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ABSTRACT

Small-diameter vascular grafts rapidly fail after implantation, due to occlusion caused by
thrombosis. This problem cannot be overcome using medication. A promising improvement
of graft patency is the seeding of endothelial cells (EC) on the luminal surface of the vascu-
lar graft. Conjugates of albumin and heparin, which were developed to obtain nonthrom-
bogenic coatings, could form an ideal coating for vascular grafts. Besides presenting anti-
coagulant function, heparin will bind proteins with cell adhesive properties, thus facilitating
adherence of EC to the graft surface. EC were able to grow to confluency on CO2 gas
plasma-treated polystyrene (PS-CO2) coated with albumin-heparin conjugate. CO2 gas
plasma treatment resulted in the introduction of functional groups at the surface (e.g., hy-
droxyl, aldehyde, carboxylic acid, and epoxide groups). Addition of albumin-heparin con-
jugate to the functionalized surface in an aqueous solution with pH 8.2 yielded a stable mono-
layer of covalently bound conjugate. The number of cells adhering and proliferating on this
surface was comparable to the number of cells on fibronectin-coated PS-CO2. However, the
structure and size of EC proliferating on surface-immobilized albumin-heparin was more
irregular. Long-term adherence might be improved by adding fibronectin to the albumin-
heparin surface, either as a mixture with albumin-heparin or in a separate incubation step.

INTRODUCTION

SYNTHETIC VASCULAR GRAFTS OF DACRON OR EXPANDED TEFLON, with a diameter exceeding 5 mm, placed
in high-flow, low-resistance locations such as the aortoiliac position, have been successfully used in

vascular surgery for some decades.1"3 However, small-diameter grafts inserted in low-flow blood vessels
fail rapidly, due to occlusion caused by thrombosis and fibrotic hyperplasia.4"11 Although anticoagulant
treatment and administration of platelet inhibitors may improve the patency of larger diameter vascular
grafts,12 a similar effect has not been reported for small-diameter grafts.

Faculty of Chemical Technology, Section of Polymer Chemistry and Biomaterials and Institute for Biomedical Tech-
nology, University of Twente, Enschede, 7500 AE, The Netherlands.

This paper was presented at the First Smith & Nephew International Symposium on Advances in Tissue Engineer-
ing and Biomaterials, York, U.K., July 20-23, 1997.

267



BOS ET AL.

In contrast to a number of animal species, spontaneous outgrowth of endothelium on vascular prosthe-
ses implanted in humans does generally not occur,3 although recently spontaneous endothelialization of a
Dacron axillofemoral bypass graft in a patient was reported.13 Endothelial cells (EC), which form the in-
ner lining of the natural vessel wall, display anticoagulant and procoagulant activities, thereby creating a
delicate balance between anticoagulation and haemostasis.1415 Seeding of endothelial cells on the luminal
surface of the vascular graft would therefore appear to be a promising method to avoid occlusion of small-
diameter prostheses.16"25

There are, however, several requirements to be fulfilled to allow the preparation of seeded prostheses.
EC used for seeding need to be autologous, and, depending on the size of the vascular graft, relatively nu-
merous EC are required to allow the formation of a confluent layer. Furthermore, the material used for vas-
cular grafting should be able to support both adhesion and proliferation of endothelial cells. Finally, be-
cause the layer of seeded endothelial cells will, in most cases, be incomplete immediately after seeding, the
prosthetic material should display antithrombogenic properties.

A coating consisting of albumin and heparin combines anticoagulant activity of heparin with passivation
of the surface by albumin. Coating of polyurethane catheters and poly(tetrafluoroethylene) sheets with con-
jugates of albumin and heparin decreases the in vitro deposition, aggregation and activation of platelets.26-27

Albumin-heparin conjugate is also effective in reducing complement activation.27 Moreover, a number of
adhesive proteins excreted by endothelial cells have binding sites for heparin. Conjugates of albumin and
heparin could therefore constitute an ideal coating for vascular grafts.

In the present study, polystyrene was modified by gas plasma treatment to generate chemical groups
at the surface which were used to covalently immobilize albumin-heparin conjugate to the surface. This
substrate was subsequently tested for its capability to allow adhesion and proliferation of endothelial cells
(Fig. 1). Human umbilical vein endothelial cells (HUVECs) were used as a model for vascular endothe-
lial cells.

