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Retention of Endothelial Cells adhered on
Polyurethane Surface under Flow Condition

Jun Keun Chang**, Hyun A Chang*, Jin Hee Kim¥,
Jongwon Kim*, Dong Chul Han*** and Byoung Goo Min****

= Abstract=

Construction of the stable monolayer of endothelial cells onto physicochemically modified polymeric
surface is one of the appropriate method to develop the small caliber vascular grafts with the
long-term patency. In this study, we constructed the monolayer of endothelial cells on the fibronectin
and the extracellular matrix—coated polyurethane surface derived from human fibroblast cells. To eluci-
date the adhesion strength of endothelial cells on the extracellular matrix-coated polyurethane, a lami-
nar flow chamber apparatus was developed to exposure the shear stress on the apical membrane of en-
dothelial cells. Endothelial cells show the strongest adhesion after two days of seeding onto the
fibronectin-coated polyurethane surface, whereas endothelial cells on the extracellular matrix derived
from the human fibroblast cells show the minimal doubling time of cellular growth.

Key words : Endothelial cell, Polyurethane, Retention, Laminar flow chamber

INTRODUCTION

Cellular adhesion on the extracellular matrix, the
proper construction of tissue-matrix system, plays an
important role In many biomedical applications includ-
ing development of artificial organs(1), large-scale
cell culture(2), and blood tissue-interactions of
biomaterials(3] . Analysis of the cellular growth and
the strength of cellular attachment force(4,5) can be
useful to study the construction of tissue-matrix sys-
tem, including the development of biomedical device
where an intimate cell-biomaterial contact is needed
(6] or, alternatively, must be avoided(7).

This endothelial cell-extracellular matrix system is
very important in the development of cardiovascular
prosthesis. Artificial prostheses are used to restore

blood flow to ischemic tissue when autogenous vein

grafts are not available(8). Long-term survival of
small caliber grafts has been limited by the high inci-
dence of occlusion commonly caused by low flow
ratés and the thrombogenicity of available graft mate-
rials(9). Establishment of a stable, nonthrombogenic
lining on the luminal graft surface might improve the
patency[10]. Toward this goal, efforts have been
made to produce inherently nonthrombogenic materials
(11]) and to physiochemically modify polymeric surfac-
es[12,13). An alternative approach is to develop a
mechanically suitable artificial vessel that encourages
the healing process to supply a monolayer of endothe-
lial cells[14-16). This would be presumably produce
not only a nonthrombogenic but an antithrombogenic
surface(17]. In the development of antithrombogenic
vascular grafts, a firm attachment is needed(18)

when endothelial cells are seeded on the inner wall of
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artificial grafts to create a natural lining, whereas
without the presence of endothelial cells the inner
wall has to be nonadhesive for platelets and erythro-
cytes.

The endothelium formed on the inner surface of the
artificial graft bear the hemodynamic stress by chang-
ing the alignment of endothelial cells. Previous studies
of cellular adhesion have been focused on the molecu-
lar biology of adhered proteins in cell attachment and
movement(19]). In principle, the strength of attach
ment between the cell and substrate can be deter-
mined through breaking the contact by applying a
known hydrodynamic force[20]. Micro-pipette aspira-
tion(21]), centrifugation of cells(22), and exposure of
cells to fluid shear stress{7,23) are used to measure
the strength of cellular adhesion. According to these
studies, endothelial cells were oriented with the flow
direction under the influence of shear stress and be-
came more elongated when exposed to shear stress
(24].

In this paper, we constructed the endothelial
cell-extracellular matrix system onto polyurethane
surface and expose endothelial cells to shear stress in
a simple laminar flow chamber apparatus to investi-
gate the cellular detachment and the strength of cel-
lular adhesion of cells onto polyurethane polymer sur-

face.

