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Abstract

The purpose of this study was to investigate the effect of heparin conjugation to the surface of doxorubicin (DOX)-loaded liposomes on the
circulation time, biodistribution and antitumor activity after intravenous injection in murine B16F10 melanoma tumor-bearing mice. The heparin-
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onjugated liposomes (heparin-liposomes) were prepared by fixation of the negatively charged heparin to the positively charged liposomes. The
xistence of heparin on the liposomal surface was confirmed by measuring the changes in the particle size, zeta potential and heparin amount of the
iposomes. The stability of the heparin-liposomes in serum was higher than that of the control liposomes, due to the heparin-liposomes being better
rotected from the adsorption of serum proteins. The DOX-loaded heparin-liposomes showed high drug levels for up to 64 h after the intravenous
njection and the half-life of DOX was approximately 8.4- or 1.5-fold higher than that of the control liposomes or polyethyleneglycol-fixed liposomes
PEG-liposomes), respectively. The heparin-liposomes accumulated to a greater extent in the tumor than the control or PEG-liposomes as a result
f their lower uptake by the reticuloendothelial system cells in the liver and spleen. In addition, the DOX-loaded heparin-liposomes retarded the
rowth of the tumor effectively compared with the control or PEG-liposomes. These results indicate the promising potential of heparin-liposomes
s a new sterically stabilized liposomal delivery system for the enhancement of the therapeutic efficacy of chemotherapeutic agents.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Liposomes have been extensively investigated as carriers for
variety of drugs including the anticancer drug, doxorubicin

DOX) (Eliaz et al., 2004; Drummond et al., 1999). Liposomal
rugs are usually injected intravenously for systemic applica-
ions. However, liposomes have been found to be plagued by
apid opsonization and by their being taken up by the retic-
loendothelial system (RES) cells located mainly in the liver
nd spleen. In general, this rapid uptake of the liposomes
eads to their having a short circulation time. This problem has
een resolved by incorporating lipid-grafted polyethylenegly-
ol (PEG) into the liposome membrane. The incorporation of

∗ Corresponding author. Tel.: +82 42 860 7223; fax: +82 42 861 4151.
E-mail address: bcshin@pado.krict.re.kr (B.C. Shin).

lipid-grafted PEG reportedly reduced the opsonization of the
liposomes and consequently increased their circulation time
(Allen et al., 1991; Mercadal et al., 1999; Lu et al., 2004;
Papahadjopoulos et al., 1991). In spite of these advances, how-
ever, up to now the use of clinically approved liposomal formu-
lations has only resulted in a modest increase in the therapeutic
efficacy of anticancer drugs.

To overcome these delivery concerns associated with the
short circulation time of liposomes in the field of chemotherapy,
a number of liposomes with various functionalities have been
designed (Yatvin et al., 1978; Needham and Dewhirst, 2001;
Xiong et al., 2005a). One of the approaches employed to pro-
long the circulation time of the liposomes is polymer conjugation
on their surface (Sadzuka et al., 2002; Metselaar et al., 2003;
Auguste et al., 2003; Takeuchi et al., 1999). Polymer fixation
is a simple and highly efficient method for the conjugation of
polymer to liposomes, which is accomplished simply by mixing
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the liposomal suspension with the polymer solution, and occurs
without covalent bonding of the polymer to the lipid molecule
(Sahli et al., 1998).

Heparin is one of the most potent anticoagulants and is widely
used for the treatment and prevention of deep vein thrombosis or
pulmonary embolism (Damus et al., 1973; Lee et al., 2001). Hep-
arin is a negatively charged polysaccharide and its hydrophilic
properties make it difficult for heparin molecules to penetrate
through the epithelial cells, due to its low permeability and the
repulsion forces against the polar head group of the epithelial
membrane (Norris et al., 1998). However, the conjugation of
heparin to the liposomal surface, in order to prolong the circula-
tion time and hence improve the antitumor potency of liposomes,
has not been sufficiently studied.

The objective of this study was to evaluate whether the
enhancement of the circulation longevity or antitumor activ-
ity of DOX-loaded liposomes could be achieved by conjugating
heparin to the liposomal surface. The in vitro stability of heparin-
conjugated liposomes (heparin-liposomes) was investigated and
compared with those of PEG-fixed liposomes (PEG-liposomes)
and control liposomes. The pharmacokinetics, biodistribution
and therapeutic efficacy of these liposomal DOX formulations
were investigated using murine B16F10 tumor-bearing mice.

