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Magali Vogel,3 Frédéric Chaubet,1 Jean-Baptiste Michel3

1INVIMAT, X. Bichat Medical School, 75018 Paris, France
2CNRS—University Paris 13, 93430 Villetaneuse, France
3LRM, Institut Galilee, University Paris 13, 93430 Villetaneuse, France
4INSERM U460, X. Bichat Medical School, 75018 Paris, France

Received 26 June 2001; accepted 4 September 2001

Abstract: Proliferation of endothelial cells (ECs) is a cellu-
lar step of particular importance for implanted cardiovascu-
lar biomaterials. Heparin and some synthetic water-soluble
non-anticoagulant polysaccharides derived from dextran
and bearing anionic carboxymethyl and hydrophobic ben-
zylamine groups were first investigated for their effects on
EC proliferation in vitro. The results assessed by cell count-
ing, 3H-thymidine uptake, and flow cytometry analysis,
showed that the derivatized dextran-bearing hydrophobic
groups stimulated the EC growth in the presence of serum,
whereas native dextran or dextran-bearing anionic carbox-
ymethyl groups were inactive and heparin was slightly in-
hibitory. Then, we showed that the derivatized dextran en-
hanced EC proliferation by potentiation of the mitogenic
activities of vascular endothelial growth factor (VEGF) and

basic fibroblast growth factor (FGF-2), two potent EC
growth factors. In the presence of 2 nM of derivatized dex-
tran, a 3-fold and 13-fold increase of 3H-thymidine uptake
was obtained with VEGF and FGF-2, respectively. Finally,
proliferation of ECs was investigated on crosslinked gels
made of polysaccharides. It is of interest that EC prolifera-
tion was higher on gels containing the derivatized dextran
than on plain hydrogels, and heparinized gels inhibited cell
proliferation. From the obtained results, we propose that the
synthetic non-heparin-like dextran may be of interest as a
coating for the endothelialization of cardiovascular bioma-
terials. © 2002 John Wiley & Sons, Inc. J Biomed Mater Res
60: 94–100, 2002
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INTRODUCTION

Reendothelialization is a physiological phenom-
enon ending the successful scarring process of an in-
jured vascular wall. Endothelial cell (EC) proliferation
is involved in therapeutic angiogenesis, with the in-
duction of new blood vessels clinically relevant after
stroke or heart attack, whereas inhibition of vascular-
ization is likely to block tumor growth or retinopathy
disease.1 The use of angiogenic mitogens, such as vas-

cular endothelial growth factor (VEGF) and basic fi-
broblast growth factor (FGF-2), have been shown to
promote angiogenesis, accelerate endothelial repav-
ing, and attenuate intimal hyperplasia after in vivo ar-
terial injury.2,3 It is of interest that heparin, a sulfated
anticoagulant glycosaminoglycan and heparan sul-
fates, physiological heparin analogs present within the
vascular walls, interacted with these growth factors.4,5

For the compatibility of synthetic vascular grafts,
endothelial cell adhesion and proliferation remain the
current goals. Thus, heparin and synthetic or natural
analogs are of potential interest for the development
of matrices for vascular grafts.6–9 Among such poten-
tial polymers for this application, an increasing num-
ber of polysaccharides are studied including native
dextran,10 non-sulfated poly(4-hydroxyphenoxy acetic
acid),11 or sulfated polysaccharides such as suramin,
pentosan polysulfate, laminarin sulfate, fucoidan, and
dextran sulfate.10,12–14 In this context, a previous study
has shown that some water-soluble sulfated dextrans
can mimic heparin in the protection, stabilization, and
potentiating effects of FGF-1 and FGF-2 on fibroblastic
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cells.15 These sulfated dextrans were also capable of
modulating EC growth.16 More recently, non-sulfated
derivatized dextrans were shown to exhibit direct in-
teractions with FGF-2.17–19 In the present work, we
investigated whether soluble and immobilized deriva-
tized dextrans devoid of sulfate groups, and hence
without anticoagulant activity, were able to modulate
endothelial cell growth. This work showed that hy-
drogels containing derivatized dextrans, in contrast to
heparin, greatly enhanced endothelial cell growth,
providing a new type of synthetic matrix for the coat-
ing of vascular prostheses.