MATERIALS AND METHODS

Isolation and Culture of Endothelial Cells

Human umbilical vein endothelial cells were isolated
from human umbilical vein[25) with modified colla-
genase digestion technique. Umbilical cords obtained
after normal vaginal deliveries are placed in cord
buffer (phosphate buffered saline (PBS), 137 mM
NaCl, 2.7 mM KCl, 8 mM Na,HPO,, 1.5 mM KH;PO,
with 11 mM glucose) and stored at 4Cuntil used.
The cord was removed and then cannulated at one
end with a stainless-steel cannula (syringe adapter,
A.H. Thomas, PA). The vein was flushed with warm
(37°C) cord buffer to rinse out the blood and allowed
to drain. The other end of the umbilical vein was
cannulated with a stainless-steel cannula (needle

adaptor, Thomas), and the vein was flushed with an-

other warm cord buffer. The vein was finally filled
with enough warm 0.2% collagenase (Clostridium
histolyticum, type I, Worthington Diagnostic System
Inc., Freehold, NJ) in cord buffer and incubated at
37°C for 10 minutes. After incubation, the cord was
gently kneaded twice between the fingers up and
down its length and the collagenase solution was
flushed out of the vein with cord buffer into a 50 ml
conical plastic centrifuge tube containing 10 ml of
culture medium (Medium 199 (Gibco BRL, Gaither-
sburg, MD) with HEPES (25 mM, Gibco BRL) con-
taining 20 % fetal bovine serum (Gibco BRL), L-
glutamine (2 mM, Gibco BRL), penicillin (100 units/
ml, Gibco BRL), streptomycin (100 units/ml, Gibco
BRL)). The tube was centrifuged for 7 minutes at
800 g and the supernatant decanted. The endothelial
cells, form a small pellet in the bottom of the tube,
were gently resuspended in 4 ml of culture medium
and plated in a T-25 tissue culture flask. Endothelial
cells were incubated at 37°C under 5% CO, The cul-
ture medium was changed In every 2 days and endo-
thelial cells of passage 2 to 3 were used for experi-

ments.
Polyurethane Polymer Substrate Preparation

Polyurethane sheet was made with 12 % (w/v)
polyurethane solution (PELLETHANE" 2360-80A, Dow
Chemical Co., Midland, MI). PELLETHANE" solution
(12g PELLETHANE"/100 ml DMAC (N,N-dimethyla-
cetamide, Duk San Pharm., Yong In)) was cast into
thin flexible sheet with the thickness of 0.3 mm on
the clean glass surface. After evaporating the solvent,
the sheet was immersed into ethanol for overnight
and rinsed with deionized distilled water. Polyurethane
sheet was assembled into Teflon™ culture ring appa-
ratus and sterilized with ethylene oxide before the ex-

periments.

Preparation of the Natural Extracellular Matrix
from human foreskin fibroblast

Fibroblast cells isolated from human neonate fore-
skin. The tissue fragments were placed into a 100
mm-Petri dish containing a small amount of culture
medium and cut into small pieces about 1 mm3 in
size. Then, the tissue fragment placed into 35 mm-

Petri dish containing the culture medium. A sterile
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coverslip was placed over the tissue fragment, and 2
ml of culture medium was added carefully and incu-
bated at 37°C for 5 days. The tissue fragments an-
chor themselves to the culture dish. Human fibroblast
cells (HFC) migrated from fragment to coverslip
were cultured, and the remaining tissue fragments
were removed. When the culture reached confluence,
the culture medium rinsed once with PBS. Trypsin/
EDTA (ethylenediamineteiraacetic acid) was then
added to suspend HFCs from coverslip and culture
dish was incubated at 37°C(25). The suspension of
HFCs was diluted with culture medium and trans-
ferred to 50cnt tissue culture flask. HFCs were grown
in Iscove’s medium (IMDM, Gibco BRL, Gaithersbhurg,
MD) with HEPES (25 mM, Gibco BRL) containing
10 % fetal bovine serum (Gibco BRL), L-glutamine
(2 mM, Gibco BRL), penicillin (100 units/ml, Gibco
BRL), and streptomycin (100 units/ml, Gibco BRL).

