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It has recently been demonstrated that the dysfunction of
liver sinusoidal endothelial cells is associated with liver dis-
eases, such as liver fibrosis, cirrhosis, and portal hyperten-
sion, because the sinusoidal vascular network is disrupted.1)

It has also been reported that the defenestration of liver sinu-
soidal endothelial cells causes hyperlipidemia, because it is
difficult for lipoproteins to reach hepatocytes, which was
major cells involved in the uptake of lipoprotein.2) Thus, a
selective delivery system such as plasmid DNA (pDNA),
short interfering RNA (siRNA), and drugs is important for
the treatment of these sinusoidal endothelial cell-related dis-
eases.

Hyaluronic acid (HA) is a naturally-occurring, biodegrad-
able, biocompatible, non-immunogenic anionic biopolymer
composed of alternating N-acetyl-beta-D-glucosamine and
beta-D-glucuronic acid residues linked by 1—3 and 1—4
linkages, respectively. HA is present a wide range of animal
tissues from vertebrates to bacteria.3) Although endogenous
HA is continuously synthesized and degraded in the extracel-
lular matrixs of almost all tissues, two major systems are re-
sponsible for its systemic removal and degradation.3,4) Large
HA molecules (ca. 106 Da) flow to lymph nodes, which re-
move and degrade ca. 85% of the HA, and the remaining
small HA molecules (ca. 105 Da) enter the blood and are then
cleared mainly by the liver endothelial cells. When exoge-
nous hyaluronic acids are injected intravenously, they are
rapidly removed from the blood and mainly accumulate 
in endothelial cells of the liver sinusoids,5,6) because these
cells express HA receptors such as cluster determinant 44
(CD44),7) a receptor for hyaluronate-mediated motility
(RHAMM),8) and the HA receptor for endocytosis (HARE).9)

For these reasons, hyaluronic acids are attractive biomaterials
for drug delivery tools, because they are natural ligands and
have desirable physicochemical properties.

HA has been widely used in the past as a targeted delivery
material because of its carboxyl groups, which can form
bonds with other molecules. Polycations such as poly-L-ly-
sine (PLL)10) and polyethyleneimine (PEI)11,12) were cova-
lently bonded via amide bond formation between the amine

groups of polycations and the carboxyl groups of HA, and
these materials enabled the target-specific delivery of HA to
receptor positive cells in vitro11,12) and to liver endothelial
cells in vivo.10) Further, HA nanogels, in which thiol-conju-
gated HA was crosslinked via disulfide linkages, was used as
a target specific siRNA delivery cargo.13) While these materi-
als are promising HA derivatives for delivering drug cargoes,
optimization of the density of HA on the surface of the cargo
is difficult because these cargoes could represent 100% of the
HA on the surface. The characteristics of a cargo surface in-
fluences the interactions between ligands and receptors, as
well as subsequent events, such as endosomal escape and re-
lease of the drug in the cytosol.14) Thus, controlling the
amount of ligand on the surface of the cargo is an important
factor in the rational design of drug carriers. A liposome is a
good cargo because the surface can be easily modified and
controlled by introducing a ligand-lipid conjugate.

In the present study, an HA-stearylamine (HA-SA) conju-
gate, a new HA derivative, was synthesized the targeting
ability of the HA-SA modified liposomes was evaluated. As
a negative control, we used free HA coated liposomes to
evaluate the effect of the lipid conjugate.

MATERIALS AND METHODS

Materials Dioleoylphosphatidylethanolamine (DOPE)
and Cholesterol was purchased from Avanti Polar Lipids 
(Alabaster, AL, U.S.A.). O,O�-Ditetradecanoyl-N-(alpha-tri-
methylammonio-acetyl)diethanolamine chloride (DC6-14)
was purchased from Sogo Pharmaceutical (Tokyo, Japan).
[Cholesteryl-1,2-3H(N)]-cholesteryl hexadecyl ether ([3H]CHE)
was purchased from PerkinElmer Life Science Japan (Tokyo,
Japan). Stearylamine, N,N-dimethylformamide (DMF), N-
hydroxysuccinimide (NHS), Chloroform, Deuterium oxide,
DMSO-d6 and tert-buthyl alchol were purchased from Wako
Pure Chemicals (Osaka, Japan). 1-Ethyl-3-(3-dimethyl-
aminopropyl)-carbodiimide hydrochloride (EDC) was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan).
Hyaluronic acid (average molecular weight (MW) 500—700

