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Purpose. To determine the intrahepatic disposition characteristics of
galactosylated liposome/plasmid DNA (pDNA) complexes in per-
fused rat liver.
Methods. Galactosylated liposomes containing N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA),
cholesterol (Chol), and cholesten-5-yloxy-N-{4-[(1-imino-2-D-
thiogalactosylethyl)amino]butyl} formamide (Gal-C4-Chol) were
prepared. The liposome/[32P]-labeled pDNA complexes were admin-
istered to perfused liver, and the venous outflow patterns were ana-
lyzed based on a two-compartment dispersion model.
Results. The single-pass hepatic extraction of pDNA complexed with
DOTMA/Chol/Gal-C4-Chol liposomes was greater than that with
control DOTMA/Chol liposomes. A two-compartment dispersion
model revealed that both the tissue binding and cellular internaliza-
tion rate were higher for the DOTMA/Chol/Gal-C4-Chol liposome
complexes compared with the control liposome complexes. The tissue
binding was significantly reduced by the presence of 20 mM galactose.
When their cellular localization in the perfused liver at 30 min postin-
jection was investigated, it was found that the parenchymal uptake of
the DOTMA/Chol/Gal-C4-Chol liposome complexes was greater
than that of the control liposome complexes. The parenchymal cell/
nonparenchymal cell uptake ratio was as high as unity.
Conclusion. Galactosylation of the liposome/pDNA complexes in-
creases the tissue binding and internalization rate via an asialoglyco-
protein receptor-mediated process. Because of the large particle size
of the complexes (∼150 nm), however, penetration across the fenes-
trated sinusoidal endothelium appears to be limited.

KEY WORDS: gene delivery; galactosylated liposomes; cationic li-
posomes; dispersion model.

INTRODUCTION

Gene delivery to hepatocytes is of great therapeutic po-
tential because the cells are responsible for the synthesis of a
wide variety of proteins that play important biologic roles

both inside and outside the liver. So far, several in vivo (1–3)
and ex vivo (4,5) methods have been investigated for the
delivery of exogenous therapeutic genes to the liver. In a
series of experiments, we have focused on receptor-mediated
in vivo gene delivery to hepatocytes and developed several
types of macromolecular (6,7) and particulate (8,9) gene car-
riers. Cationic liposomes containing cholesten-5-yloxy-N-{4-
[(1-imino-2-D-thiogalactosyl-ethyl)amino]butyl} formamide
(Gal-C4-Chol) are one potential carrier (8) that can effi-
ciently be recognized by asialoglycoprotein receptors ex-
pressed exclusively in hepatocytes. This cholesterol derivative
possesses a bifunctional molecular structure, i.e., an imino
group for binding to pDNA via electrostatic interaction and a
galactose residue for the cell surface receptors in hepatocytes.
Therefore, a high density of galactose residues can be pro-
vided on the liposome surface without losing the ability to
bind to pDNA, unlike other neutral molecules. We have dem-
onstrated that Gal-C4-Chol-containing liposomes are effec-
tive for in vivo gene delivery (9) as well as in vitro delivery (8).

A number of possible barriers, from administration
through gene expression, are associated with in vivo gene
delivery (10–12). Detailed information on these barrier prop-
erties is needed for the rational design of effective gene car-
riers. In vitro experiments have been carried out to quantita-
tively or visually characterize cellular uptake or subcellular
transport of exogenous genes complexed with their carrier
systems. Although in vitro data give useful information about
the optimization of the intracellular fate of delivery systems,
it appears to be more critical to control their disposition at the
whole-body level. Therefore, we have extensively studied the
pharmacokinetics of naked pDNA (13) or that complexed
with carriers systems (6,9,14) as well as carrying out in vitro
studies (8,15). When pDNA complexed with Gal-C4-Chol li-
posomes was injected into the portal vein of mice, most of the
amount injected was taken up by the liver during a single
passage. The hepatic uptake of pDNA complexed with galac-
tosylated liposomes was significantly higher than that with
conventional cationic liposomes and closely correlated with
gene expression experiments (9). However, the level of gene
expression as a result of the galactosylated liposome/pDNA
complexes was not as high as that expected from the in vitro
results. There must be several barriers associated intrinsically
with in vivo situations, such as convective blood flow in the
liver, passage through the sinusoids, and tissue interactions.
Unfortunately, the in vivo distribution study of radiolabeled
pDNA is not precise enough to determine the characteristics
of these barriers.

