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The in vitro adhesion and spreading of human endothelial ceils (HEC) on hydrophobic poly(ethylene
terephthalate)
(PETP) and moderately wettable tissue culture poly(ethylene terephthalate)
(TCPETP)
were studied with light microscopy and electron microscopy. Numbers of HEC adhering on TCPETP were
always higher than those found on PETP. When cells were seeded in the presence of serum, extensive cell
spreading on both PETP and TCPETP was observed after the first 30 min. Thereafter, spread cells appeared
to withdraw from the PETP surface, resulting in irregularly shaped cells. Complete cell spreading occurred
on TCPETP. Complete cell spreading also occurred on PETP and TCPETP when HEC had first been seeded
from phosphate buffer solution and serum was supplied after 30 min. Furthermore, HEC spread on both
PETP and TCPETP when the surfaces were precoated with protein(s), which promotes cell adhesion.
However, when plasma was used for the coating, spread cells did not proliferate in a monolayer pattern.
This study shows that TCPETP is, in general, a better surface for adhesion and proliferation of HEC than is
PETP, suggesting that vascular prostheses with a TCPETP-like surface will perform better in viva than
prostheses made of PETP.
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After implantation of vascular prostheses, an inner lining
consisting of cells and other compounds, often called
pseudo- or neo-intima forms. When prostheses are implanted
in animals, the inner lining will in time be covered with
endothelial cells. This is in contrast with the neo-intima of
prostheses implanted in humans which do not contain
endothelial cells, except when the prostheses have been
preseeded with these cells’. Seeding of prostheses with
endothelial cells, preferably at implantation, often improves
their efficacy, because the formation of a confluent
endothelial cell layer is stimulated2,3.
In vitro studies on the effects of surface properties of
artificial materials on the interaction with seeded human
endothelial cells (HEC), in both the presence and absence of
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serum proteins, may lead to the development of small
diametervasculargraftswithafunctional
endothelial lining.
We previously investigated the influence of polymer
surface wettability on the adhesion of HEC in the presence of
serum-containing culture medium. HEC adhere, spread and
proliferate on tissue culture poly(ethylene terephthalate)
(TCPETP), presumably a glow discharge-treated poly(ethylene
terephthalate) which is more water-wettable than untreated
poly(ethyleneterephthalate)
(PETP). Reduced HECadhesion
and incomplete spreading were observed on PETP4. Furthermore, we demonstrated that HEC adhesion, spreading and
proliferation did occur on PETP after precoating this surface
with plasma, fibronectin (Fn) or fibrinogen5.
In this study the morphology of adhering and proliferating HEC on TCPETP and PETP was evaluated. The
effect of the presence of serum in the culture medium as well
Butterworth 8 Co (Publishers) Ltd. 0142-9612/89/080532-08$03.00
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Figure 1 Adhesion of HEC on to TCPETP (0) and PETP (0). 4 x lo4
cells/cm’ were seeded from CMS. Cell spreading was measured by use of a
digitizer tablet. Data (pm2) are expressed as the mean surface area of 45
cells (&SD) on the substrate at a specific time interval. The controlsubstrate
was TCPS, pretreated with Fnc (0).

adhering

HEC reached a mean surface area of approximately
1600~m2
at 30 min on both substrates. Upon further
incubation, cell spreading on TCPETP continued until a
plateau value of 2200~m*
was reached. The same value
was measured for HEC, which had been incubated with the
control substrate, Fnc-pretreated TCPS. In contrast, cell
spreading on PETP decreased after 30 min, reaching a value
of about 1 1 OOpm* after an additional incubation of 90 min
in CMS.
Under serum-free conditions, spreading values of
approximately 700 pm* were found on all three substrates
at 30 min (Figure 2). When PBS was replaced by CMS at
30 min, the cell spreading on both TCPETP and PETP
increased to approximately 2000pm*
at 60 min. No
decrease in cell spreading was observed on PETP after an
additional 90 min incubation in CMS.