1084 Vol. 34, No. 7Regular Article

Synthesis and Evaluation of Stearylated Hyaluronic Acid for the Active
Delivery of Liposomes to Liver Endothelial Cells

Naoyuki TORIYABE, Yasuhiro HAYASHI, Mamoru HYODO, and Hideyoshi HARASHIMA*

Graduate School of Pharmaceutical Sciences, Hokkaido University; Sapporo, Hokkaido 060–0812, Japan.
Received February 18, 2011; accepted April 1, 2011; published online April 12, 2011

Hyaluronic acid (HA) is a naturally-occurring ligand that can be useful for targeting liver endothelial cells.
We describe herein the development of a new HA-lipid conjugate for the efficient delivery of liposomes to liver
endothelial cells. When free HA coated cationic liposomes were injected into mice, their accumulation in the liver
was significantly decreased depending on the content of free HA, while accumulation in the lung was not signifi-
cantly changed. When cationic liposomes modified with HA-stearylamine (HA-SA conjugate) were injected in
mice, liver accumulation was increased depending on the amount of HA-SA conjugate and accumulation in the
lung was drastically reduced, compared to non-modified liposomes. Confocal imaging analyses showed that HA-
SA modified liposomes were accumulated to a greater extent along with blood vessels than non-modified lipo-
somes, suggesitng that HA-SA modified liposomes are distributed in endothelial cells in the liver. Collectively,
these findings indicate that an HA-SA conjugate is a useful material that can be used to modify liposomes and
for delivering bioactive liposomal cargoes to liver endothelial cells.

Key words hyaluronic acid; liver endothelial cell; active targeting; liposome

Biol. Pharm. Bull. 34(7) 1084—1089 (2011)

© 2011 Pharmaceutical Society of Japan∗ To whom correspondence should be addressed. e-mail: harasima@pharm.hokudai.ac.jp



kDa) was purchased from Food Chemifa (Tokyo, Japan). Flu-
orescein labeled HA (average MW 600—1120 kDa) was pur-
chased from PG Research (Tokyo, Japan). All other reagents
were commercially available reagent-grade products.

Animals Male ICR mice (4—5 weeks old) and C57BL/6
mice (6—7 weeks old) were obtained from Japan SLC
(Shizuoka, Japan). The experimental protocols were re-
viewed and approved by the Hokkaido University Animal
Care Committee in accordance with the guidelines for the
care and use of laboratory animals.

Hepatic Distribution of Injected Fluorescein-Labeled
HA C57BL/6 mice were treated with 150 mg fluorescein la-
beled HA in a 150 m l phosphate buffered salts (PBS) solution
by intravenous injection. The mice were killed 1 h after the
treatment, and liver tissue samples were excised and fixed in
3% paraformaldehyde in PBS for 2 h at 4 °C. The fixed sam-
ples were exposed to 20% sucrose in PBS overnight at 4 °C.
The samples were then embedded in Tissue Tek OTC com-
pound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan), and
snap-frozen in liquid nitrogen. Cross sections of the liver
samples (16 mm thickness) were incubated with 1.5% bovine
serum albumin (BSA) dissolved in PBS at room temperature
for 1 h. The rat anti-mouse CD31 antibody (Biolegend) was
used as primary antibody. The liver sections were then incu-
bated with the primary antibody at 4 °C overnight. After
washing with PBS, the sections were incubated with Alexa
568-labeled goat anti-rat immunoglobulin G (IgG) (Invitro-
gen) at room temperature for 1 h. The samples were then ob-
served by confocal laser scanning microscopy (LSM510 ver
3.2, Carl Zeiss Industrial Metrology, Oberkochen, Germany).