Alternatively, a single-pass liver perfusion experiment
appears to be suitable for this purpose. We have already used
a rat liver perfusion system to determine the hepatic disposi-
tion characteristics of low-molecular-weight drugs, macro-
molecules, and drug carrier systems (16–19). When [32P]-
labeled naked pDNA is injected into the isolated perfused
liver, it is extensively taken up by the liver, and the uptake
obeys saturable kinetics (20). Moreover, the total recovery of
naked pDNA in the liver was reduced substantially by pread-
ministration of polyinosinic acid, dextran sulfate, succinylated
bovine serum albumin, but not by polycytidylic acid, suggest-
ing that pCAT is taken up by the liver via scavenger receptors
for polyanions on the NPC. Thus, a liver perfusion system
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allowed us to determine the uptake characteristics of various
molecules and complexes with the structure of the liver intact.

In the present study, we investigated the local disposition
of liposome/pDNA complexes using a single-pass rat liver
perfusion system. The venous outflow profile of the com-
plexes following a bolus input into the isolated perfused liver
was analyzed by a two-compartment dispersion model to
quantitatively evaluate the difference in each kinetic process
between conventional cationic liposome complexes and ga-
lactosylated liposome complexes. Here, N-[1-(2,3-
dioleyloxy)propyl]-N,N,N-trimethylammonium chloride
(DOTMA)/cholesterol (Chol) liposomes were selected as
model cationic liposomes, which are known to have a high in
vivo gene transfection activity (21).

MATERIALS AND METHODS

Materials

N-(4-Aminobutyl)carbamic acid tert-butyl ester and
DOTMA were obtained from Tokyo Chemical Industry Co.
Ltd. (Tokyo, Japan). [�-32P]dCTP (3000 Ci/mmole) was ob-
tained from Amersham (Tokyo, Japan). Chol and Clear-Sol I
were obtained from Nacalai Tesque (Kyoto, Japan), and
Soluene 350 was purchased from Packard (Groningen, Neth-
erlands). Cholesteryl chloroformate and collagenase type IA
were obtained from Sigma Chemicals Inc. (St. Louis, MO,
USA). Diethylenetriaminepentaacetic acid (DTPA) anhy-
dride was purchased from Dojindo Laboratory (Kumamoto,
Japan). Indium-111 chloride ([111In]InCl3) was supplied by
Nihon Medi-Physics Co. (Hyogo, Japan). Bovine serum albu-
min (BSA) was radiolabeled with 111In using DTPA anhy-
dride as reported previously (22). All other chemicals were of
the highest purity available.

Construction and Preparation of pDNA

pCMV-Luc was constructed by subcloning the Hind III/
Xba I firefly luciferase cDNA fragment from pGL3-control
vector (Promega, Madison, WI, USA) into the polylinker of
pcDNA3 vector (Invitrogen, Carlsbad, CA, USA). pDNA
was amplified in the E. coli strain DH5�, isolated, and puri-
fied using a Qiagen Endofree Plasmid Giga Kit (Qiagen
GmbH, Hilden, Germany). Purity was confirmed by 1% aga-
rose gel electrophoresis followed by ethidium bromide stain-
ing, and the DNA concentration was measured by UV ab-
sorption at 260 nm. The pDNA was labeled with [�-32P]dCTP
by nick translation (23).

Synthesis of Gal-C4-Chol

Gal-C4-Chol was prepared as reported previously (8).
Cholesteryl chloroformate and N-(4-aminobutyl)carbamic
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-
aminobutyl)-(cholesten-5-yloxyl)formamide, which was then
combined with 2-imino-2-methoxyethyl-1-thiogalactoside
(24), and the mixture was stirred for 24 h at room tempera-
ture. After evaporation, the resultant material was suspended
in water, dialyzed against distilled water for 48 h (12 kDa
cutoff dialysis tubing), and then lyophilized.

