CHOL into
the EPC-MLVs increased liposome stability in
vivo and in vitro (Fig. 3 and Table 1). This
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finding is consistent with previous results (Senior
and Gregoriadis, 1982). In the case of an unsatu-
rated PL such as EPC, having low transition
temperature, the high membrane fluidity is condu-
cive to removal of PL and CHOL by serum HDL

Fig. 3. Release of CF from liposomes in rat serum. Liposomes
containing encapsulated CF were incubated with untreated rat
serum, treated sera or PBS at 37°C for 30 min. The fluores-
cence intensity of released CF was determined. Total re-
leasable CF from the liposomes was measured by lysing the
liposomes with Triton X-100 solution (5% v/v). Percentage of
released CF from liposomes was calculated by dividing the
fluorescence intensity of the reaction mixture by that of total
encapsulated CF in the liposomes. (A) Release of CF from the
liposomes composed of HEPC/CHOL/DCP. (B) Release of
CF from the liposomes composed of EPC/CHOL/DCP. Each
value represents the mean9S.E. of three separate experi-
ments. N.M., not measured.

Fig. 2. Amount of bound C3 fragments on liposomes. Lipo-
somes were incubated with rat serum at 37°C for 15 min. After
the incubation, the liposomes were separated from unbound
serum proteins using a spin column. C3 fragments were ex-
tracted from the liposomes and quantitated using a sandwich
ELISA. Amount of C3 fragments is expressed as micrograms
per liposome vesicle. Each value represents the mean9S.E. of
three separateexperiments. *PB0.05, **PB0.01.

and pore formation in the bilayers, resulting in an
increased release of liposomal contents (Kirby
and Gregoriadis, 1981). It has been reported that
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Fig. 4.

incorporation of CHOL into such liposomes re-
duces the membrane fluidity by increasing the
transition temperature of the lipid membrane, re-
sulting in increased stability of the membrane
(Senior and Gregoriadis, 1982). Therefore, we as-
sume for EPC-MLVs that the inclusion of CHOL
makes the membrane less susceptible to liposome
destabilization by serum components, preventing
complement-activated pore formation by MAC
and exchange of PL and CHOL by serum HDL.

We have previously reported the use of an
isolated perfused liver system to identify the role
of serum opsonins in the hepatic uptake of lipo-
somes (MLVs), and have identified the role of the
complement system in enhancing the hepatic up-
take of liposomes via complement receptor-medi-
ated phagocytosis (Matsuo et al., 1994;
Harashima et al., 1994, 1998; Harashima and
Kiwada, 1996a). In this study, we quantitatively
determined C3 fragments associated with the lipo-
somes after incubation in untreated serum as an
indication of complement activation. C3 plays a
critical role in complement activation through
both classical and alternative pathways, and C3 is
well known as a specific ligand for complement-
receptor on phagocytic cells in liver and spleen
(Porter and Reid, 1979; Pangburn, 1983; Brown,
1991; Wright, 1992; Tomlinson, 1993). The
amount of bound C3 fragments increased with an
increase in CHOL content regardless of the PL in
the formulations (Fig. 3), and there is a direct
correlation between the amount of associated C3
fragments and CLh, CLs and CLrel (Fig. 4). We
have previously shown that the C3b/iC3b, acti-
vated C3 fragment, bound to HEPC-MLVs of 800
nm diameter by Western blotting (Funato et al.,
1992; Matsuo et al., 1994). These results reported
here clearly indicate that liposome opsonization

Fig. 4. Correlations between the organ CL and the amount of
bound C3 fragments on the liposomes. (A) Correlation be-
tween the amount of bound C3 fragments and CLh. (B)
Correlation between the amount of bound C3 fragments and
CLs. (C) Correlation between the amount of bound C3 frag-
ments and CLrel. Values for pharmacokinetic parameters are
from Table 1. Values for bound C3 fragments are from Fig. 2.
The lipid compositions of liposomes are HEPC/CHOL/
DCP=6:2:1 (�), 5:3:1 (�), 4:4:1 (
) or (B) EPC/CHOL/
DCP=6:2:1 (	), 5:3:1 (�), 4:4:1 (
), respectively.
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by the C3 fragments (C3b/iC3b) leads to en-
hanced uptake of liposomes by phagocytic cells in
liver and spleen.