2. Materials and methods
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tion. The liposomal solution was extruded through a polycar-
bonate filter (pore size; 100 nm, Whatman, USA) using an
extruder (Northern Lipids Inc., USA). The free ammonium sul-
fate was removed by cellulose dialysis tubing (MWCO 3500,
Viskase Co., IL, USA) for 24 h at 4 ◦C. The liposomal solution
and 1 mg/ml DOX solution (1.7 mM in 10% sucrose solution)
were mixed and then incubated for 2 h at 60 ◦C. The mix-
ture was dialyzed to remove the free DOX. The DOX-loaded
liposomes were stored at 4 ◦C until use. The concentration
of DOX in the liposomes was measured by UV–vis spec-
trophotometry at 490 nm (UV-mini, Shimadzu, Japan) and the
loading efficiency was calculated according to the following
equation:

Loading Efficiency (%) = Fi/Ft × 100 (1)

where Fi is the concentration of DOX loaded in the liposomes
after their dissolution in 10% Triton X-100 and Ft is the initially
added concentration of DOX.

To conjugate the heparin on the surface of the positively
charged liposomes, the liposomes were incubated in heparin
solution (1–9 mg/ml) at 25 ◦C for 2 h. The heparin-liposomes
were isolated by gel filtration using a sephacryl-400 column at
4 ◦C in PBS solution (pH 7.4). The particle size and zeta poten-
tial of the liposomes were measured by light scattering with a
particle size analyzer (ELS-8000, Otuska, Japan).
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.1. Materials

Dimethyldioctadecylammonium bromide (DDAB), l-�-
hosphatidylcholine(soy-hydrogenated) (HSPC), choles-
erol (CHOL) and 1,2-distearoyl-sn-glycero-3-phosphoethano-
amine-n-[methoxy(polyethylene glycol)-2000] (DSPE-mPEG-
000) were obtained from Avanti Polar Lipids Inc. (Alabaster,
L, USA). Doxorubicin (DOX) as an anticancer drug was
btained from Boryung Pharm. Co. (South Korea). Heparin (low
olecular weight, 3000 Da) was purchased from Sigma Co.

Alabaster, AL, USA). Aqueous fetal bovine serum (FBS) and
ulbecco’s modified Eagle medium (DMEM) were purchased

rom Bio-Tech. Inc. (Parker Ford, USA) and Invitrogen Inc.
CA, USA), respectively. Toluidine blue was purchased from
igma Co. (Alabaster, AL, USA). All other materials were of
nalytical grade and used without further purification.

.2. Preparation of liposomes

The DOX-loaded liposomes were prepared according to the
emote loading method using an ammonium sulfate gradient
Haran et al., 1993; Lasic et al., 1995). The prepared lipo-
omes and their lipid compositions were as follows: (1) control
iposomes; HSPC:CHOL = 7:3 (molar ratio, total 10 mmol); (2)
EG-liposomes as DOXIL® formulation; HSPC:CHOL:DSPE-
PEG-2000 = 9.58:3.19:3.19 mg/ml; (3) positively charged

iposomes to conjugate heparin; HSPC:CHOL:DDAB = 7:3:2
molar ratio, total 10 mmol). Briefly, the lipids with the above
ompositions were dissolved in chloroform, dried into a thin
lm on a rotary evaporator (Buchi Rotavapor R-200, Switzer-

and) and then suspended in 250 mM ammonium sulfate solu-
The amount of heparin on the liposomal surface was mea-
ured using the Toluidine blue assay (Wirsen et al., 1996).
riefly, in order to label Toluidine blue on the sulfate group
f the heparin, 0.1 ml of 0.25 mg/ml Toluidine blue aqueous
olution was added to 1 ml of the heparin-liposomes suspension
nd then reacted for 1 h at room temperature. The absorbance
as measured at 630 nm using UV–vis spectrophotometry. The

otal amount of heparin on the surface of the liposomes was
etermined using a calibration curve of Toluidine blue-labeled
eparin solution.

.3. Stability assay of liposomes in serum

The protein adsorption on the surface of the liposomes is
n important index for the stability of liposomes in serum.
he adsorption of the serum proteins on the surface of the

iposomes was evaluated by measuring the change in the size
f the liposomes (Sahli et al., 1998; Lin et al., 1997). One
illiliter of liposomal solution was added to 1 ml of 50%

v/v) serum and the samples were incubated at 37 ◦C with
ild stirring. The size of the liposomes was measured by light

cattering with a particle size analyzer (ELS-8000, Otuska,
apan).

.4. Cell line and animals

B16F10, a murine melanoma cell line, was cultured in
MEM supplemented with 10% (v/v) heat-inactivated FBS

nd 10 �l/ml penicillin–streptomycin. The cultures were sus-
ained at 37 ◦C in a humidified incubator containing 5% CO2.
he cells were maintained within their exponential growth
hase.
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Female C57BL/6 mice (5–6 weeks old, 18–22 g) were pur-
chased from Harlan Int. (IN, USA). All of the procedures
involved in the animal experiments were performed according
to approved protocols and in accordance with the recommen-
dations of the NIH guideline for the proper use and care of
laboratory animals.

