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Fibrin-mediated endothelial cell adhesion to
vascular biomaterials resists shear stress
due to flow
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In vitro endothelial cell (EC) seeding onto biomaterials for blood-contacting applications can
improve the blood compatibility of materials. Adhesive proteins adsorbed from serum that is
supplemented with the culture medium intercede the initial cell adhesion and subsequent
spreading on material surface during culture. Nevertheless, physical and chemical
properties of vascular biomaterial surface fluctuate widely between materials resulting in
dissimilarity in protein adsorption characteristics. Thus, a variation is expected in cell
adhesion, growth and the ability of cell to resist shear stress when tissue engineering on to
vascular biomaterials is attempted. This study was carried out with an objective to determine
the significance of a matrix coating on cell adhesion and shear stress resistance when cells
are cultured on materials such as polytetrafluoroethylene (PTFE, Teflon) and
polyethyleneterephthalate (Dacron), ultra high molecular weight polyethylene (UHMWPE)
and titanium (Ti), that are used for prosthetic devices. The study illustrates the distinction of
EC attachment and proliferation between uncoated and matrix-coated surfaces. The cell
attachment and proliferation on uncoated UHMWPE and titanium surfaces were not
significantly different from matrix-coated surfaces. However, shear stress resistance of the
cells grown on composite coated surfaces appeared superior compared to the cells grown on
uncoated surface. On uncoated vascular graft materials, the cell adhesion was not supported
by serum alone and proliferation was scanty as compared to matrix-coated surface.
Therefore, coating of implant devices with a composite of adhesive proteins and growth

factors can improve EC attachment and resistance of the cells to the forces of flow.

© 2002 Kluwer Academic Publishers

1. Introduction

Cell attachment, spreading and cytoskeletal organization
on the implant surface is thought to play a decisive role
on in vivo performance of prosthetic devices. In order to
achieve blood compatibility the material surface should
be inert towards the circulating cells like platelets while
allowing adhesion and growth of endothelial cells.
Generally, cell adhesion to biomaterial surface is
mediated through the interaction of transmembrane
integrins and plasma derived adhesive proteins adsorbed
on to the surface [1]. However, reports show that EC do
not adhere to currently available vascular graft materials
like Dacron and PTFE [2, 3]. Thus poor patency of small
diameter vascular graft in humans is a major failure
modality. The concept of designing a material surface

with improved EC adhesion and reduced platelet
adhesion is still a challenge for material scientists.

EC transplantation or seeding on the surface of
vascular biomaterial after precoating with an adhesive
matrix has been a promising approach to reduce the
thrombotic potential of material surface and has been
widely investigated for the small diameter vascular grafts
[4-6]. Although there has been considerable progress
with respect to improving EC attachment and growth on
vascular graft materials, little is known about the
requirement of a matrix protein coating on other implant
materials, such as mechanical heart valve and intravas-
cular stents. In vitro endothelialization of heart valve
prostheses have been reported to reduce thrombosis and
tissue hyperplasia by the reestablishment of the natural
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barrier between prosthetic material and blood compo-
nents [7,8]. It has been shown that human endothelial
cell can be transplanted on the surface of mechanical
heart valve [9]. However, the durability of the monolayer
in the highly complex hydrodynamic environment is a
major concern. An approach to seed bio-prosthetic heart
valve by tissue engineering is initiated by some
investigators [10, 11] and the technology is likely to get
widespread acceptance in the near future especially in the
area of ventricular assist devices.

Cell adhesion to an artificial material is mediated only
through an initially adsorbed layer of proteins. Nature of
proteins that are adsorbed to material surface when it is
exposed to blood, plasma or serum will determine the
extent of cell adhesion, spreading and proliferation [12].
In addition, if the physical and chemical properties of the
surface impede adsorption of proteins that are required
for cell adhesion, such surface is not likely to get
endothelialized soon after implantation. Therefore,
precoating of cardiovascular devices of varying physical,
chemical and topographical properties should mediate
uniform cell adhesion and growth of EC for creation of
tissue engineered devices or to augment endothelializa-
tion after implantation.