MATERIALS AND METHODS

Derivatized dextrans

Derivatized dextrans were prepared from 40-kDa dextran
(T40; Pharmacia), as previously described.16,20,21 Briefly,
carboxymethylation of hydroxyl groups on glucose units of
native dextran (D) was performed with monochloracetic
acid in alkaline medium at 60°C for 1 h. Coupling of ben-
zylamine to carboxylic groups of carboxymethylated dex-
tran (CM) was obtained by using N-ethoxycarbonyl-2-
ethoxy-1,2-dihydroquinoleine as coupling agent in water-
:ethanol (1:1 v/v) mixture at room temperature. The resulting
derivatized dextrans (CM, B) were washed with water and
equilibrated at pH 7 with buffer by using a Diaflo ultrafilter
(molecular cutoff 5000) from Amicon (Paris, France) and
finally lyophilized. Chemical characterizations were per-
formed by acidimetric titrations and elemental analysis as
described,20 and the compositions are reported in Table I.
None of the tested derivatized dextrans exhibited a signifi-
cant anticoagulant activity.22 Heparin (batch H108; 20 kDa)
was from Sanofi Recherche (Gentilly, France). Before use in

cell culture, stock solutions of polymers (5 mg/mL) were
prepared and filtered on 0.2-�m sterile filters.

Crosslinked hydrogels

Crosslinked gels made of dextran were obtained with so-
dium trimethaphosphate (STMP). Dextran solutions con-
taining or not 3 wt % of heparin or derivatized dextrans
were mixed for 1 h at 50°C with STMP in aqueous NaOH
solutions as previously described.23,24 The tested hydrogels
contain only dextran, dextran and heparin, or dextran and
the derivatized dextran B. The resulting hydrogels were
poured before gelification into 24-well tissue culture plates
(0.25 mL/well) and were extensively washed with phos-
phate buffer saline (PBS) and culture medium.

Endothelial cell cultures

EA.Hy 926 human endothelial cell line was kindly pro-
vided by Dr. C.-J. Edgell (University of North Carolina).
They resulted from the fusion between human endothelial
cells and human epithelial cells-derived carcinoma. They
were routinely cultured as previously described25,26 in Dul-
becco’s minimal essential medium (DMEM; Gibco) supple-
mented with 10% fetal calf serum (FCS; Gibco), 2 mM
L-glutamine (Gibco), and HAT (100 mM hypoxanthine,
0.4 mM aminopterine, 16 mM thymidine; Gibco). Human
umbilical vein endothelial cells (HUVEC) were obtained
from fresh human umbilical veins by collagenase digestion
(0.1%; Boehringer Mannheim). Cells used at passage 1 or
2 were grown in M199/RPMI v/v (Gibco), supplemented
with 20% FCS, 2 mM L-glutamine, penicillin (100 U/mL;
Gibco), streptomycin (100 �g/mL; Gibco), and fungizone
(2.5 �g/mL; Gibco).

ECs grew to confluent monolayers after 5–7 days in cul-
ture at 37°C in 5% CO2 incubator. Cell morphology was
examined under conventional light microscope (Axiovert
100; Zeiss). Identity of ECs was confirmed by a positive
staining with a monoclonal antibody for von Willebrand
factor. Absence of mycoplasma contamination was checked
by using the enzymatic ADOP assay.27

DNA synthesis

ECs were seeded at 2 × 104 cells in 24-well culture plates
with 1 mL of culture medium. For experiments in presence
of serum, cells were incubated 24 h after seeding in 2% se-
rum. Cells were then left untreated or stimulated with vari-
ous concentrations of heparin or derivatized dextrans in me-
dia containing 2% serum. For experiments with growth fac-
tors, ECs after plating were serum-starved in DMEM
containing 0.5% serum for 24 h. Cells were then stimulated
for 24 h with different concentrations of human recombinant
FGF-2 (generous gift of H. Prats, INSERM U397, Toulouse,
France) or human recombinant VEGF 165 (Genentech, San