As expected, incorporation of CHOL-O-Me in-
stead of CHOL into the liposome formulation
reduced the binding of C3 fragments to the lipo-
somes to below the detection level of our assay
system, and decreased clearance rates in vivo (in-
creased AUC and MRT) (Table 2). These results
provide definitive evidence for a critical role of
CHOL in liposome biodistribution and comple-
ment activation triggered by liposomes. Once the
complement system is activated by the liposomes,
the activated C3 fragment, C3b, binds to the
hydroxyl group of CHOL on the liposomes.
CHOL is the only molecule on the liposome sur-
face with a hydroxyl group which can be recog-
nized by C3b. A part of the bound C3b is rapidly
cleaved to form iC3b, which is a specific ligand
for complement receptor on phagocytic cells.
Bound iC3b enhances the uptake of liposomes by
phagocytic cells. Another part of the bound C3b
makes some convertase complexes with other
complement components such as factor B and C5
fragments, to further enhance C3b deposition or
assembly of MAC on the liposomes. Use of
CHOL-O-Me would prevent specific binding of

C3b onto the liposomes, resulting in decreased
complement activation by the liposomes, and in-
creased liposome circulation time.

Various clustering states of CHOL in liposomal
membrane caused by the different lipid composi-
tion might be an underlying mechanism in
CHOL-dependent complement activation. Fluid-
ity in liposomal membrane might also be one
factor which affects the interaction of the comple-
ment system with liposomes. Membrane fluidity is
dramatically changed by the fatty acyl composi-
tion of the PL and by the CHOL content (Oldfi-
eld and Chapman, 1971). Recently, Nagayasu et
al., showed that membrane fluidity of EPC-MLVs
is higher than that of HEPC-MLVs, regardless of
the CHOL content (Nagayasu et al., 1996). In the
present paper, the amount of C3 fragments asso-
ciated with liposomes was higher for HEPC-
MLVs than for EPC-MLVs (Fig. 2). Therefore,
liposomal membrane fluidity is also likely to af-
fect the interaction of activated C3 molecules with
the liposome surface; rigid membrane having low
fluidity appear to be more susceptible to binding
the C3 fragments. However, the precise mecha-
nism of binding of C3 fragments to the liposomes
is not clear, thus, this hypothesis should be tested
experimentally in further studies.

Table 2
Bound C3 fragments and pharmacokinetic parameters of liposomes containing cholesteryl methyl ethera

CLrelAUCC3 fragmentsbLipid composition of CLh MRTCLs
(ml/min)liposomes (ml/min)% dose (ml/min) (min)(ml/min)

82.294.8*N.D. 216911* 0.165 0.06990.015* 0.26690.023*HEPC/CHOL-O-Me/
DCP=4:4:1 90.029***

0.37290.0410.10490.009 27.991.80.39990.018HEPC/CHOL/DCP 102986.1690.63
=4:4:1

a The amount of bound C3 fragments was determined as described in Section 2. Liposomes (HEPC/CHOL-O-Me/DCP=4:4:1,
25 mmol total lipid/kg) containing [3H]inulin was administered by i.v. injection into male Wistar rats. At each time point, blood was
collected. At 1 h after injection, liver and spleen were collected. Radioactivities of [3H]inulin in blood, urine and various tissues were
assayed. The pharmacokinetic parameters were calculated as described in Section 2. Each value represents mean9S.E. of three
experiments. The values for the HEPC-MLV (HEPC/CHOL/DCP=4:4:1) were taken from Fig. 2 and Table 1. N.D., not
detectable.

b ×10−12 mg/liposome.
* PB0.05.
*** PB0.001.



T. Ishida et al. / International Journal of Pharmaceutics 205 (2000) 183–193192

As discussed above, addition of CHOL-O-Me
dramatically reduced the binding of C3 fragments
to the liposomes. However, this reduction did not
completely prevent hepatic clearance (Table 2).
We have previously reported that in an in situ
perfused liver system, significant liposome uptake
was still observed under conditions where comple-
ment activity in serum was completely abolished
(Harashima et al., 1994; Matsuo et al., 1994).
Hepatic uptake of liposomes, probably by Kupf-
fer cells in liver, is by two different mechanisms:
complement-dependent and complement-indepen-
dent (direct recognition). The residual CLh may
be due to complement-independent hepatic up-
take. The results reported by Liu and coworkers
strongly support this hypothesis (Liu et al.,
1995a,b; Liu and Liu, 1996).

Complement activation induced by liposomes
has been examined using complement consump-
tion and release of liposomal contents after incu-
bation in animal or human sera (Chonn et al.,
1991b; Funato et al., 1992; Hernandez-Caselles et
al., 1993; Devine et al., 1994; Marjan et al., 1994;
Szebeni et al., 1994; Panagi et al., 1998). No
studies determined the complement component
deposited on the liposome surface and evaluated
the involvement of the complement system in
liposome biodistribution in a quantitative man-
ner. In this study, therefore, we report the quanti-
tative determination of C3 fragments on
liposomes and show that there is a close relation-
ship between liposome biodistribution and the
amount of bound C3 fragments. Our results
strongly suggest that C3 fragments associated
with liposomes affect liposome biodistribution. It
may be possible to use the amount of deposited
human C3 fragments on liposomes to predict the
biodistribution of liposomes in human. Quantita-
tive determination of the amount of deposited
human C3 fragments would provide useful infor-
mation in developing a more optimal composition
of liposomes for use in human therapeutics.