Scanning and transmission

electron microscopy

HECadhesion on to TCPETP (series a). Short-term adhesion
of HEC on to TCPETP was examined by SEM and TEM after
cell seeding in the presence of CMS (Figure 3). Both the
number of adhering HEC, and the spreading area of
individual cells, increased as a function of time (Figures
3a, 6). Not all HEC had completely spread within 30 min
(Figure 36). Cells had a circular morphology (broad circular
lamellae). Overlap of cell margins was observed by TEM. The
cell margins adhered to the substrate (close contacts) and to
neighbouring cells (Figure 3~). The average distance between
the membrane at the central part of the cells and the
substrate was approximately 50 nm (Figure 3d). A dense
and very thin layer of adsorbed proteins was present
between the substrate and the adherent cells. Several
membrane vesicles, both at the side of the substrate and at

534

Biomaterials

1989. Vol 10 October

,

,

,

,

,

,

,

,

,

,

,

r

150

60
time (min)

Figure 2
Adhesion of HEC on to TCPETP (0) and PETP (a). 4 x lo4
cells/cm’
were seeded from PBS. At 30min. PBS was removed and
replaced by CMS. Cell spreading was measured by use of a digitizer tablet.
Data (pm’) are expressed as the mean surface area of 45 cells (GO) on the
substrate at a specific time interval. The control substrate was TCPS,
pretreated with Fnc (0).

the luminal side, were observed (Figure 3d). When HEC had
been seeded from PBS, fewer cells adhered toTCPETP after
30 min (compare Figures 4a and 36). The adhering and
spreading cells showed different morphologies, as observed
by SEM (Figure da). Some cells showed the circular and
spread morphology described above, but most cells showed
hardly any cell spreading at all. Other cells seemed to be in a
stage between these two forms, thereby extending various
types of cytoplasmic processes (compare with HEC seeded
from CMS, Figure 36). Five minutes after the addition of
CMS, cells adhering to the cytoplasmic process of another
cell were observed (Figure 46). After 30 min in the presence
of serum, the cytoplasmic processes had broadened and
many cells showed complete flattening in close contact
(+30 nm) with the substrate. However, the remaining
features of the cytoplasmic processes (i.e. membrane
ruffling), which were first seen to protrude from cells in the
presence of PBS, could still be observed (Figure 4~).
TEM showed spread cells and complex interdigitations
(Figure 4d).
HECadhesion on to PETP(series bj. After 10 min, some cell
spreading on PETP was observed. After 30 min, both the
numbers of adhering HEC and the spreading area of
individual cells had increased (Figure 5a). Smaller numbers
of HEC in CMS adhered on to PETP than on to TCPETP
(compare Figures 5a and 3b). However, after 1 and 2 h SEM
(Figure 5b) showed many irregularly shaped HEC: many
cells had elongated structures with detaching central parts
(Figure 5~) and some cells had enveloped other cells
(Figure 5d). When HEC had been seeded on to PETP in the
presence of PBS and incubated for 30 min. the morphology
of the adhering and spread cells was similar to those
described above for cells on TCPETP, i.e. a variety of cell
forms was observed with SEM (compare Figures 5a and da).
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Figure 3
HEC adhesion andspreading on to TCPETP. 4 X 1O4 cells/cm2 were seeded from CMS. SEM micrographs (bar: 100 pm) at 10 mm (a/ and at 30 mm
(b) show mcrease m both the number of adhering HEC and the degree of spreading. TEM micrographs (c, d) (bar: 1 pm) show cells with a wcular morphology.
overlap of cell margins, cell-cell contacts, close contacts to the substrate, an adsorbed protein layer on the substrate and several vesicles. both at the side of the
substrate and at the luminal side
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Figure 4
HEC adhesion and spreading on to TCPETP. 4 X 1O4 cells/cm2 were seeded from PBS. At 30 min. PBS was removed and replaced by CMS. (aJ (SEM)
shows a different cell morphology at 30 min in PBS; (b) (TEM) shows a spherical cell adhering to a cytoplasmic process of another (partly) spread cell 5 min aher
the addition of CMS; fc) (SEM) shows further cellspreading 20 min after the addition of CMS; and (d) (TEM) shows complex interdigitations of HEC 30 min after
the addition of CMS.

