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Purpose. To investigate the effects of the lipid composition of galac-
tosylated liposomes on their targeted delivery to hepatocytes.
Methods. Several types of liposomes with a particle size of about 90
nm were prepared using distearoyl-L-phosphatidylcholine (DSPC),
cholesterol (Chol) and cholesten-5-yloxy-N-(4-((1-imino-2-D-
thiogalactosylethyl)amino)butyl)formamide (Gal-C4-Chol), and la-
beled with [3H]cholesterol hexadecyl ether. Their tissue disposition
was investigated in mice following intravenous injection. The binding
and internalization characteristics were also studied in HepG2 cells.
Results. Compared with [3H]DSPC/Chol (60:40) liposomes, [3H]D-
SPC/Chol/Gal-C4-Chol (60:35:5) liposomes exhibit extensive hepatic
uptake. Separation of the liver cells showed that galactosylated lipo-
somes are preferentially taken up by hepatocytes, whereas those lack-
ing Gal-C4-Chol distribute equally to hepatocytes and nonparenchy-
mal cells (NPC). Increasing the molar ratio of DSPC to 90% resulted
in enhanced NPC uptake of both liposomes, suggesting their uptake
via a mechanism other than asialoglycoprotein receptors. DSPC/
Chol/Gal-C4-Chol (60:35:5) and DSPC/Chol/Gal-C4-Chol (90:5:5) li-
posomes exhibited similar binding to the surface of HepG2 cells, but
the former were taken up faster by the cells.
Conclusions. The recognition of galactosylated liposomes by the asia-
loglycoprotein receptors is dependent on the lipid composition. Cho-
lesterol-rich galactosylated liposomes, exhibiting less non-specific in-
teraction and greater receptor-mediated uptake, are better for tar-
geting drugs to hepatocytes in vivo.
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drug targeting; internalization.

INTRODUCTION

Drug carriers with specific ligands for the corresponding
receptors on the cell surface are useful for targeted drug de-
livery. Among various ligands investigated so far, galactose

has been shown to be a promising targeting ligand to hepa-
tocytes (liver parenchymal cells) because the cells possess a
large number of the asialoglycoprotein receptors that recog-
nize the galactose units on the oligosaccharide chains of gly-
coproteins or on chemically galactosylated drug carriers (1).
The receptor-ligand interaction is known to show a significant
“cluster effect” in which a multivalent interaction results in
extremely strong binding of ligand to the receptors (2). We
have already demonstrated that the in vivo recognition of
galactosylated macromolecules by asialoglycoprotein recep-
tors correlates with the degree of galactose modification (3–
5). A pharmacokinetic analysis of the tissue disposition pat-
terns of galactosylated proteins in mice has clearly shown that
the density of galactose units on the protein surface deter-
mines the affinity of galactosylated proteins for asialoglyco-
protein receptor-mediated hepatic uptake (4). These results
indicate that the drug targeting efficiency to hepatocytes us-
ing galactosylated macromolecular carriers is dependent on
the degree of galactose modification.

Liposomes are another class of drug carriers that have
several advantages such as ease of preparation and a large
capacity for drug loading (6). In previous papers, we synthe-
sized a galactosylated cholesterol derivative and formulated it
into neutral or cationic liposomes to obtain the galactosylated
counterparts (7–11). These galactosylated liposomes were
able to effectively deliver prostaglandin E1, probucol and
plasmid DNA to hepatocytes in vivo, indicating that the ga-
lactose units on the liposome surface can increase the affinity
of the liposome for asialoglycoprotein receptors on hepato-
cytes. To ensure hepatocyte-specific targeting of liposomes by
galactosylation, however, properties other than galactose
density should also be controlled, such as the size and electric
charge. The recognition of liposomes by the mononuclear
phagocyte system (MPS) is known to be dependent on its
lipid composition (12,13), which is an important factor in de-
termining the surface properties of liposomes. Therefore, the
clearance of liposomes from the circulation in vivo is highly
dependent on the lipid composition (14). The surface prop-
erties of liposomes, such as the rigidity of the membrane and
co-existence of two or more phases, is determined by their
composition, which might affect the clustering of galactose
units incorporated into a liposome formulation.