MATERIALS AND METHODS

Materials

Albumin-heparin conjugate, 11.6% (w/w) heparin, was obtained from Holland Biomaterials Group (En-
schede, The Netherlands). 14C-formaldehyde (55 mCi/mmol) and Na]25I (17-4 mCi//ig) were bought from
Amersham (Amersham, U.K.). NaCNBH3 was from Janssen Chimica (Beerse, Belgium). Iodobeads were

Polymer Substrate

Albumin-Heparin Endothelial Cell Fibronectin Other Proteins

FIG. 1. Schematic representation of endothelial cells using heparin-binding adhesive proteins to adhere to albumin-
heparin conjugate immobilized on a polymer substrate.
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obtained from Pierce (Rockford, IL). Optiphase HiSafe-3 was from Wallac (Milton Keynes, U.K.). PD10
columns and gelatin-sepharose were from Pharmacia (Uppsala, Sweden). Phosphate-buffered saline (PBS,
pH 7.4) was purchased from NPBI (Emmercompascuum, The Netherlands). Polystyrene discs (22 mm di-
ameter) were obtained from W. S. V. Kunststoffen (Utrecht, The Netherlands). Polystyrene (PS) and tissue
culture polystyrene (TCPS) petri dishes (35 mm diameter) were from Greiner GmbH (Frickenhausen, Ger-
many). TCPS 12-well plates were obtained from Costar (Cambridge, U.K.). Argon (Ar) and carbon diox-
ide (CO2) were from Hoekloos (Schiedam, The Netherlands). 1,3-Di-tert-butylcarbodiimide was purchased
from Aldrich Chemie (Brussels, Belgium). Pig mucosal heparin sodium (195 U/mg) was from Bufa Chemie
(Castricum, The Netherlands). Medium Ml99, Medium RPMI 1640, glutamax-1, penicillin, streptomycin,
fungizone, trypsin-EDTA, and basic fibroblast growth factor (bFGF) were purchased from Life Technolo-
gies (Paisley, U.K.). Collagenase 1 was from Sigma Chemical Company (St. Louis, MO). A plasma frac-
tion containing human fibronectin was a gift from the Central Laboratory of the Blood Transfusion Service
(CLB, Amsterdam, The Netherlands). All other chemicals were of the highest purity available from Merck
(Darmstadt/Hohenbrunn, Germany).

Gas Plasma Treatment of Polystyrene Discs and Petri Dishes

Polystyrene surfaces used for gas plasma treatment were rinsed ultrasonically with hexane, ethanol, and
demineralized water (four times 15 min for each solvent) and subsequently dried in vacuo.

The plasma reactor consisted of a glass tube with an internal diameter of 6.5 cm and a length of 80 cm.
The reactor was equipped with three externally placed, capacitively coupled electrodes. The hot electrode
was placed in the centre of the reactor and the cold electrodes at 10 cm (Ar treatment) or 30 cm (CO2 treat-
ment) in distance at both sides. One side of the reactor was connected to a gas inlet system with flow con-
trol. The reactor was evacuated by a two-stage rotary vane pump. The electrodes were powered through a
matching network by a 13.56-MHz radio frequency generator. The plasma treatment time was computer
controlled. The plasma treatment procedure was as follows: 12 polystyrene discs or six polystyrene petri
dishes were placed between the powered and grounded electrodes on a glass substrate holder. The reactor
was evacuated until a pressure of 0.01 mbar, before an Ar or a CO2 flow of 20 cm3/min (STP) was estab-
lished through the reactor. After 5 min, the plasma was started (0.10 mbar, 41 Watt). After 1 min, plasma
treatment was terminated and the gas flow was maintained for 2 min. The reactor was brought to atmos-
pheric pressure with air. The discs were turned, and the procedure was repeated. To prevent surface re-
arrangement processes, treated surfaces were stored at a temperature — 20°C after treatment until charac-
terization or use.

XPS Analysis

Atomic percentages of incorporated oxygen were determined by means of x-ray photoelectron spec-
troscopy (XPS) using a Kratos XSAM-800. For argon-treated surfaces, incorporated carboxylic acid groups
were determined by means of derivatization XPS, using a derivatization reaction with 2,2,2-trifluoroethanol
(TFE), according to the method of Chilkoti et al.28 and modified by Terlingen et al.29 In short, plasma-
treated samples were placed vertically in a glass vial on glass beads. After TFE (0.45 ml), pyridine (0.2
ml), and 1,3-di-tert-butylcarbodiimide (0.15 ml) were injected between the glass beads, the vial was closed
and the reaction was allowed to proceed for 24 h at room temperature. Subsequently, atomic percentages
of incorporated fluor were determined with XPS.

