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Figure 1. Blood concentration of [*H] ATRA (B) and
[®H] ATRA (@) or [*H] CHE (O) incorporated in
liposomes following intravenous administration in mice.
Each value represents the mean + SD of three experi-
ments. Statistically significant differences from [*H]
ATRA (**p < 0.01; [*H] ATRA in liposomes, *p < 0.01;
[*H] CHE in liposomes).

In order to achieve the incorporation of lipophilic
drugs, a high number of benzyl groups were
introduced into the poly(aspartic acid) chain.
Thus, ATRA is expected to be stably incorporated
in the hydrophobic inner core of the polymeric
micelles. Figure 2 shows the blood concentration
profiles of [®H] ATRA dispersed in serum (inher-
ent distribution of ATRA) and [°*H] ATRA in-
corporated in polymeric micelles (Bz-75) after
intravenous injection until 240 min. The blood
concentration of [°’H] ATRA in mouse serum was
significantly lower than that of [*H] ATRA in
polymeric micelles (Bz-75), suggesting that poly-
meric micelles with benzyl groups can enhance
the blood retention by their encapsulation.

Tissue Distribution and Pharmacokinetic Analyses of
[PHIATRA, [HIATRA Incorporated in Liposomes or
Polymeric Micelles

Figure 3 shows the tissue distribution profiles of
[PHJATRA (A), [PHJATRA incorporated in lipo-
somes (B), or polymeric micelles (Bz-75) (C).
Regardless of the formulation, most of the ATRA
was recovered from the liver, kidney, and urine.
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Figure 2. Blood concentration of [*H] ATRA (@) and
{*H) ATRA (@) incorporated in polymeric micelles
(Bz-75) following intravenous administration in mice.
FEach value represents the mean + SD of three experi-

ments. Statistically significant differences from [*H]
ATRA (**p < 0.01).

In order to clarify the distribution characteristics
of ATRA, ATRA incorporated in liposomes or
polymeric micelles, a pharmacokinetic analysis
was performed. Analyzing the disposition profiles
of ATRA incorporated in polymeric micelles, the
initial distribution during the early phase up to
10 min, in which the contribution of metabolism
can be ignored, was quantified using organ clearance
parameters. Table 1 summarizes the area under
the blood concentration-time profile (AUCy,0a)
and the uptake clearance for ATRA, ATRA
incorporated in liposomes, and polymeric micelles
(Bz-75). The AUCy)00q of ATRA incorporated in
polymeric micelles (Bz-75) and liposomes was
2.8- and 1.2-times higher than ATRA, indicating
the enhanced the blood retention of ATRA. The
uptake clearances were determined for liver
(CLliver)a kidney (CLkidney)7 Spleen (CLspleen)y lung
(CLyyng), and heart (CLye,t) and the hepatic
uptake clearances were the highest among the
tissues examined for both groups suggesting that
the liver is the main organ for ATRA uptake. In
addition, the CLy,e, of ATRA incorporated in
polymeric micelles (Bz-75) and liposomes was
lower than ATRA; therefore, this lower liver
uptake could reflect the higher AUC,.q of ATRA
incorporated in polymeric micelles (Bz-75) and
liposomes.
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In Vitro Release of ATRA from
ATRA in Polymeric Micelles

Figure 4 shows the in vitro penetration of ATRA
from ATRA in polymeric micelles through dialysis
membrane. The penetration of ATRA from ATRA
in polymeric micelles to receiver side was very low
until 20 h. In the presence of 20% DMSO in donor
and receiver side, however, the penetration of
ATRA from ATRA in polymeric micelles was much
enhanced.

DISCUSSION

The purpose of this study was to examine the
biodistribution characteristics of ATRA incorpo-
rated in liposomes and polymeric micelles (Bz-75)
after intravenous administration. Our findings
indicate that both carriers influence the biodis-
tribution of ATRA although the incorporation
efficacy is different.

In preclinical and clinical trials, it has been
reported that ATRA incorporated in liposomes can
maintain a higher ATRA concentration in plasma
than oral administration of ATRA.>® In this case,
however, the administration route is different;
therefore the effect of liposomes on ATRA distribu-
tion after intravenous administration remains
unclear. To clarify the effect of the carrier system,
the inherent distribution of ATRA must be exam-
ined. Because the water solubility of ATRA is too
low (<0.1 pg/mL at 20°C), solubilizing agents must
be used for intravenous administration. Some
organic solvents, for example, propylene glycol or
ethanol are sometimes used, but this has the
disadvantage the precipitation can occur following
dilution of blood. In order to avoid such a problem,
mouse serum was selected as a dissolving agent to
analyze the inherent distribution of ATRA after
intravenous administration.

Liposomes are widely used as carriers for a
variety of drugs including ATRA. However, the
distribution profiles of liposomes depending on the
lipid composition; in particular, the cholesterol
content of the liposomes is an important factor

Figure 3. Tissueaccumulation and urinary excretion
of [*H] ATRA (A), [®°H] ATRA incorporated in liposomes
(B), and polymeric micelles (Bz-75) (C) following intra-
venous administration in mice. Each value represents
the mean + SD of three experiments. Radioactivity was
determined in the liver (@), urine (Q), kidney (E),
spleen (4.), and lung ().
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Table 1. Area Under Blood Concentration-Time Curve (AUCy,0q) and Tissue Uptake and Urinary Excretion
Clearance for ATRA, ATRA in Liposomes, and Polymeric Micelles (Bz-75) after Intravenous Administration

Tissue uptake clearance® (uL/h)

AUCblood
Sample (% of dose - h/mL)a CLliver CLkidney CLspleen CLlung CLUrine
ATRA 1.59 16318 1783 173 507 1277
ATRA in liposomes 1.92 12887 1393 266 423 522
ATRA in polymeric micelle 4.43 8307 706 177 295 823

TAUCy 1404 2nd tissue uptake clearance were calculated for the initial phase of the experiment until 10 min after intravenous

administration.

in vivo.2>?® We previously reported that DSPC/
Chol (6:4) liposomes were more stable than DSPC/
Chol (9:1) and DSPC/Chol (7:3) liposomes in
blood.?” Therefore, DSPC/Chol (6:4) liposomes
were selected as a carrier of ATRA in this study
because the purpose of this study was to achieve
enhanced blood retention of ATRA in vivo. We
have shown that the blood concentration of ATRA
was more sustained when ATRA were incorpo-
rated in DSPC/Chol (6:4) liposomes (Fig. 1), indi-
cating that liposomes can control the distribution
of ATRA for sustained blood retention to some
extent. This result reflects the effectiveness of
liposomal ATRA in clinical situations with regard
to APL therapy after intravenous administration.

In the systemic circulation, drugs incorporated
into liposomes are diluted by the blood, followed
by interaction with plasma components; conse-
quently, incorporated drugs are rapidly released
from liposomes.'®?"~2° Even if liposomes exhibit a
favorable in vivo disposition profile, rapid release
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Figure 4. In vitro release of ATRA from ATRA

incorporated in polymeric micelles (Bz-75) in phosphate
buffered saline (Q) or 20% DMSO phosphate buffered
saline (@). Each value represents the mean + SD of
three experiments. Statistically significant differences
from 'phosphate buffered saline (**p < 0.01).

of incorporated drugs would lead to a failure to
achieve therapeutic potency. Therefore, the inher-
ent distribution profiles of liposomes were also
examined using [°H] CHE in order to confirm the
contribution of controlled ATRA distribution by
the liposomes. We have shown that the blood
concentration of [*H] ATRA incorporated in lipo-
somes was much lower than that of [°H) CHE
incorporated in liposomes (Fig. 1), suggesting that
most ATRA are rapidly released from liposomes in
the blood. These results indicate that in order to
achieve further blood retention of ATRA by the
carrier system, ATRA release must be controlled
in vivo.