In this background, this study was conducted in order
to explore the possibility precoating the currently used
cardiovascular materials to make a difference in EC
adhesion, proliferation and subsequently to measure the
ability of cells to resist the forces of shear stress
compared to the EC that is grown on bare materials.

2. Materials and methods

2.1. Endothelial cell isolation and culture
The cells used were derived from human umbilical vein
(HUV) as essentially described by Jaffe et al. [13] with
some modification. The umbilical vein was cannulated
and thoroughly washed with sterile Hanks balanced salt
solution (HBSS) followed by incubation in 0.2%
collagenase in serum-free Medium 199 for 20min at
37°C. The dissociated cells were washed in RPMI 1640
medium containing 10% newborn calf serum (NBCS) by
centrifugation for 7min at 100 g. The final pellet was
resuspended in complete RPMI medium (GIBCO BRL,
USA), containing 20% NBCS, 100 pg/mL of strepto-
mycin sulfate, 100 U/mL of benzyl penicillin, 100 U/mL
of heparin, 150 pg/mL endothelial cell growth factor
(ECGF) and seeded on gelatin coated tissue culture
polystyrene flasks. The cells were maintained in a
humidified incubator at 37°C in 5% CO,. The cells
were sub-cultured in the near confluent stage at 1 : 3 split
ratio, and was characterized by staining for vWE

2.2. Preparation of vascular materials for
cell seeding

PTFE (Gore Tex) and woven Dacron vascular graft
(Bard) were cut open longitudinally and 1cm? square
pieces were prepared. The graft pieces were fixed in the
24 well plates with the help of a custom-made acrylic
ring. The surface was washed thoroughly with de-ionized
water before pre-coating or cell seeding. Titanium (Ti)
and UHMWPE discs of 15mm diameter size were

752

washed extensively with de-ionized water, dried and
ETO-sterilized before use. They were placed within the
wells of a 24 well culture plate and coated with substrate
as described in Section 2.3.

2.3. Matrix coating

The material surfaces prepared as in Section 2.2 were
washed with serum-free medium 199 before substrate
coating or cell seeding. Initially the surface was
incubated with a thin layer of thrombin solution 20 U/
mL in 0.025M CaCl, for 1h. After aspiration of the
excess thrombin solution, thin layer of a solution of
fibrinogen, gelatin and ECGF was added on to the
surfaces and were allowed to polymerize for at least 1 h
at 37 °C. The coated material surfaces were freeze-dried
using a lyophilizer (Edward Modulyo, UK).

2.4. Cell seeding

HUVEC obtained between third to fifth passages by
trypsinization was used for cell seeding and growth
assay. The seeding density was maintained at
4 % 10 cells per cm? and incubated at 37 °C in the CO,
incubator. After 2h, the medium from each well was
collected to remove the unattached cells and was washed
with fresh medium. The unattached cells were counted to
calculate the percentage of cells attached on each
surface. The materials with attached cells were incubated
with fresh complete medium in the incubator. After 48 h,
the cells on the material surface were fixed with 2%
glutaraldehyde in phosphate buffered saline (PBS) for 4 h
followed by washing and staining with May-Grunwald
Stain. The graft pieces and UHMWPE were viewed
under a light microscope in transmittance mode while the
Ti samples were viewed under reflected light mode
(Lieca epifluorescent Microscope).

2.5. Effect of shear stress

The efficiency of the cell monolayer that were grown on
matrix coated and bare surface to resist the shear stress of
flow was evaluated in a custom made parallel plate flow
chamber which is a modified version as described by
Mclntyre [14]. The monolayer grown on material surface
for 48h was washed with fresh medium and was
immediately placed on the basal plate of the flow
chamber. Complete medium was circulated over the
monolayer using a peristaltic pump for 1h at a shear
stress of 2.5 dynes/cmz. The circulated medium was
collected, the cells were concentrated by centrifugation
and count was noted using a Neubauer Counting
chamber. The monolayer of cells grown on material
surfaces was immediately washed in PBS and was fixed
with 2% glutaraldehyde. After staining with May-
Grunwald stain viewed as described in Section 2.4.