fibronectin on a material surface is a condition for the
spreading and proliferation’*. It can be hypothesized that the
deposition of cell adhesion-promoting protein(s), such as Fn,
on TCPETP by HEC occurs to a larger extent as compared
with PETP.
HEC spread completely on TCPETP and on both
TCPETP and PETP, pretreated with whole blood, plasma or
FnC solution. The morphology of spread HEC corresponds
with the structures observed by Haudenschild etal.‘3. When
confluent, HEC show the typical ‘cobblestone’ monolayer
pattern.
On PETP in the presence of CMS the spreading of HEC
initially increases but decreases after 30 min (Figure 7). In
this case, electron microscopy reveals the presence of
non-spreading, partly spreading, overlapping cells, and cells
which envelop each other (Figures 56, c, d). Several factors
may explain these observations. Possibly the secretion and
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deposition of adhesion-promoting protein(s) such as Fn14-16
by the cells is impaired. It is also possible that the
conformation of Fn or another protein adsorbed on the
hydrophobic surface may induce the irregular morphology.
Grinnell17 suggests that Fn adsorbed on a hydrophilic
substrate has a different orientation than Fn adsorbed on a
more hydrophobic substrate. This author also indicates that
Fn adsorbed on the hydrophilic substrate is biologically more
active. Finally, it cannot be excluded that spreading of the
cells may decrease due to an inability of recruiting cytoskeletal components and subsequent formation of the
cytoskeleton’*.
The enveloping of one cell by another cell can be
compared with the phagocytic behaviour of baby hamster
kidney cells after exposure to small polymer particles as
described by Grinnelllg. HEC may also envelop other HEC
because the adhesion receptors of the cells are no longer
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During surgery, Dacron@ (PETP) vascular grafts are
preclotted with whole blood to prevent leakage after the
blood flow has been restored. Dacron grafts, pretreated with
plasma, which renders the preclot procedure superfluous,
are also available. These pretreatment procedures result in
the formation of a rather thick proteinaceous layer, and may
therefore accelerate the process of ‘pseudo-intima thickening’.
This process is caused by smooth muscle cell- and fibroblastproliferation and is the major reason for late failure of grafts’.
It has been demonstrated by Burke1 eta/.3 that the thickness
of this layer is significantly decreased after the seeding of
autologous endothelial cells on the inner graft surface3.
Our results show that pretreatment of both substrates
with whole blood, followed by extensive rinsing with PBS,
results in a thick proteinaceous layer (Figure 7a). Furthermore, we demonstrated that proliferating HEC do not form a
confluent monolayerwhen seeded on the plasma-pretreated
substrates (Figures 8a, 6). These results suggest that whole
blood as well as plasma-precoating of Dacron (PETP), in
combination with endothelial cell seeding, may not lead to an
optimal endothelialization of grafts.

Figure 7 HEC adhesion and spreading in CMS on to protein precoated TC
PETP. (a) ITEM) shows a spread cellon a thickproteinaceoos adsorbed layer
at 30 min on PETP, which had been pretreated with whole blood. (b) (SEM)
shows the same surface covered with spread ceils at 2 h.

The absence of adsorbed serum proteins on the substrate
must be the reason for this phenomenon.
The different cell morphologies, observed on TCPETP
and PETP after HEC had been incubated for 30 min with
PBS, possibly reflect variations in the phase of the cell cycle.
Cells, which have recently divided, are known to detach from
a surface more easily than cells in another phase of the cell
cycle2’. Density and composition of certain cell surface
receptors as well as the availability of cell adhesive proteins
may vary within the cell cycle.
When PBS was replaced by CMS, the variations in
morphology of HEC gradually disappear and ‘normal’ cell
spreading occurs. Under these conditions, HEC not only
spread on TCPETP, but also on PETP (Figures 2 and 8d). On
PETP, spread cells are still observed 2 h after the addition of
CMS. The initial close contact of HEC seeded on to PETP
from PBS may be one of the reasons why the cells maintain
the spread form after the addition of CMS. This was not
observed when cells had been seeded directly from CMS. In
the latter case, HEC probably form a cytoskeleton, due to the
ability of the cells to produce and perhaps deposit proteins.
Removal of these cells by trypsinization is more difficult,
which indicates that a small amount of protein is present
between the spread cells and the substrate.
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Figure 8
HEC proliferation at 3 d on PETP, pretreated with plasma.
2 X 1O4 cells/cm2 cells were seeded in CMS. SEM shows cells on top of a
fibrin network and cells which have been (partly) entrapped within the
network (a). TEM shows a cell, which has spread ‘upside down’ on fibrin
fibres (b).
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