Preparation of Cationic Liposomes

Mixtures of Gal-C4-Chol, DOTMA, and Chol were dis-
solved in chloroform, vacuum-desiccated, and resuspended in
sterile 5% dextrose at a concentration of 4 mg/ml total lipids.
The molar ratios of lipids were 1:1 for DOTMA/Chol lipo-
somes and 1:0.5:0.5 for DOTMA/Chol/Gal-C4-Chol, respec-
tively. The suspension was sonicated for 3 min, and the re-
sulting liposomes were extruded 10 times through double-
stacked 100-nm polycarbonate membrane filters.

Preparation of Cationic Liposome/pDNA Complexes

Nine hundred microliters of 200 �g/ml pDNA in 5%
dextrose was mixed with an equal volume of cationic lipo-
somes varying in their concentrations (250 to 3100 �g/ml) and
incubated for 30 min at room temperature. The mixing ratio
of liposomes and pDNA was expressed as a +/– charge ratio,
which is the molar ratio of cationic lipids to pDNA phosphate
residue (10). The charge ratio of unity was 3.26 �g total lipid/
�g pDNA in the case of DOTMA/Chol liposomes and 2.52
�g total lipid/�g pDNA in the case of DOTMA/Chol/Gal-
C4-Chol liposomes, respectively. The particle size and zeta
potential of the cationic liposome/pDNA complexes were
measured, using a dynamic light-scattering spectrophotom-
eter (LS-900, Otsuka Electronics, Osaka, Japan) and a laser
electrophoresis zeta-potential analyzer (LEZA-500T, Otsuka
Electronics), respectively.

Liver Perfusion Experiment

Male Wistar rats (170–210 g) were purchased from the
Shizuoka Agricultural Cooperative Association for Labora-
tory Animals (Shizuoka, Japan). All animal experiments were
carried out in accordance with the Principles of Laboratory
Animal Care as adopted and promulgated by the U.S. Na-
tional Institutes of Health and the Guideline for Animal Ex-
periments of Kyoto University.

In situ liver perfusion studies were carried out as re-
ported previously (16). Rats were anesthetized by intraperi-
toneal injection of sodium pentobarbital (60 mg/kg). The por-
tal vein was catheterized with a polyether nylon catheter (Sur-
flo® IV Catheter, 16 G×2�, Terumo, Tokyo, Japan) and
immediately perfused with Krebs-Ringer bicarbonate buffer
supplemented with 10 mM glucose (oxygenated with 95%
O2–5% CO2, adjusted to pH 7.4 at 37°C). The inferior vena
cava was catheterized through the right atrium with a poly-
ethylene tube (PE-160) and also ligated immediately above
the renal vein. The perfusate was circulated using a peristaltic
pump (SJ-1211, ATTO Co., Tokyo, Japan) at a flow rate of 13
ml/min. After a stabilization period of 25 min, liposome/
[32P]pDNA complexes (30 �g DNA/300 �l) were adminis-
tered to the portal vein using a six-position rotary valve in-
jector (Type 50 Teflon rotary valves, Rheodyne Inc., Cotati,
CA, USA). Samples of venous outflow were collected into the
preweighed tubes, and the volumes were estimated from the
weight gain. The sampling time was calculated from each
sample volume, assuming a constant flow rate. The lag time of
the catheter between the injector and the liver was estimated
from the catheter volume and flow rate. After completion of
the perfusion experiment, the entire liver was excised,
weighed, and homogenized. The radioactivity of the effluent
perfusate was measured in a scintillation counter (LSA-500,
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Beckman, Tokyo, Japan) after addition of 5 ml Clear-Sol I.
The radioactivity of liver homogenates was measured after
incubation with Soluene-350 overnight at 45°C and mixing
with 0.2 ml isopropanol, 0.2 ml 30% hydrogen peroxide, 0.1
ml 5 N HCl, and 5 ml Clear-Sol I in that order.