3. Results

3.1. Cell adhesion on different surfaces

The percentage of initial cell adhesion on materials was
found in the order Ti > UHMWPE > PTFE > Dacron.
Cell adhesion was < 35% on Dacron and ~ 40% on



PTFE, more than 75% on UHMWPE and more than 85%
on titanium. Irrespective of the material characteristics,
coating with composite resulted in 90-95% cell adhesion
within 2 h of seeding with EC.

3.2. Proliferation and stability of EC

Cells retained the typical cobblestone morphology on Ti
and in 48 h of seeding, surfaces were nearly confluent
(Fig. 1(a)). From the Fig. 1(b) it is clear that the cells on
the composite coated Ti surface are well-attached and
organized so that it could maintain the integrity with
uniformly organized cytoskeletal elements even after
fixation and staining. Whereas, the cells that were grown
on uncoated materials showed a tendency to contract
during the fixation process. When the cells that were
grown on bare Ti and composite coated Ti were exposed
to the flow, there was about 30% loss of cells from

uncoated Ti (Fig. 1(c)) whereas the monolayer remained
intact on composite coated surface (Fig. 1(d)).

On UHMWEPE, cells grew with elongated spindle-
shaped morphology and after 48 h the surface was almost
90% confluent (Fig. 2(a)), whereas when the discs were
coated with composite the cells maintained normal
morphology (Fig. 2(b)). Shrinking of cells were observed
on fixation of monolayer that was grown on bare
UHMWPE, and under flow more than 40% of the cells
were lost (Fig. 2(c)) as compared to the retention of
almost all cells of the monolayer that was grown on
composite-coated material (Fig. 2(d)).

In the case of PTFE, eventhough ~ 40% cell adhesion
was initially observed; in 48 h not even 20% of the area
was confluent with the EC layer (Fig. 3(a)). However, on
composite coated PTFE confluent monolayer was
obtained within 48 h (Fig. 3(b)). After exposure to flow,
hardly any cell with normal morphology was retained on
the bare PTFE (Fig. 3(c)), whereas the monolayer that

(© (d

Figure 1 Photomicrographs of endothelial cells grown on titanium. (a) Cells grown on bare Ti for 48 h; (b) Cells grown on composite coated Ti for
48 h; (c) Cells grown on bare Ti for 48 h and exposed to flow; (d) Cells grown on composite coated Ti for 48 h and exposed to flow.

(a) (b) (c) (d)

Figure 2 Photomicrographs of endothelial cells grown on UHMWPE. (a) Cells grown on bare UHMWPE for 48 h; (b) Cells grown on composite
coated UHMWPE for 48 h; (c) Cells grown on bare UHMWPE for 48 h and exposed to flow; (d) Cells grown on composite coated UHMWPE for 48 h

and exposed to flow.

(a)

(b) (© (d)

Figure 3 Photomicrographs of endothelial cells grown on PTFE. (a) Cells grown on bare PTFE for 48 h; (b) Cells grown on composite coated PTFE
for 48 h; (c) Cells grown on bare PTFE for 48 h and exposed to flow; (d) Cells grown on composite coated PTFE for 48 h and exposed to flow.
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(b)

(c) (d)

Figure 4 Photomicrographs of endothelial cells grown on Dacron. (a) Cells grown on bare Dacron for 48 h; (b) Cells grown on composite coated
Dacron for 48 h; (c) Cells grown on bare Dacron for 48 h and exposed to flow; (d) Cells grown on composite coated Dacron for 48 h and exposed to

flow.

was grown on composite-coated PTFE was undisturbed
after exposure to flow (Fig. 3(d)).