To produce natural ECM-coated polyurethane,
HFCs among passage 7-10 were seeded at a density
of 2.5x 10" cells/cni in polyurethane sheet that assem-
bled into Teflon™ culture ring apparatus. Cultures
were maintained in Iscove’s medium for seven days
after confluence. Cultures were then washed with
PBS and exposed for 3 minutes to 20 mM NH,OH in
distilled water followed by eight extensive washes
with PBS to remove the gelatinous debris of HFCs
(26).

Preparation of Fibronectin-coated Polyurethane

Fibronectin coating was performed by adding 0.5
mi of a 20 pg/ml solut..n of human fibronectin
(Boehringer Mannheim, M..nnheim, Germany) in PBS
to polyurethane sheet for 2 hours at room tempera-
ture(27). The final concentration of fibronectin on
surface was 5 pg/cn. The polyurethane sheet was

then washed twice with PBS before using.

Parallel Plate Flow Chamber Apparatus and Experi-
mental Setup

A parallel plate, channel flow chamber for flexible
substrate, such as polyurethane, was developed to ex-
pose cultured endothelial cell with a known hydrody-
namic shear stress(28]). The flow chamber for flexible
substrate, shown in figure 1, consisted of a pair of

parallel plates with a divergent entrance and a con-

glass window upper plate
L L ATAEL \p I S SO TSI TSP
| gasket
culty :
AN

T
lower plale

Le L

Fig. 1. llustration of the chamber for flexible substrate

vergent exit channel, and plates were brass with
glass windows for real-time microscopic studies. The
flow path was formed by medical-grade silicon rubber
gasket (150 in thickness). Teflon'™ culture ring with
endothelial cells was mounted on the elevator system
for adjusting the thickness variation of polyurethane
sheet. The sufficient space was installed beneath the
polyurethane sheet to give assurance for the move-
ment of flexible sheet. The upper plate was gently as-
sembled into lower plate with bolts.

The flow chamber was mounted on the stage of a
phase contrast microscope (CK-2, Olympus, Japan).
The flow chamber was connected to the flow circuit
by two 7.9 mm ports. Flow was generated by a roll-
er pump (MasterFlex L/S Drive with Easy Load™
head, Cole~Pharmer Instrument Co., Chicago, IL) be-
tween two reservoirs. The upper reservoir emerged
into the water bath to maintain the temperature of
circulating fluid at 37°C. The temperature of circulat-
ing media was monitored with the needle type ther-
mocouple (HYP2-21-1-1/2-T-G-48-0ST-M, OMEGA
Engineering, Inc., Stamford, CT) and digital indicator
(DP-11 Series, OMEGA Engineering, Inc.). Air
bubbles in the circulating fluid were trapped at the
bubble trapper connected between the upper reservoir
and the flow chamber. Before the experiment, the
flow chamber, tubing, and reservoirs were steam ster-
ilized.

Cell shape changes and motions were obsersved by
a CCD camera (LK-636, TOSHIBA, Japan) attached
to the microscope and connected to an image grabber
(MIPS, medical image processing system, Choong
Wae Medical, Seoul), IBM PC, monitor (SuperVision
Pro 21”7, Dae Woo Electronics, Korea) and video re-

corder (Chromatic Series, Hitachi, Japan).
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Theoretical Characterization of Laminar Flow
Chamber

Simple relationship between flow rate and shear
stress existed for fully developed flow between infi-
nitely wide parallel plates. Generally, flow through
straight capillaries of any cross-sectional shape is de-
scribed by the classical Helmholtz-Smoluchowski equa
tion(7,29). This equation describes a linear relation
between streaming potential changes and pressure
drops. Deviations from linearity had lead to the fol-

lowing criterium for Le, entrance length :
Le < b x L (1)

where b is a proportionality constant and [ is the
chamber length. Assuming Le to be 2 cm it could be
concluded that the flow in the chamber used in this
study is fully developed laminar flow up to flow rate
of at least 500 ml/min, particularly when considering
that Le will be smaller than assumed owing to the
slowly converging entrance region. Consequently, the
wall shear stress r (dyne/cnf) in the center of the

flow chamber could be calculated as follows :