2.5. Pharmacokinetics study

In order to monitor the plasma levels of DOX in mice, free
or liposomal DOX was injected via a tail vein at a dose of
6 mg DOX/kg body weight. At a predetermined time after the
intravenous (i.v.) injection, mice from each group were sacri-
ficed. Blood was collected immediately by cardiac puncture of
the mice. Two hundred microliters of blood were collected and
mixed with an equal volume of normal saline. After the cen-
trifugation of the blood, the serum was divided into two equal
aliquots. To the first aliquot were added 250 �l of 66 mM EDTA
solution and isotonic 50 mM PBS buffer (pH 7.4) to make a final
volume of 1 ml. The concentration of DOX was measured using
UV–vis spectrophotometry at 490 nm. To the second aliquot
were added 250 �l of EDTA solution, 150 �l of Triton X-100
solution and isotonic PBS buffer to make a final volume of 1 ml.
The amount of DOX entrapped in the liposomes was calculated
from the difference in the absorbance of the two aliquots. The
pharmacokinetic parameters were calculated from the average
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measured with a caliper and the tumor volume was calculated
using the following equation:

Tumor volume (mm3) = width × length2/2. (2)

3. Results

3.1. Characteristics of heparin-liposomes

The structural consequences of various liposomes were eval-
uated by measuring their particle size and zeta potential and the
results are summarized in Table 1. The mean particle size of the
control liposomes, PEG-liposomes and heparin-liposomes was
approximately 90–100 nm and the loading efficiency of DOX
was 89–91%, indicating that all of the liposomes had similar
physicochemical characteristics. In addition, the zeta potential
of the positively charged liposomes was 14.02 ± 2.6 mV and
this value changed to −70.12 ± 0.7 mV as a result of the fixa-
tion of the negatively charged heparin. These results confirmed
that heparin could be completely fixed on the surface of the
liposomes.

The amount of heparin on the liposomal surface was deter-
mined by measuring the absorbance of Toluidine blue dye-
labeled heparin. As shown in Fig. 1, the amount of heparin
on the liposomal surface increased as the heparin concentra-
tion increased from 1 to 5 mg/ml. The amount of heparin on the
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OX concentrations in the bloodstream using a pharmacoki-
etic software BA calculator (Seoul National University, South
orea). The significance of the in vivo data was evaluated using

he Student’s t-test and P < 0.05 was considered statistically sig-
ificant.

.6. Tissue distribution study

In the biodistribution study, 5 × 105 cells of murine B16F10
elanoma in 20 �l were carefully inoculated into the right limb

rmpit of the mice subcutaneously. The mice (three per group)
ere monitored for 64 h after an i.v. injection via the tail vein at
dose of 6 mg DOX/kg body weight. At a predetermined time

fter the i.v. injection, the mice were sacrificed and their liver,
pleen, heart and tumor were collected immediately. The organs
nd tumor were carefully washed with distilled water, weighed
nd homogenized with PBS buffer solution (pH 7.4). The DOX
oncentration in the homogenized tissue was measured using
V–vis spectrophotometry at 490 nm, as described in Section
.5.

.7. Antitumor activity

A 5 × 105 cells of murine B16F10 melanoma in 20 �l were
arefully inoculated into the right limb armpits of the mice sub-
utaneously. Six days after the tumor inoculation, free DOX
olution or liposomal DOX suspension was injected intra-
enously via a tail vein at a dose of 6 mg DOX/kg body weight.
he tumor volume was monitored for 16 days after a single

.v. injection of various liposomal formulations. In order to
etermine the tumor volume, each individual tumor size was
urface of the liposomes reached 2.45 ± 0.2 mg/ml at a heparin
oncentration of 5 mg/ml and then leveled off when the heparin
oncentration was further increased. These results indicate that
he surface of the positively charged liposomes could be fully
xed with heparin by ionic interaction. Based on these results,
mg/ml was selected as the optimum heparin concentration for

he fixation of the positively charged liposomes.

.2. Stability assay of heparin-liposomes in serum

The change in the size of the liposomes in serum is clearly
elated to the adsorption of the serum protein on the liposo-
al surface (Sahli et al., 1998; Lin et al., 1997). The change in

he size of the liposomes with time in serum at 37 ◦C is shown
n Fig. 2. The average size of the control liposomes increased
reatly from 87 to 270 nm after 20 h of incubation in serum. In

able 1
haracteristics of the various liposomes

omposition Size (nm) Zeta potential
(mV)

Loading
efficiency (%)

onventional liposomes
(HSPC:CHOL)

87.6 ± 2.4 −3.88 ± 1.4 89

EG-liposomes
(HSPC:CHOL:
DSPE-mPEG-2000)