Among the various particulate carrier systems
available to date, polymeric micelles are an
effective drug carrier. In this study, we tried to
apply polymeric micelles to ATRA delivery in vivo
for sustained blood retention. Polymeric micelles
have a small particle size and are expected to avoid
RES trapping while the protective effect offered by
the hydrophilic outer shell could reduce the
interaction between the carrier and biological
components. After intravenous injection of ATRA
incorporated in polymeric micelles (Bz-75), blood
concentration of ATRA was significantly higher
than that of ATRA dispersed in serum (inherent
distribution of ATRA) (Fig. 2). In addition, phar-
macokinetic analysis demonstrated that ATRA
incorporated in the polymeric micelles (Bz-75)
exhibits a larger AUCy0q and lower hepatic
clearance of ATRA when compared with ATRA
and ATRA incorporated in liposomes (Tab. 1).
These results suggested that ATRA incorpora-
ted in polymeric micelles (Bz-75) reduces RES
scavenging.

ATRA was almost completely incorporated in
polymeric micelles (Bz-75) (>95%) and ATRA
release from ATRA incorporated in polymeric
micelles (Bz-75) was very low until 20 h (Fig. 4).
These results suggested that ATRA was very
stably incorporated in polymeric micelles (Bz-75).
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In order to confirm whether ATRA release was
enhanced by hydrophobic components, the release
experiments in the presence of 20% DMSO
phosphate buffered saline was performed. As
shown in Figure 4, ATRA release was much
enhanced in the presence of 20% DMSO, suggest-
ing that ATRA release was enhanced by hydro-
phobic components in the body. However, these
results also indicated that ATRA release was still
controlled even in the presence of 20% DMSO. This
result is in according with in vivo finding that
ATRA concentration was sustained following the
intravenous injection of ATRA incorporated in
polymeric micelles (Fig. 2).

Recently, ATRA is also used as a chemopreven-
tive agent, which exerts strong antitumor activity
by suppressing tumor growth.3'~3* However, like
many other anticancer drugs, sophisticated tar-
geting is required for successful in vivo applica-
tion. It has been reported that polymeric micelles
in the size range <200 nm reduce nonselective
RES scavenging and exhibit enhanced permeabil-
ity and retention effects (EPR)*® at solid tumor
sites for passive targeting. Although further study
is required, ATRA incorporated in polymeric
micelles (Bz-75) could be useful for cancer differ-
entiation therapy employing the EPR effect in the
future.

Jeong et al.°* developed a poly(e-caprolactone)/
poly(ethylene glycol) diblock copolymer for ATRA
incorporation. They examined the ATRA incor-
poration and ATRA release into polymeric micelles
and demonstrated that ATRA incorporation
efficacy is increased by the molecular weight of
hydrophobic poly(e-caprolactone) in the poly(e-
caprolactone)/poly(ethylene glycol) diblock copoly-
mer. Their observation about the incorporation of
ATRA invitro agrees with our in vivo results. Since
ATRA is a highly lipophilic drug (logPCc; = 6.6); *°
more lipophilic conditions in the inner core of the
polymeric micelles might be required for stable
ATRA incorporation.

In conclusion, we have examined the biodistri-
bution characteristics of ATRA incorporated in
liposomes and polymeric micelles following intra-
venous administration. Among them, we have
shown that polymeric micelles (Bz-75) are the
most effective carrier of ATRA for sustained blood
retention in vivo. Furthermore, it appears that
ATRA release under in vivo conditions is governed
by the physicochemical properties of the hydro-
phobic chain in the block copolymer. These results
have potential implications for the design of ATRA
carriers for APL patients.
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Abstract

Background In this study, we investigated the in vivo gene transfection
efficacy of a ‘surface charge regulated’ (SCR) lipoplex, dispersed in the
presence of an essential amount of NaCl during lipoplex formation.

Methods SCR lipoplexes were prepared and their physicochemical
properties were analyzed. After intravenous (i.v.) administration, transfection
efficacy, distribution characteristics, and liver toxicity were evaluated in mice.

Results At NaCl concentrations of 10 mM, the particle sizes of the SCR
lipoplexes were about 120 nm and were compatible with a conventional
lipoplex. However, fluorescent resonance energy transfer analysis revealed
that cationic liposomes in the SCR lipoplexes increased fusion. After i.v.
administration, the transfection activity in the lung of the SCR lipoplex
(10 mM NaCl solution in the lipoplex) was approximately 10-fold higher than
that of the conventional lipoplex. Pharmacokinetic studies demonstrated a
higher distribution in lung by the SCR lipoplex. When the gene expression
levels of the SCR lipoplex and conventional lipoplex were compared,
the SCR lipoplex at a dose of 30 g was compatible with that of the
conventional lipoplex at a dose of 50 jg. A significantly higher serum alanine
aminotransferase (ALT) activity and TNF« concentration was observed by the
conventional lipoplex (pDNA dose; 50 pg), but this was not the case for the
SCR lipoplex (pDNA dose; 30 pg).

Conclusions We demonstrated that the SCR lipoplex could enhance the
transfection efficacy in the lung without increasing the liver toxicity. Hence,
the information will be valuable for the future use, design, and development

of lipoplexes for in vivo applications. Copyright © 2005 John Wiley & Sons,
Ltd.

Keywords gene therapy; cationic liposomes; non-viral vectors; lipoplex; toxicity

Introduction

The ability to introduce gene-encoding therapeutic proteins into various tis-
sues by systemic administration represents an important advance in gene
therapy. Therefore, increasing attention has focused on the development
of efficient non-viral vectors. The use of non-viral vectors has attracted
great interest for in vivo gene delivery because they are free from some
of the risks inherent in these other systems. Furthermore, the characteris-
tics of non-viral vectors can be more easily modified than those of viral
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vectors. In particular, much effort has been devoted to
the development of cationic liposome-mediated gene
delivery systems due to their favorable characteristics.
Recently, several studies have shown that intravenous
administration of plasmid DNA (pDNA)-cationic lipo-
some complexes (i.e. lipoplexes) leads to systemic gene
expression, particularly in the lung [1-5].

To date, several methods involving the systemic
administration of lipoplex have been tested in order to
enhance the transfection efficacy in the lung. Several
parameters have been identified as important for
achieving a high level of gene expression. These include
the charge ratio between the cationic lipid and pDNA
and the dose of pDNA ([4,6,7]. Despite the enhanced
transfection efficacy due to the excess cationic charge
of the lipoplex or excess dose of pDNA, their clinical
applications are hampered by their toxicity, including
lethal effects in experimental animals [6,7]. Therefore,
transfection efficacy needs to be enhanced by another
approach before clinical application is possible, and simple
methodologies are required to achieve this aim.

Lipoplexes are often prepared in a non-ionic solution
due to their well-known tendency to aggregate out of
solution as the salt concentration is increased [8,9].
Aggregation during lipoplex formation in jonic solution
may be due to neutralization of the surface positive charge
of the lipoplex intermediate by the associated counter jon.
Taking account of neutralization by a counter ion, we
hypothesized that the presence of an essential amount of
sodium chloride (NaCl) during lipoplex formation might
control the repulsion between cationic liposomes and
the fusion of cationic liposomes in the lipoplex would
be accelerated by partial neutralization of the positive
charge. Consequently, pDNA in the lipoplex could be
largely covered by cationic lipids while retaining enough
positive charge to prevent aggregate formation. Such
types of lipoplex are expected to be more stable than the
conventional lipoplex, which is prepared using a non-ionic
solution.

