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The adhesion of human endothelial cells (HEC) onto a series of wall-characterized methacrylate 
polymer surfaces with va~ing wettahilities and surface charges was studied either in seem-containing 
(CMS) or in serum-free (CM) culture medium. HEC adhesion in CMS onto (co)polymers* of hydroxyethyl 
methacrylate (HEMA) and methyl methacrylate (MMA) was found to be optimal on the moderately 
wettable copolymer (mol ratio 25 HEMA/ MMA). Positively-charged copolymers of HEMA or MMA 
with trimethylaminoethyl methacrylate-HCI salt (TMAEMA-Cl), both with mol ratios of 85/15 and a 
negatively-charged copolymer of MMA with metbac~lic acid (MAA), mol ratio 85/l% showed high 
numbers of adhering HEC. 

In CM, HEC adhered onto the three charged copolymers mentioned above, but neither onto the 
copolymer of HEMA and MAA (mol ratio 85/15) nor onto the HEMA/MMA co- and homopolymers. 
Complete cell spreading in CM was only observed on the positively-charged copolymers. 
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The development of endothelium-lined vascular grafts 
requires a thorough study of the effects of polymer surface 
properties on the adhesion and growth of cultured human 
endothelial cells (HEC). 

The adhesion and proliferation of different types of 
mammalian cells on(to) various surfaces depends on 
polymer surface characteristics like (water) wettability and 
charge’,2 . A range of methacrylate polymers and copolymers 
have been used to study the adhesion of blood platelets, 
fibroblasts and epitheliai cells as a function of surface 
wettability3‘5. In general, a decreased adhesion of platelets 
and fibroblasts was observed on more hydrophilic copolymers. 
Adhesion of fibroblasts onto methacrylate (co)polymers also 
depends on the surface charge: hydrophilic copolymers with 
a positive surface charge appear to promote cellular adhesior?. 

We have previously demonstrated that human endo- 
thelial ceils (HEC) adhere (and spread) preferably onto 
moderately wettable polymers such as tissue culture 
polystyrene (TCPS), a glow discharge-treated polystyrene 
with a water contact angle of 3507. The adhesion of HEC 
onto TCPS in serum-containing culture medium is strongly 

*(co)polymers includes copolymers as well as homopolymers 

influenced by the presence of serum proteins at the 
substrate surface. Initial adhesion of HEC is promoted by 
preadsorption of surfaces with plasma fibron~tin*. In the 
absence of serum the deposition of protein(s) by the cells 
onto substrates may play an important role’. 

In this paper the results of a study on the adhesion of 
HEC onto a series of well-characterized methacrylate 
(co)polymer surfaces”,’ ’ are presented. The adhesion of HEC 
onto these polymers is related to the surface wettability and 
charge. The role of serum in the adhesion of HEC onto the 
polymer surfaces is evaluated. 

MATERIALS AND METHODS 

Mate~als 

The synthesis of methacrylate (co)polymers has been 
previously described’2-‘5. The methacrylate (co)polymers 
used in this study were: poly(hydroxyethyl methacrylate) 
(PHEMA), poly(methyl methacrylate) (PMMA), copolymers of 
HEMAand MMAfmol ratios 75/Z!?, 50/50 and 25/75) and 
copolymers of HEMA or MMA and 15 mol% methac~lic 
acid (MAA) or 15 mol% trimethylaminoethyl methacrylate 
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(TMAEMA-HCI salt). The latter surfaces are further referred 
to as 85 HEMA/ MAA, 85 MAA/ MAA, 85 HEMA/ 
15 TMAEMA-CI and 85 MMA/15 TMAEMA-Cl. All polymers 
were synthesized by radical polymerization using 2,2’- 
azobis-(methyl isobutyrate) as initiator’0”2”3~‘6~‘7. 

The methacrylate (co)polymers were coated on glass 
slides or silanized glass slides by uniform dipping of the 
slides in polymer solutions”,“. One mol% of hexa- 
methylene diisocyanate (HMDIC) was used as a post- 
crosslinking agent for PHEMA, 85 HEMA/ MAA and 
85 HEMA/ TMAEMA-Cl. Coatings were prepared under 
clean-room conditions and were not sterilized before use in 
the cell adhesion experiments. 