14C Labeling of Albumin-Heparin Conjugate

Albumin-heparin was labeled by reductive methylation using 14C-fomaldehyde in the presence of
NaCNBH3.30 To 500 mg (~7 jiunol) of albumin-heparin conjugate in 10 ml of PBS, 6.1 //,mol of
14C-formaldehyde (55 mCi/mmol) was added. Subsequently, 60 jumol NaCNBH3 was added in six aliquots
with 15-min intervals. After 3 h at room temperature, the labeled conjugate was dialyzed for 48 h against
5 L of demineralized water, which was replaced every 12 h. Finally, the conjugate was lyophilized. The
specific activity of 14C-albumin-heparin conjugate was 1,502 ± 22 dpm//xg.
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Surface Immobilization of Albumin-Heparin Conjugate
14C-albumin-heparin conjugate was bound to PS-Ar and PS-CO2 discs (9.0 cm2) by adding a conjugate

solution to the surface either directly or after preactivation of carboxylic acid groups at the surface using
A^3-dimethylaminopropyl)-/V'-ethylcarbodiimide (EDC) and /V-hydroxysuccinimide (NHS). Preactivation
of carboxylic acid groups was achieved by immersing the discs for 30 min in 5 ml of MES buffer (5 mM,
pH 4.6) to which EDC (1 mM) and NHS (0.2 mM) were added. After rinsing with cold MES buffer, fol-
lowed by rinsing with borate buffer (5 mM, pH 8.2), preactivated discs were placed in borate buffer con-
taining 15 mg/ml albumin-heparin conjugate. Discs that were not preactivated were stored in MES buffer
before being placed in conjugate solution. After 1 hr of incubation with albumin-heparin conjugate, the
discs were rinsed using PBS (three times), a phosphate buffer (12 mM) containing 1 M NaCl with a pH of
3.5 (three times), and a similar solution with a pH of 10.5 (three times). Finally, the surfaces were rinsed
twice with PBS.

14C-albumin-heparin conjugate was coated or immobilized on PS, TCPS, and PS-CO2 petri dishes (10.9
cm2) in a similar way, except that 1 ml of MES buffer (with or without EDC/NHS) and subsequently 1 ml
of albumin-heparin conjugate was pipetted into the petri dish instead of immersing the surface in solution.
The reaction was carried out for 45 min.

Stability of Albumin-Heparin Conjugate-Coated Surfaces
14C-albumin-heparin-coated discs were placed at 37°C in vials containing 8 ml of complete cell culture

medium (CM) supplemented with 20% (v/v) pooled human serum (CMS). CM consisted of Medium M199
(50% v/v), Medium RPMI 1640 (50% v/v), glutamax-1 (2 mM), penicillin (100 U/ml), streptomycin (100
/Ag/ml), and fungizone (2.5 ^tg/ml). At selected times, the supernatant was replaced by fresh CMS. After
addition of 13 ml of HiSafe-3, radioactivity in the supernatant was measured. At day 17, the radioactivity
of the surfaces was determined as well. Therefore, petri dishes or discs were incubated twice with 2 ml of
1 M NaOH for 24 h. Subsequently, the surfaces were broken into pieces, and radioactivity in the NaOH
solutions and at the surface were determined after the addition of 18 ml of HiSafe-3.

The stability of albumin-heparin-coated surfaces in SDS was determined by measuring radioactivity
in the supernatant and on the surface after vigorous shaking of the discs in a 3% SDS solution at 37°C for
48 h.

Surface concentrations were calculated by dividing the surface-bound radioactivity by the specific ac-
tivity of the conjugate and the surface area.

1251 Labeling of Fibronectin

Human plasma fibronectin, purified on a gelatin-sepharose column, was labeled with 125I employing
Iodobeads according to the method of Markwell.31 A total of 500 /xCi Na12SI (15.5 mCi//ig) was added to
three Iodobeads that were rinsed with PBS. After 5 min of incubation at room temperature, 5 mg of fi-
bronectin in PBS was added. After 12 min, free iodine was removed from the reaction mixture, using a se-
ries of 3 PD10 columns, with PBS as eluent. The specific activity of 12?I-fibronectin was 30.5 ± 0.4 dpm/ng,
with < 1 % unbound 125I (PDlO-column).