In a previous study, we investigated the invivo
gene transfection efficacy of a galactosylated ‘surface
charge regulated” (SCR) lipoplex, prepared in the
presence of an essential amount of NaCl during lipoplex
formation for hepatocyte-selective transfection [10]. We
have already demonstrated that the galactosylated SCR
lipoplex significantly delayed aggregation and the hepatic
transfection activity of the galactosylated SCR lipoplex
was approximately 10-20-fold higher than that of the
conventional galactosylated lipoplex in mice. Thus, the
SCR method is expected to be a novel approach for the
stabilization of lipoplexes in the body.

Since intravenous (i.v.) administration of lipoplex
induces the highest gene expression in the lung, we
expected that the SCR lipoplex would enhance the gene
expression in the lung due to the stabilizing effects based
on the delayed aggregation. In the present study, we
investigated the physicochemical properties and in vivoe
gene transfection characteristics of the SCR lipoplex after
i.v. administration. Results were compared with those of

Copyright @ 2005 John Wiley & Sons, Ltd.
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the conventional lipoplex, which was prepared using 5%
dextrose as a solvent.

Materials and methods
Materials

N-[1-(2,3-Dioleyloxy)propyl]-N,N,N-trimethylammo-
nium chloride (DOTMA) was obtained from Tokyo Chem-
ical Industry Co. (Tokyo, Japan). Cholesterol (Chol) was
obtained from Nacalai Tesque Inc. (Kyoto, Japan). 1,2-
Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-
2-1,3-benzoxadiazol-4-yl) (NBD-DOPE) and 1, 2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhoda-
mine B sulfonyl) (Rh-DOPE) were purchased from
Avanti Polar Lipids, Inc. (AL, USA). [«-32P]-dCTP (3000
Ci/mmol) was obtained from Amersham Co. (Tokyo,
Japan). All other chemicals were of the highest purity
available.

Construction and preparation of pDNA

pCMV-Luc was constructed by subcloning the Hind
IIl/Xba I firefly luciferase cDNA fragment from the pGL3-
control vector (Promega Co., Madison, WI, USA) into the
polylinker of the pcDNA3 vector (Invitrogen, Carlsbad,
CA, USA). pDNA was amplified in the E. coli strain
DHSa«, isolated, and purified using a Qiagen Endofree
Plasmid Giga kit (Qiagen GmbH, Hilden, Germany).
Finally, pDNA solution was dissolved in 5% dextrose
solution and subjected to ultrafiltration using a Viaspin
2 (5000 MWCO; Vivascience AG, Hannover, Germany)
to remove the salts. Purity was confirmed by 1%
agarose gel electrophoresis followed by ethidium bromide
staining and the pDNA concentration was measured by
UV absorption at 260 nm. The pDNA for distribution
experiments was labeled with [@-3?P]-dCTP by nick
translation [11].

Preparation of cationic liposomes

DOTMA/Chol liposomes were prepared as reported
previously [5,8,12-14). Mixtures of DOTMA and Chol
were dissolved in chloroform at a molar ratio of
1:1, vacuum-desiccated, and resuspended in sterile 5%
dextrose at a concentration of 4 mg total lipids per
ml. The suspension was sonicated for 3 min and the
resulting liposomes were extruded 10 times through
100 nm polycarbonate membrane filters.

Preparation of conventional and SCR
lipoplexes

Conventional and SCR lipoplexes were prepared as
reported previously [10]. For conventional lipoplex
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preparation, a volume of 600 ul of 200 pg/ml pDNA
in 5% dextrose was mixed with an equal volume of
DOTMA/Chol liposomes at 1160 pg/ml and incubated
for 30 min. For SCR lipoplex preparation, part of the
5% dextrose in the pDNA solution was replaced with
saline and adjusted to the final NaCl concentration as
indicated before mixing with liposome solution. The
mixing ratio of liposomes and pDNA was expressed
as a -+/— charge ratio, which is the molar ratio
of cationic lipids to pDNA phosphate residues [15].
A charge ratio of unity was obtained with 2.52 pg
total lipid/ug pDNA for DOTMA/Chol liposomes. The
particle size of the lipoplex was measured using a
dynamic light scattering spectrophotometer (LS-900,
Otsuka Electronics, Osaka, Japan). The zeta potential of
the lipoplex was determined with a laser electrophoresis
zeta-potential analyzer (Zetasizer Nano ZS, Malvern
Instruments Ltd., Worcestershire, UK).

Fluorescent resonance energy transfer
(FRET) analysis

FRET analysis was previously used for assessment of
the stability of non-viral gene vectors by Itaka et al.
[16]. Liposomes were labeled with two types of fluo-
rescent lipid, NBD-DOPE or Rh-DOPE, at 2% (mol/mol)
total lipid concentration. The fluorescence intensity
spectra were measured using a spectrofluorophotome-
ter (RF540, Shimadzu Co., Kyoto, Japan). The excita-
tion wavelengths were 460 and 550 nm for NBD-DOPE
and Rh-DOPE. The FRET from NBD-liposomes to Rh-
liposomes was measured as a liposome-liposome inter-
action.

In vivo gene expression experiments

Female 5-week-old ICR mice (20-23 g) were purchased
from the Shizuoka Agricultural Cooperative Association
for Laboratory Animals (Shizuoka, Japan). 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. Conventional or SCR lipoplex
was administered intravenously (15, 23, 30, or 50 ug
pDNA/300 ul). For the in vivo transfection experiments,
liver, lung, or kidney was excised at 3, 6, or 96 h after
injection. Each sample was homogenized with lysis buffer
(0.1 M Tris/HCl containing 0.05% Triton X-100 and 2 mM
EDTA (pH 7.8)). After three cycles of freeze/thawing, the
homogenates were centrifuged at 10000 g for 10 min
at 4°C. Then, 20 pl of each supernatant were mixed
with 100 pl luciferase assay solution (Picagene, Toyo Ink
Mfg. Co., Tokyo, Japan) and the light produced was
immediately measured using a luminometer (Lumat LB
9507, Berthold Technologies, GmbH & Co., Bad Wildbad,
Germany). The luciferase activity is given as the relative
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number of light units (RLU) per mg protein. The protein
content of the samples was determined using a protein
quantification kit (Dojindo Molecular Technologies Inc.,
Gaithersburg, MD, USA).

Alanine aminotransferase (ALT)
activity

Conventional or SCR lipoplex was administered i.v. (30 or
50 ug pDNA/300 ul). Blood was collected from the vena
cava, and mice were killed at 24 h. Then, ALT activity
in plasma was determined by the UV-rate method using
a Transaminase ClII-test Wako kit (Wako Pure Chemicals
Industry, Ltd., Osaka, Japan).

TNF« concentration

Blood was collected from mice at 3 h after iv.
administration of lipoplex. The blood was allowed to
coagulate for 3 h at 4°C and serum was isolated as the
supernatant fraction following the centrifugation. The
serum samples were immediately stored at —80°C until
the enzyme-linked immunosorbent assay (ELISA). The
amounts of TNFx in the serum were analyzed using
ELISA kits (BD Biosciences Pharmingen, San Diego, CA,
USA) according to the manufacturer’s protocols.

Statistical analysis

Statistical comparisons were performed by Student’s t-
test for two groups, and one-way analysis of variance
(ANOVA) for multiple groups. P < 0.05 was considered
to be indicative of statistical significance.