Cellular Uptake of Fluorescein Labeled HA Mouse
primary liver endothelial cells and hepatocytes were prepared
by the 2-step collagenase perfusion method and the Percoll
gradient method as previously described, with minor modifi-
cations.15) To obtain liver endothelial cells, non-parenchymal
cells were incubated in a plastic dish for 15 min and the at-
tached cells (kupffer cells) removed. The cell suspensions
were incubated in fibronectin coated 35 mm dishes (IWAKI,
Osaka, Japan) for 1 h. In the case of hepatocytes, gelatin
coated dishes were used and the cells were incubated for 4 h
before use. After washing three times to remove unbound
cells, 100 mg fluorescein labeled HA was incubated with 1 ml
of culture medium, followed by a 3 h incubation at 37 °C, 5%
CO2. After washing the cells with PBS, the medium was
changed to observation buffer (135 mM NaCl, 5.4 mM KCl,
1 mM MgCl2, 1.8 mM CaCl2, 5 mM 2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid (HEPES), 10 mM glucose,
pH 7.3) and samples were observed by confocal laser scan-
ning microscopy (LSM510 ver 3.2, Carl Zeiss Industrial
Metrology, Oberkochen, Germany).

Synthesis of the HA-SA Conjugate A 100 ml, one-
necked, round-bottomed flask equipped with a magnetic stir-
ring bar was charged with 10 mg of hyaluronic acid (average
MW 500—700 kDa) (16.6 nmol) in 25 ml of water. 4.79 mg
of EDC (25.0 mmol) and 2.88 mg of NHS (25.0 mmol) was
added to the reaction mixture. The solution was stirred for
10 min and 20 mlof DMF and 5 ml of chloroform were
added. Next, 100 mM of a solution of stearylamine (250 m l)
in chloroform was added to the reaction mixture, which was
then vigorously stirred overnight at 37 °C. The reaction mix-
ture was dialyzed using a 5000 MWCO dialytic membrane

(Spectrum Lab., CA, U.S.A.) against 1 l of 10 times diluted
PBS and tert-butyl alcohol (v/v�1 : 1) and water three times
each. The solvents were removed with a centrifugal concen-
trator and the white solid was collected. The ratio for the in-
corporation of SA was determined by 1H-NMR using D2O
and DMSO-d6 as a solvent (v/v�1 : 1).

Preparation of Liposomes Liposomes were prepared by
the hydration method. A lipid film was prepared in a glass
test tube by evaporating an ethanol solution of lipids (137.5
nmol total lipids), composed of DC6-14, DOPE and choles-
terol (molar ratio of DC6-14/DOPE/Chol was 40 : 30 : 30).
The prepared film was hydrated with 250 m l HEPES buffer,
and the tube was then sonicated for 1 min in a bath-type soni-
cator (AU-25, AIWA Co., Tokyo, Japan). The free HA or
HA-SA conjugate solution was then added to coat or intro-
duce the conjugate on the surface of the liposomes.

Pharmacokinetics and Biodistribution Experiment in
Mice Liposomes were prepared in which a non-exchange-
able lipid label [3H]CHE was incorporated. The labeled lipo-
somes were injected via the tail vein into ICR mice. The in-
jected volume was fixed at 10 m l per 1 g of mouse weight. At
the indicated times, the mice were sacrificed and the liver
and lungs collected. After weighing the tissue samples, ap-
proximately 0.2 g of tissue samples were solubilized in 2 ml
of Soluene-350 overnight at 55 °C. All samples were decol-
orized by treatment with H2O2. Radioactivity was determined
by liquid scintillation counting (LSC-6100; ALOKA Co.,
Ltd., Tokyo, Japan) after adding 10 ml of scintillation fluid
(Hionic fluor; Perkin Elmer, Inc., MA, U.S.A.) to the scintil-
lation vials. Tissue accumulation was represented as the per-
cent of injected dose (%ID/tissue).

Visualization of the Hepatic Distribution of HA-SA
Modified Liposomes Rhodamine labeled HA-SA modified
liposomes composed of DC6-14, DOPE and cholesterol
(molar ratio of DC6-14/DOPE/Chol/Rho-DOPE was 40 : 30 :
30 : 1, 416.6 nmol total lipids) were used to visualize the lipo-
some cargoes. The liposomes were modified with the HA-SA
conjugate at a level of 1% nmol of total lipids. ICR mice
were treated with Rhodamine labeled HA-SA modified lipo-
somes by intravenous injection. The mice were killed 10 min
after the treatment. The portal vein was cut and a needle was
introduced into the vena cana and 10—15 ml of heparin con-
taining PBS (40 units/ml) solution was used to remove the re-
maining blood and cell surface bound liposomes in the liver.
The liver was then excised and washed with saline and
minced into small blocks (10—15 mm) with a scissors. The
specimens were placed on a 35 mm glass base dish (IWAKI,
Osaka, Japan) and observed by confocal laser scanning mi-
croscopy (Nikon A1; Nikon Co., Ltd., Tokyo, Japan).