Surface Concentration and Stability of Albumin-Heparin and Fibronectin Coatings in Petri
Dishes

Using 125I-fibronectin, the quantity of fibronectin coated on selected materials used for cell proliferation
studies as well as the stability of these coatings in CMS were determined. For coating with fibronectin, 1
ml of fibronectin solution (0.025 mg/ml in PBS) was added to petri dishes, and after 30 min, each dish was
rinsed twice with PBS. Surfaces onto which albumin-heparin was immobilized were also coated with fi-
bronectin (0.05 mg/ml), and a mixture of conjugate (15 mg/ml) and fibronectin (0.05 mg/ml) was immo-
bilized as well.

125I-radioactivity bound at the surface and surface concentrations were determined as described for 1 4C-
albumin-heparin, except for the addition of HiSafe-3.
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Isolation of Endothelial Cells

Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical veins according to the
method of Jaffe et al.32 and modified by Van Wachem et al.33 In short, the umbilical vein was rinsed with
PBS and incubated for 20 min at 37°C in 0.05% trypsin-0.02% EDTA solution in PBS. CMS was added
to inactivate trypsin, and after exchange of the medium by fresh medium, cells were plated in fibronectin-
coated TCPS flasks and grown until the third passage. Before seeding, cells were detached from the TCPS
surface by incubation with 0.05% trypsin-0.02% EDTA solution in PBS.

Proliferation of Endothelial Cells on Various Substrates

Proliferation of HUVECs was investigated using petri dishes of PS. TCPS, and PS-CO2, either with or
without coating with fibronectin and albumin-heparin conjugate. Albumin-heparin- and/or fibronectin-
coated surfaces were prepared as described above.

Before cell seeding, surfaces were placed overnight at room temperature in PBS containing penicillin
(100 U/ml) and streptomycin (100 ^tg/ml).

Third passage HUVECs were seeded at a density of 10,000 cells/cm2 and cultured at 37°C in 5% CO2

saturated with water vapor. Culture medium (0.20 ml/cm2) containing 20% (v/v) human serum, 5 U/ml
heparin, and 0.29 ng/ml bFGF was replaced every other day. At selected times, cells were trypsinized, and
cell numbers were determined using a Biirker counting device.

RESULTS

Gas Plasma Treatment of Polystyrene Surfaces

The results of the XPS analyses of Ar- and CO2-treated surfaces (Table 1) demonstrate that during
plasma treatment the oxygen content of all surfaces increased. The oxygen content of CO2-treated sur-
faces was significantly higher than of Ar-treated surfaces. On Ar-treated surfaces, some nitrogen was in-
corporated, whereas nitrogen was hardly detectable on CO2-treated surfaces. Some oxygen was found on
untreated polystyrene. Following derivatization with 2,2,2-trifluoroethanol (TFE), argon-treated surfaces
contained fluorine, which was not present before this reaction. From this quantity of fluorine, the amount
of oxygen atoms being present in carboxylic acid groups was calculated to be 6.4% of the total amount
of oxygen present.

TABLE 1. ELEMENTAL ANALYSIS OF UNMODIFIED AND GAS PLASMA-TREATED

POLYSTYRENE SURFACES AND OF TISSUE CULTURE POLYSTYRENE

PS
PS TFE
PS-Ar
PS-Ar TFE
PS-CO2 (disc)
PS-CO2 (petri dish)
TCPS

n

6
2

4
4
1

4
2

C
(atomic %)

99.6 ± 0.2
98.4 ± 1.0
87.3 ± 0.9
85.8 ± 1.0
79.2 ± 2.0
79.0 ± 2.0
86.3 ± 0.1

O
(atomic %)

0.4 ± 0.2
0.0 ± 0.0

11.6 ± 0.7
11.5 ± 0.5
20.7 ± 2.0
20.9 ± 1.9
13.7 ± 0.1

N
(atomic %)

0.0
1.0
1.0
1.0
0.1
0.1
0.0

± 0.0
± 0.2
± 0.2
± 0.2
± 0.0
± 0.1
± 0.0

F
(atomic %)

0.0 ± 0.0

1.1 ± 0.3

TCPS, tissue culture polystyrene; n, number of surface samples measured; TFE, surfaces modified with 2, 2, 2-trifluo-
roethanol to determine the percentage of O-atoms present in carboxylic acid groups.
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Immobilization of l4C-Albumin-Heparin Conjugate onto Gas Plasma-Treated Polystyrene
Surfaces: Surface Concentration and Stability

14C-albumin-heparin conjugate was immobilized onto native, argon-treated, and CO2 gas plasma-treated
polystyrene surfaces, with or without preactivation of carboxylic acid groups on the surface. Preactiva-
tion was performed using A?-(3-dimethylaminopropyl)-W-ethylcarbodiimide (EDC) in the presence of
/V-hydroxysuccinimide (NHS).