The material surfaces were characterized by receding 
water contact angles, as measured by the Wilhelmy plate 
technique”,“, and by zeta-potentials calculated from 
streaming potential-measurements using a buffer con- 
taining 0.01 M KCI and 1 mM phosphate (pH 7.4)‘**“. The 
results are presented in Table 1. 

Cell culture 

Endothelial cells were isolated from human umbilical cord 
veins according to the method of Jaffe et al.=’ with some 
modifications2’. The cells were routinely cultured in tissue 
culture polystyrene (TCPS) flasks (Corning, New York, USA) 
precoated with a partially purified human plasmafibronectin, 
(Fn”, 2 mg/ml; FnC is a coproduct obtained during purification 
of human Factor VIII, Central Laboratory of the Netherlands 
Red Cross Blood Transfusion Service, Amsterdam). The 
serum-containing culture medium (CMS) consisted of 
complete medium (CM), which is an equal mixture of 
medium M 199 and medium RPM11 640 (both from Gibco 
Biocult Co., Paisley, UK), to which 2 mM of L-glutamine 
(Merck, Darmstadt, FRG), 100 U/ml of penicillin, 100 pg/ml 
of streptomycin (both from Flow Lab., Irvine, UK) and 
2.5pg/ml of fungizone (Gibco) were added. CM was 
supplemented with 20% human serum (pool of 20 healthy 
male donors) in order to obtain CMS. 

Experiments were carried out with endothelial cells 
harvested after the second or third passage when the cells 
had reached confluency. 

Cell adhesion 

For cell adhesion experiments, methacrylate (co)polymer- 
coated glass slides were mounted into a modified ‘Bionique’ 
growth chamber (Corning, New York, USA: test surface area 
of 5 cm=), as described earlier’. Endothelial cells were 

Table 1 Receding contact angles and zeta-potentials of methactylate 
(co)polymers* 

(Co)polymer (mol ratios) Contact angle Zeta-potential 

(degrees) (mv) 

PHEMA 
75 HEM/V25 MMA 
50 HEMA/ MMA 
25 HEMA/ MMA 
PMMA 
85 HEMAD 5 MAA 

85 HEMAIl 5TMAEMA-Cl 
85 MMA/15 MAA 
85 MMAIl5 TMAEMA-Cl 

4 
8 

26 
39 

57 
3 
2 
4 

-8 
ND 
ND 
ND 

-29 

-24 
+5 
-41 

+4 

*Receding contact angles measured by the Wilhelmy plate method. For 
abbreviations, see Materials and Methods. 
ND, Not determined. 

harvested after trypsin treatment (0.05% trypsin/0.02% 
EDTA, Gibco). Residual trypsin was inactivated by addition of 
CMS. 

Three series of adhesion experiments (a-c) were 
carried out. For each series endothelial cells from one 
umbilical cord vein were used. The following surfaces were 
studied: (a) PHEMA, PMMAand HEMPJMMAcopolymers: 
HEC were seeded in the presence of CMS, (b) PHEMA, 
PMMA and copolymers with MMA or TMAEMA-Cl; HEC 
were seeded in the presence of CMS, and (c) all surfaces of 
(a) and (b); the cells were seeded in the presence of CM. The 
results of HEC adhesion onto the (co)polymers of each series 

were compared to those of the adhesion onto uncoated 
TCPS (Costar, Cambridge, MA, USA; 6-well tissue culture 
clusters with a test surface area of 10 cm2 per well). 