T, = 64 (2)

w Z/th
Shear Stress Exposure to Endothelial Cells

Adhesion/detachment  experiments were accom-
plished with endothelial cells that were adhered on
the fibronectin—coated polyurethane surface, the natu-
ral ECM(secreted from the human foreskin fibroblast
cells)-coated polyurethane surface, and the pure poly-
urethane surface as a control. The seeding density of
endothelial cells for experiments was 5x 10* cells/cni.
Time durations for experiments were 1, 2, 4, 7, and
11 days after seeding the endothelial cells on the
polyurethane sheet. Two different flow conditions
were examined on the experiments. Very large shear
stress, about 5 times larger than that of normal
arteries, was applied to measure the adhesion
strength and the detachment kinetics of endothelial
cell adhered on the polymeric surfaces.

The first condition, the low shear stress condition

was !

Q=3.17ml/s, v =66dyne/cni, Re=298.6 (3)

and the second condition, the high shear stress condi-

tion, was :
@=6.3ml/s, r,=131dyne/cni, Re=597.2 (4)

where @, r,and Re represent flow rate, wall shear
stress and Reynolds number, respectively. Flow expo-
sure time to endothelial cells was 10 minutes and 250
ml of phosphate buffered saline (PBS) was used as
the perfusate.

Detached endothelial cells were collected from the
lower reservoir by the sampling of 10 ml perfusate at
1, 5, 10 minutes after flow begins. Then 5 ml of Iso-
tone was added to the collected sample and the de-
tached endothelial cells were counted three times with
the Coulter Counter'™ (Factory-grade, Coulter Count-
er Inc., England). The whole perfusate was circulated
the flow circuit within just 2 minutes in case of low
shear stress condition, detached cells were assumed to
be well mixed in whole perfusate. To increase the
mixing of detached cells in the perfusate, the outlet
port to the roller pump was installed in the base of
the lower reservoir. Remaining cells adhered on the
polyurethane surface after shear exposure were isolat-
ed with trypsin/EDTA (Sigma Chemical Co., St.
Louis, MO) and counted with Coulter Counter™.

Averaged cellular images were automatically saved
on IBM PC by MIPS at 0, 10, 30 seconds, 1, 2, 4, 7,
10 minutes after flow begins. Experiments were re-
peated three times for statistical analysis. The sche-
matic illustration of endothelial cell detachment exper-

iments shown In figure 2.

Cparimantal mie 2,4 7 aae AMe seeding
Exponre v 0 "y
Low ahaa cvems 86 dpec. 190 mimin, Re . 1on 4
g™ aar siromt 111 dpec, 380 mbmin, Qe v S#1.2

P
- s antar Lian 1/ Orive

£ndathelia) Cett with £ low Chamoar

HUVEC HUVEC HUVES H i

SR SRR o
23]

Fiow Charmbes on
Microrcope
CK-2. Otvroun

Fig. 2. Schmatic illustration of experimental setup for the
flow chamber experiments
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Table 1. Exponential curve fitting of growth curve and the doubling time of human umbilical vein endothelial cell on various

coated polyurethane

Surface coat Expen tial curve fit of growth curve Dodﬁﬁing time
Polyurethane control y=0.878-exp(0.239 - x) 69.6hr
Fibronectin—coated polyurethane y=0.639-exp(0.289- x) 57.6hr
ECM-coated polyurethane y=10.595-exp(0.301 - x) 55.3hr

*In the curve fit equations, x=incubation time(day) and y=number of cells/ci( >x 10°cells)

(x 10° cells)

Number of Cells/cm’

Incubation Time (Day)

Fig. 3. Grownth of HUVEC cultured on various coated
polyurethane expressed as the number of cells per cnm.
PU : polyurethane control, FN : fibronectin—coated PU, and
ECM : ECM-coated PU derived from human fibroblast cells

RESULTS

Growth of Endothelial Celis on the Extracellular
Matrix—-coated Polyurethane

Figure 3 represents the cell growth curves of
human umbilical vein endothelial cell (HUVEC) cul-
tured on the polyurethane coated with various ECM.
Endothelial cells grown on the ECM-coated polyure-
thane have a doubling time of 55.3 hours while the
values of 57.6 and 69.6 hours were obtained for cell
grown on fibronectin-coated polyurethane or control
polyurethane surface, respectively. Table 1 shows the
exponential curve fitting of cell growth and the dou-

bling time of HUVEC on the polyurethane surface.