Surface concentration of albumin-heparin conjugate to native polystyrene was 0.27 /xg/cm ; on PS-Ar,
the surface concentration was 0.10 yug/cm2 (Fig. 2). More albumin-heparin conjugate was immobilized on
PS-CO2 than on PS-Ar and native polystyrene (0.41 /ug/cm2). Preactivation of carboxylic acid groups in-
creased the surface concentration of albumin-heparin on PS-Ar, whereas on PS-CO2 preactivation decreased
the quantity of immobilized albumin-heparin.

Most of the albumin-heparin bound to PS was released upon incubation in SDS. In contrast, the per-
centage of conjugate released from gas plasma-modified surfaces after exposure to SDS was much smaller.

When the release of albumin-heparin conjugate was determined upon incubation in cell culture medium
(CMS), a small amount of conjugate was released from the gas plasma-treated surfaces within 1 day, af-
ter which the surfaces were stable (Fig. 3). In contrast, almost 50% of the initially bound conjugate was re-
leased from native PS during the first 24 h, after which the remainder of the coating was stable during >2
weeks.

The conjugate coating was slightly more stable on PS-Ar preactivated with EDC and NHS than on
PS-CO2. On the latter surface, the concentration of conjugate was much higher. Based on these results, fur-
ther investigations were carried out using PS-CO2, without preactivation with EDC/NHS.

Surface Concentration and Stability of Fibronectin Coatings

The quantity of fibronectin immobilized onto PS-CO2 was comparable to the quantity on TCPS (Fig.
4A). On albumin-heparin-coated PS-CO2, a relatively large quantity of fibronectin was bound in a second
step, displacing only a small amount of albumin-heparin from the surface. The surface concentration of al-
bumin-heparin conjugate immobilized on PS-CO2 petri dishes was higher than on PS-CO2 discs (cf. Figs.
4B and 2).
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FIG. 2. Surface concentration of l4C-albumin-heparin conjugate immobilized on polystyrene (PS), argon plasma-
treated polystyrene (PS-Ar) and CO2 plasma-treated polystyrene (PS-CO2) with or without preactivation of surface car-
boxylic acid groups by EDC and NHS (E/N). Bars represent surface concentrations before and after exposure to 3%
SDS solution for 48 h (n = 3, ± SD).
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FIG. 3. Surface concentration of 14C-albumin-heparin conjugate immobilized on polystyrene (PS), argon
plasma-treated polystyrene (PS-Ar), and CO2 plasma-treated polystyrene (PS-CO2) discs with or without preactiva-
tion of surface carboxylic acid groups by EDC and NHS (E/N) as a function of storage time in cell culture medium
(CMS) at 37°C (n = 3, ± SD).

Part of the protein coatings was released during overnight incubation in a solution of penicillin and strep-
tomycin in PBS. This effect was observed for TCPS as well as PS-CO2, and for both albumin-heparin and
fibronectin. During overnight incubation in cell culture medium, a small percentage of bound fibronectin
and albumin-heparin conjugate was released from PS-CO2 surfaces (Fig. 4). Fibronectin was released from
TCPS to the same extent as from PS-CO2- When bound after immobilization of albumin-heparin conjugate,
however, fibronectin was almost completely released in CMS.

Adherence and Proliferation of Endothelial Cells on Albumin-Heparin Surfaces

HUVECs adhered and proliferated on both native PS-CO2 and on TCPS. but hardly on native PS (Fig.
5A). On PS-CO2 and TCPS coated with albumin-heparin conjugate, without (Fig. 5B) or with fibronectin
coated in a separate incubation (Fig. 5D), cells adhered and proliferated as well. On PS coated with albu-
min-heparin, cell proliferation was only transient even when fibronectin was added.