96.3 ± 0.1 −8.63 ± 4.3 91

ationic liposomes
(HSPC:CHOL:
DDAB)

91.2 ± 1.5 14.02 ± 2.6 91

eparin-liposomes
(HSPC:CHOL:
DDAB:Heparin)

101.2 ± 0.5 −70.12 ± 0.7 91
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Fig. 1. Amount of heparin conjugated on the surface of the positively charged
liposome according to the concentration of heparin solution. The positively
charged liposome was composed of HSPC:CHOL:DDAB. The amount of hep-
arin was measured by the Toluidine blue assay method. The data represent the
mean ± S.D. (n = 3).

the case of the heparin-liposomes, the liposome size scarcely
increased after 60 h of incubation. Furthermore, the change
in the size of the heparin-liposomes was even smaller than
that of the PEG-liposomes (*P < 0.001 versus PEG-liposomes,
**P < 0.001 versus control liposomes). These results indicate
that heparin conjugated to the liposomal surface can reduce the
interactions of the heparin-liposomes with proteins in serum,
due to the high flexibility and hydrophilicity of the heparin
molecules.

3.3. Pharmacokinetics in tumor-bearing mice

The profiles of the DOX concentration in the bloodstream
after the i.v. injection of the control liposomes, PEG-liposomes
and heparin-liposomes at a dose of 6 mg DOX/kg body weight
are shown in Fig. 3. The free DOX rapidly disappeared from
the circulation within 2 h due to its short half-life (t1/2; 1.68 h).

F
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r

Fig. 3. Pharmacokinetic profiles of DOX encapsulated in various liposomal
formulations after intravenous injection in tumor-bearing mice at a single dose
of 6 mg/kg (*P < 0.001 vs. PEG-liposomes). The data represent the mean ± S.D.
(n = 3).

In contrast, all of the DOX-loaded liposomes showed a longer
circulation time than the free DOX. The DOX concentration
of the heparin-liposomes in the bloodstream was much higher
(t1/2; 19.80 h, *P < 0.001 versus PEG-liposomes) than that of
the control or PEG-liposomes at each sampling time. These
results suggest that heparin-liposomes can prolong the circula-
tion time of DOX. These profiles confirm that heparin is effective
at improving the liposomal stability in the bloodstream. Notably,
the heparin which was fixed on the liposomal surface sheltered
DOX from the serum proteins and prolonged its half-life as
compared with those of the free DOX, control (t1/2; 2.37 h) or
PEG-liposomes (t1/2; 12.80 h).

The pharmacokinetic parameters of the various liposomal
DOX formulations are summarized in Table 2. The heparin-
liposomes significantly increased the half-life (t1/2; 19.80 h),
mean residence time (MRT; 28.42 h) and area under the curve
(AUC; 319.59 �g h/ml) of DOX in circulation, as compared
with the PEG-liposomes (t1/2; 12.80 h, MRT; 17.78 h, AUC;
201.24 �g h/ml, *P < 0.01 versus heparin-liposomes) and free
DOX (t1/2; 1.68 h, MRT; 1.95 h, AUC; 12.00 �g h/ml **P < 0.01
versus heparin-liposomes). These results indicate that heparin-
liposomes can circulate for a longer time in the blood circulation
system than free DOX and PEG-liposomes.

Table 2
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ig. 2. Change of liposome size during incubation in 50% (v/v) serum at 37 ◦C

*P < 0.001 vs. PEG-liposomes, **P < 0.001 vs. control liposomes). The data
epresent the mean ± S.D. (n = 3).
harmacokinetic parameters of DOX after i.v. injection of the various liposomal
ormulations in tumor-bearing mice at a dose of 6 mg DOX/kg (n = 3)

Free
DOX*

Control
liposomes

PEG-
liposomes**

Heparin-
liposomes

UC (�g h/ml) 12.00 25.59 201.24 319.59

1/2 (h) 1.68 2.37 12.80 19.80
L (ml/h) 17.4 4.62 0.60 0.38
RT (h) 1.95 4.82 17.78 28.42

UC, area under the curve; t1/2, half-life time; CL, clearance; MRT, mean resi-
ence time.
* P < 0.001 vs. heparin-liposomes.