Cell adhesion onto surfaces in CMS (a and b) was 
determined at various time intervals (30 min, 1, 2 and 6 h 
after seeding of 4 X 1 O4 celIs/cm2. After the appropriate 
incubation time, the test surfaces were washed twice with 
phosphate-buffered saline (PBS, obtained from NPBI, 
Emmer-Compascuum, The Netherlands). Harvesting of the 
adherent cells for cell counting was carried out by trypsinization 
(0.05% trypsin). In the case of the positively-charged 
copolymers a trypsin concentration of 0.5% was used. The 
collected cells were counted using a haemocytometer. The 
adhesion experiments of series c were carried out in serum- 
free medium. After cell harvesting trypsin was inactivated 
with CMS. HEC were washed three times with CM to remove 
the serum and then seeded in CM. The adhesion of HEC onto 
surfaces was determined 1 h after cell seeding. In this series 
the adherent cells could not be detached from methacrylate 
(co)polymer surfaces by trypsinization. Therefore cell adhesion 
was measured by direct photography. After the adherent 
cells had been washed twice with PBS, photographs of nine 
different areas at distinct positions on each test surface 
mounted into a test chamber were taken. From these 
photographs the numbers of adherent cells were calculated. 
However, due to the configuration of the test chamber more 
seeded cells sediment on the central part of the test surface. 
Therefore the number of cells calculated by photography did 
not adequately represent the cell density over the entire test 
surface area. To overcome this problem, a modified polyester 
surface (tissue culture polyethylene terephthalate, TCPETP, 
Falcon film-lined dish, Becton Dickinson, Oxnard CA, USA) 
was used to correlate calculations made by direct photo- 
graphyand measurements made bytrypsinization, sincethis 
material could be mounted into the test chambers and cells 
detached from this surface at a trypsin concentration of 
0.5%. In this way, a ratio was obtained to convert cell 
adhesion numbers on TCPETP measured by photography to 
numbers of cells which were actually detached from this 
surface by trypsin. This ratio was then used to determine the 
numbers of cells adhering to methacrylate (co)polymers. 

For all series, average numbers of adhering cells per 
surface were calculated from data obtained from three 
independent adhesion experiments per material. Adhesion 
data for different surfaces are then expressed as per- 
centages of the numbers of cells found on TCPS precoated 
with FnC. For each type of surface in the series a, b and c two 
experiments were carried out to investigate cell proliferation. 
For series c, the cells were kept in CM for 24 hand then CM 
was replaced by CMS. For all the series CMS was refreshed 
daily. The volume of CMS in the test chamber was adjusted 
so that the ratio between this volume (in ml) and the test 
surface area (in cm=) of the polymer was 0.2. Cell prolifera- 
tion was monitored up to 8 d using light microscopy. 
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Figure 1 Adhesion of HEC in CMS as a function of methactyiate 
(co)polymerreceding contact angle: 4 X 1 O4 cells/cm2 in CMS were seeded 
onto the test surfaces. Cell counts at 30 min, 1. 2 and 6 h are expressed as 
percentages of numbers of cells adhering to TCPS precoated with Fn’. 
Receding contact angles of surfaces were measured by the Wilhelmy plate 
method. 

RESULTS 

Effect of surface wettability 

HEMA/MMA copolymers show increasing receding water 
contact angles with decreasing HEMA content. 

The adhesion of HEC in CMS onto the methacrylate 
(co)polymer surfaces of series a was determined at different 
time intervals after seeding (see Figure 1 and Tab/e 2). At 
30 min, PMMA showed a cell adhesion of 35% relative to 

Table 2 Adhesion of HEC onto HEMAIMMA (co)polymers and TCPS in the 
presence of serum* 

(Co)polymer 30 min lh 2h 6h 

PHEMA 0 0 0 0 
75 HEM&‘25 MMA 13.3 k 4.5 6.6 k 5.5 10.6 + 5.4 5.7a 

50 HEMA/ MMA 16.9 It 6.1 29.8 + 14.8 18.8 + 7.9 15.0 i 0.6 
25 HEM&‘75 MMA25.9 f 10.4 47.4 + 7.6 46.2 f 3.8 47.7 zk 4.0 

PMMA 35.3 + 2.7 41.4 k 7.0 34.6 k 3.8 30.0 + 5.8 
TCPS 66.4+ 3.4 91.7 k8.4 87.0+ 3.4 100.Oa 

*4 X 1 O4 cells/cm* in CMS were seeded onto the test surfaces. Cell counts 
(+ SD) at 30 min. 1, 2 and 6 h are expressed as percentages of numbers of 
cells adhering to TCPS precoated with FnC. For abbreviations, see Materials 
and Methods. 
aData obtained from one adhesion experiment. 
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that on TCPS precoated with FnC. Upon further incubation 
this percentage did not change significantly. 