During the second week of culturing, cells detached from albumin-heparin coatings and uncovered spots
were observed. However, total cell numbers remained constant or increased slightly. After coating of sur-
faces with fibronectin (Fig. 5C), the differences in cell numbers between the substrates during proliferation

disappeared.
On all surfaces except native and albumin-heparin-coated PS, cells had formed a confluent monolayer

at day 7. Figure 6 illustrates the morphology of cells cultured on selected surfaces. On all fibronectin-coated
surfaces and on native PS-CO2 and TCPS, HUVECs showed the cobblestone structure, typical for en-
dothelial cells in culture. On albumin-heparin-coated surfaces, the structure and size of endothelial cells
were more irregular.

DISCUSSION

Because, in humans, the luminal surface of vascular prostheses is not spontaneously overgrown by en-
dothelium, seeding of endothelial cells has been proposed to obtain endothelialization of vascular grafts,
thus preventing thrombotic complications. A prerequisite for successful cell seeding is the optimal adhe-
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FIG. 4. Surface concentration of fibronectin (A) and albumin-heparin conjugate (B) on a series of surfaces after coat-
ing and rinsing D, after overnight incubation in penicillin-streptomycin solution H, and after 1 • and 4 days E in-
cubation in CMS at 37°C. PS-CO2 AlbHep/FN added in the second step represents an albumin-heparin coating onto
which additional fibronectin was bound in a second step. In contrast, PS-CO2 AlbHep/FN present in mixture represents
a coating of a mixture of albumin-heparin and fibronectin (n = 3, ±SD).

sion of endothelial cells to the graft surface. In addition, the graft surface should have antithrombogenic
properties because it is not expected that the layer of seeded endothelial cells is confluent immediately af-
ter seeding. The present study was undertaken to investigate whether or not albumin-heparin conjugate,
which displays anticoagulant activity, could function as a substrate for endothelial cells.

To prevent displacement of albumin-heparin from the surface by cells and proteins, gas plasma treatment
was used to generate functional groups at the surface, which subsequently were used to covalently bind the
conjugate. Argon plasma treatment of polystyrene resulted in the introduction of oxygen-containing groups
at the surface. In the analyzed top layer of 100 A of PS-Ar, - 6 . 5 % of the incorporated oxygen was deter-
mined as carboxyhc acid groups, which agrees with data reported by Van Delden et al.,34 who studied co-
valent binding of albumin-heparin to argon-treated polystyrene. Using EDC and NHS, sufficient carboxylic
acid groups at the surface can be activated to covalently bind ±0.22 ixg/cm2 of albumin-heparin conjugate,
which is in the order of a theoretical side-on monolayer. As not all conjugate immobilized to PS-Ar with-
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out EDC and NHS was desorbed from the surface in SDS solution, it is possible that some conjugate was
immobilized via aldehyde and epoxide groups, which were introduced at the surface by argon treatment, or
that SDS desorption did not remove all physically adsorbed conjugate.

CO2-plasma treatment of polystyrene introduced more oxygen-containing groups at the surface than treat-
ment with argon, which agrees with the results of Takens,35 who introduced 22% oxygen on solution-casted
polystyrene films in a similar way. Takens35 showed that CO2 plasma introduces hydroxyl, aldehyde, car-
boxylic acid, and epoxide groups at the surface of polystyrene.

In the present study, more albumin-heparin conjugate was immobilized on CO2-treated polystyrene sur-
faces than on argon-treated polystyrene, which might be the result of differences in chemical composition
of the surface or of the higher oxygen content of PS-CO2. Surprisingly, without preactivation of surface
carboxylic acid groups by EDC and NHS, more albumin-heparin was immobilized on PS-CO2 than with
preactivation. It is probable that covalent immobilization of the conjugate on CO2-treated polystyrene is es-
tablished by reactive epoxide groups; binding of conjugate NH2-groups to surface aldehyde groups might
also play a role. Incubation with EDC and NHS deactivates some of these groups—for instance, through
hydrolysis.
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FIG. 5. Number of endothelial cells on TCPS, PS and PSCO2, either without (A) or with immobilized albumin-
heparin (B), fibronectin (C), or albumin-heparin with fibronectin added during a second incubation (D), at different
proliferation times: d day 1, D day 4, • day 7, and • day 13. Third passage HUVECs, seeded in a density of
10,000/cm2, were cultured in cell culture medium containing 20% (v/v) human serum, 5 U/ml heparin, and 0.29 ng/ml
bFGF (n = 3, ±SD).
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FIG. 6. Light-microscopic images of HUVECs grown for 7 days on TCPS-FN (A), on PS-CO2 (B), and on albumin-
heparin immobilized on PS-CO2 without (C) or with (D) fibronectin coating after immobilization of albumin-heparin.
Third passage HUVECs, seeded in a density of 10,000/cm2, were cultured in cell culture medium containing 20% (v/v)
human serum, 5 U/ml heparin, and 0.29 ng/ml bFGF (original magnification, x 128).