On bare Dacron with ~ 35% initially adhered cells,
the migration and multiplication was found very low
(Fig. 4(a)). On coating the material with composite, the
cell spreading and proliferation was as good as all the
other surfaces coated with composite. In Fig. 4(b), it is
seen that the EC distribution is uniform, though due to
the woven texture of the material with uneven planes, not
all the cells are focused simultaneously on viewing under
light microscope. Even the few cells that were present
after 48h on bare Dacron have got flushed into the
medium on exposure to the flow (Fig. 4(c)). On the other
hand, the cells that were grown on composite coated
surface remained intact after exposure to flow (Fig. 4(d)).
On comparison of all bare surfaces, spreading and
growth of EC with normal cobblestone morphology was
seen only in the case of titanium. However, the cells that
were grown on titanium also was shrunk on fixation and
~ 30% cell was lost on exposure to flow suggesting
inadequate adhesive strength. Though the attachment and
proliferation rate of EC on UHMWPE was comparable to
that of Ti, the morphology of EC on bare UHMWPE was
unusual.

The growth rate and resistance of the cells to shear
stress were unacceptably poor on both PTFE and Dacron.
Even with varied behavior of cells on each of the bare
surface under study, coating with composite has resulted
in uniform proliferation and resistance to shear stress of
monolayers that were grown on all four substrates.

4. Discussion

Irrespective of the chemical and physical nature of the
biomaterials that were studied here, uniform coating with
a composite of fibrin, gelatin and endothelial cell growth
factor was achieved on all substrates. The coated proteins
had good adherence to all surfaces and the matrix layer
supported good cell adhesion, proliferation and stability
of the monolayer that was grown on them.

The success of cardiovascular device is judged by its
non-thrombogenicity after it is implanted. Once the
blood-contacting surface is endothelialized in vivo, it is
unlikely to induce thrombus formation. Nevertheless, to
get the surfaces endothelialized is the major challenge for
all cardiovascular implant devices. Transplantation of
cultured autologous endothelial cells on to the blood-
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contacting surface has tremendous application in the
vascular implant biology [4-6]. The currently used
vascular biomaterials in various devices include polymer
to metals with differing physical properties. We have
evaluated the effect of adhesive protein coating on a
metal and polymers.

The comparative evaluation of the cell proliferation
and morphology on materials without any coating
showed higher proliferation rate on Ti compared to
uncoated UHMWPE. The morphology as seen under the
incident light also favored Ti over bare UHMWPE with
typical closely apposed cobblestone morphology. The
proliferation rate of EC on both the bare vascular graft
material was unacceptable. The morphology of the EC on
the entire composite coated surface was similar with
well-spread polygonal morphology.

Significance of a matrix coating for tissue engineering
application was evident from the proliferation analysis
and flow experiments where the presence of the matrix
influenced cell growth and retention on all surfaces. Cell
adhesiveness is related to the log of the affinity constant
of the receptor ligand system [15]. The increased strength
of cell attachment on the composite coated surface may
be due to the multiple receptor binding possibilities
provided by the adhesive that include integrin- and
nonintegrin-mediated cell interaction. Such multiple
binding to the substrate is likely to improve the cell
spreading thereby contributing higher initial strength of
attachment and resistance to forces of shear stress.
However, in the case of uncoated surface where the cell
adhesion is predominantly mediated by adsorbed
proteins from serum that vary from material to material
depending on the physical property, mostly this is
mediated by adsorbed fibronectin where multiple binding
is not possible. Even though binding of a cell surface
receptor to protein ligand provides cell attachment, it is
not sufficient to produce cellular spreading. Previous
experiments by other researchers using a combination of
integrin-mediated serum protein treatment have
improved cell adhesion compared to individual protein
treatments [16,17]. We have demonstrated that a
composite of fibrin, gelatin, and endothelial cell growth
factor (ECGF) can form an excellent matrix coating on
tissue culture polystyrene (TCPS) to enhance cell
adhesion and proliferation [18].

This study also provides additional information
regarding the requirement of a multiple adhesive coating



for improved cell adhesion, proliferation and cell
retention to resist forces of shear stress on all vascular
material surfaces.
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