Results

Possibility of enhanced gene
expression of the SCR lipoplex

Figure 1 shows the transfection activity of the con-
ventional lipoplex and the SCR lipoplex (5, 10, and
20 mM NaCl solution in lipoplex) after i.v. adminis-
tration in mice. The transfection activity of the SCR
lipoplex in lung was higher than that for the conven-
tional lipoplex; in particular, the SCR lipoplex at 10 mM
NaCl solution exhibited the highest transfection activity
(Figure 1A). After i.v. administration of SCR lipoplex,
the gene expression in the lung was approximately
100-fold higher than that found in the other organs
(Figure 1B). Therefore, the SCR lipoplex at 10 mM NaCl
solution was selected for evaluating the physicochemi-
cal and gene expression characteristics in the following
experiments.
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Figure 1. Enhanced hepatic transfection activity after intra-
venous (i.v.) administration of the SCR lipoplex in mice.
(A) Effect of NaCl concentration of the lipoplex solution on the
hepatic gene transfection activity by the SCR lipoplex. Lipoplexes
were prepared at a charge ratio {—/+) of 1.0:3.1. Statistically
significant differences (*P < 0.05) compared with conventional
lipoplex. (B) Comparison of gene expression in lung and liver
after i.v. administration of the SCR lipoplex in mice. Lipoplexes
were prepared at a charge ratio (—/+) of 1.0:3.1. Luciferase
activity was determined 6 h post-injection of lipoplex. Each value
represents the mean + standard deviation (SD) of at least three
experiments

Mean diameter, zeta potential, FRET
analysis, and stability in saline of the
SCR lipoplex

When the NaCl concentration was 5mM, the mean
particle sizes of the SCR lipoplexes were significantly
reduced (Figure 2A). At NaCl concentrations of 10 mM,
the particle sizes of the SCR lipoplexes were compatible
with those of conventional lipoplex. When the NaCl
concentration was 20 mM, the mean particle sizes of
the SCR lipoplexes were significantly increased. The
zeta potentials of the SCR lipoplex (10 mM) and the
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Figure 2, (A) Difference in particle size of the SCR lipoplex.
The particle size of the SCR lipoplex was measured by dynamic
light scattering spectrophotometry. Lipoplexes were prepared
at a charge ratio (~/+) of 1.0:3.1. Each bar represents the
mean diameter +SD of three experiments. Statistically signif-
icant differences (*P < 0.05) compared with the conventional
lipoplex. (B) FRET analysis of SCR lipoplex (10 mM NacCl) for-
mation for the analysis of the liposome-liposome interaction.
NBD-liposomes and Rh-liposomes were mixed at a ratio of
1:1 prior to lipoplex formation. Thirty minutes after mix-
ing pDNA with a mixture of NBD- and Rh-labeled liposomes,
the fluorescence intensity spectra were measured at an exci-
tation wavelength of 460 nm. Lipoplexes were prepared at a
charge ratio (—/+) of 1.0:3.1. Similar results were obtained in
two other independent runs. (C) Stability of the SCR lipoplex
(10 mM NacCl) after mixing with saline as a model of physio-
logical conditions. Lipoplexes were prepared at a charge ratio
(-/4) of 1.0:3.1. Each value represents the mean diameter
£SD of three experiments. Statistically significant differences
(**P < 0.01) compared with the conventional lipoplex
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conventional lipoplex were 57.1 +4.22 and 64.5 4 0.65
mV (N =3, P < 0.01).

FRET analysis was performed to further evaluate the
formation of SCR lipoplex (10 mM) (Figure 2B). The
FRET effect was evaluated using the peak ratio of
nitrobenzoxadiazole (NBD) and rhodamine (Rh). Using
these lipids, the changes in the liposome-liposome
interaction of the SCR lipoplex using NBD- and Rh-labeled
liposomes were measured. Distinct energy transfer from
NBD (emission 534 nm) to Rh (emission 590 nm) was
observed and the NBD/Rh fluorescence intensity ratios
(Fs34/Fs90) were 3.3 4+ 0.2(N=3)and2.2+ 02 (N=13)
for 0 and 10 mM NaCl solutions, respectively, suggesting
that each cationic liposome in the SCR lipoplex had easier
access to the others than the conventional lipoplex (0 mM
NaCl solution). Statistically significant differences were
observed between the SCR lipoplex (10 mM NaCl) and
the conventional lipoplex (P < 0.01). Thus, pDNA in the
SCR lipoplex may be covered by many cationic liposomes;
such behavior of the SCR lipoplex is expected to enhance
the stability of pDNA. These results for the size change
and FRET analysis corresponded to those in our previous
report involving the galactosylated SCR lipoplex [11].

When conventional lipoplex was diluted with saline,
the mean particle size was greatly increased as time
advanced (Figure 1C). In contrast, the SCR lipoplex
(10 mM NaCl) delayed the particle size enlargement,
indicating SCR lipoplexes were more stable than the
conventional lipoplex.

Gene expression characteristics of the
SCR lipoplex

At charge ratios (—/+) of 1.0:2.3 and 1.0:3.1, the gene
expression of the SCR lipoplex was significantly higher
than that of the conventional lipoplex (Figure 3A). At
doses ranging from 15 to 30 ug, the gene expression
of the SCR lipoplex was significantly higher than that
of the conventional lipoplex (Figure 3B). As for the
gene expression periods, the SCR lipoplex maintained
significantly higher transfection activity until 4 days than
that of the conventional lipoplex (Figure 4).

Biodistribution characteristics of the
SCR lipoplex

Figure 5 shows the distribution of the SCR and the
conventional lipoplex following i.v. administration in mice
at 30 min. Most of the radioactivity accumulated in the
lung or liver. However, the lung accumulation of the
SCR lipoplex was significantly higher than that of the
conventional lipoplex.

Liver toxicity of the SCR lipoplex

In order to confirm the toxicity of the SCR lipoplex,
ALT activity in serum was measured as an index of liver
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Figure 3. (A) Effect of charge ratio on the transfection activity
of the SCR lipoplex in lung. Lipoplexes were prepared at
charge ratios (—/+4) of 1.0:2.3 and 1.0:3.1. Each value
represents the mean diameter +SD of three experiments.
Statistically significant differences (*P < 0.05) compared with
the conventional lipoplex. (B) Effect of pDNA dose on the
transfection activity of the SCR lipoplex in lung. Lipoplexes
were prepared at a charge ratio (-/4) of 1.0:3.1. Each
value represents the mean diameter 4SD of three experiments.
Statistically significant differences (*P < 0.05) compared with
the conventional lipoplex

toxicity. When the gene expression levels of the SCR
lipoplex and the conventional lipoplex were compared,
the SCR lipoplex at a dose of 30 ug was comparable
with that of the conventional lipoplex at a dose of
50 ug (Figure 6A). A significantly higher ALT activity was
observed with the conventional lipoplex (pDNA dose:
50 ug), but not with the SCR lipoplex (pDNA dose:
30 pg). Similarly, TNFa concentration of the conventional
lipoplex (pDNA dose: 50 ug) was significantly higher than
that of the SCR lipoplex (pDNA dose: 30 pg).

Discussion

In the present study, DOTMA/Chol liposomes were
selected as cationic liposomes for intravenous (i.v.)

J Gene Med 2005; 7: 1526~1533.
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administration because of their high transfection activity
[6,12,13]. Despite the fact that the concept of transfecting
with lipoplex is quite simple, we need to further improve
the transfection efficacy, and evaluate potential toxicity
in the case of clinical application.