TABLE I
Chemical Characterization of Dextran Polymers and

EA.Hy 926 Cell Growtha

Polymers

Composition
(% of dextran units)

EC
Growth (%)Carboxylate Benzylamide

Native dextran (D) 0 0 +2 ± 1
Polymer CM 61 0 +8 ± 4
Polymer B 60 45 +35 ± 5*
Heparin — — −18 ± 5*

aDerivatized dextrans were prepared from dextran (D),
after carboxymethylation (CM) of hydroxyl groups on glu-
cose units of dextran, and conversion of carboxylate groups
to benzylamide groups (B). The main substitution occurred
on hydroxyls in position C2. Chemical characterizations
were performed by acidimetric titrations and elemental
analysis. EC growth stimulation in one representative ex-
periment was evaluated by cell counting on EA.Hy 926 cells
after 4 days’ incubation with 10 �g/mL of polysaccharides.

*Statistically different compared with the absence of poly-
saccharide, P < 0.01.
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Francisco, CA) in the presence or absence of various concen-
trations of derivatized dextrans. DNA synthesis was evalu-
ated by addition of 0.6 �Ci 3H-thymidine/well (20.1 Ci/
mmol; Dupont NEN) to ECs for the last 4 h of incubation.28

The reactions were ended after removal of supernatant and
addition of 5% trichloroacetic acid. 3H-thymidine incorpo-
ration was measured by liquid scintillation counting after
solubilization with 0.25N NaOH of the cell precipitates.

Cell growth measurement

For cell growth measurement, ECs were seeded at 2 × 104

cells in 24-well culture plates with 1 mL of culture medium.
Twenty-four hours after seeding, cells were incubated in 2%
serum for 20 h. Cells were either untreated or stimulated
with various concentrations of polysaccharides in media
containing 2% serum and left without medium change for
the indicated time. Similarly, cells were seeded and grown
onto the gels containing or not heparin and the derivatized
dextran. For all experiments, quadruplicate plates per
sample were trypsinized and counted by using a Coulter
Counter (ZM; Coultronics). Percent of stimulation was de-
termined as followed: % stimulation = [growth in the pres-
ence of polysaccharides/growth in control dishes] × 100.
The EC50, concentrations to achieve 50% of the maximum
growth stimulation, were obtained from the log dose-
response curves.

Flow cytometry analysis

Cells were seeded in 75-cm2 flasks in culture medium.
After 24 h, the cells were incubated in 12 mL of incubation
medium in the presence or absence of polysaccharides. Cell
cycle distributions were given 20 h after the addition of
polysaccharides, by flow cytofluorimetric analysis of prop-
idium iodide-stained cells.28 Briefly, cells were trypsinized,
washed twice with PBS, fixed with ethanol/PBS/water (70:
15:15, v/v/v) for 1 h at −20°C, and then resuspended in PBS
containing 1% glucose. Cells (106) were treated at 4°C with
1 mL of staining solution: 15 �g/mL propidium iodide,
100 �g/mL RNase, 500 �g/mL sodium citrate, and 0.015%
Triton X-100 (Fluka). After gentle pipetting, nuclei were
analyzed on a Becton-Dickinson FacScan II.

Statistical analysis

Results are expressed as means ± standard deviation.
Comparisons between groups were made by the unpaired
t test. A p value of <0.01 was considered to be statistically
significant.

RESULTS

Soluble derivatized dextrans stimulate the growth
of ECs

The proliferation of ECs was first screened by using
the human endothelial cell line, EA.Hy 926 and vari-

ous water-soluble polysaccharides (Table I). On the
dose-response curves after 4 days, we observed that
the non-sulfated B dextran stimulated the serum-
induced cell proliferation with a maximum between
1 and 10 �g/mL, that is, 3–40 nM. B at 10 �g/mL
significantly stimulated the EC proliferation, whereas
heparin slightly inhibited it, and native dextran and
the anionic CM polymer had no effect on cell growth
(Table I).