** P < 0.003 vs. heparin-liposomes.
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3.4. Tissue distribution study

The prolonged systemic circulation time of the heparin-
liposomes could be attributed to a reduction in the RES uptake of
the liposomes in the liver and spleen. To clarify the reduction in
the RES uptake of the polymer-fixed liposomes, the DOX con-
centrations in the tissues were measured after the i.v. injection of
free or liposomal DOX solution. The DOX concentrations in the
tumor, heart, liver and spleen are shown in Fig. 4. The concentra-
tions of liposomal DOX in the tissues were significantly higher
than those of free DOX except in the heart (*P < 0.05, **P < 0.01,
***P < 0.001). Notably, the DOX concentration of the heparin-
liposomes in the tumor was significantly higher than those of the
other liposomal groups at 16 h (Fig. 4A) (*P < 0.05, **P < 0.01).
The DOX concentration of the heparin-liposomes in the heart
was much lower at 2 h than those of free DOX and the control
liposomes (Fig. 4B). Drug levels in the heart are closely related
to the inherent cardiac toxicity of DOX. Therefore, using lipo-
somal DOX formulations could reduce the cardiac toxicity of
DOX. The DOX concentrations of the heparin-liposomes in the

liver were significantly lower than those of the control liposomes
(Fig. 4C). These results clearly showed that the RES uptake of
the liposomes could be reduced by the fixation of heparin to the
liposomes. However, the concentrations of the liposomal DOX
in the spleen were not significantly different (Fig. 4D).

3.5. Antitumor activity

The antitumor activities of the DOX-loaded liposomes were
evaluated in B16F10 melanoma tumor-bearing mice (six per
group) at a dose of 6 mg DOX/kg body weight. As shown in
Fig. 5, all of the liposomal DOX formulations suppressed the
growth of the tumor as compared with the PBS control group.
In particular, the heparin-liposomes showed higher inhibition
of tumor growth (*P < 0.003 versus PBS, **P < 0.013 versus
control liposomes, ***P < 0.006 versus PEG-liposomes) than
the other groups. This higher tumor therapeutic efficacy of
the heparin-liposomes was consistent with the higher tumor
accumulation of the heparin-liposomes as compared with the
other groups (Fig. 4A). It is reasonable to suppose that the

F
*

ig. 4. Tissue distribution of DOX after intravenous injection of DOX-loaded lipo
*P < 0.01, ***P < 0.001). Each point represents the mean of three mice ±S.D. (n = 3)
somal formulations in C57BL/6 mice at a single dose of 6 mg/kg (*P < 0.05,
.
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Fig. 5. Tumor growth inhibition by injection of various liposomal DOX formu-
lations in tumor-bearing C57BL/6 mice. A 5 × 105 murine B16F10 melanoma
cells were inoculated into the armpits of the mice and the animals were treated
with an intravenous injection of free DOX, control liposomes, PEG-liposomes,
heparin-liposomes or normal PBS solution as a control treatment. The arrow
indicates the number of days after the implantation of the B16F10 tumor cells
that the various liposomal DOX formulations were injected. (*P < 0.003 vs. PBS
control, **P < 0.013 vs. control liposomes, ***P < 0.006 vs. PEG-liposomes).
The data represent the mean of six mice ±S.D.

higher DOX levels of the heparin-liposomes in the tumor would
result in higher therapeutic potency. Although some side effects
of polymeric modifiers might be expected, no severe toxicities,
such as fever, loss of weight, cachexia and myalgia, were
observed in the treated mice.

4. Discussion

The use of heparin-incorporated liposomes as carriers for
anticancer drugs has not been developed or evaluated in pre-
clinical models. To enhance the circulation time of DOX-loaded
liposomes in the bloodstream and hence their antitumor activity,
we studied the surface modification of the liposomal membrane
with heparin. Most of the previous studies of DOX focused
on prolonging the circulation time of the liposomes in order
to reduce its side effects, such as its myelosuppression and
dose-limiting cardiotoxicity (Gabizon et al., 1993; Xiong et al.,
2005b). The use of polymer-fixed liposomes was designed to
increase the circulation time of DOX as well as to prevent RES
uptake in the spleen and liver (Takeuchi et al., 2000). In our
study, heparin, which has anticoagulant properties in the blood,
was applied to the liposomes in order to enhance their stabil-
ity and, consequently, to prolong their circulation time after i.v.
injection. Heparin was simply conjugated on the surface of the
liposomes via a strong ionic interaction (Table 1). As anticipated,
t
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e
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l
(
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liposomes from interacting with plasma proteins in the blood,
leading to both a reduction of the RES uptake and prolongation
of the circulation time. In our study, the prolonged circulation
time of the heparin-liposomes was observed as compared with
the other liposomal groups (Fig. 3). These results indicate that
the circulation time of the liposomes can be prolonged by the fix-
ating heparin to them, such as by modifying the liposomes with
PEG. Moreover, the present results also confirm that heparin fix-
ation is effective at improving the stability of the liposomes in the
bloodstream. The liposomal DOX formulation used in the phar-
macokinetics study significantly increased its AUC, half-life and
MRT, as compared with the free DOX solution. The CL of the
liposomal DOX was significantly decreased, as compared with
that of free DOX (Table 2). In particular, the heparin-liposomes
showed the highest value of the AUC, half-life and MRT.