To understand the effects of the lipid composition of
galactosylated liposomes on their targeted delivery to hepa-
tocytes in vivo, various liposomes with or without galactose
units were prepared involving different lipid mixing ratios:
distearoyl-L-phosphatidylcholine (DSPC), cholesterol (Chol)
a and galactosylated cholesterol derivative, and cholesten-5-
yloxy-N-(4-((1-imino-2-D-thiogalactosylethyl)amino)bu-
tyl)formamide (Gal-C4-Chol). The liposomes were adjusted
to a size of about 90 nm in diameter and radiolabeled with
[3H]cholesteryl hexadecyl ether (CHE). The tissue disposi-
tion of each type of liposome was studied in mice after intra-
venous injection. The distribution of liposomes within the
liver (i.e., to hepatocytes or liver nonparenchymal cells
(NPC)), was examined after digestion of the liver by collage-
nase. In addition, the internalization of liposomes was inves-
tigated in HepG2 cells in vitro. We report here that the lipid
composition of the galactosylated liposomes is important for
their recognition by asialoglycoprotein receptors.
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MATERIALS AND METHODS

Chemicals

N-(4-aminobutyl)carbamic acid tert-butyl ester was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). DSPC
and cholesteryl chloroformate was purchased from Sigma
Chemical Co., (St. Louis, MO). Chol and Clear-Sol I were
obtained from Nacalai Tesque (Kyoto, Japan), and Soluene
350 was purchased from Packard (Groningen, Netherlands).
[3H]CHE was purchased from NEN Life Science Products,
Inc. (Boston, MA). 2-imino-2-methoxyethyl-1-thiogalactoside
(IME-thiogalactoside) and galactosylated bovine serum albu-
min (Gal-BSA) were synthesized as reported previously (7).
All other chemicals were of the highest purity commercially
available.

Synthesis of Gal-C4-Chol

Gal-C4-Chol was prepared as reported previously (7).
Briefly, cholesteryl chloroformate and N-(4-aminobutyl)car-
bamic acid tert-butyl ester were reacted in chloroform for 24
h at room temperature. A solution of trifluoroacetic acid and
chloroform was added dropwise and the mixture was stirred
for 4 h at 4°C. The solvent was evaporated to obtain N-(4-ami-
nobutyl)-(cholesten-5-yloxyl)formamide then combined with
IME-thiogalactoside and this mixture was then stirred for 24
h at room temperature. After evaporation, the resultant ma-
terial was suspended in water, dialyzed against distilled water
for 48 h (12 kDa cut-off dialysis tubing), then lyophilized.

Preparation of Liposomes

A mixture of DSPC and Chol, with or without Gal-C4-
Chol, was dissolved in chloroform and evaporated to dryness
in a round-bottomed flask. Then, the lipid film formed was
resuspended in 5 ml sterile phosphate-buffered saline (pH
7.4). After hydration, the dispersion was sonicated for 5–10
min in a bath sonicator to form liposomes. Each suspension
was extruded through a 100 nm pore size polycarbonate mem-
brane at 60°C using an extruder (Northern Lipids, Vancou-
ver, Canada). The concentration of Chol in each formulation
was measured with a cholesterol E-test Wako kit (Wako Pure
Chemicals, Osaka, Japan) and the lipid concentration was
adjusted to 5 mg/ml.

The particle size of the liposomes was measured in a
dynamic light scattering spectrophotometer (LS-900, Otsuka
Electronics, Osaka, Japan). Radiolabeling of the liposomes
was performed by addition of [3H]CHE to the lipid mixture
before formation of a thin film layer.

Tissue Disposition Study

All animal experiments were carried out in accordance
with the Principles of Laboratory Animal Care as adopted
and promulgated by the US National Institutes of Health and
the Guidelines for Animal Experiments of Kyoto University.
Five-week-old male ddY mice (25–27 g body weight) were
obtained from Shizuoka Agricultural Co-operative Associa-
tion for Laboratory Animals (Shizuoka, Japan). [3H]lipo-
somes at a dose of 25 mg/kg and 60 kBq/kg were injected into
a tail vein. At predetermined time points, the mice were
killed, and blood and urine were collected. The liver, kidney,

spleen, heart, and lung were collected, washed with saline,
blotted dry, and weighed. Ten microliters blood, 200 �l urine,
and a piece of each tissue were digested with 0.7 ml Soluene-
350 by incubating overnight at 45°C. Then, isopropanol (200
�l), 30% hydroperoxide (200 �l), 5 M HCl (100 �l) and,
finally, Clear-Sol I (5 ml) were added. The samples were
stored overnight and the radioactivity was measured using a
scintillation counter (LSA-500, Beckman, Tokyo, Japan).