References

Allen, T.M., Hansen, C.B., 1991. Pharmacokinetics of Stealth
versus conventional liposomes: effect of dose. Biochim.
Biophys. Acta 1068, 133–141.

Brown, E.J., 1991. Complement receptors and phagocytosis.
Curr. Opin. Immunol. 3, 76–82.

Chonn, A., Semple, S.C., Cullis, P.R., 1991a. Separation of
large unilamellar liposomes from blood components by a
spin column procedure: towards identifying plasma
proteins which mediate liposome clearance in vivo.
Biochim. Biophys. Acta 1070, 215–222.

Chonn, A., Cullis, P.R., Devine, D.V., 1991b. The role of
surface charge in the activation of the classical and alterna-
tive pathways of complement by liposomes. J. Immunol.
146, 4234–4241.

Derksen, J.T., Morselt, H.W., Scherphof, G.L., 1987. Process-
ing of different liposomal markers after in vitro uptake of
immunoglobulin-coated liposomes by rat liver
macrophages. Biochim. Biophys. Acta 931, 33–40.

Devine, D.V., Wong, K., Serrano, K., Chonn, A., Cullis, P.R.,
1994. Liposome-complement interactions in rat serum: im-
plications for liposome survival studies. Biochim. Biophys.
Acta 1191, 43–51.

Dijkstra, J., Van Galen, W.J.M., Hulstaert, C.E., Kalicharan,
D., Roerdink, F.H., Scherphof, G.L., 1984. Interaction of
liposomes with Kupffer cells in vitro. Exp. Cell Res. 150,
161–176.

Dijkstra, J., Van Galen, W.J.M., Scherphof, G.L., 1985. Influ-
ence of liposome charge on the association of liposomes
with Kupffer cells in vitro. Effects of divalent cations and
competition with latex particles. Biochim. Biophys. Acta
813, 287–297.

Funato, K., Yoda, R., Kiwada, H., 1992. Contribution of
complement system on destabilization of liposomes com-
posed of hydrogenated egg phosphatidylcholine in rat fresh
plasma. Biochim. Biophys. Acta 1103, 198–204.

Harashima, H., Kiwada, H., 1996a. Studies on the mechanism
of uptake of liposomes using an isolated perfused liver
system. J. Liposome Res. 6, 61–75.

Harashima, H., Kiwada, H., 1996b. Liposomal targeting and
drug delivery: kinetic consideration. Adv. Drug Deliv. Rev.
19, 425–444.

Harashima, H., Sakata, K., Funato, K., Kiwada, H., 1994.
Enhanced hepatic uptake of liposomes through comple-
ment activation depending on the size of liposomes.
Pharm. Res. 11, 402–406.

Harashima, H., Huong, T.M., Ishida, T., Manabe, Y., Mat-
suo, H., Kiwada, H., 1996. Synergistic effect between size
and cholesterol content in the enhanced hepatic uptake
clearance of liposomes through complement activation in
rats. Pharm. Res. 13, 1704–1709.

Harashima, H., Matsuo, H., Kiwada, H., 1998. Identification
of proteins mediating clearance of liposomes using a liver
perfusion system. Adv. Drug Deliv. Rev. 32, 61–79.

Hernandez-Caselles, T., Villalain, J., Gomez-Fernandez, J.C.,
1993. Influence of liposomes charge and composition on
their interaction with human blood serum proteins. Mol.
Cell. Biochem. 120, 119–126.

Hwang, K.J., 1987. Liposome pharmacokinetics. In: Ostro,
M.J. (Ed.), Liposomes: from Biophysics to Therapeutics.
Marcel Dekker, New York, pp. 109–156.



T. Ishida et al. / International Journal of Pharmaceutics 205 (2000) 183–193 193

Ishida, T., Funato, K., Kojima, S., Yoda, R., Kiwada, H.,
1997. Enhancing effect of cholesterol on the elimination of
liposomes from circulation is mediated by complement
activation. Int. J. Pharm. 156, 27–37.

Kirby, J., Gregoriadis, G., 1981. Plasma-induced release of
solutes from small unilamellar liposomes is associated with
pore formation in the bilayers. Biochem. J. 199, 251–254.

Kiwada, H., Miyajima, Y., Kato, Y., 1987. Studies on the
uptake mechanism of liposomes by perfused rat liver. II.
An indispensable factor for liver uptake in serum. Chem.
Pharm. Bull. 35, 1189–1195.