Pharmacokinetic Analysis

The outflow patterns were analyzed by statistical mo-
ment analysis for local injection as reported previously (25).
Briefly, the area under the curve (AUC) and mean residence
time (MRT) were calculated as follows:

AUC = ∫0

�

Cdt (1)

MRT = ∫0

�

tCdt�AUC (2)

where t is the time and C is the concentration of [32P]pDNA
complexed with cationic liposomes. The moments can be cal-
culated by numerical integration using a linear trapezoidal
formula and extrapolation to infinite time based on a mono-
exponential equation (26). The t values were corrected for the
lag time of the catheter. The recovery ratio (F) and extraction
ratio (E) were derived from F � AUC · Q (flow rate) and
E � 1 − F, respectively.

The outflow patterns were also analyzed based on a two-
compartment dispersion model, where sinusoidal and binding
compartments were considered as shown in Fig. 1. The mass
balance equations involving the axial dispersion in the sinu-
soidal space are given as follows (27):

�CS(t,z)
�t

+ v
�CS(t,z)

�z
= D

�2CS(t,z)

�z2 − k12 � CS(t,z)

+ �k21 � CB(t,z) (3)

�CB(t,z)
�t

=
1
�

k12 � CS(t,z) − k21 � CB(t,z) − kint � CB(t,z)

(4)

where CS(t,z) and CB(t,z) are the concentration of drug in the
sinusoidal space and binding compartment, respectively; D is

the dispersion coefficient; � is the volume ratio of the binding
compartment to the sinusoidal space in the liver; k12 and k21

are the forward and backward partition rate constants be-
tween the sinusoidal space and binding compartment; kint is
the first-order internalization rate constant from the binding
compartment to the intracellular space; v is the linear flow
velocity of the perfusate; t is time; and z is the axial coordinate
in the liver. The initial and boundary conditions are given as:

CS(t, 0) � M/Q · fI(t), CS(0,z) � 0, CS(t,�) � 0,
CB(t,0) � 0, CB(0,z) � 0

where M is the amount of drug injected into the liver, and Q
is the flow rate of the perfusate; fI(t) has the dimension of the
reciprocal of time. Taking the Laplace transform with respect
to t, rearranging, replacing the length of the sinusoidal space
L with z, and introducing the cross-sectional area of the sinu-
soidal space A, the following image equation is obtained:

C̃S(s) =
M
Q

f̃I(s) � exp�� Q
2DC

−

�� Q
2DC

�2

+
1

DC
�s + k12 −

k12 � k21

s + k21 + kint
��VS� (5)

where CS(s) and fI(s) denote the Laplace transform of con-
centration in the venous outflow and input function fI(t), re-
spectively. DC is the corrected dispersion coefficient (DC �
D · A2), VS is the sinusoidal volume (� L · A), and the flow
rate Q is equal to A · v.

Each parameter (DC, k12, k21, kint, and VS) was calcu-
lated by curve fitting of the Laplace-transformed equation to
the experimental venous outflow pattern using a nonlinear
least-squares program with a fast inverse Laplace transform
algorithm MULTI (FILT) (28). The damping Gauss Newton
method with no constraint was used for curve fitting the
MULTI algorithm. Here, fI(t) was assumed to be a delta func-
tion because the liposome/pDNA complexes were rapidly in-
jected using a six-rotary valve injector.

Cellular Localization of Liposome/[32P]pDNA Complexes
in Liver

Thirty minutes after injection of liposome/pDNA com-
plexes into the isolated perfused liver, the perfusate was
changed to Ca2+-free buffer (Hepes solution, pH 7.2). Ten
minutes later, the perfusate was switched to Hepes solution
containing 5 mM CaCl2 and 0.05% (w/v) collagenase (type
IA, pH 7.5) and perfused for 10 min. Then, the cells were
dispersed in ice-cold Hank’s-Hepes buffer by gentle stirring
and separated into parenchymal cells (PC) and nonparenchy-
mal cells (NPC) by centrifugation as described previously
(29). The number and viability of the cells were determined
by the trypan blue exclusion method (30).

Statistical Analysis

Statistical comparisons were performed by Student’s t
test for two groups, one-way ANOVA for multiple groups,
and Scheffe’s post hoc test after ANOVA.