Besides the stability of the conjugate coatings in SDS solution, release of immobilized conjugate in cell
culture medium (CMS) was also determined. Initially, some albumin-heparin was released from the sur-
face, after which the residual immobilized conjugate was stable. The quantity of conjugate still present on
the surfaces after contact with CMS was within the experimental error equal to the quantity present on the
surface after SDS desorption.

During cell culture also, part of the conjugate may be displaced by other proteins, which may influence
adherence of HUVECs to the substrate. Several authors have postulated that, in order to be able to adhere,
endothelial cells must deposit fibronectin, which displaces proteins previously adsorbed to the surface from
the serum-containing medium.36"39

Our studies demonstrate that endothelial cells were able to adhere to and proliferate on albumin-heparin
conjugate covalently immobilized onto CO2 plasma-modified polystyrene. Cells also proliferated on un-
coated PS-CO2, indicating that sufficient adhesive proteins adsorbed from the serum-containing medium
during adhesion or that fibronectin released by the cells displaced proteins already present at the surface.

When a solution of fibronectin was brought into contact with albumin-heparin-coated PS-CO2, a rela-
tively large amount of fibronectin was immobilized, but only a small amount of albumin-heparin was dis-
placed. It is postulated that most of the fibronectin binds to the conjugate via the heparin moiety, which is
supported by the observation that, when fibronectin was added to the surface together with albumin-heparin
conjugate, significantly less fibronectin and conjugate bound to the surface. During overnight incubation in
penicillin/streptomycin solution, part of the fibronectin and albumin-heparin was released from the surfaces.
Upon incubation in CMS, fibronectin was removed from a layer of albumin-heparin conjugate through ex-
change with other proteins, in contrast to the conjugate itself, which was not released from the surface.
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Differences in cell morphology rather than in cell numbers were observed. Cells were more spread on
all substrates that had been coated with fibronectin than on albumin-heparin surfaces. Moreover, adding fi-
bronectin to the albumin-heparin surfaces clearly improved adherence and spreading of endothelial cells to
these surfaces.

The immobilization of albumin-heparin has no beneficial effect in terms of cell adherence and prolif-
eration when compared to fibronectin-coated PS-CO2. However, besides the inhibiting effect on coagu-
lation and complement activation, immobilized albumin-heparin has been shown to decrease the in vitro
deposition, aggregation, and activation of platelets.2627 In contrast, coating of surfaces with fibronectin
enhances adhesion of platelets to the surface.40""*2 Therefore, the quantity of fibronectin added to albu-
min-heparin surfaces needs to be optimized with respect to endothelial cell adherence and platelet inter-
action.

Because polystyrene cannot be used in vascular graft surgery, the present model system needs to be eval-
uated using Dacron or Teflon instead of the polystyrene surface. Unpublished results of Klomp et al.43

demonstrate that proteins in an aqueous solution with pH 8.2 were immobilized on CO2 gas plasma-mod-
ified polyethylene terephthalate. the base material of Dacron. This layer of proteins immobilized on the
Dacron fibers could form the basis of a stable, cross-linked albumin-heparin matrix that fills the pores of
the Dacron graft. It is therefore anticipated that albumin-heparin might be useful as a vascular graft coat-
ing to prevent thrombus formation and to promote endothelialization of the graft.

CONCLUSIONS

HUVECs are able to adhere to and subsequently proliferate on CO2 plasma-modified polystyrene. Con-
fluent monolayers were formed, although cell numbers were lower than on TCPS. Immobilization of albu-
min-heparin conjugate onto CO2-treated polystyrene resulted in increased cell numbers, as was anticipated.
On these surfaces, the number of cells found was determined to be the same as the number on fibronectin-
coated PS-CO2. However, because cell adherence is not optimal on albumin-heparin-coated PS-CO2, addi-
tion of a small amount of an adhesive protein like fibronectin probably is essential if cells are to adhere to
the surface under flow conditions. Endothelial cell adhesion versus the blood compatibility of such a coat-
ing needs to be evaluated.
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