At 1 h and after further incubation, the moderately wet- 
table copolymer 25 HEMA/ MMA (contact angle = 39”) 
exhibited the highest percentage of adhering cells. Light 
microscopy revealed that cell spreading within this series 
was most extensive on this copolymer. Substantially lower 
cell adhesion percentages were found with the (more) 
hydrophilic (co)polymers. No cell adhesion was found on 
PHEMA. In time, uncoated TCPS showed cell adhesion 
percentages up to 100%. The cell spreading observed on 
uncoated TCPS was as complete as on TCPS precoated with 
FnC. Proliferation of HEC was only observed on 25 HEMA/ 
75 MMA (at 2 d) and PMMA (at 4 d) (not shown). Prolifera- 
tion of HEC on these surfaces started from cell clusters 
which initially exhibited a spiderlike morphology but soon 
changed into a spread structure. In time single adherent cells 
on these surfaces died and detached from the surface. On 
uncoated TCPS, HEC proliferated as previously reported7. 

Effect of surface charge 

Another series of experiments (b) was performed to 
investigate the influence of surface charge of methacrylate 
(co)polymers on the adhesion of HEC in the presence of 
CMS. The MMA and HEMA polymers had a net negative 
zeta-potential (Table 7). The incorporation of TMAEMA-Cl in 
HEMA or MMA polymers resulted in slightly positively- 
charged surfaces, whereas the combination of MAA with 
either HEMA or MMA yielded copolymers with increased 
negative zeta-potentials as compared to the homopolymers. 

Two hours after cell seeding, about 65% of the 
number of HEC adhering onto the reference surface was 
found upon the negatively-and positively-charged MMA co- 
polymers (85 MAA 5 MAAand 85 MMPJ15 TMAEMA-CI), 
while approx. 80% of this number adhered onto the positively- 
charged HEMA copolymer (85 HEMA/ TMAEMA-Cl) 
(Figure 2). HEC did not adhere onto PHEMA nor onto the 
negatively-charged 85 HEMA/ MA4. In series b, higher 
levels of adhering HEC were observed upon PMMA as 
found in series a (Tab/e 2). This may be explained by the fact 
that for each series, cells from different umbilical cord veins 
were used. On PMMA, again incomplete cell spreading was 
observed. The most pronounced cell spreading was seen on 
the positively-charged copolymers. Cells only proliferated on 
the negatively-and positively-charged MMA copolymers and 
on the positively-charged HEMA copolymer. 

Effect of culture medium 

The adhesion of HEC onto the (co)polymers after 1 h was also 
investigated using serum-free medium (series c; Tab/e 3). 
HEC adhesion onto the positively-charged surfaces 
(85 HEMA/ TMAEMA-Cl) and (85 MM&‘1 5 TMAEMA- 
Cl) was about the same when compared to the adhesion 
found on uncoated TCPS. HEC did not adhere to any of the 
other surfaces, except for the 85 MMA/15 MMA co- 
polymer (8.6% adhesion). After 1 h, spreading of HEC upon 
the positively-charged MMA copolymer was as complete as 
the spreading observed upon TCPS precoated with FnC. On 
the positively-charged HEMA copolymer, complete spreading 
was first observed after 5 h. 

When CM was replaced by CMS 24 h after cell 
seeding, proliferation of HEC was observed 2 d after cell 
seeding on the positively-charged MMA, and 4 d after cell 
seeding on the 85 HEMAIl 5 TMAEMA-Cl and 85 MMA/ 
1 5 M MA copolymers. 
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Figure 2 Adhesion of HEC onto (charged) methacrylate (co)polymers and 

TCPS as a function of time: 4 X I O4 cells/cm2 in CMS were seeded onto the 

test surfaces. Cell counts at 30min. 1, 2 and 6h are expressed as 
percentages of numbers of cells adhering to TCPS precoated with Fn’. For 
abbreviations. see Materials and Methods. 