Statistical Analysis Statistical comparisons were per-
formed by one-way analysis of variance (ANOVA), followed
by Student’s t-test for two groups.

RESULTS

Confirmation of HA Localization in the Liver and Pri-
mary Cells To determine whether or not hyaluronic acid
accumulates in liver endothelial cells, we investigated the ex-
tent of hepatic localization after an intravenous injection of
HA. As shown in Fig. 1a, numerous signals from HA were
detected in the liver sections. In addition, many of these sig-
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nals were colocalized with CD31, which is a well known en-
dothelial marker (Figs. 1b, c), indicating that a large fraction
of the HA is distributed to liver endothelial cells. Next, the
cellular uptake of HA was evaluated using mouse primary
endothelial cells and hepatocytes. HA was internalized in the
liver endothelial cells (Fig. 1d), while no signal was detected
in the case of hepatocytes (Fig. 1e). Thus, HA indeed accu-
mulates in and is internalized by liver endothelial cells.

Biodistribution of Free HA Coated Liposomes To de-
termine whether or not free HA is actually displayed on the
surface of liposomes and functions as a targeting ligand for
liver endothelial cells, free HA was coated with cationic lipo-
somes via electrostatic interactions. When the free HA
coated liposomes were injected intravenously into mice, liver
accumulation was significantly reduced (Fig. 2a), while lung
accumulation was not significantly changed (Fig. 2b).

Synthesis and Characteristics of the HA-SA Conjugate

Hyaluronic acid is a polymer comprised of D-glucuronic acid
and N-acetyl-D-glucosamine units connected by b-1,3- or b-
1,4-glycosidic bonds. To prepare the HA-SA conjugate, we
used the carboxylate moiety of D-glucuronic acid and conju-
gated it with the amino group of stearylamine (SA). SA was
conjugated via an amide linkage using EDC and NHS as
coupling agents and was incorporated randomly in the HA
(Fig. 3a). After purification, we estimated the incorporation
ratio of SA by 1H-NMR spectroscopy using the signal for the
N-acetyl group of HA (NHCOCH3) and the methylene group
of SA (CH3(CH2)16CH2NH2). We prepared several HA-SA
conjugates by changing the incorporation ratio by controlling
the amount of SA, EDC and NHS in the water–DMF–CHCl3

system. When we used a large excess (10 times equivalent to
all carboxylic acid moieties of HA) of these reagents, it was
possible to incorporate 100% SA in the HA-SA conjugate,
but it was poorly soluble in most solvents (water, a polar
aprotic solvent like DMF and a nonpolar solvent like chloro-
form) and difficult to handle. After a number of tests, we fi-
nally used the HA-SA conjugate in which 18% SA was in-
corporated into the HA (Fig. 3b). This compound has a good
solubility in water.

Pharmacokinetics and Biodistribution Studies of HA-
SA Modified Liposomes The HA-SA conjugates were
then used to introduce HA on the surface of liposomes. The
physical properties of the HA-SA modified liposomes are
shown in Table 1. When HA-SA modified liposomes (0.5%
nmol of the total lipid) were injected intravenously, their ac-
cumulation in the liver was higher than the corresponding
value for non-modified liposomes at every time point, as
shown in Fig. 4a. It is noteworthy that the effect of HA-SA
was significant 3 min after injection. On the other hand, lung
accumulation was significantly reduced in the case of HA-
SA modified liposomes (Fig. 4b). The influence of the

1086 Vol. 34, No. 7

Fig. 1. Hepatic Localization and Cellular Uptake of HA

Mice were treated with fluorescein labeled HA via the tail vein for 1 h and liver tissue was analyzed. Green dots represent fluorescein labeled HA (a), red dots represent CD31
(b), and yellow dots represent the colocalization of HA and CD31 (c). Primary endothelial cells (d) and hepatocytes (e) were treated with fluorescein labeled HA for 3 h. Bar indi-
cates 50 mm.