In the analysis of the data concerning the DOX concentration
in the liver after the i.v. injection, a statistically significant differ-
ence was observed at all sampling time intervals (Fig. 4C). The
lower DOX concentration in the liver in the case of the heparin-
liposomes as compared with the control liposomes indicates a
reduction in the RES uptake due to the fixation of the liposomes
with heparin. This reduction in the RES uptake of the sterically
stabilized liposomes can be attributed to the reduced binding
of plasma proteins to the liposomes. The heparin-liposomes
would be expected to be sufficiently sterically stable to pro-
tect the liposomes from the unfavorable adsorption of proteins
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he stability of the heparin-liposomes in vitro was increased due
o inhibition of protein adsorption to the liposomal surface. This
nhanced stability was confirmed by the maintenance of the size
f the liposomes in serum (Fig. 2).

The clearance and tissue distribution of sterically stabilized
iposomes have been studied by a number of research groups
Charrois and Allen, 2004; Junping et al., 2000). In general,
olymer fixation on the liposomal surface effectively protects
nder biological conditions. Considering the sterical stabiliza-
ion effect of the fixed polymer, both the hydrophilicity and
exibility of the polymer would likely be responsible for reduc-

ng the RES uptake of the liposomes. These properties were
eflected in the longer retention of the polymer-fixed liposomes
n the bloodstream. Generally, DOX tends to be taken up by
he heart, resulting in severe cardiac toxicity. Therefore, the use
f drug carriers including liposomes is expected to reduce this
ardiac toxicity by controlling the distribution of DOX. From
he analysis of the DOX concentrations in the heart after the
.v. injection, the encapsulation of DOX into the liposomes was
ound to significantly reduce the uptake of DOX by the heart
Fig. 4B). Notably, the DOX concentration in the heart in the
ase of the control liposomes was higher than that observed
ith the PEG- or heparin-liposomes. This result is presumably

elated to the low stability of the control liposomes, resulting
n the adsorption of the serum proteins not being inhibited and,
onsequently, the blood circulation time of the liposomes not
eing significantly prolonged. Therefore, DOX would tend to
e released from the control liposomes during the circulating
eriod and this might explain its greater accumulation in the
eart than was observed in the other liposomal groups (Lu et
l., 2004). Consequently, the uptake of DOX in the heart tissue
n the case of the control liposomes was similar to that of free
OX.
The polymer-fixed liposomes with their long-circulating

roperties were able to extravasate into the extracellular spaces
f a solid tumor through the permeable endothelial barriers
n the vascularized tumors (Takeuchi et al., 2001; Wu et al.,
993). In the results of a biodistribution study, the heparin-
iposomes demonstrated the highest DOX accumulation in the
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tumor (Fig. 4A). Thus, the difference in the accumulation
of the various liposomal DOX formulations observed in this
study would inevitably be related to their intracellular uptake
by the tumor cells. The increased accumulation of liposomal
DOX in the tumor tissue, including that of the polymer-fixed
liposomes, reflects the enhanced permeability and retention
(EPR) effects caused by the polymer fixation (Takeuchi et al.,
2001; Maeda et al., 1992). Notably, the improved circulation
time of the polymer-fixed liposomes would result in their hav-
ing higher affinity to the tumor cells or extracellular spaces
and/or increased stability after passing the endothelial layer
(Gabizon and Papahadjopoulos, 1988). In addition, heparin is
known to have specific binding properties to peptides in B16F10
melanoma cells, and this would be expected to directly pro-
mote cell adhesion (Yoshida et al., 1999). Therefore, in the
present study, the accumulation of the heparin-liposomes in the
tumor was higher than that of the other liposomal groups. For
this reason, the heparin-liposomes would be expected to have
the highest therapeutic efficacy due to the EPR effect (Fig. 5).
The DOX encapsulated within the heparin-liposomes could be
released from the liposomes and then diffused passively into the
tumor cells, or the liposomes might be directly internalized by
endocytosis through the EPR effect via passive targeting (Xiong
et al., 2005b; Maeda et al., 1992; Gabizon and Papahadjopoulos,
1988). The higher therapeutic efficacy of the heparin-liposomes
can be attributed to the EPR effect via passive targeting, due to
t
o

t
i
i
l
i
f
e
t
B
r
s
t
i
a

A

I

R

A

A

Charrois, G.J.R., Allen, T.M., 2004. Drug release rate influences the pharma-
cokinetics, biodistribution, therapeutic activity, and toxicity of pegylated
liposomal doxorubicin formulations in murine breast cancer. Biochim.
Biophys. Acta 1663, 167–177.

Damus, P.S., Hicks, M., Rosenberg, R.B., 1973. Heparin: a generalized view
of its anticoagulant action. Nature 246, 355–356.

Drummond, D., Meyer, O., Hong, K., Kirpotin, D., Papahadjopoulos, D.,
1999. Optimizing liposomes for delivery of chemotherapeutic agents to
solid tumors. Pharmacol. Rev. 51, 691–743.