Similarly, heparin and the derivatized dextrans dif-
ferentially affected the growth of primary culture of
HUVEC (Fig. 1). B at 10 �g/mL increased 3H-thymi-
dine uptake (50% stimulation), whereas native dex-
tran and the anionic CM had no effect on HUVEC
DNA synthesis, and heparin inhibited it (30% inhibi-
tion). B stimulated HUVEC growth with doubling
times of 43 h versus 55 h for control cells in serum
alone.

We also determined by flow microcytofluorimetry
the distribution of cells in the different phases of the
cell cycle after 1 day of incubation with the polysac-
charides. As indicated in Table II, treatment with the
derivatized dextran B induced a twofold increase
of cells in the synthesis S phase and a decrease in the
quiescent G0/G1 phase. In contrast, a decrease in
S phase and increase in G0/G1 was observed with
heparin. No effect was obtained with native dextran
or the anionic CM dextran (Table II).

Figure 1. Polysaccharides modulate serum-induced EC
proliferation. Cells were seeded at 2 × 104/well in culture
medium supplemented with 2% serum. The following day
the medium was renewed and supplemented with 2% se-
rum and the indicated concentrations of derivatized dex-
trans, D (native dextran, �), CM (�), B (�), or heparin (�).
Cell numbers were then determined after 4 days with a
Coulter Counter. Percent of stimulation was determined by
the ratio of the growth in the presence of polysaccharides/
growth in control dishes. Results are means ± standard
deviations for four determinations.
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Derivatized dextran B potentiate the effect of
VEGF and FGF-2 on EC proliferation

Heparin has been already shown to potentiate the
mitogenic activity of FGFs and VEGF on EC prolifera-
tion.4,29,30 We investigated if derivatized dextrans
could modify the EC response to specific endothelial
mitogens, FGF-2 and VEGF. Low-density ECs re-
sponded in our conditions to both FGF-2 and VEGF by
increased DNA synthesis. Indeed, increasing concen-
trations of FGF-2 stimulated EC proliferation, with an
EC50 equal to 1 pM. A maximal fivefold stimulation of
the 3H-thymidine incorporation into DNA was ob-
tained with 25 pM (0.45 ng/mL) of FGF-2. VEGF also
stimulated ECs in a dose-dependent fashion, with an
EC50 equal to 200 pM. A maximal twofold stimulation
was observed with 500 pM (22.5 ng/mL) of VEGF.

To analyze the effects of derivatized dextrans on
growth factor-induced EC proliferation, experiments
were carried out at growth factor concentrations lower
than their respective EC50. A 0.1 pM concentration of
FGF-2 induced a twofold stimulation of basal prolif-
eration [Fig. 2(A)]. When B was added at 0.5 �g/mL (2
nM) together with 0.1 pM FGF-2, it potentiated the
FGF-2 mitogenic effect by 13-fold [Fig. 2(A)]. The
stimulation of DNA synthesis on ECs by B with only
0.1 pM FGF-2 was more than twice of the maximum
level obtained with the highest dose of FGF-2 (25 pM).

As shown in Figure 2(B), a 50 pM concentration
of VEGF had a weak but significant mitogenic effect
(1.5-fold). The addition of B (2 nM) increased the pro-
liferative effect of VEGF of 3 times [Fig. 2(B)]. Again,
the observed stimulation with low doses of B and
VEGF was higher than with any dose of VEGF alone.