Although there are some current methodologies for
stabilizing non-viral carriers, each method has the
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Figure 6. Gene expression and ALT activity after intra-
venous (i.v.) administration of the SCR lipoplex in mice (A).
Luciferase activity and ALT activity were determined 6 and
24 h post-injection of the SCR lipoplex. Lipoplexes were pre-
pared at a charge ratio (—/+) of 1.0:3.1. Each value represents
the mean + SD of at least three experiments. Statistically sig-
nificant differences (**P < 0.01 (luciferase activity), #P < 0.05,
##P < 0.01 (ALT activity)) compared with the conventional
lipoplex. TNFa concentration after i.v. administration of the SCR
lipoplex in mice (B). TNFa concentrations were determined 3 h
post-injection of the SCR lipoplex. Lipoplexes were prepared
at a charge ratio (—/+) of 1.0:3.1. Each value represents the
mean + SD of at least three experiments. Statistically significant
differences (*P < 0.05) compared with the SCR lipoplex

disadvantage of affecting the transfection efficiency. In
most cases, PEGylated lipids were used to stabilize the
lipoplex; however, the surface modification of liposomes
with PEG results in a reduced interaction with cells so that
the system exhibits a low transfection potential [17,18].
For the ideal design of gene carrier systems, the lipoplex
needs to be stabilized without any loss of transfection
activity. In the present study, we have demonstrated the
possibility of a novel method of stabilizing the lipoplex
to enhance the transfection activity by using NaCl for
complex formation.

Lipoplexes for invivo gene delivery are generally
prepared in non-ionic solution (i.e., dextrose} because
the lipoplex form aggregates in the presence of isotonic
concentrations of ionic solutions such as saline (150 mM
NaCl). In the present study, we hypothesized that the
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presence of an essential amount of NaCl during lipoplex
formation would regulate the repulsion between cationic
liposomes and the fusion of the cationic liposomes in the
lipoplex would be accelerated by partial neutralization
of the positive charge on the surface of the cationic
liposomes. This hypothesis was confirmed, in part, by
the results of the FRET analysis (Figure 2B) and zeta
potential measurements, i.e., moderate neutralization of
the positive charge on the surface of cationic liposomes by
an essential concentration of NaCl can ensure sufficient
repulsion of the lipoplex intermediates. Since the fusion
of each cationic liposome was enhanced, cationic lipids
may extensively cover pDNA in the SCR lipoplex. These
observations correspond to our previous observations
in the galactosylated SCR lipoplex used for hepatocyte-
selective gene expression [10]; consequently, SCR theory
can be applied to different types of lipoplex.

The distribution characteristics during the early periods
are important for gene expression. In fact, Barron et al.
demonstrated that lipoplex-mediated gene expression to
the lung occurs within 60 min after i.v. administration
[19]. To investigate the mechanism of the enhanced
gene expression by the SCR lipoplex, a distribution
study was performed using [*?P]-labeled pDNA. After
i.v. administration, approximately 30% of the [32P]
conventional lipoplex was distributed in the lung at
30 min (Figure 5). This result is similar to that reported
by Li and Huang involving a distribution study by a
liposome-protamine-[12°1]DNA (LPD) complex [15)]. In
contrast, approximately 60% of the [32P] SCR lipoplex
was distributed in the lung at 30 min, indicating that
pDNA in the SCR lipoplex accumulates more efficiently in
the lung. Hence, the higher gene expression in the lung
can be ascribed to the difference in distribution between
the conventional lipoplex and the SCR lipoplex.

As shown in Figure 1B, gene expression levels were
enhanced in the lung, but were not enhanced in liver
and kidney by the SCR lipoplex. This observation agrees
with the distribution study showing that SCR lipoplexes
were only efficiently distributed in the lung after iv.
administration (Figure 5). It has been reported that
in vivo gene expression levels are greatly affected by
the charge ratio (~/+) of the lipoplex and the pDNA
dose [3,6,7]. In order to further confirm the transfection
activity by SCR lipoplexes, the charge ratio and/or pDNA
dose were also varied and the effect of these factors
was analyzed. At charge ratios (—/+) of 1.0:2.3 and
1.0:3.1, the gene expression of the SCR lipoplex was
significantly higher than that of the conventional lipoplex
(Figure 3A). Similarly, at pDNA doses ranging from 15
to 30 ug, the gene expression of the SCR lipoplex was
always significantly higher than that of the conventional
lipoplex (Figure 3B). These results indicate that the SCR
lipoplex method could enhance gene expression in lung,
irrespective of the charge ratio and/or the pDNA dose.

For the clinical application of the lipoplex, toxicity
is an important factor. Even if the gene expression
is at a favorable level, severe toxicity could mean
that clinical application is impossible. Li et al. reported
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that, although a cationic lipid/protamine/DNA complex
showed higher gene expression in lung, it induced high
levels of inflammatory cytokines [20]. As for the toxicity
of the lipoplex, Loisel et al. systemically analyzed and
reported that the i.v. administration of lipoplex does not
induce any toxic effects in the lung, but liver toxicity was
observed as reflected in the serum transaminase levels
[21]. To confirm the effect of toxicity on SCR lipoplex
administration, we evaluated the ALT activity as an index
of liver damage. Although the gene expression of the SCR
lipoplex at a dose of 30 ug was comparable with that of
conventional lipoplex at a dose of 50 ug, a significantly
higher ALT activity was observed by the conventional
lipoplex at a dose of 50 pug (Figure 6A). Similarly, serum
TNFa concentration of the conventional lipoplex at a
dose of 50ug was significantly higher than that of
the SCR lipoplex at a dose of 30 ug (Figure 6B). This
result corresponds to the observation of the ALT activity
in Figure 6A. These results lead us to believe that the
SCR lipoplex could enhance the gene expression in lung
without the liver toxicity. Tousignant ef al. [22] suggested
that the hepatic damage was induced by the cytokines
from Kupffer cells because of marked accumulation
of lipoplex following i.v. administration. Similarly, we
previously reported that, following the administration
of lipoplex, inflammatory cytokines were released from
Kupffer cells in the liver [23]. Therefore, this result may
be explained by the fact that that the liver (Kupffer cells)
accumulation of SCR lipoplex was as same as that of the
conventional lipoplex (Figure 5).

So far, some trials have been carried out to reduce
the release of inflammatory cytokines. Recently, Tan et al.
reported that the sequential injection of cationic liposomes
and pDNA effectively transfects the lung with only
minimal inflammatory toxicity {24]. However, sequential
injection is complicated and this may include (i) a need
for two administrations and (ii) consideration of the time
of administration. Reducing the CpG sequence number in
pDNA is another method to reduce the cytokine release
[25]. However, an important part of the CpG sequence
in pDNA cannot be removed because of the reduced
transfection efficacy. Therefore, another approach to
reduce the toxicity is also required for the safe use of
lipoplexes in humans. Since the SCR lipoplex enhances
gene expression in lung (Figures 3 and 6), the pDNA dose
could be reduced to obtain the essential level of gene
expression for therapy; consequently, the toxicity would
be reduced.

We previously reported that the hepatic transfection
activity of a galactosylated SCR lipoplex dispersed by
5 mM NaCl solution was about 2-fold higher than that
of 10 mM NaCl solution in mice [10]. In the present
study, we demonstrated that a SCR lipoplex dispersed
by 10 mM NaCl solution was about 5-fold more active
than that obtained by 5 mM NaCl solution in mice. The
optimal concentration of NaCl is different in these studies.
This could be explained by the difference in the site of
the target cells. In invivo [8) and insitu [26] studies,
we previously demonstrated that the penetration of the
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galactosylated lipoplex through the hepatic fenestrated
endothelium to the parenchymal cells was greatly
restricted. Previous results showed that the size of the
galactosylated SCR lipoplex in 5 mM NacCl solution was
smaller than that of a conventional galactosylated lipoplex
[10]. The size reduction of the SCR lipoplex in 5 mM
NaCl solution was also confirmed in the present study.
In contrast, the access to lung endothelial cells is not
restricted by the size of the lipoplex. Taking these factors
into consideration, the site of the target cells could be
considered for the effective application of the SCR theory.