Kinetics of Endothelial Cell Retention on the Extra-
cellular Matrix-coated Polyurethane with High
Shear Stress

Endothelial cells adherent to deformable polymeric
surface with or without the adhesive extracellular ma-
trix protein were exposed to the shear stress of 66
dyne/cni and 131 dyne/cni. The number of attached
cells was monitored for 10 minutes. To minimize the
variations of cell growth shown in figure 3, initial
cell number on polymer surface at the time of experi-
ments was taken as the summation of the detached
cell number at 10 minutes and isolated cell number
from the polyurethane surface after flow exposure.
Kinetics of detachment of endothelial cell from poly-
meric surfaces was plotted in figures 4, 5, and 6
with the fraction of the initial number of adhered
cells. For cells plated on control polyurethane, shown
in figure 4, 60 % to 95 % of the cells detached dur-
ing the first one minute of flow followed by a slower
decrease in cell number with time, and the number of
detached cells were proportional to the magnitude of
applied shear stress. Analysis of image recordings of
cell loss showed that the large decrease in the num-
ber of attached cells occurred immediately after the
onset of flow. By 10 minutes, about 99 % of the
cells were removed from the surface at 131 dyne/cni.

When the cells were cultured on the polyurethane
surfaces coated with fibronectin, cell detachment was
reduced (figure 5). At 131 dyne/cnd, 55 % of the
cells detached during the first one minute of flow at
second day after seeding and, over the next ten min-
utes, an additional 20-25 % of the cells was removed
from the polymeric surfaces. Figure 7 shows the seri-
al images of cells adhered on fibronectin-coated poly-
urethane, which indicated the large decrease in at
tached cells within first one minute after the onset of

flow. In case of ECM-coated polyurethane, the similar
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Fig. 4. Kinetics of detachment of endothelial cell from the control polyurethane surfaces. (A)the low shear stress condition,
and (B)the high shear stress condition. In the legend, 1, 2, 4, 7, B(11)represent the incubation time of endothelial cells
after seeding. L : low shear stress condition, and H : high shear stress condition
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Fig. 5. Kinetics of detachment of endothelial cell from the fibronectin-coated polyurethane surfaces. (A)the low sheer stress
condition, and (B)the high shear stress condition
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% of adhered cells
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Shear stress exposure time (min) Shear stress exposure time (min)
Fig. 6. Kinetics of detachment of endothelial cell from the ECM-coated polyuretnane surfaces. (A)the low shear stress con-
dition, and (B)the high shear stress condition

resuits were shown in figure 6. and 6). At both flow conditions, the natural
Cell retention was measured up to eleven days ECM-coated polyurethane and fibronectin—coated poly-
after seeding after fluid flow exposure (figures 4, 5, urethane gave better cell retention than the polyure-
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(c) 1 min

(b) 30 sec

(d) 4 min

Fig. 7. Cellular detachment of endothelial cells from fibronectin-coated polyurethane, which indicated the large decrease in at-
tached cells occurred within first 1 minutes after the onset of flow. Micrographs were taken at the experiments of seventh

day after seeding. High shear stress condition was applied

100
Day 2 . 1
Low Shear 0 1min
80 [ B 5min
| O 10min
4
8 e60[ T
K L
2
-
] 40
S L
3
20
0
PU FN ECM

Surtace

100
Day 2 ] J
High Shear 0 1 min
8 B 5min -
0 10min

% of adhered cells

PU FN ECM

Surface

Fig. 8. Cell retention of the adhesive protein-coated polyurethane surface on the second day sfter seeding. (A)the low

shear stress condition, and (B)the high sfear stress condition

thane control surface. The maximum retention of nat-
ural ECM-coated polyurethane occurred on the fourth
day after seeding and the retention was decreased
with second-order manner up to eleventh day (figure
6). On the other hand, maximum retention of
fibronectin—-coated polyurethane occurred on the sec-

ond day after seeding, and for these two days, reten-

tion of endothelial cell on fibronectin-coated polyure-
thane was higher than that on the ECM-coated poly-
urethane. Figure 8 shows the cell retention of poly-
urethane surface on the second day after ‘seeding.
There was small difference in cell retention between
two surfaces at the lower flow rates, but more cells

were detached in the ECM-coated polyurethane at the
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higher flow rate for the first two days.