Hydrogels containing the derivatized dextran B
potentiate EC proliferation

Hydrogels made of dextran alone or co-crosslinked
with heparin or the derivatized dextran B were stud-

ied for their effects on EC proliferation. Attachment of
cells reached a plateau on all hydrogels 3 h after cell
seeding. Cell counting indicated a higher cell density
on gels containing the B polymer (+15 ± 4% compared
to plain gels; n = 4). Heparinized gels contained less
cells (−46 ± 2% compared to plain gels; n = 4). When
following cell proliferation over 6 days, we always
observed the highest cell growth on gels containing
the derivatized dextran B (Fig. 3). In contrast, gels con-
taining heparin were less efficient to promote EC pro-
liferation than control gels (Fig. 3). At day 6, cell num-
bers were +33 ± 5% and −20 ± 3% (n = 6) for B gels
and heparinized gels, respectively, compared to plain
gels. Examination of wells through all the cell growth
period showed the persistence of the gels in vitro, sug-
gesting a possible sufficient stability of the matrix for
the coating of biomaterial devices.

TABLE II
Cell Cycle Distribution of ECs After Stimulation

With Polysaccharidesa

Polymers

Phases (%)

G0/G1 S G2/M

Control 75 21 4
Native dextran 76 21 3
Polymer CM 77 19 4
Polymer B 48 46 6
Heparin 81 16 3

aFlow cytofluorimetry analysis of cell cycle distribution
of ECs treated with native dextran, derivatized dextrans CM
or B, and heparin. ECs were exposed to 2% serum (control)
or 2% serum + 10 �g/mL of polysaccharides. After 20 h,
cells were harvested and processed for flow cytofluorimetry.
Values of the proportion of cells in the three phases are
representative of one experiment. Similar results were ob-
tained in two separate experiments.

Figure 2. Derivatized dextran B potentiates (A) FGF2- and
(B) VEGF-induced EC DNA synthesis. DNA synthesis was
evaluated by 3H-thymidine addition to ECs for the last 4 h
of 24 h incubation in the presence of (A) 0.1 pM FGF-2 alone
or with 2 nM of polymer B, or (B) 50 pM VEGF alone or with
2 nM of polymer B. Results normalized to the values in the
absence of growth factor are means ± standard deviations
for three determinations.
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DISCUSSION

EC growth control is of particular importance in
wound healing, angiogenesis, and after vascular graft
implantation. To develop a biocompatible coating of
vascular prostheses, we first investigated on ECs the
structure-mitogenic activity relationship with polysac-
charides in the presence of serum and mitogenic
growth factors. From studies reported here, we
showed that non-sulfated derivatized dextrans were
able in vitro to stimulate EC growth in serum contain-
ing media. Similar results were obtained by using ei-
ther a human EC line (EA.Hy 926) or human primary
ECs (HUVEC). In contrast to derivatized dextrans, we
observed that heparin inhibited HUVEC and EA.Hy
926 cell growth in the presence of serum.

Heparin modulates the mitogenic activities of
growth factors, but the structural mechanisms of EC
growth regulation by natural heparin and synthetic
heparin-like polysaccharides are still not completely
elucidated.31 Interactions are assumed to involve spe-
cific chemical sequences in sulfated polysaccharides
and cell membrane receptors or growth factors within
the extracellular matrix, thereby activating mitogenic
signals or repressing growth-inhibitory signals.13,32–34

For this purpose, we further decided to study the com-
bination of non-sulfated derivatized dextrans with
two growth factors known to stimulate EC prolifera-
tion: VEGF and FGF-2. The addition of the derivatized
dextran B in the culture medium significantly poten-
tiated the proliferative action of both growth factors
(Fig. 2). Indeed, a 13-fold induction of DNA synthesis

was observed in the presence of low doses of polymer
B and FGF-2. A 3.5-fold stimulation was obtained with
B on VEGF-stimulated cells. It is worth noting that
such levels of stimulation could never be obtained
even with the highest concentrations of growth fac-
tors. Direct interactions between FGF-2, TGF�1, and
PDGF-BB but not EGF or IGF-1 and derivatized dex-
trans bearing benzylamide groups were already dem-
onstrated.17–19 Thus, derivatized dextrans could either
stabilize FGF-2 and VEGF to increase their respective
half-life or act on the translocation of the mitogens
from the extracellular matrix on ECs. It is likely that
these compounds trapped in a synthetic or natural
extracellular matrix could protect surrounding mito-
genic factors enhancing EC proliferation, whereas a
higher affinity of growth factors with, for instance
heparin, can prevent by sequestration their bioavail-
ablity. Our future investigations of the fate of com-
plexes between various polysaccharides and growth
factors or extracellular matrix proteins35 could pro-
vide clues of the intracellular phosphorylation events
leading to the regulation of EC proliferation.