RESULTS AND DISCUSSION

Uptake of Liposome/pDNA Complexes by Perfused
Rat Liver

Figure 2 shows typical venous outflow profiles of lipo-
some/[32P]pDNA complexes following bolus injection into

Fig. 1. A flow model for analyzing the hepatic disposition of cationic
liposome/pDNA complexes. Q, flow rate (ml/min); CS, sinusoidal
concentration (% of dose/ml); VS, sinusoidal volume (ml); CB, con-
centration in the binding compartment; �, volume ratio of the binding
compartment to the sinusoidal compartment; k12, association rate
constants (min−1); k21, dissociation rate constants (min−1); kint, inter-
nalization rate constant (min−1),

Fumoto et al.1454



the perfused rat liver. The maximum outflow concentration of
Gal-C4-Chol-containing liposome/pDNA complexes (Fig. 2b)
was lower than that of DOTMA/Chol liposome/pDNA com-
plexes (Fig. 2a). The presence of 20 mM galactose in the
perfusate markedly increased the venous outflow concentra-
tion of Gal-C4-Chol-containing liposome/pDNA complexes
but not DOTMA/Chol liposome/pDNA complexes.

Moment analysis was performed to quantitatively de-
scribe the outflow pattern. The AUC value of DOTMA/Chol/
Gal-C4-Chol complexes was smaller than that of DOTMA/
Chol complexes, and the MRT value of DOTMA/Chol/Gal-
Chol complexes was also smaller (Table I). When the
radioactivity associated with the liver at 30-min postinjection
was measured, it was found to be 50.8 ± 3.40% and 72.5 ±
2.23% for DOTMA/Chol and DOTMA/Chol/Gal-C4-Chol
complexes, respectively.

Analysis Based on a Two-Compartment Dispersion Model

To characterize each kinetic process in the hepatic up-
take of liposome/pDNA complexes, their outflow profiles
were analyzed based on a two-compartment dispersion model
(Fig. 1). As shown in Fig. 2, the simulation curves using the
model were in good agreement with the observed data. Table
II summarizes the parameters obtained by curve fitting to the
observed data. Assuming that liposome/pDNA complexes are
bound to the tissue surface and internalized (or sequestrated)
into the liver, the k12/k21 value represents a binding affinity to
the liver tissue, while the kint value represents the efficiency
of internalization of tissue-bound liposome/pDNA com-
plexes. The k12/k21 value of Gal-C4-Chol containing lipo-
some/pDNA complexes was twofold higher than that of
DOTMA/Chol liposome/pDNA complexes, whereas the kint

value of the former was 1.3-fold higher than that of the latter.
Addition of 20 mM galactose to the perfusate decreased the
k12/k21 value of Gal-C4-Chol-containing liposome/pDNA
complexes up to one-third, suggesting that asialoglycoprotein
receptor-mediated endocytosis was involved in the hepatic
disposition of Gal-C4-Chol-containing liposomes/pDNA
complexes. Because DOTMA/Chol liposome/pDNA com-
plexes appeared to bind to the tissues via multivalent electro-
static interactions, the tissue binding would be relatively
strong. Therefore, it should be noted that Gal-C4-Chol-

Fig. 2. Typical venous outflow patterns of [32P]pDNA complexed
with DOTMA/Chol (a) and DOTMA/Chol/Gal-C4-Chol (b) at a
charge ratio of 2.3:1.0 following bolus injection into perfused rat liver.
The insets show semilogarithmic plots. (�) and (�) represent the
absence and presence of 20 mM galactose in the perfusate. The curves
simulated by a two-compartment dispersion model are also shown in
these figures.