DISCUSSION

Endothelial cell-extracellular matrix system was
successively constructed on the various substrates.
The existence of extracellular matrix reduces the dou-
bling time of endothelial cell culture, as shown in
Table 1.

An in vitro shear stress apparatus has been devel
oped to investigate cellular adhesion and morphologi-
cal changes of endothelial cells. Laminar flow through
a rectangular channel was selected to produce fluid
shear stress since this means would enable the gene-
ration of shear stress covering a wide physiological
range. An image analysis system was used to observe
the morphological changes of individual endothelial
cells exposed to hydrodynamic flow condition.

Endothelial cell culture on the adhesive pro-
tein-coated polyurethane showed the importance of
the extracellular matrix to facilitate endothelialization
of biomaterials(9) that implanted without supplement
of the growth factors(30). The concept developed In
this work was the use of the native ECM as a
scaffold upon which HUVEC could attach, migrate,
proliferate, and differentiate. Human fibroblast cells
could easily grow in tissue culture and secrete an
ECM and should closely simulate the native human
ECM. ECM coating of synthetic material could facili-
tate endothelialization either spontaneously or in asso-
ciation with endothelial cell seeding{31). Indeed the
reduced doubling time of HUVEC grown on ECM
was one of the major practical interest for the suc-
cessful acceptance of the biomaterials(32].

Analysis of the retention of cells on polymeric sur-
face after 10 minutes of flow indicated that the
adhesive forces were well described by a biphasic dis-
tribution. It showed initial rapid isolation of receptors
from ECM during first one minutes, and prolonged
detachment after one minute. This initial detachment
of cells correlated with cell spreading. Cells that had
not spread were presumably attached weakly to the
surface and easily removed following the onset of
flow. Detachment following long-term exposure to
flow was more complex, in part because fluid shear

stress altered cell shape, orientation, mechanical prop-

A 3 &, 1996

erties of cell, and distribution of focal contacts[1].
Exposure of cells to flow for 10 minutes resulted in
a decreased adhesion strength and detachment in-
volved a combination of cell deformation, breakage of
adhesive contact{19], and membranes rupture(33].
Cell adhesion and retention were maximal for
fibronectin—coated polyurethane surface. Fibronectin is
a large glycoprotein found in both blood and other
body fluids and in an insoluble form In interstitial
connective tissue and in or close to basement mem-
brane(34]). It promotes the attachment and spreading
of many cells on polymeric surface, and this is the
basis of its use in coating vascular grafts before en-
dothelial cell seeding(35,36). Maximum adhesion
strength of HUVEC seeded on fibronectin-coated poly-
urethane was occurred on the second day after seed-
ing, and for these two days, adhesion strength of
HUVEC on fibronectin was larger than that on the
natural ECM-coated polyurethane. Higher adhesion
strength implies that immobilized fibronectin offers
higher ligand density to integrin than natural ECM
(4). Integrin S chains physically interconnect
fibronectin with actin-filaments through actin-binding
proteins on the inner surface of plasma membrane, el-
evated ligand binding on integrins evokes the secure
rearrangement of cytoskeleton on adhered cell(37,38].
In summary, we have shown that the construction
of endothelial tissue-extracellular matrix system on
the polyurethane biopolymer. On the retention study
with a laminar flow chamber apparatus, endothelial
cells show the strongest adhesion after two days of
seeding onto the fibronectin—coated polyurethane
biopolymer, whereas endothelial cells on the extracel-
lular matrix derived from the human fibroblast cells
show the minimal doubling time of cellular growth.
Further study is required to determine the role of
integrin and extracellular matrix components in

response to flow-mediated cellular retention.
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