In different sets of experiments, 20 mg/kg Gal-BSA or
250 mg/kg DSPC/Chol liposome was first injected into mice.
Then [3H]DSPC/Chol/Gal-C4-Chol liposome at a dose of 25
mg/kg and 60 kBq/kg was injected and the liver was excised
after 5 min.

Calculation of Clearance

Tissue distribution data were evaluated using organ
clearances as reported previously (15). Briefly, the tissue up-
take rate can be described by the following equation

dXt

dt
= CLuptakeCb (1)

where Xt is the amount of [3H]liposomes in a tissue at time t,
CLuptake is the tissue uptake clearance, and Cb is the blood
concentration of [3H]liposomes. Integration of Eq. (1) gives

Xt = CLuptake AUC0−t (2)

where AUC0-t represents the area under the blood concen-
tration-time curve from time 0 to t. Eq. (2) divided by Cb gives

Xt

Cb
=

CLuptake AUC0−t

Cb
(3)

The CLuptake can then be obtained from the initial slope of a
plot of Xt/Cb vs. AUC0-t/Cb.

Intrahepatic Disposition

Mice were anesthetized with an intraperitoneal injection
of pentobarbital sodium (50 mg/kg) and injected intrave-
nously with [3H]liposomes (25 mg/kg and 300 kBq/kg). The
body temperature of the mice was kept at around 37°C with
a heat lamp during the experiment. At 30 min after adminis-
tration, the liver was perfused first with Ca2+, Mg2+-free per-
fusion buffer (10 mM N-2-hydroxyethylpiperazine-N�-2-
ethanesulfonic acid (HEPES), 137 mM NaCl, 5 mM KCl, 0.5
mM NaH2PO4, and 0.4 mM Na2HPO4, pH 7.2) for 10 min and
then with a perfusion buffer supplemented with 5 mM CaCl2
and 0.05% (w/v) collagenase (type I) (pH 7.5) for 10 min. As
soon as the perfusion started, the vena cava and aorta were
cut and the perfusion rate was maintained at 3–4 ml/min. At
the end of the perfusion, the liver was excised and its capsular
membranes were removed. The cells were dispersed in ice-
cold Hank’s-HEPES buffer containing 0.1% BSA by gentle
stirring. The dispersed cells were filtered through a cotton
mesh sieve, followed by centrifugation at 50 × g for 1 min. The
pellets containing hepatocytes were washed twice with
Hank’s-HEPES buffer by centrifuging at 50 × g for 1 min. The
supernatant containing NPC was similarly centrifuged at least
twice. The resulting supernatant was then centrifuged twice at
200 × g for 2 min. Hepatocytes and NPC were resuspended
separately in ice-cold Hank’s-HEPES buffer (4 ml for hepa-
tocytes and 1.8 ml for NPC). The cell number and viability
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were determined by the trypan blue exclusion method. The
cells were suspended in 0.5 ml saline and the radioactivity
assayed as described above.

Uptake by HepG2 Cells

The HepG2 cells were plated on a 12-well cluster dish at
a density of 2 × 105 cells/3.8 cm2 and cultivated in 800 �l
DMEM supplemented with 10% FBS. Twenty-four hours
later, the culture medium was replaced with an equivalent
volume of HBSS containing [3H]liposomes (0.25 mg/ml, 1.8
kBq/ml). For the inhibition study, 20 mM galactose was added
to the liposome solution. After incubation for 1 h at 37°C, the
solution was removed by aspiration, and the cells were
washed five times with ice-cold HBSS buffer. For separation
of the internalized and surface bound liposomes, the cells
were washed three times with acetate buffer (pH 4) to remove
the liposomes bound to the cell surface. The cells were then
solubilized in 0.5 ml 1 M NaOH and the radioactivity was
assayed as above. The protein content of each sample was
determined by a modification of the Lowry method. In an-
other set of experiments, the cells were pre-incubated with
HBSS containing 10 mM NaN3 for 20 min prior to the addi-
tion of liposomes.

Statistical Analysis

Differences were statistically evaluated by one-way analysis
of variance followed by the Student-Newmann–Keuls multiple
comparison test. The level of significance was set at p < 0.05.