In conclusion, we demonstrated enhanced transfection
activity in the lung by stabilized lipoplex using NaCl for
complex formation. FRET analysis revealed that the NaCl
solution in the lipoplex enhanced the fusion of cationic
liposomes in the lipoplex; consequently, the in vivo
transfection was greatly enhanced without affecting liver
toxicity. Pharmacokinetic studies demonstrated higher
lung accumulation of the SCR lipoplex. This distribution
characteristic partly explains the mechanism of enhanced
in vivo transfection efficacy in the lung by the SCR
lipoplex. Also, our data indicated the importance of
the ionic concentration in the lipoplex solution for gene
expression. The information we obtained will be of great
value for the future use, design, and development of
lipoplexes for in vivo applications.
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ABSTRACT: Galactosylated (Gal) liposomes containing various molar ratios of choles-
ten-5-yloxy-N-(4-((1-imino-2-p-thiogalactosylethyformamide (Gal-C4-Chol) as a ligand
for asialoglycoprotein receptors were prepared to study the effect of the galactose content
of Gal-liposomes labeled with [*H]cholesteryl hexadecyl ether on their targeted delivery
to hepatocytes. The uptake characteristics of Gal-liposomes having Gal-C4-Chol of 1.0%,
2.5%, 3.5%, 5.0%, and 7.5% were evaluated. The uptake and internalization by HepG2
cells was enhanced by the addition of Gal-C4-Chol to the Gal-liposomes. In the presence of
excess galactose, the uptake of Gal-liposomes having Gal-C4-Chol of 3.5%, 5.0%, and 7.5%
was inhibited suggesting asialoglycoprotein receptor mediated uptake. After intrave-
nous injection, Gal-liposomes having Gal-C4-Chol of 3.5%, 5.0%, and 7.5%, rapidly
disappeared from the blood and exhibited rapid liver accumulation with up to about 80%
of the dose within 10 min whereas Gal-liposomes having low Gal-C4-Chol (1.0% and 2.5%)
showed a slight improvement in liver accumulation compared with bare-liposomes. Gal-
liposomes with high Gal-C4-Chel are preferentially taken up by hepatocytes and the
highest uptake ratio by parenchymal cells (PC) and nonparenchymal cells (NPC) (PC/
NPC ratio) was observed with Gal-liposomes having of 5.0% Gal-C4-Chol. We report here
that the galactose density of Gal-liposomes prepared by Gal-C4-Chol is important for both
effective recognition by asialoglycoprotein receptors and cell internalization.

© 2005 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 94:2266-2275, 2005
Keywords: drug delivery system; site-specific delivery; targeting; targeted drug
delivery; galactosylated liposomes; liposomes; lipids; asialoglycoprotein receptors;
hepatocytes; pharmacokinetics

INTRODUCTION

Receptor-mediated drug delivery is a promising
approach to site-selective drug delivery. Recep-
tors for carbohydrates, such as the asialoglycopro-
tein receptor on hepatocytes (liver parenchymal
cells) and the mannose receptor on several macro-
phages and liver endothelial cells, recognize the
corresponding sugars on the nonreducing term-
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inal of sugar chains." Among these sugar-recog-
nized receptors, asialoglycoprotein receptors on
hepatocytes have been found to be one of the most
promising candidate targets in many drug carrier
studies since they exhibit high affinity and a rapid
internalization rate.?

The receptor-ligand interaction is known to
show a significant “cluster effect” in which a multi-
valent interaction results in extremely strong
binding of ligand to the receptors.® We have
already demonstrated that the in vivo recognition
of galactosylated macromolecules by asialoglyco-
protein receptors correlates with the degree of
galactose modification.* A pharmacokinetic ana-
lysis of the tissue disposition patterns of galactose
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units on the protein surface determines the affinity
of galactosylated proteins for asialoglycoprotein
receptor-mediated hepatic uptake.* These results
indicate that the drug targeting efficacy to hepa-
tocytes using galactosylated macromolecular car-
riers is dependent on the galactose modification.

To date, various natural and synthetic galacto-
sylated derivatives have been developed as ligands
for asialoglycoprotein receptors.’~" For successful
liposomal targeting, the chemical structure and
physicochemical properties of glycolipids are cru-
cial. As far as the ligand design of glycolipids is
concerned, both the number of galactose moieties
and the types of hydrophobic anchor are impor-
tant. Since highly lipophilic compounds are more
stably incorporated into the liposomal mem-
brane,® introduction of mono-antennary galacto-
side to the lipids is more appropriate. In addition,
the synthesis of mono-antennary galactoside is
simpler than that of multi-antennary galactoside.

Taking these factors into considerations, we
previously synthesized a galactosylated choleste-
rol derivative, cholesten-5-yloxy-N-(4-((1-imino-2-
D-thiogalactosylethyl)formamide (Gal-C4-Chol),
having cholesterol for stable incorporation into
liposomes, and a mono-antennary galactoside for
recognition by the asialoglycoprotein receptors.®
In this previous study, we reported that Gal-C4-
Chol combining with neutral lipids (DSPC and
Chol) was taken up by the liver parenchymal
cells by asialoglycoprotein receptor-mediated up-
take.'®!! However, in order to ensure hepatocyte-
specific targeting of liposomes by galactosylation,
the galactose density on the liposomal surface
needs to be controlled.

To understand the effects of the galactose
density on the liposomal surface on the targeting
efficiency of galactosylated liposomes to hepato-
cytes, galactosylated liposomes (Gal-liposomes)
having different Gal-C4-Chol molar ratios were
prepared. Then, the in vitro uptake characteristics
of the Gal-liposomes were investigated in human
hepatoma HepG2 cells, which are known to
express asialoglycoprotein receptors. Moreover,
we examined the tissue disposition and intrahe-
patic (i.e., to hepatocytes or liver nonparenchymal
cells (NPC)) distribution characteristics of Gal-
liposomes after intravenous administration into
mice. These galactosylated liposomes were radio-
labeled with [*H]cholesteryl hexadecyl ether
(CHE).'2 We report here that the galactose density
of Gal-liposomes prepared by Gal-C4-Chol is
important for both efficient recognition by asialo-
glycoprotein receptors and cell internalization.

MATERIALS AND METHODS

Materials

N-(4-aminobutyl)carbamic acid tert-butyl ester
was purchased from Tokyo Chemical Industry
Co. (Tokyo, Japan). Distearoyl-L-phosphatidyl-
choline (DSPC) and cholesteryl chloroformate
were purchased from Sigma Chemical Co. (St.
Louis, MO). Cholesterol (Chol) and Clear-Sol I
were obtained from Nacalai Tesque, Inc. (Kyoto,
Japan). Galactose was obtained from Wako Pure
Chemical Co. (Kyoto, Japan). Soluene 350 was
purchased from Packard Bioscience Co. (Gronin-
gen, The Netherlands). [*H]Cholesteryl hexadecyl
ether (CHE) was purchased from NEN Life
Science Products, Inc. (Boston, MA). Dulbecco’s
modified Eagle’s minimum essential medium
(DMEM) was obtained from Nissui Pharmaceu-
tical Co. (Tokyo, Japan). 2-imino-2-methoxyethyl-
1-thiogalactoside  (IME-thiogalactoside) was
synthesized as reported previously.'® All other
chemicals were of the highest purity commercially
available.