The adjuvant effect of the water-soluble derivatized
dextran to serum or growth-factor-induced EC prolif-
eration is associated to a chemical structure that im-
plies a distribution of substituted glucosyl units. In
previous studies, the structural determinants respon-
sible for the anticoagulant activity were shown to be
related to the sulfate content in the dextran units.22,36

However, synthetic dextran without sulfate units,
such as B, are completely devoid of anticoagulant ac-
tivity. We show here that derivatized dextran B, which
contain anionic carboxyl groups and hydrophobic
benzylamine moieties, have a stimulatory effect on se-
rum-induced EC growth. This non-sulfated deriva-
tized dextran also increases the EC distribution in
S phase of the cycle cell (Table II). In contrast, carbox-
ymethyl dextran CM, bearing only anionic carboxyl
units, has no effect on EC growth, ruling out a simple
charge effect mechanism. Our results also indicated
that the grafting of benzylamine groups on this non-
heparin-like dextran appeared to be crucial to signifi-
cantly enhance FGF-2 and VEGF mitogenic properties
on ECs (Fig. 2). Because chemical groups as benzyl-
amine distributed along the macromolecular chain en-
dowed the non-anticoagulant derivatized dextran
with a pro-proliferative activity on ECs, we conclude
that the anticoagulant and proliferative effects of poly-
saccharides on ECs were dissociated. Conversely,
the presence of sulfate groups on the dextrans was
not required for the EC growth stimulation and can
even inhibit it as for heparin. This result is consistent
with the work with other molecules such as sucrose-
octasulfate,33 aurintricarboxylic acid,37 poly(2-
acrylamido-2-methyl propanesulfonic acid),38 and the
non-sulfated poly(4-hydroxyphenoxy acetic acid) con-
taining carboxyl and aromatic groups,11 revealing a

Figure 3. Derivatized dextran B immobilized on dextran
hydrogels potentiates EC proliferation. Crosslinked gels
made of dextran (�) were obtained with STMP and con-
tained or not 3 wt % of heparin (�) or derivatized dextran
B (�). Cell proliferation over a 6-day period was followed
by cell counting after trypsination. Results are means ± stan-
dard deviations for four determinations in one representa-
tive experiment.
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general effect of polymers substituted with both aro-
matic rings and negatively charged residues.

The presented results suggested that these non-
anticoagulant synthetic dextrans hold promise for the
coating of vascular biomaterials as well as tissue en-
gineering applications requiring neovascularization. It
is of interest that the data indicated that the immobi-
lization of such polymers on a hydrogel promote EC
proliferation (Fig. 3). In contrast, heparin immobiliza-
tion on our matrices gave an inhibitory effect to EC
growth, in agreement with other reports for immobi-
lized heparin on different matrices.7,39 In fact, en-
hancement of EC proliferation with the anticoagulant
heparin was only reported with the addition of
growth factors within the scaffolds.8,40–42 In contrast,
our method to obtain a stable, inexpensive, and bio-
compatible surface able to enhance EC growth re-
quired only synthetic compounds and a non-toxic
crosslinking procedure. The dextran coating by mim-
icking the glycocalyx of cell surfaces,43 and the simple
method for incorporation of potent bioactive mol-
ecules may open the way to broad applications. In
ongoing experiments, we are thus investigating the in
vitro and in vivo effects of polysaccharides coated on
different vascular prostheses.
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