RESULTS

Liposome Size

Table I summarizes the lipid composition and particle
size of the liposomes prepared. All liposomes were similar in
size (average diameter approximately 90 nm). The size of the
liposomes remained constant over one month at 4°C.

Tissue Disposition of Liposomes after Intravenous Injection

Figure 1 shows the tissue disposition of [3H]DSPC/Chol
(60:40), [3H]DSPC/Chol/Gal-C4-Chol (60:35:5), [3H]DSPC/
Chol (90:10), and [3H]DSPC/Chol/Gal-C4-Chol (90:5:5) lipo-
somes in mice. When intravenously injected, [3H]DSPC/Chol/
Gal-C4-Chol (60:35:5) and [3H]DSPC/Chol/Gal-C4-Chol (90:
5:5) were rapidly taken up by the liver (Fig.1), as well as other

galactosylated liposomes (data not shown). On the other
hand, [3H]DSPC/Chol (60:40) liposomes exhibited prolong-
ed retention in the blood circulation (Fig. 1A). However,
[3H]DSPC/Chol (90:10) liposomes were taken up by the
liver almost as fast as their galactosylated counterpart
(Fig. 1C and D).

Pharmacokinetic Analysis of Liposomes

Figure 2 summarizes the liver uptake clearance (CLliver)
of all the liposomes investigated after intravenous injection
into mice. The CLliver of liposomes lacking galactose units
was much lower than that of galactosylated liposomes.
Among the control liposomes ([3H]DSPC/Chol liposomes),
the DSPC/Chol (90:10) liposomes with the smallest Chol ratio
had the highest CLliver.

The CLliver of [3H]DSPC/Chol/Gal-C4-Chol (50:45:5),
[3H]DSPC/Chol/Gal-C4-Chol (60:35:5), and [3H]DSPC/Chol/
Gal-C4-Chol (70:25:5) liposomes was, respectively, 51.4, 52.2,
and 48.8-times greater than that of the counterparts without
Gal-C4-Chol, whereas that of [3H]DSPC/Chol/Gal-C4-Chol
(90:5:5) liposomes was only 2.9-times greater than that of
[3H]DSPC/Chol (90:10) liposomes. Although all the galacto-
sylated liposomes tested were equivalent in terms of the num-
ber of galactose units per liposome, [3H]DSPC/Chol/Gal-C4-
Chol (60:35:5) liposomes had the highest CLliver.

Cellular Localization of Liposomes in the Liver

Figure 3 shows the distribution of [3H]DSPC/Chol (60:40),
[3H]DSPC/Chol/Gal-C4-Chol (60:35:5), [3H]DSPC/Chol

Table I. Lipid Composition and Particle Size of Liposomes

Liposome (molar ratio) Particle size (mm)a

DSPC/Chol (50:50) 88.7 ± 10.5
DSPC/Chol (60:40) 94.6 ± 6.3
DSPC/Chol (70:30) 89.4 ± 6.7
DSPC/Chol (90:10) 91.7 ± 12.8
DSPC/Chol/Gal-C4-Chol (50:45:5) 94.7 ± 7.9
DSPC/Chol/Gal-C4-Chol (60:35:5) 84.0 ± 14.8
DSPC/Chol/Gal-C4-Chol (70:25:5) 93.9 ± 9.7
DSPC/Chol/Gal-C4-Chol (90:5:5) 85.8 ± 10.8

a The particle size of the liposomes was measured using a dynamic
light scattering spectrophotometer. Results are expressed as the
mean ± SD of three determinations.

Fig. 1. Time-courses of the concentration in blood and amounts
in tissues of 3H-radioactivity after intravenous injection of (A)
[3H]DSPC/Chol (60:40), (B) [3H]DSPC/Chol/Gal-C4-Chol (60:35:5),
(C) [3H]DSPC/Chol (90:10) and (D) [3H]DSPC/Chol/Gal-C4-Chol
(90:5:5) liposomes into mice at a dose of 25 mg/kg. Results are ex-
pressed as the mean ± SD of three mice. Keys: (�) blood; (�) liver;
(�) kidney; (�) spleen; (�) heart; (�) lung.
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(90:10), and [3H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes
between hepatocytes and NPC at 30 min after intravenous
injection. [3H]DSPC/Chol/Gal-C4-Chol (60:35:5) liposomes
were taken up preferentially by hepatocytes compared with
NPC (hepatocytes/NPC ratio of 15), whereas [3H]DSPC/Chol
(60:40) liposomes were taken up to an equal extent by both
hepatocytes and NPC. On the other hand, NPC uptake was
marked in the case of [3H]DSPC/Chol (90:10) liposomes.
[3H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes exhibited
greater distribution to hepatocytes compared with [3H]DSPC/
Chol (90:10) liposomes, but the uptake by hepatocytes did not
exceed that in NPC. The hepatocyte/NPC ratio was calculated
to be 0.78, which was much smaller than that for [3H]DSPC/
Chol/Gal-C4-Chol (60:35:5) liposomes.