Synthesis of Gal-C4-Chol

Gal-C4-Chol was synthesized by the method
described previously.? Briefly, cholesteryl chlor-
oformate was reacted with N-(4-aminobutyl)car-
bamic acid tert-butyl ester in chloroform for 24 h
at room temperature and then incubated with
trifluoroacetic acid for 4 h at 4°C. N-(4-aminobu-
tyD-(cholesten-5-yloxyl)formamide was obtained
after evaporation of the solvent. A quantity of
the resultant material was added to an excess of
2-imino-2-methoxyethyl-1-thiogalactoside in pyr-
idine containing triethylamine.!> After 24 h
incubation at room temperature, the reaction
mixture was evaporated, resuspended in water
and dialyzed against distilled water for 48 h using
a semi-permeable membrane (12 kDa cut-off).
Finally, the dialyzate was lyophilized.

Preparation of Liposomes

A mixture of DSPC and Chol, with or without Gal-
C4-Chol, was dissolved in chloroform and evapo-
rated to dryness in a round-bottomed flask. Then,
the lipid film formed was resuspended in 5 mlL
sterile phosphate-buffered saline (pH 7.4). After
hydration, the dispersion was sonicated for 3 min
(200 W). Each resulting suspension was passed
through a 200 nm (5-times) and 100 nm (5-times)
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pore size polycarbonate membrane at 60°C using
an extruder (Northern Lipids, Vancouver,
Canada). The concentration of liposomes was
adjusted to 5 mg/mL total lipids based on radio-
activity measurement. Radiolabeling of liposomes
was performed by addition of [PHJCHE (500 uCi)
to the lipid mixture before formation of a thin film
layer. The particle sizes of liposomes without
radioisotope were measured in a dynamic light-
scattering spectrophotometer (LS-900, Otsuka
Electronics, Co., Ltd., Osaka, Japan). The zeta
potential of liposome was determined with a laser
electrophoresis zeta-potential analyzer (LEZA-
500T, Otsuka Electronics).

Lectin-induced Aggregation of Liposomes

Liposomes (0.1 mg/mL total lipid) were incubated
with 100 pL Ricinus communis agglutinin,
RCA120 (1.0 mg/mL) in a cuvette. After rapid
mixing, aggregation of the liposomes was esti-
mated at room temperature by the time depen-
dent increase in turbidity, as measured by the
absorbance at 350 nm with a UV-3100 spectro-
meter (Shimadzu Co., Kyoto, Japan). The rever-
sibility of the aggregation was assessed by the
addition of 100 pL (10 mg/mL) free galactose.

In Vitro Uptake Study

The HepG2 cells were plated on a 12-well cluster
dish at a density of 2x 10° cells/3.8 cm? and
cultivated in 800 pl. DMEM supplemented with
10% fetal bovine serum (Invitrogen Co., Carlsbad,
CA). Twenty-four hours later, the culture medium
was replaced with an equivalent volume of HBSS
containing [*H]liposomes (0.25 mg/mL, 1.8 kBq/
mL). For the inhibition study, 20 mM galactose
was added to the liposome solution. After incuba-
tion 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 4.0) to remove the liposomes bound to the cell
surface. The cells were then solubilized in 0.5 mL
1M NaOH and the radioactivity was assayed
using a liquid scintillation counter (LSA-500,
Beckman, Tokyo, Japan). The protein content of
each sample was determined by a modification of
the Lowry method.** In another set of experi-
ments, the cells were preincubated with HBSS
containing 10 mM NaNj for 20 min prior to the
addition of liposomes.
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In Vivo Distribution Study

Five-week-old male ddY mice (25.0-30.0 g) were
obtained from Shizuoka Agricultural Co-operative
Association for Laboratory Animals (Shizuoka,
Japan). 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 Guide-
line for Animal Experiments of Kyoto University.
[*HICHE (1.0 pCi/100 pL)-labeled liposomes were
injected into the tail vein of mice at a dose of
25 mg/lkg. At predetermined time points, blood
was collected from the vena cava under anesthe-
sia and mice were then sacrificed. The liver,
kidney, spleen, heart, and lung were collected,
washed with saline, blotted dry, and weighed. A
complete urine collection was ebtained by combin-
ing the excreted urine with that remaining in the
bladder. Ten microliters blood, 200 uL of urine,
and a small amount of each tissue were digested
with 0.7 mL Soluene-350 by incubating the
samples overnight at 45°C. Following digestion,
0.2 mlL isopropanol, 0.2 ml 30% hydroperoxide,
0.1 mL. 5N HCl, and 5.0 mL Clear-Sol I were
added. The samples were stored overnight and
the radioactivity was measured in a liquid
scintillation counter (LSA-500, Beckman Coulter,
Inc., Tokyo, Japan).

Calculation of Organ Uptake Clearance

Tissue distribution data were evaluated using the
organ clearances as reported previously.'5~17
Briefly, the tissue uptake rate can be described
by the following equation:

dX;

dt
where X, is the amount of [?H]-labeled liposomes
in the tissue at time ¢, CLyptake is the tissue
uptake clearance, and Cy, is the blood concentra-
tion of [*H]-labeled liposomes. Integration of Eq. 1
gives

= CLuptake ’ Cb (1)

X; = CLyptae - AUC(0-2) (2)

where AUC (0-1) represents the area under the
blood concentration-time curve from time 0 to .
Eq. 2 divided by Cy, gives

X, CLuptake - AUC(0-2) -
Cb a Cb

The CLypiae value can be obtained from the
initial slope of a plot of X/C,, versus AUC(0-2)/Cy,.
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Intrahepatic Distribution Study

The separation of liver parenchymal cells and
nonparenchymal cells was performed by the
collagenase perfusion method.'®!? Briefly, mice
were anesthetized with an intraperitoneal injec-
tion of pentobarbital sodium (40—60 mg/kg) and
given an intravenous injection of [*HICHE (0.5~
1.0 pCi/100 upl)-labeled liposomes. The body
temperatures were kept at 37°C with a heat lamp
during the experiment. Then, 30 min after
administration, the liver was perfused first with
Ca?*, Mg®"-free perfusion buffer (10 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES), 137 mM NaCl, 5 mM KCl, 0.5 mM
NaHyPO,, and 0.4 mM Na,HPO,, pH 7.2) for 10
min followed by perfusion buffer supplemented
with 5 mM CaCly 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. Following the discontinuation of perfu-
sion, the liver was excised and its capsular
membranes were removed. The cells were dis-
persed by gentle stirring in ice-cold Hank’s-
HEPES buffer containing 0.1% BSA. The dis-
persed cells were filtered through cotton mesh
sieves, followed by centrifugation at 50g for 1 min.
The pellets containing parenchymal cells (PC)
were washed twice with Hank’s-HEPES buffer by
centrifuging at 50g for 1 min. The supernatant
containing NPC was similarly centrifuged twice.
The resulting supernatant was then centrifuged
twice at 200g for 2 min. PC and NPC were
resuspended separately in ice-cold Hank’s-
HEPES buffer (4 mL for PC and 1.8 mL for
NPC). The cell numbers and viability were
determined by the trypan blue exclusion method.
Then, the radioactivity in the cells (0.5 mL) was
determined as for the other tissue samples.

Table 1.
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Statistical Analysis

Statistical comparisons were performed using
Student’s unpaired ¢-test. p < 0.05 was considered
to be indicative of statistical significance.

RESULTS

Physicochemical Properties of Liposomes

The mean diameters of prepared liposomes
were about 80—90 nm, respectively (Tab. 1). The
particle sizes of the liposomes were kept constant
for a period of at least 2 months at 4°C (data not
shown).

