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Conjugation of heparin into carboxylated pullulan derivatives as an
extracellular matrix for endothelial cell culture
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Abstract

A carboxylated pullulan, for use as a structural material for a number of tissue engineering applications, was
synthesized and conjugated with heparin. By immobilization of heparin to pullulan, endothelial cells (ECs) at-
tached on the heparin-conjugated pullulan were more aggregated than when attached to other pullulan derivatives.
Attachments were 50, 45, 49, and 90% for a polystyrene dish, pullulan acetate, carboxylated pullulan, and heparin-
conjugated pullulan, respectively. Heparin-conjugated pullulan inhibited the proliferation of smooth muscle cells
(SMCs) in vitro. Heparin-conjugated pullulan material can thus be used for the proliferation of vascular ECs and

to inhibit the proliferation of SMCs.

Introduction

Advances in our knowledge of biochemical interac-
tions at the cell surface have led to structure eluci-
dation of ligand molecules that bind to cell surface
receptors and influence cell behaviour. In many cases,
the development of novel materials for in vitro and
in vivo biotechnology applications will include these
ligands (Barrera et al. 1993). The fabrication of these
complex materials would be improved by the devel-
opment of surface engineering techniques that permit
the facile immobilization of high densities of ligands
without degradation of either ligand or material. To
date, the vast majority of ligand coupling to material
is through covalent attachment of ligands to the bulk
polymer.

In the present report, we have studied the incor-
poration of heparin into carboxylated pullulan acetate
and assessed the suitability of the resulting materi-
als as substrates for endothelial cell growth. Heparin

is a linear polysaccharide containing repeating units
of six sugar residues, each consisting of an alter-
nating sequence of sulfate derivatives of N-acetyl-
D-glucosamine and D-iduronate. Heparin was chosen
primarily due to its powerful anticoagulant action
(Machovich et al. 1975). It is also a component of
the extracellular matrix of blood vessels and promotes
endothelial cell growth in vitro (Garner et al. 1999).
These properties make it an extremely useful mole-
cule to incorporate into materials that could ultimately
be used in the fabrication of vascular prostheses that
require a non-thrombogenetic surface is required. De-
velopment of biomaterials that pomote the growth of
endothelial cells is of special interest in the fields of
vascular prosthetics and stent technology. The incor-
poration of heparin into carboxylated pullulan and the
ability of such materials to support endothelial cell
growth were thus the major focus of the present study.
In this study, the natural polymer of carboxylated
pullulan was used as a backbone material because
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of its processability and biocompatibility. Heparin-
conjugated carboxylated pullulan should be a useful
biomaterial because of its suitability as a substrate for
endothelial cell growth.

Materials and methods

Materials

Heparin, sodium salt (140 U mg~!), of an average
molecular weight of about 12000 Da, was purchased
from Pharmacia Hepar Co. (Franklin, OH). Pullu-
lan (Mw; 200 000) was purchased from Hayashibara.
Medium 199, Modified Eagle Medium (MEM), fetal
bovine serum (FBS), bovine serum albumin (BSA),
basic fibroblast growth factor (bFGF), collagenase,
collagen type I, streptomycin, and penicilin sulphate
were purchased from Gibco. Trypsin-EDTA, succinic
anhydride, triethyl amine, formamide, pyridine, acetic
anhydride, 4-dimethylaminopyridine (DMAP), dicy-
clohexyl carbodiimide (DCC), and hydroxylsuccin-
imide (HOSU) were purchased from Sigma. Dimethyl
sulfoxide (DMSO)-d¢ was purchased from Aldrich
Chemical Co. and DMSO and methanol were pur-
chased from Showa Chemical Co. (Tokyo, Japan).

Pullulan acetylation

Pullulan, 2 g, was stirred vigorously in 20 ml for-
mamide at 50 °C until dissolved. Six ml pyridine and
15 ml acetic anhydride were added and the mixture
was stirred at 54 °C for 48 h. Pullulan acetate (PA) was
obtained after precipitation from 200 ml water. The
synthesized PA was identified using FT-IR and NMR.
NMR study gave following information for the degree
of acetylation, 1.27 unit of acetyl group per repeating
unit of pullulan in one glucose.

IR (KBr): 3402 (s, OH), 2954 (m-s, CHy), 1752 (vs,
C=0) and 1375 (s, CH3)

'"H NMR (DMSO-dg): § = 1.94 —2.09 (d, —COCH3)
and 3.96-5.23 (m, saccharide ring).