Table I. Moment Parameters for Liposome/[32P]pDNA Complexes in the Liver Per-
fusion Experiments

AUC
(% of dose � s/ml)

MRT
(s)

E
(%)

Without galactose
DOTMA/Chol 135.0 ± 13.0 20.5 ± 4.99 71.3 ± 2.89
DOTMA/Chol/Gal-C4-Chol 76.7 ± 13.0** 11.9 ± 1.68* 83.8 ± 2.77**

With 20 mM galactose
DOTMA/Chol 96.3 ± 2.40## 24.3 ± 14.1 79.7 ± 1.00##

DOTMA/Chol/GAl-C4-Chol 151.4 ± 42.7# 15.9 ± 2.46 69.2 ± 6.82#

Results are expressed as the mean ± SD of three experiments.
Extraction ratios (E) were calculated as follows: E � 1 − AUC � Q (flow rate).
Significant differences compared with DOTMA/Chol control group (*p < 0.05, **p <
0.01).
Significant differences compared with correspondent control group (#p < 0.05, ##p <
0.01).
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containing liposome/pDNA complexes exhibited higher tis-
sue binding than DOTMA/Chol liposome/pDNA complexes.
It is known that asialoglycoprotein receptors recognize galac-
tose moieties of the substrate multivalently (31–33). Although
Gal-C4-Chol itself has only one sugar residue, galactosylated
liposome/pDNA complexes could interact multivalently with
the receptor when the concentration of galactose residues on
the liposome surface is high enough. This hypothesis is a rea-
sonable one because Gal-C4-Chol accounts for one-fourth of
the total lipids in our galactosylated liposomes.

In this analysis, five intrinsic parameters were estimated
by curve fitting to a single outflow pattern. However, the
reliability of estimated parameters would be guaranteed by
their small standard deviation. In addition, the volume of the
sinusoidal space (VS) was almost constant in all the experi-
ments (Table II). When the outflow profile of [111In]BSA that
little interacts with tissue was analyzed based on a two-
compartment dispersion model where the ke equals zero, the
VS value was estimated to be 0.21 ± 0.05 ml/g tissue. Thus, this
consistency in the physiologic parameter suggests the validity
of the present model.

When the venous outflow pattern of naked [32P] pDNA
was analyzed by the two-compartment dispersion model (raw
data not shown), the k12/k21 and kint values were 2.07 ± 1.28
and 2.64 ± 0.26 min−1, respectively. Comparison with the k12/
k21 values of the liposome/pDNA complexes (i.e., 12.7 ± 1.19
and 24.9 ± 4.41 for DOTMA/Chol and DOTMA/Chol/Gal-
C4-Chol complexes, respectively) indicated that complex-
ation with these liposomes greatly enhanced the tissue-
binding of pDNA.

Effect of Charge Ratio on Hepatic Cellular Uptake

The cationic charge of liposome/pDNA complexes is
known to be an important factor affecting their biodistribu-
tion, transfection efficiency, and stability (9,10,12,34),
whereas the Gal-C4-Chol content of liposomes has a minute
effect on transfection efficiency in vivo (9) as well as in vitro
(8). Accordingly, we evaluated the effect of charge ratio on
hepatic disposition of liposome/pDNA complexes.

Figure 3a shows typical venous outflow patterns of [32P]
pDNA complexed with DOTMA/Chol liposomes. Although
the outflow pattern was similar for both the 2.3:1.0 and 4.7:1.0
complexes, the peak concentration of the outflow patterns for

Table II. Pharmacokinetic Parameters and Inhibition Effect for Hepatic Disposition of Liposome/[32P]pDNA Complexes Analyzed by
Two-Compartment Dispersion Model

Rate constants Other parameters

k12

(min−1)
k21

(min−1) k12/k21

kint

(min−1)
Dc

(ml2min)
VS

(ml) DN VS/g liver

DOTMA/Chol complexes
Control 26.1 ± 0.57 2.07 ± 0.22 12.7 ± 1.19 2.82 ± 0.24 3.01 ± 0.60 1.39 ± 0.07 0.17 ± 0.03 0.21 ± 0.02
+ Galactose 21.0 ± 3.32 0.63 ± 0.07## 33.7 ± 8.58# 3.79 ± 0.27## 2.80 ± 0.60 1.58 ± 0.20 0.14 ± 0.02 0.20 ± 0.02

DOTMA/Chol/Gal-C4-Chol complexes
Control 30.0 ± 0.13** 1.23 ± 0.23** 24.9 ± 4.41** 3.77 ± 0.46* 1.94 ± 0.40 1.29 ± 0.10 0.12 ± 0.02 0.20 ± 0.03
+Galactose 19.7 ± 3.80## 2.92 ± 1.20 7.38 ± 2.28## 3.51 ± 0.23 2.73 ± 0.52 1.65 ± 0.29 0.14 ± 0.06 0.22 ± 0.05

Results are expressed as the mean ± SD of three experiments.
Significant differences compared with DOTMA/Chol control group (* p < 0.05, ** p < 0.01).
Significant differences compared with correspondent control group (# p < 0.05, ## p < 0.01).