Eliaz, R.E., Nir, S., Marty, C., Szoka, F., 2004. Determination and mod-
eling of kinetics of cancer cell killing by doxorubicin and doxorubicin
encapsulated in targeted liposomes. Cancer Res. 64, 711–718.

Gabizon, A., Papahadjopoulos, D., 1988. Liposome formulations with pro-
longed circulation time in blood and enhanced uptake by tumors. Proc.
Natl. Acad. Sci. U.S.A. 85, 6949–6953.

Gabizon, A., Barenholz, Y., Bialer, M., 1993. Prolongation of the circulation
time of doxorubicin encapsulated in liposomes containing a polyethylene
glycol-derivatized phospholipid: pharmacokinetic studies in rodents and
dogs. Pharm. Res. 10, 703–708.

Haran, G., Cohen, R., Bar, L.K., Barenholz, Y., 1993. Transmembrane ammo-
nium sulfate gradients in liposomes produce efficient and stable entrap-
ment of amphipathic weak bases. Biochim. Biophys. Acta 1151, 201–215.

Junping, W., Maitani, Y., Takayama, K., Nagai, T., 2000. In vivo evaluation of
doxorubicin carried with long circulating and remote loading proliposome.
Int. J. Pharm. 203, 61–69.

Lasic, D.D., Ceh, B., Stuart, M.C.A., Guo, L., Frederik, P.M., Barenholz, Y.,
1995. Transmembrane gradient driven phase transitions within vesicles:
lessons for drug delivery. Biochim. Biophys. Acta 1239, 145–156.

Lee, Y.K., Nam, J.H., Shin, H.C., Byun, Y., 2001. Conjugation of low-
molecular-weight heparin and deoxycholic acid for the development of a
new oral anticoagulant agent. Circulation 104, 3116–3120.

L

L

M

M

M

N

N

P

S

S

he enhancement of the stability and prolonged circulation time
f the liposomes caused be the heparin fixation.

In conclusion, sterically stabilized liposomes preventing pro-
ein adsorption were developed by making use of the ionic
nteraction between the negatively charged heparin and the pos-
tively charged liposomes. The use of the DOX-loaded heparin-
iposomes led to a significant increase in the in vitro stability by
nhibiting the adsorption of serum protein to the liposomal sur-
ace. Notably, heparin conjugation on the liposomal surface was
ffective at increasing the tumor accumulation of DOX through
he prolongation of the circulation time of the liposomes in
16F10 tumor-bearing mice. In addition, the heparin-liposomes

educed the uptake of DOX in the heart, thereby reducing the
evere cardiac toxicity of DOX. These results demonstrated
he promising potential of the heparin-stabilized liposomes to
mprove the therapeutic efficacy of DOX and reduce the DOX-
ssociated systemic toxicity.

cknowledgement

This work was supported by the Ministry of Commerce,
ndustry and Energy of Korea.

eferences

llen, T.M., Hanser, C., Redemann, C., Yau-Young, A., 1991. Liposomes
containing synthetic derivatives of poly(ethylene glycol) show prolonged
circulation half-lives in vivo. Biochim. Biophys. Acta 1066, 29–36.

uguste, D., Prud’homme, R., Ahl, P., Meers, P., Kohn, J., 2003. Associ-
ation of hydrophobically-modified poly(ethylene glycol) with fusogenic
liposomes. Biochim. Biophys. Acta 1616, 184–195.
in, W., Garnett, M.C., Davies, M.C., Bignotti, F., Ferruti, P., Davis, S.S.,
Illum, L., 1997. Preparation of surface-modified albumin nanospheres.
Biomaterials 18, 559–565.

u, W.L., Qi, X.R., Zhang, Q., Li, R.Y., Wang, G.L., Zhang, R.J., Wei,
S.L., 2004. A pegylated liposomal platform: pharmacokinetics, pharma-
codynamics, and toxicity in mice using doxorubicin as a model drug. J.
Pharmacol. Sci. 95, 381–389.

aeda, H., Seymour, L.W., Miyamoto, Y., 1992. Conjugates of anticancer
agents and polymers: advantages of macromolecular therapeutics in vivo.
Bioconjug. Chem. 3, 351–362.

ercadal, M., Domingo, J.C., Petriz, J., Garcia, J., Madariaga, M.A., 1999.
A novel strategy affords high-yield coupling of antibody to extremities
of liposomal surface-grafted PEG chains. Biochim. Biophys. Acta 1418,
232–238.

etselaar, J., Bruin, P., de Boer, L., de Vringer, T., Snel, C., Oussoren,
C., Wauben, M., Crommelin, D.A., Storm, G., Hennink, W., 2003. A
novel family of l-amino acid-based biodegradable polymer-lipid conju-
gates for the development of long-circulating liposomes with effective
drug-targeting capacity. Bioconjug. Chem. 14, 1156–1164.