Synthesis of pullulan acetate (PA) grafted with
heparin

Pullulan acetate, 5 g, was dissolved in a mixture of
200 ml dried 1,4-dioxane and 2.2 g succinic anhydride
in a flask. The reaction mixture was stirred for 24 h
at room temperature. The product was dissolved in
300 ml carbon tetrachloride to remove unreacted suc-
cinic anhydride. The degree of carboxylation was 0.54
unit of carboxyl group per one glucose unit of PA.

Heparin (30 mg), DCC (250 mg), and HOSU
(150 mg) were added to 40 ml dried DMSO containing
1 g carboxylated PA, and allowed to react for 24 h at
room temperature. After 24 h, reactant mixtures were
filtered, and then dialyzed using a dialysis tube (mole-
cular weight cutoff 12 000) against distilled water for
3 d. The samples were then lyophilized using a freeze-
drier. To remove the unreacted material, lyophilized
samples were dissolved in DMSO and then dialyzed
with distilled water. The full process was repeated 3
times. The heparin immobilized PA was characterized
by IR and 'H-NMR spectrophotometer. The degrees
of substitution (DS), defined as the number of heparin
groups per 100 anhydroglucose units of heparin-PA
were determined by 'H-NMR and GPC, and the re-
sulting DS of heparin-PA derivative was 16.7. The
chemical structure of the heparin immobilized PA is
shown in Figure 1.

IR (KBr): 3327 (s, NH), 2852 (m, OCH3), 1751 (vs,
C=0) and 1375 (s, CH3)

'"HNMR (DMSO-de): § = 1.95—2.07 (d, —COCHj3),
2.73-2.89 (m, CHy CH»), 3.49-3.67 (d, OCH3), and
3.96-5.2 (m, saccharide ring).

Cell culture of endothelial cells

Human umbilical vein endothelial cells (HUVEC)
were isolated by a collagenase dispersion method and
maintained in Medium 199 supplemented with 20%
(v/v) fetal bovine serum, 60 ug endothelial growth
supplement ml~!, 10 ug heparin ml~!, 100 U peni-
cillin m1~!, and 100 pug streptomycin ml~!. HUVEC
were sub-cultivated after treatment with trypsin-EDTA
and grown on collagen-coated tissue culture plastic.
Cells were then seeded directly in the same cul-
ture medium to an approximately 1.25 x 10* cm?
to heparin-conjugated pullulan derivative cover glass
(prepared by a dip coating method) and then cultured
in Medium 199 in 5% CO; and 95% air at 37 °C. The
grown cell number and cell viability were evaluated by
Trypan Blue and heamacytometer.

Smooth muscle cells from Sprague-Dawley rat
aorta explants were isolated. Cells were grown in
75 cm? culture flasks at 37 °C with 5% v/v CO; in
Modified Eagle Medium (MEM) supplemented with
2% (w/v) L-glutamine and 10% fetal bovine serum.
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Fig. 1. Chemical structures used in this study. (a) Pullulan acetate (PA), (b) carboxylated pullulan acetate (PA-COOH), and (c) he-

parin-conjugated pullulan acetate.

Results and discussion

Cell growth of endothelial cells (ECs) attached to
polymer-coated glasses

A suspension of ECs in medium was seeded onto
several types of glass, taking care to distribute the
cells evenly across the substrate. Attachment char-
acteristics of endothelial cells to the pullulan acetate
(PA) membrane, carboxylated PA membrane, and
heparin-conjugated PA membrane were studied, and
the results are shown in Table 1. A comparison of PA
membrane and carboxylated PA membranes revealed
that the cell attachment on heparin-conjugated mem-
branes was better than that on PA and carboxylated
PA membranes. Attachment to the polystyrene dishes
was 50%. For PA, carboxylated PA, and heparin-
conjugated membrane, the attachments were 45, 49,
and 90%, respectively. This suggests that cell attach-
ment is promoted by the presence of heparin ligands.
We also cultured ECs on heparin-conjugated mem-
brane as well as other types of membranes. The growth
characteristics of endothelial cells on various surfaces

Table 1. Cell growth of endothelial cells (ECs)
attached to various surfaces.