Fig. 3. Typical venous outflow patterns of [32P]pDNA complexed
with DOTMA/Chol (a) and DOTMA/Chol/Gal-C4-Chol (b) at vari-
ous charge ratios following bolus injection into perfused rat liver. The
insets show semilogarithmic plots. Cationic liposomes were com-
plexed with [32P]pDNA at charge ratios of 0.5:1.0 (�), 2.3:1.0 (�),
and 4.7:1.0 (�), respectively. The curves simulated by a two-
compartment dispersion model are also shown in these figures.
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the 0.5:1.0 complexes was markedly higher. When the outflow
patterns of the DOTMA/Chol liposome/pDNA complexes
were analyzed based on a two-compartment dispersion model
(Table III, upper), it was found that the k12/k21 ratio was
significantly smaller for the 0.5:1.0 complexes, whereas the
kint was almost the same irrespective of the charge ratio of the
complexes. As for the DOTMA/Chol liposome complexes,
the k12/k21 ratio was closely related to their zeta potential
(Table III). Thus, it was confirmed that the surface charge
density of the complexes is an important factor determining
the tissue binding of the liposome/pDNA complexes.

As for the DOTMA/Chol/Gal-C4-Chol complexes with a
charge ratio of 0.5:1.0, the outflow concentration was higher
than that for the 2.3:1.0 and 4.7:1.0 complexes (Fig. 3b).
Analysis by a two-compartment dispersion model (Table III,
lower) revealed that the k12/k21 ratios and the kint for the
2.3:1.0 and 4.7:1.0 complexes were markedly greater than
those for the 0.5:1.0 complexes. When the DOTMA/Chol/
Gal-C4-Chol complexes were compared with the correspond-
ing DOTMA/Chol complexes, significant differences in k12/
k21 and kint were observed with the 2.3:1.0 and 4.7:1.0 com-
plexes but not with the 0.5:1.0 complexes. In addition, the zeta
potential of the DOTMA/Chol/Gal-C4-Chol liposome com-
plexes at a charge ratio of 0.5:1.0 was negative. These results
suggest that a sufficient number of the galactose moieties in

the complexes at charge ratio of 0.5:1.0 do not protrude from
the surface of the complexes.

Cellular Distribution of Liposome/pDNA Complexes

The cellular distribution of liposome/[32P] complexes was
investigated following bolus injection into perfused rat liver
(Fig. 4). When the radioactivities associated with liver paren-
chymal cells (PC) and nonparenchymal cells (NPC) per unit
cell number were measured, the PC/NPC ratio for the
DOTMA/Chol/Gal-C4-Chol liposome/pDNA complexes was
1.06, which was higher than that for the DOTMA/Chol lipo-
some/pDNA complexes (0.59). In populations of parenchy-
mal cells and nonparenchymal cells in rat liver (35), the pa-
renchymal and nonparenchymal uptake of DOTMA/Chol/
Gal-C4-Chol liposome/pDNA complexes was estimated to be
56.2% and 27.6% of the dose, respectively. As for DOTMA/
Chol liposomes, 37.8% and 33.5% of the dose were taken up
by parenchyma and nonparenchyma, respectively. Thus, the
parenchymal uptake was marked for the DOTMA/Chol/Gal-
C4-Chol complexes compared to DOTMA/Chol complexes.