eedham, D., Dewhirst, M.W., 2001. The development and testing of a new
temperature-sensitive system for the treatment of solid tumors. Adv. Drug.
Deliv. Rev. 53, 285–305.

orris, D.A., Puri, N., Sinko, P.J., 1998. The effect of physical barriers and
properties on the oral adsorption of particulates. Adv. Drug. Deliv. Rev.
34, 135–154.

apahadjopoulos, D., Allen, T.M., Gabizon, A., Mayhew, E., Matthay, K.,
Huang, S.K., Lee, K.D., Woodle, M.C., Lasic, D.D., Redemann, C.,
Martin, F.J., 1991. Sterically stabilized liposomes: improvements in phar-
macokinetics and antitumor therapeutic efficacy. Proc. Natl. Acad. Sci.
U.S.A. 88, 11460–11464.

adzuka, Y., Nakade, A., Hirama, R., Miyagishima, A., Nozawa, Y., Hirota,
S., Sonobe, T., 2002. Effects of mixed polyethyleneglycol modification
on fixed aqueous layer thickness and antitumor activity of doxorubicin
containing liposome. Int. J. Pharm. 238, 171–180.

ahli, A., Cansell, M., Topon-Bretaudiere, J., Letourneur, D., Jozefonvicz, J.,
Fischer, A.M., 1998. The stability of heparin-coated liposomes in plasma
and their effect on its coagulation. Colloid Surf. B 10, 205–215.



188 H.D. Han et al. / International Journal of Pharmaceutics 313 (2006) 181–188

Takeuchi, H., Kojima, H., Toyoda, T., Yamamoto, H., Hino, T., Kawashima,
Y., 1999. Prolonged circulation time of doxorubicin-loaded liposomes
coated with a modified polyvinyl alcohol after intravenous injection in
rats. Eur. J. Pharm. Biopharm. 48, 123–129.

Takeuchi, H., Kojima, H., Yamamoto, H., Kawashima, Y., 2000. Polymer
coating of liposomes with a modified polyvinyl alcohol and their systemic
circulation and RES uptake in rats. J. Control. Release 68, 195–205.

Takeuchi, H., Kojima, H., Yamanoto, H., Kawashima, Y., 2001. Passive tar-
geting of doxorubicin with polymer coated liposomes in tumor bearing
rats. Biol. Pharm. Bull. 24, 795–799.

Wirsen, A., Ohrlandr, M., Albertsson, A.C., 1996. Bioactive heparin surface
from derivatization of polyacrylamide-grafted LLDPE. Biomaterials 17,
1881–1889.

Wu, N.Z., Da, D., Rudoll, T.L., Needham, D., Whorton, A.R., Dewhirst,
M.W., 1993. Increased microvascular permeability contributes to prefer-
ential accumulation of stealth liposomes in tumor tissue. Cancer Res. 53,
3765–3770.

Xiong, X.B., Huang, Y., Lu, W.L., Zhang, X., Zhang, H., Nagai,
T., Zhang, Q., 2005a. Intracellular delivery of doxorubicin with
RGD-modified sterically stabilized liposomes for an improved anti-
tumor efficacy: in vitro and in vivo. J. Pharm. Sci. 94, 1782–
1793.

Xiong, X.B., Huang, Y., Lu, W.L., Zhang, H., Zhang, X., Zhang, Q., 2005b.
Enhanced intracellular uptake of sterically stabilized liposomal doxoru-
bicin in vitro resulting in improved antitumor activity in vivo. Pharm.
Res. 22, 933–939.

Yatvin, M.B., Weinstein, J.N., Dennis, W.H., Blumenthal, R., 1978. Design of
liposomes for enhanced local release of drugs by hyperthermia. Science
202, 1290–1293.

Yoshida, I., Tashiro, K.I., Monji, A., Nagata, I., Hayashi, Y., Mitsuyama,
Y., Tashiro, N., 1999. Identification of a heparin binding site and the
biological activities of the laminin �1 chain carboxy-terminal globular
domain. J. Cell. Physiol. 179, 18–28.


	In vivo distribution and antitumor activity of heparin-stabilized doxorubicin-loaded liposomes
	Introduction
	Materials and methods
	Materials
	Preparation of liposomes
	Stability assay of liposomes in serum
	Cell line and animals
	Pharmacokinetics study
	Tissue distribution study
	Antitumor activity

	Results
	Characteristics of heparin-liposomes
	Stability assay of heparin-liposomes in serum
	Pharmacokinetics in tumor-bearing mice
	Tissue distribution study
	Antitumor activity

	Discussion
	Acknowledgement
	References