Effect of Gal-BSA or DSPC/Chol (90:10) Liposomes on
Hepatic Uptake of Galactosylated Liposomes

Figure 4 shows the effect of preinjection of a large
amount of Gal-BSA or DSPC/Chol (90:10) liposomes on the
hepatic uptake of [3H]DSPC/Chol/Gal-C4-Chol (60:35:5) and

[3H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes. Gal-BSA
significantly inhibited the hepatic uptake of both [3H]DSPC/
Chol/Gal-C4-Chol (60:35:5) and [3H]DSPC/Chol/Gal-C4-
Chol (90:5:5) liposomes. The extent of the inhibition by Gal-
BSA, however, was greater for [3H]DSPC/Chol/Gal-C4-Chol
(60:35:5) liposomes than for [3H]DSPC/Chol/Gal-C4-Chol
(90:5:5) liposomes.

Preinjection of DSPC/Chol (90:10) liposomes had no sig-
nificant effects on the hepatic uptake of [3H]DSPC/Chol/Gal-
C4-Chol (60:35:5) liposomes whereas the injection of DSPC/
Chol (90:10) liposome prior to [3H]DSPC/Chol/Gal-C4-Chol
(90:5:5) liposomes significantly inhibited the hepatic uptake
of the latter.

Uptake by HepG2 Cells

Figure 5 shows the in vitro uptake of [3H]liposomes in
HepG2 cells. The uptake of [3H]DSPC/Chol/Gal-C4-Chol
(60:35:5) and [3H]DSPC/Chol/Gal-C4-Chol (90:5:5) lipo-

Fig. 3. Distribution of 3H-radioactivity between hepatocytes and
liver NPC at 30 min after intravenous injection of [3H]liposomes into
mice at a dose of 25 mg/kg. Results are expressed as the mean ± SD
of three mice. Key: (filled) hepatocytes; (open) NPC.

Fig. 2. Hepatic clearance (CLliver) of liposomes after intravenous in-
jection in mice at a dose of 25 mg/kg. The CLliver was calculated by
dividing the amount in the liver at 10 min by the area under the blood
concentration-time curve up to the same time as described in Mate-
rials and Methods. The CLliver values were plotted against the per-
centage of DSPC in liposome total lipids. Keys: (�) liposomes with-
out Gal-C4-Chol; (�) liposomes with Gal-C4-Chol.

Fig. 4. Amount of 3H-radioactivity in the liver after intravenous in-
jection of [3H]liposomes with or without preinjection of 20mg/kg Gal-
BSA or 250mg/kg DSPC/Chol (90:10) liposomes. The distribution
was examined at 5 min after intravenous injection of [3H]liposomes.
Results are expressed as the mean ± SD of three mice. Keys: (filled)
no preinjection; (open) preinjection of Gal-BSA; (hatched) preinjec-
tion of DSPC/Chol liposomes. * Statistically significant differences
(p < 0.05) from each no preinjection group.

Fig. 5. Uptake of [3H]liposomes by HepG2 cells. Cells were incu-
bated with each type of [3H]liposome with or without 20 mM galac-
tose. The amount of 3H-radioactivity associated with the cells was
measured following 1 h of incubation. Results are expressed as the
mean ± SD of three wells. Keys: (filled) control; (open) +20 mM
galactose. * Statistically significant differences (p < 0.05).
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somes was greater than that of [3H]DSPC/Chol (60:40) and
[3H]DSPC/Chol (90:10) liposomes, respectively. The uptake
of the galactosylated liposomes was significantly inhibited by
the addition of 20mM galactose, whereas no change was ob-
served with control liposomes. [3H]DSPC/Chol/Gal-C4-Chol
(60:35:5) liposomes showed significantly higher uptake than
[3H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes.