However, the PC uptake of both DOTMA/Chol and
DOTMA/Chol/Gal-C4-Chol complexes was not as high as ex-
pected from the surface area of parenchyma. The paren-
chyma is known to occupy 73% of the surface area of the liver
plasma membrane (36). We have previously reported that
cationic macromolecules distribute in both PC and NPC in
proportion to their surface areas (17). However, unlike mac-
romolecules, which can freely penetrate the sinusoidal endo-
thelium through their large fenestrae [100–200 nm in diam-
eter (37–39)], penetration of the liposome/pDNA complexes
would be greatly limited. The mean particle sizes of
DOTMA/Chol and DOTMA/Chol/Gal-C4-Chol liposome/
pDNA complexes at a charge ratio of 2.3:1.0 were 137.7 ± 25.7
nm and 141.1 ± 6.5 nm (n � 3) (9), which are comparable with
the size of the sinusoidal fenestrae. Restricted penetration
across the sinusoidal endothelium would result in lower PC
uptake of liposome/pDNA complexes. We have already op-
timized the particle sizes of liposome/pDNA complexes (9).
To improve the efficacy of delivery of pDNA with galacto-
sylated liposomes, however, the size of the complexes must be
reduced further by some means.

Fig. 4. Hepatic cellular localization of liposome/[32P]pDNA (30 �g)
complexes at a charge ratio of 2.3:1.0 following bolus injection into
perfused rat liver. Filled and open bars represent PC and NPC. Each
value is expressed as the mean ± SD of three experiments.

Table III. Effect of Charge Ratio on Pharmacokinetic Parameters for Hepatic Disposition of Liposome/[32P]pDNA Complexes Analyzed by
Two-Compartment Dispersion Model

Charge ratio
(+:−)

�Potential
(mV)

Rate constants Other parameters

k12

(min−1)
k21

(min−1) k12/k21

kint

(min−1)
Dc

(ml2min)
VS

(ml) DN Vs/g liver

DOTMA/Chol complexes
0.5:1.0 −34.6 ± 1.14 11.0 ± 1.67** 1.55 ± 0.31 7.47 ± 2.83 2.88 ± 0.11 3.92 ± 0.08 1.49 ± 0.01 0.21 ± 0.004 0.20 ± 0.01
2.3:1.0 35.1 ± 1.04 26.1 ± 0.57 2.07 ± 0.22 12.7 ± 1.19 2.82 ± 0.24 3.01 ± 0.60 1.39 ± 0.07 0.17 ± 0.03 0.21 ± 0.02
4.7:1.0 34.2 ± 3.48 18.3 ± 3.46* 1.15 ± 0.28* 16.0 ± 1.24 2.43 ± 0.52 2.66 ± 0.60 1.49 ± 0.17 0.15 ± 0.03 0.24 ± 0.02

DOTMA/Chol/Gal-C4-Chol complexes
0.5:1.0 −29.8 ± 2.10 13.0 ± 0.95** 2.24 ± 0.13** 5.84 ± 0.73* 2.14 ± 0.15* 3.95 ± 0.96 1.67 ± 0.10 0.19 ± 0.06 0.25 ± 0.01
2.3:1.0 34.7 ± 0.35 30.0 ± 0.13 1.23 ± 0.23 24.9 ± 4.41 3.77 ± 0.46 1.94 ± 0.40 1.29 ± 0.10 0.12 ± 0.02 0.20 ± 0.03
4.7:1.0 34.8 ± 1.73 23.6 ± 1.59** 0.93 ± 0.16 25.7 ± 4.10 3.96 ± 0.64 3.13 ± 0.32 1.40 ± 0.09 0.17 ± 0.02 0.18 ± 0.03

Results are expressed as the mean ± SD of three experiments.
Significant differences compared with corresponding charge ratio 2.3 group (* p < 0.05, ** p < 0.01).
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CONCLUSIONS

We have determined the hepatic disposition characteris-
tics of DOTMA/Chol liposome and DOTMA/Chol/Gal-C4-
Chol liposome/pDNA complexes using perfused rat liver,
demonstrating that both tissue binding and cellular internal-
ization were enhanced by galactosylation of the cationic lipo-
somes. For the DOMTA/Chol/Gal-C4-Chol liposome/pDNA
complexes to be effectively taken up by the liver, i.e., enough
liposome pDNA, the charge ratio of 2.3:1.0 is necessary.
These findings provide useful information for the rational
design of targeted gene delivery systems to the liver paren-
chymal cells via asialoglycoprotein receptors.
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