Lectin-Induced Aggregation of Liposomes

The exposure of galactose on the surface of lipo-
somes was confirmed by measurement of amount
of aggregation of liposomes caused by the lectin
form Ricinus communis (RCA120). The aggrega-
tion was monitored at room temperature by the
time-dependent increase in turbidity as measured
by the absorbance at 350 nm. As shown in
Figure 1, there was no lectin-mediated aggrega-
tion of bare-liposomes. In contrast, when the
liposomes were modified with Gal-C4-Chol, slight
lectin-induced aggregation was observed at a mole%
of 1.0 and 2.5. A marked aggregation was obser-
ved at a mole% above 2.5, that were 3.5, 5.0 and
7.5. At 7.5 mole% of Gal-C4-Chol, complete aggre-
gation was observed. Furthermore the addition
of galactose to the suspension of Gal-liposomes-
RCA120 aggregates induced a rapid reduction
of turbidity. These results suggest that galactose
residues were exposed on the liposomes and
the aggregation depended on the amount of galac-
tose residue on the liposomes.

Lipid Composition and Mean Diameter of Liposomes

Formulations

Lipid Composition (Molar Ratio)

Mean Diameter (nm)®

Bare-liposomes

Gal 1.0-liposomes
Gal 2.5-liposomes
Gal 3.5-liposomes
Gal 5.0-liposomes
Gal 7.5-liposomes

DSPC/Chol (60:40)
DSPC/Chol/Gal-C4-Chol (60:39:1.0)
DSPC/Chol/Gal-C4-Chol (60:37.5:2.5)
DSPC/Chol/Gal-C4-Chol (60:36.5:3.5)
DSPC/Chol/Gal-C4-Chol (60:35:5.0)
DSPC/Chol/Gal-C4-Chol (60:32.5:7.5)

89.11+6.4
84.345.0
87.7+24
86.8+3.0
87.943.0
78.5+3.6

Each value represents the mean + SD of three experiments.
“The mean diameter of liposomes was measured using a dynamic light-scattering spectro-

photometer.
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Figure 1. Time course of the turbidity change of bare:
(—), Gal 1.0: (— —), Gal 2.5: (- - -), Gal 3.5: (-- - -}, Gal 5.0:
(... ), and Gal 7.5: (~-~) liposomes after addition of
RCA120 at 25°C. Liposomes (total lipid conc. 0.1 mg/mL)
were added into a cuvette. One hundred microliters of
RCA120 (1.0 mg/mL) was added to a cuvette at the
appropriate time. After rapid mixing, aggregation of the
liposomes was estimated by the time-dependent
increase in turbidity as measure by the absorbance at
350 nm in a UV-3100 spectrometer. The reversibility of
the aggregation was assessed by the addition of 100 pL
(10 mg/mL) free galactose.

In Vitro Uptake of [*'H]CHE-Labeled
Liposomes by HepG2 Cells

Figure 2 shows the in vitro uptake of [*HICHE-
labeled liposomes by HepG2 cells. Gal-liposomes

*%

—_ N W R L YN
[~ < (=1 < < (=) (=]
: PR . .

Association (% of dose/mg protein)

<

Bare- Gal 1.0- Gal25- Gal3.5- Gal5.0- Gal7.5-
liposomesliposomesliposomesliposomesliposomesliposomes

Figure 2. Uptake of [*Hl-labeled liposomes by HepG2
cells. Cells were incubated with each type of [°H]-labeled
liposomes with ([]) or without (B) 20 mM galactose. The
amount of [*H]-radioactivity associated with the cells
was measured following a 1 h incubation. Each value
represents the mean + SD of three experiments. Statis-
tically significant differences (*: p <0.05, **: p < 0.01)
from liposomes incubated without 20 mM galactose.
N.S., not significant.
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having 1.0 and 2.5 mole% of Gal-C4-Chol were
taken up by HepG2 cells to an extent that was
comparable with that of bare-liposomes. On the
other hand, the uptake of Gal-liposomes having
3.5, 5.0, and 7.5 mole% of Gal-C4-Chol, was
much higher than that of bare-liposomes. In the
presence of 20 mM galactose, the uptake of Gal-
liposomes having 3.5, 5.0, and 7.5 mole% of Gal-
C4-Chol was significantly inhibited, suggesting
uptake by the asialoglycoprotein receptors.

The amount of surface binding and internaliza-
tion of Gal-liposomes were evaluated using an
acid-wash procedure. As shown in Figure 3, the
surface binding of both bare-lipcsomes and Gal-
liposomes having 1.0 and 2.5 mole% of Gal-C4-
Chol was similar. Very little amounts of bare-
liposomes and Gal-liposomes with 1.0 and 2.5 mole%
of Gal-C4-Chol were internalized into the cells.
In contrast, Gal-liposomes having 3.5, 5.0, and
7.5 mole% of Gal-C4-Chol showed a slight increase
in surface binding and exhibited extensive uptake
and internalization into HepG2 cells. These results
suggest that the galactose density on the liposomal
surface affects the ligand-receptor interaction
that results in the different internalization of
these Gal-liposomes into the cells.

Biodistribution of [*H]ICHE-Labeled Liposomes

Figure 4 shows the blood concentration and liver
accumulation-time course of [*H]CHE-labeled
bare and Gal-liposomes after intravenous injec-
tion into mice. Gal-liposomes having 3.5, 5.0,
and 7.5 mole% of Gal-C4-Chol were rapidly
eliminated from the blood circulation and mainly
recovered in the liver, accounting for 80%, 86%,
and 85% of the dose, respectively, within 10 min.
As for Gal-liposomes having 1.0 and 2.5 mole%
of Gal-C4-Chol, their liver accumulation slightly
increased compared with bare-liposomes.

Pharmacokinetic Analysis of Biodistribution of
[*HICHE-Labeled Liposomes

To compare the disposition profiles of bare and
Gal-liposomes, the initial distribution in the early
phase up to 10 min, during which the contribution
of metabolites can be ignored, was quantified
using the tissue uptake clearance parameter.
Table 2 summarizes the area under blood con-
centration-time curve (AUC) and tissue uptake
clearances calculated for the initial 10 min for
liver (CLliver), kldney (CLkidney); Spleen (CLspleen);
lung (CLyyyng), heart (CLyeart), and urine (CLyyine)
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Figure 3. Amount of [*H]-labeled liposomes associated with HepG2 cells. Cells were
incubated with bare: ([J), Gal 1.0: (z3), Gal 2.5: &), Gal 3.5: (D), Gal 5.0: () or Gal 7.5: (@)
liposomes. At 1 h after incubation, 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 preincubated with HBSS containing 10 mM NaNj for 20
min prior to the addition of liposomes. Each value represents the mean -+ SD of three
experiments. Statistically significant differences (**: p < 0.01) from bare-liposomes. N.S.,

not significant.

of [*H]JCHE-labeled liposomes. The AUC of Gal-
liposomes was lower than that of bare-liposomes.
In particular, Gal-liposomes having 5.0 mole% of
Gal-C4-Chol had the lowest AUC. The liver
uptake clearance of Gal-liposomes having 1.0,
2.5, 8.5, 5.0, and 7.5 mole% of Gal-C4-Chol was
2.3, 4.2, 26, 67, and 60-times higher than that of
bare-liposomes, respectively. Among the lipo-
somes investigated, Gal-liposomes having 5.0
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and 7.5 mole% of Gal-C4-Chol exhibited the
highest liver uptake clearance.

Hepatic Cellular Localization of [*H]CHE-Labeled
Liposomes

Figure 5 shows the hepatic cellular localization
of [*H]CHE-labeled liposomes at 30 min after
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Figure 4. Time course of the concentration in blood and accumulation in liver of
[®*H]-labeled bare (O), Gal 1.0 (@), Gal 2.5 (¢), Gal 3.5 (¥), Gal 5.0 (@), and Gal 7.5 (4)

liposomes after intravenous injection in mice. Each value represents the mean + SD of

three experiments.
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