The amount of surface binding and internalization of
the galactosylated liposomes was evaluated according to
an acid-wash procedure (Fig. 6). The surface binding of
both [3H]DSPC/Chol/Gal-C4-Chol (60:35:5) and [3H]DSPC/
Chol/Gal-C4-Chol (90:5:5) liposomes was similar although
the amount of [3H]DSPC/Chol/Gal-C4-Chol (60:35:5) lipo-
somes internalized was greater than that of [3H]DSPC/Chol/
Gal-C4-Chol (90:5:5) liposomes. When the cells were treated
with a metabolic inhibitor, NaN3, the amount associated with
the cells was similar in both galactosylated liposomes, and
comparable with the acid-washable amounts under normal
conditions.

DISCUSSION

Asialoglycoprotein receptor-mediated targeting of phar-
maceuticals to hepatocytes is a promising approach to achieve
cell (hepatocyte)-specific delivery after systemic administra-
tion because (i) the asialoglycoprotein receptors are specifi-
cally expressed in hepatocytes, (ii) molecules entering the
systemic circulation easily get access to the cells through the
discontinuous endothelium of the liver, and (iii) the liver has
a high blood flow. These physiologic and biologic features of
the liver and hepatocytes give galactosylated carriers the op-
portunity to deliver drugs to hepatocytes via asialoglycopro-
tein receptor-mediated endocytosis.

As far as the interaction of a galactosylated ligand with
the receptors is concerned, the affinity of the ligand seems to
be governed by the valency of the galactose residues and their

appropriate spacing. Clustering of galactosides greatly en-
hances the affinity for the receptor in the following order:
tetra- > tri- >> bi- >> mono-antennary galactosides (17). Such
an effect can be explained by the simultaneous occupation of
the carbohydrate recognition domains of the receptor and
optimal structures of cluster galactosides for binding have
been proposed (18). Based on these findings, various oligo-
saccharides containing multiple galactose terminals have been
developed as “homing” devices with a high affinity for hepa-
tocytes (19–21). These synthetic oligosaccharide-containing
molecules as well as naturally occurring asialoglycoproteins
are believed to have a high affinity for asialoglycoprotein
receptors.

In previous papers, we have described the modification
of various macromolecules with IME-thiogalactoside to ob-
tain galactosylated derivatives. The pharmacokinetic study of
galactosylated macromolecules in mice revealed that a deriva-
tive having a sufficient number of galactose units is very ef-
ficiently recognized by the receptors in vivo and is taken up
by the liver at a rate equal to the hepatic plasma flow (3–5).
These results indicate that, although monosaccharides such as
IME-thiogalactoside have a much weaker receptor affinity
than oligosaccharides, the clustering of monosaccharides on a
carrier can compensate for this weak affinity. The estimated
density of galactose units on the protein surface was found to
determine the affinity of galactosylated proteins for the asia-
loglycoprotein receptors in vivo (4). Based on these findings,
we have designed a series of mono-glycosylated derivatives of
cholesterol to obtain glycosylated lipophilic carriers such as
liposomes and lipid emulsions (7,22,23). Galactosylated lipo-
somes consisting of Gal-C4-Chol and other lipids have been
shown to be promising carriers for the delivery of drugs or genes
to asialoglycoprotein receptor-positive cells (7–11,22,23).

As clearly shown with galactosylated proteins (4), exten-
sive modification of liposomes with Gal-C4-Chol, for ex-
ample, 5 mol % of total lipid, can give them the ability to
target hepatocytes (9,10). In the present study, both galacto-
sylated liposomes, i.e., [3H]DSPC/Chol/Gal-C4-Chol (60:35:
5) and [3H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes, ex-
hibited marked accumulation in the liver following intrave-
nous injection in mice. However, the uptake of [3H]DSPC/
Chol/Gal-C4-Chol (90:5:5) liposomes was not selective for
hepatocytes, whereas that of [3H]DSPC/Chol/Gal-C4-Chol
(60:35:5) liposomes was highly selective for these cells. The
introduction of a galactose moiety onto a liposome might not
necessarily be a universal approach to endow the liposome
with the ability to target hepatocytes, because the tissue dis-
position of galactosylated liposomes is determined not only
by the recognition by asialoglycoprotein receptors, but by the
other interactions within the body after systemic administra-
tion. Low-Chol liposomes are known to have a very short
half-life in the circulation, largely due to their extensive up-
take by MPS. On the other hand, high-Chol liposomes (30–50
mol % of total lipid) are relatively stable in the circulation
(14). Semple et al. (13) found that cholesterol-free DSPC li-
posomes bind significant amounts of serum proteins, whereas
cholesterol-rich DSPC liposomes are much less active. These
characteristics of low-Chol DSPC liposomes would explain
the uptake of [3H]DSPC/Chol/Gal-C4-Chol (90:5:5) lipo-
somes by liver NPC (Fig. 3). Inhibition studies clearly showed
that the hepatic uptake of [3H]DSPC/Chol/Gal-C4-Chol (90:
5:5) liposomes takes place by at least two different pathways:

Fig. 6. Amount of [3H]galactosylated liposomes associated with
HepG2 cells. Cells were incubated with [3H]DSPC/Chol/Gal-C4-Chol
(60:35:5) or [3H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposomes. At 1 h,
the cells were washed with an acid buffer to separate the surface
bound liposomes. The difference in cellular association between acid-
treatment and no treatment was regarded as the amount associated
with the cell surface. In another group, the cells were pre-incubated
with HBSS containing 10 mM NaN3 for 20 min prior to the addition
of liposomes. Results are expressed as the mean ± SD of three wells.
Keys: (filled) [3H]DSPC/Chol/Gal-C4-Chol (60:35:5) liposome;
(open) [3H]DSPC/Chol/Gal-C4-Chol (90:5:5) liposome. * Statistically
significant differences (p < 0.05).
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galactose-specific hepatocyte uptake and DSPC/Chol (90:10)
liposome-sensitive NPC uptake.

The uptake experiments using HepG2 cells in vitro were
performed to gain further insights into the receptor-mediated
uptake of the two different galactosylated liposomes. Com-
pared with galactose-free control liposomes, both [3H]DSPC/
Chol/Gal-C4-Chol (60:35:5) and [3H]DSPC/Chol/Gal-C4-
Chol (90:5:5) liposomes showed greater and galactose-
inhibitable cellular uptake. However, the uptake by HepG2
cells was greater for [3H]DSPC/Chol/Gal-C4-Chol (60:35:5)
liposomes than for [3H]DSPC/Chol/Gal-C4-Chol (90:5:5) li-
posomes. The separation of surface-bound liposomes from
their internalized counterparts by acid washing shows that the
difference in their uptake can be fully explained by the
amount internalized. In a previous paper (25), we analyzed
the hepatic uptake of Gal-BSAs with varying numbers of ga-
lactose units in isolated, perfused rat liver, and found that the
internalization rate of Gal-BSA was greater for derivatives
with many galactose residues (i.e., 17 or 36 galactose units/
BSA) than for one with only 10 residues. In this case, how-
ever, it should be noted that the two galactosylated liposomes
investigated contain the same concentration of galactose
units. A possible explanation for this is that distribution of
Gal-C4-Chol in bilayers may be heterogeneous so that it can
affect the rate of internalization via asialoglycoprotein recep-
tor-mediated endocytosis. At lower Chol concentrations, a
lateral-phase separation occurs in DSPC/Chol liposomes,
(i.e., a pure phospholipid (PC) phase and a PC/Chol mixture
phase), whereas high-Chol liposomes possesses a homoge-
neous, liquid ordered structure (26,27). Such a structural dif-
ference depending on the Chol concentration would affect the
distribution and mobility of Gal-C4-Chol in bilayers. It has
also been reported that membrane lipids are rearranged in
bilayers following an interaction with plasma proteins (28),
ganglioside-containing liposomes (29), and a polycation (30).
This would depend on the rate of lateral diffusion in lipo-
somal bilayers. Overall, slower accumulation of [3H]DSPC/
Chol/Gal-C4-Chol (90:5:5) liposomes in the liver compared
with Chol-rich galactosylated liposomes (Fig. 1) could also be
explained by inappropriate distribution of galactose units on
the liposomal surface, although a partial shielding of galac-
tose units by serum protein binding cannot be ruled out.

In conclusion, the lipid composition of galactosylated li-
posomes has been shown to be important for their targeted
delivery to hepatocytes. Besides non-specific serum protein
binding, the rate of internalization via a specialized uptake
process is affected. The Chol-rich galactosylated liposomes
appear to be promising carriers that can expand the specificity
of their delivery to the target.
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