Sample Cell attachment
(%)

Control (polystyrene dish) 50+£5

Pullulan acetate (PA) 45+3

Carboxylated PA 49+5

Heparin-conjugated PA 90 +2

over a period of 72 h were recorded (data not shown).
Confirming this generally observed behaviour, the
ECs on the heparin-conjugated membranes exhibited
more active growth than on the PA and carboxylated
PA membranes. Effectively increased growth of ECs
on the PA-heparin coated surfaces was observed for
24 and 72 h, while there was no significant increased
growth on control and other pullulan derivatives. Pre-
sumably, initial attachment of ECs is relatively non-
specific, whereas subsequent cell growth depends on
more specific molecular interactions. It means that
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Fig. 2. Synergistical effect of bFGF on endothelial cell proliferative
potential on heparin-conjugated membranes. (@): In the presence
of bFGF, and (M): in the absence of bFGF. The data represents the
experimental data (mean £ SD) (n =5).

ECs attached to PA-heparin surfaces mediated by he-
parin receptors subsequently grew faster than those
attached to other membranes.

Synergetical effect of bFGF on EC proliferation on
heparin-conjugated surfaces

The in vitro effect of basic fibroblast growth factor
(bFGF) in heparin-conjugated surfaces on the prolif-
erative potential of ECs was evaluated by measuring
the population of ECs during culture for up to 48 h
(Figure 2). bFGF is a potent mitogen that stimu-
lates proliferation, migration, and differentiation of
cells of mesenchymal and neuroectodermal origins
(Folkman & Klagsburn 1987). The EC population on
the heparin-conjugated surfaces with bFGF was much
larger than that of heparin-conjugated surfaces with-
out bFGF, indicating that the incidence of ECs on
heparin-conjugated surfaces was markedly enhanced
in the presence of bFGF. bFGF has a strong affinity
for glycosamingoglycan heparin, a property that has
greatly facilitated its purification and characterization
(Klagsbrun & Baird 1991, Yayon et al. 1991). For in
vitro cell culture, it was reported that the addition of
bFGF and heparin to a cultured medium synergetically
enhances proliferation of ECs in organisms such as
humans, dogs, and rats (Rifkin er al. 1989). There-
fore, the addition of bFGF and heparin-conjugated
surfaces may provide advantages such as enhanced
cellular proliferative and migrative activities, due to
the presence of bFGF.

Table 2. Effects of soluble heparin on inhibition of interaction
between heparin-conjugated membranes and ECs.

Sample Cell attachment (%)

Without heparin  With heparin
Control (polystyrene dish) 50+£5 46 £5
Pullulan acetate (PA) 45+3 4243
Carboxylated PA 49+2 45+£5
Heparin-conjugated PA 88 +4 58+9

Table 3. Cell growth of smooth muscle cell (SMC)
attached to various surfaces.

Sample Cell attachment
(%)

Control (polystyrene dish) 53+5

Pullulan acetate (PA) 52+3

Carboxylated PA 58£5

Heparin-conjugated PA 1242

Effects of soluble heparin on inhibition of interaction
between heparin-conjugated membranes and ECs

A suspension of EC cells in growth medium was
seeded with soluble heparin onto various polymer-
coated membranes, taking care to distribute the cells
evenly across the membranes. The soluble heparin
in the culture medium and heparin-conjugated mem-
branes competed with each other for interaction with
cells (Table 2). Despite the absence of any cells
of other types, EC cells supplied with heparin evi-
denced little attachment to heparin-conjugate mem-
branes. These results indicate that the attachment of
EC cells was suppressed by the treatment with solu-
ble heparin on heparin-conjugated membranes. Treat-
ment of EC cells with heparin strongly blocked the
attachment onto a heparin-conjugated matrix. This
means that the heparin interacted in advance with he-
parin binding receptors on the cell surface. Therefore,
heparin-conjugated substrata are considered to lose
their specific binding sites for EC cells because of their
occupation by treatment of heparin. This indicates
that the heparin of PA-heparin copolymers specifically
interact with heparin receptors on EC membrane.



Attachment of vascular smooth muscle cells (SMCs)
on PA-heparin

In contrast to heparin-conjugated membranes, SMCs
exhibit no significant reduction of cell attachment
on PA and carboxylated PA surfaces, whereas ECs
exhibit a 90% reduction of cell attachment on heparin-
conjugated membranes (Table 3). Moreover, on
heparin-conjugated pullulan surfaces, vascular SMCs
exhibited a rounded morphology, and though all cells
were well attached, the SMCs showed a stellate ap-
pearance. SMCs, in contrast to ECs, were able to
spread enough to establish a cellular network on the
PA or carboxylated PA membranes. The growth in-
hibition seen on the heparin-conjugated membranes
may have resulted in part from the reduction in spread-
ing, since cell spreading has been shown to correlate
with DNA synthesis in some cell types (Hansen et al.
1994). This result indicates that polysaccharide sur-
faces can influence the attachment and morphological
characteristics of vascular cells in vitro.
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