Fig. 2. Biodistribution of Free HA-Modified Liposomes in Mice

(a) Liver and (b) lung biodistribution of 3H-CHE-labeled free HA coated liposomes
in mice. Each mouse was treated by an injection of 10 m l per g body weight and each
tissue sample was collected 10 min after the treatment. Data are expressed as
mean�S.D. (n�3, ∗∗ p�0.01, ∗ p�0.05).



amount of HA-SA used in the modification was examined
next. As shown in Fig. 4c, liver accumulation gradually in-
creased depending on the extent of modification of HA-SA,
whereas lung accumulation was significantly reduced in the
case of a modification of 1% (Fig. 4d).

Analysis of Hepatic Distribution of HA-SA Modified
Liposomes Confocal microscopy analysis was performed
to assess the targeting ability of the HA-SA modified lipo-
somes to liver endothelial cells. The amount of modification
of HA-SA was selected at 1% of total lipid, which showed a
better pharmacological effect, as shown in Figs. 4c and d.
HA-SA modified liposomes were accumulated to a greater
extent along with blood vessels than non-modified liposomes
(Figs. 5a, b). Next, the contribution of cellular uptake of liver
endothelial cells was examined. The distribution pattern was

similar in the case of liposomes that were unmodified or pre-
treated with an excess amount of free HA (Figs. 5a, c), how-
ever, the signals from HA-SA modified liposomes were re-
duced (Fig. 5d) in the case of a pre-treatment with an excess
amount of free HA.

DISCUSSION

Our results provide the first demonstration that an HA-SA
conjugate is a useful biocompatible material that enables the
specific delivery of a cargo to liver endothelial cells in a
short period of time, and that liposomes can easily be modi-
fied with it. In addition, the amount of conjugate on the lipo-
some surface is easily controlled, which is necessary for 
further optimization to achieve additional selectivity and 
efficiency. This is discussed in more detail below.

Free HA accumulated in the liver endothelial cells after in-
travenous administration (Fig. 1a), and was internalized into
the cells (Fig. 1d). These results are also supported by the
fact that liver endothelial cells could take up HA both in vitro
and in vivo.16) Therefore, HA clearly has the ability to target
liver endothelial cells. We next hypothesized that free HA
coated liposomes could be accumulated to a greater extent in
liver endothelial cells than non-coated liposomes, because
free HA could be introduced on the surface of liposomes via
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Fig. 3. Synthesis of the HA-SA Conjugate

(a) Schematic representation for the conjugation of hyaluronic acid (HA) with stearylamine (SA) using 1-ethly-3-(3-dimethylaminopropyl)carbodiimide (EDC). (b) 1H-nuclear
magnetic resonance (NMR) spectra of HA measured in D2O (1) and HA-SA measured in D2O/DMSO-d6 (v/v�1 : 1) (2).

Table 1. Physical Properties of HA-SA Modified Liposomes

Size Z-Potential 
(nm) (mV)

PdI

0% HA-SA liposome 119�20 57�10 0.46�0.05
0.1% HA-SA liposome 159�15 42�12 0.35�0.01
0.5% HA-SA liposome 325�109 8.1�27 0.39�0.25
1% HA-SA liposome 254�19 28�1 0.26�0.04
2% HA-SA liposome 323�51 27�3 0.33�0.06



electrostatic interactions. Contrary to our expectations, the
accumulation of free HA coated liposomes in the liver was
decreased and this decrease was dependent on the amount of
free HA (Fig. 2a). These results indicate that the reduction in
positive charge on the surface of liposomes, as the result of
modification with free HA leads to a decrease in accumula-
tion in the liver. The reason why free HA did not fully func-
tion as a targeting ligand could be explained by fact that it is
difficult to control the topology on the surface of a liposome,
when free HA is used. Therefore, a better modification
method (as an alternative to electrostatic interactions) that
would allow HA to be appropriately displayed on the surface
of liposomes is needed.