Kume, Y., Maeda, H., Harashima, H., Kiwada, H., 1991.
Saturable, Non-Michaelis–Menten uptake of liposomes by
reticuloendothelial system. J. Pharm. Pharmacol. 43, 162–
166.

Liu, D., 1997. Biological factors involved in the blood clear-
ance of liposomes by liver. Adv. Drug Deliv. Rev. 24,
201–213.

Liu, D., Hu, Q.G., Song, Y.K., 1995a. Liposome clearance
from blood: different animal species have different mecha-
nisms. Biochim. Biophys. Acta 124, 277–284.

Liu, D., Song, Y.K., Liu, S., 1995b. Antibody dependent,
complement mediated liver uptake of liposomes containing
GM1. Pharm. Res. 12, 1775–1780.

Liu, F., Liu, D., 1996. Serum independent liposome uptake by
mouse liver. Biochim. Biophys. Acta 127, 5–11.

Marjan, J., Xie, Z., Devine, D., 1994. Liposome-induced acti-
vation of the classical complement pathway does not re-
quire immunoglobulin. Biochim. Biophys. Acta 1192,
35–44.

Matsuo, H., Funato, K., Harashima, H., Kiwada, H., 1994.
The complement- but not mannose receptor-mediated
phagocytosis is involved in hepatic uptake of cetylman-
noside-modified liposomes in situ. J. Drug. Target. 2,
141–146.

Moghimi, S.M., Patel, H.M., 1988. Tissue specific opsonins for
phagocytic cells and their different affinity for cholesterol-
rich liposomes. FEBS Lett. 233, 143–147.

Nagayasu, A., Uchiyama, K., Nishida, T., Yamagiwa, Y.,
Kawai, Y., Kiwada, H., 1996. Is control of distribution of
liposomes between tumors and bone marrow possible?
Biochim. Biophys. Acta 127 (81), 29–34.

Okada, N., Yasuda, T., Tsumita, T., Okada, H., 1982. Activa-
tion of the alternative complement pathway of guinea-pig

by liposomes incorporated with trinitrophenylated phos-
phatidylethanolamine. Immunology 45, 115–124.

Oldfield, E., Chapman, D., 1971. Effects of cholesterol and
cholesterol derivatives on hydrocarbon chain mobility in
lipids. Biochem. Biophys. Res. Commun. 43, 610–616.

Panagi, Z., Avgoustakis, K., Evangelators, G., Ithakissios,
D.S., 1998. Protein-induced CF release from liposomes in
vitro and its correlation with the BLOOD/RES biodistri-
bution of liposomes. Int. J. Pharm. 163, 103–114.

Pangburn, M.K., 1983. Activation of complement via the
alternative pathway. Fed. Proc. 42, 139–143.

Patel, H.M., 1992. Serum opsonins and liposomes: their inter-
action and opsonophagocytosis. CRC Crit. Rev. Ther.
Drug Carrier Syst. 9, 39–90.

Pidgeon, C., Hunt, A., 1981. Calculating number and surface
area of liposomes in any suspension. J. Pharm. Sci. 70,
173–176.

Pool, G.L., French, M.E., Edwards, R.A., Huang, L., Lumb,
R.H., 1982. Use of radiolabelled hexadecyl cholesterol
ether as a liposome marker. Lipids 17, 445–452.

Porter, P.R., Reid, K.B.M., 1979. Activation of the comple-
ment system by antibody–antigen complex: the classical
pathway. Adv. Prot. Chem. 33, 1–71.

Senior, J.H., 1987. Fate and behaviour of liposomes in vivo: a
review of controlling factors. Crit. Rev. Ther. Drug Carrier
Syst. 3, 123–193.

Senior, J., Gregoriadis, G., 1982. Stability of small unilamellar
liposomes in serum and clearance from the circulation. Life
Sci. 30, 2123–2136.

Szebeni, J., Wassef, N.M., Spielberg, H., Rudolph, A.S., Alv-
ing, C.R., 1994. Complement activation in rats by lipo-
somes and liposome-encapsulated hemoglobin: Evidence
for anti-lipid antibodies and alternative pathway activa-
tion. Biochem. Biophys. Res. Commun. 205, 255–263.

Tomlinson, S., 1993. Complement defense mechanism. Curr.
Opin. Immunol. 5, 83–89.

Wright, S.D., 1992. Receptors for complement and the biology
of phagocytosis. In: Gallin, J.I., Goldstein, I.M., Synder-
man, R. (Eds.), Inflammation: Basic Principles and Clinical
Correlates. Raven Press, New York, pp. 477–495.

Yamaoka, K., Tanigawara, Y., Nakagawa, T., Uno, T., 1981.
A pharmacokinetic analysis program (MULTI) for micro-
computer. J. Pharmacobio-Dyn. 4, 879–890.

.