We focused on the HA-lipid conjugate because liposomes
are easily modified with it via hydrophobic interactions be-
tween the lipid part of the conjugate and the liposomal sur-
face so that HA could be appropriately displayed on the lipo-
somal surface. Although a previous report demonstrated that
many steps and a long time were required to prepare HA
modified liposomes and the density of HA on the surface of
the liposome was difficult to control,17) this conjugate has an
advantage, in that HA is introduced only by vortex and incu-
bation with liposomes. We focused on stearylamine as a lipid
linker because the stearylamine conjugate peptide (STR-R8)
can be used to change the extent of modification on the sur-
face of liposomes and this difference can effect the cellular
uptake mechanism.18) This suggests stearyalamine might be
used to present HA on the surface of liposomes and would
permit HA to function as a ligand.

When the HA-SA conjugate is mixed with liposomes, a
1 nmol% modification of total lipid is sufficient to coat the li-
posomal surface (Table 1). The zeta potentials of the free HA
coated liposomes were similar (data not shown), but the pat-
tern of their accumulation in the liver was different. HA-SA
modified liposomes accumulated more heavily in the liver
and less so in the lung over the short time (Figs. 4a, b). Con-
trary to the data shown in Fig. 2a, the accumulation of HA-
SA modified liposomes was dependent on the amount of
HA-SA present (Fig. 4c). These results suggest that, due to
the lipid anchor, the HA is appropriately displayed on the
surface of liposomes compared with free HA, and a large
fraction of the HA-SA liposomes is taken up by the endothe-
lial cells. The significant reduction in lung accumulation, as
shown in Figs. 4b and d, could be explained by the better
topological effect of HA compared to the free HA, as shown
in Fig. 2b. It is also possible that the negatively charged HA
provides a shielding effect, because Ishiwata et al. demon-
strated that the charge density on the surface of liposomes af-
fects their accumulation by the lungs,19) even though this
contribution would be expected to be less. From confocal mi-
croscopy analyses, HA-SA modified liposomes accumulated
along with blood vessels, and the accumulation was inhibited
by pre-treatment with an excess amount of free HA (Figs.
5b, d), indicating that HA-SA modified liposomes could tar-
get HA receptors that are expressed on the surface of liver
endothelial cells. However, some small, sharp signals along
with the blood vessels remained, even when a pre-treatment
was employed. These findings suggest that the origin of the
signals is from uptake by kupffer cells. Mochizuki et al. re-
ported that the cellular uptake of HA occurs in isolated kupf-
fer cells, even though the contribution was about three times
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Fig. 4. Time Profiles and the Effect of HA-SA Modified Liposomes in
Mice

Time profiles for (a) liver and (b) lung. Open circles and closed circles represent
non-modified liposomes and HA-SA modified liposomes (0.5% nmol of total lipid), re-
spectively. The effect of HA-SA modification in (c) liver and (d) lung. Each tissue was
collected 10 min after intravenous injection. Data are expressed as mean�S.D. (n�3,
∗∗ p�0.01, ∗ p�0.05).

Fig. 5. Inhibiton of Liver Endothelial Cell Uptake by Pre-dosing with an
Excess Amount of Free HA in Mice

Mice were treated with an excess amount of free HA (2.5 mg/mouse) for 3 min. After
the treatment, non-modified or HA-SA modified liposomes (1% of total lipid) labeled
in Rhodamine-DOPE were injected in the mice, followed by incubation for 10 min. The
liver distribution pattern was analyzed by means of confocal microscopy. Bar indicates
50 mm.



lower than that for endothelial cells.16) Further studies are
clearly needed for the more selective delivery to liver en-
dothelial cells to be achieved by escaping uptake by kupffer
cells. Optimization of the molecular weight of HA, and the
use of a pH sensitive cationic lipid are some promising can-
didates. Other groups demonstrated that liposomes contain-
ing a HA-DOPE lipid conjugate had targeting ability for
CD44 expressed cells in vitro,20,21) however, these studies
were only evaluated in vitro.

In conclusion, our study demonstrates that HA-SA can be
useful in terms of ease of modification of a liposomal surface
and efficient in vivo delivery to liver endothelial cells. To the
best of our knowledge, this study is the first report of an eval-
uation of HA-lipid conjugate in vivo.
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