Table 3 Adhesion of HEC after 1 h onto methactylate (co)polymers and 
TCPS 

(Co)polymer Series a Series b Series c 

PHEMA 0 0 0 

75 HEMA/‘25MMA 6.6 + 5.5 ND 0 

50 HEMW50 MMA 29.8 f 14.8 ND 0 

25 HEMW75 MMA 47.4 f 7.6 ND 0 

PMMA 41.4 + 7.0 ND 0 

85 HEMA/ MAA ND 0 0 

85 HEMA/’ TMAEMA-Cl ND 65.8 k 18.8 58.0 f 3.1 

85 MM&‘1 5 MAA ND 58.2 + 17.7 8.6 * 2.9 

85 MMAA/l5 TMAEMA-Cl NO 73.4 f 1.6 52.8 k 3.1 

TCPS 91.7 f 8.4 76.4 k 2.7 49.6 k 3.8 

*4 X 1 O4 cells/cm2 were seeded onto the test surfaces in the presence of 
CMS (series a and b) or in the presence of CM (series c). Cell counts are 
expressed as percentages of numbers of cells adhering to TCPS precoated 
wtih FnC. For abbreviations, see Materials and Methods. 
ND, Not determined. 

DISCUSSION 

Adhesion and proliferation of different types of mammalian 
cells onto polymers is influenced by polymer surface 
characteristics like (water) wettability and chargelZ2. In the 
series of HEMA/MMA (co)polymers the highest number of 
adhering HEC and the most extensive spreading of HEC 

were found on the moderately wettable copolymer 
25 HEMA/ MMA (contact angle of 39”). using CMS as 
the culture medium. Less HEC adhered onto more hydro- 
philic or more hydrophobic (co)polymers, whereas no adherent 
HEC were observed on PHEMA. This is in agreement with 
the lack of the ability of a variety of other cell types to adhere 
onto this materia14-6’22’23. In a previous study4, we also 
observed that optimal adhesion of HEC in the presence of 
serum occurs onto moderately wettable materials (contact 
angle of *40”). 

Because the adhesion experiments mentioned above 
(series a) were carried out in CMS, adsorption of serum 
proteins onto the surfaces may have influenced the adhesion 
of HEC. Both the composition of the adsorbed protein layer 
and the conformation of proteins at the surfaces may be 
important. Fibronectin (Fn), present in serum, is known to 
promote cell adhesion’. Apart from Fn, the adsorption of 
other serum proteins, such as vitronectin, may influence cell 
adhesion24-26. Preferential adsorption and/or optimal con- 
formation of cell adhesion promoting proteins at the surface, 
such as Fn, could be the reason for the high numbers of 
adhering and spreading HECon the 25 HEMA/ MMA 
copolymer. This hypothesis is supported by the work of 
others. Horbett et a/.4 found maximal spreading of 3T3 cells 
and maximal adsorption of Fn on the 50/50 copolymer of 
ethyl methacrylate (EMA) and HEMA as compared to 
(co)polymers of other compositions in this EMAIHEMA 
copolymer series. Grinnell and co-workers suggested that on 
TCPS, increase of fibroblast spreading occurs concom- 
mitantly with increase of Fn adsorption27. This behaviour 
was not observed on hydrophobic polystyrene (PS). It was 
also suggested that Fn is biologically more active on TCPS 
than on PS28*2g. Previously, we compared the protein 
adsorption from CMS onto TCPS with the adsorption onto 
hydrophobic surfaces’. Fn was only detected on TCPS and 
not on hydrophobic fluorinated ethylene propylene co- 
polymer. The lack of adhesion of HEC onto PHEMA is in 
agreement with the low and reversible protein adsorption 
usually observed on hydrophilic surfaces3’. 

Proteins released by cells during adhesion and spreading 
may be adsorbed onto the surfaces of the substrate. It has 
been shown that Fn secreted by fibroblasts mediates initial 
adhesion in serum-free medium3’. Fn is also synthesized by 
endothelial cells32 and is present in the extracellular matrix33. 
Two other proteins produced by endothelial cells, i.e. von 
Willebrandfactorand thrombospondin, may also be involved 
in adhesion and/or spreading of the cells33,34. Desorption of 
adsorbed serum proteins from the polymer surfaces and 
exchange with adhesive protein(s) deposited by the cells is 
likely to be taking place and may occur preferentially upon 
moderately wettable polymers’. 

In the absence of serum, HEC did not adhere onto 
HEMNMMA copolymers (series c), indicating that protein 
adsorption from serum is essential for the initial HEC 
adhesion onto these materials. Moreover, the results 
indicated that cellular adhesive protein deposition may not, 
or may insufficiently, occur from cells in suspension. The 
lackof HECadhesiononto HEMA/MMA(co)polymersinCM 
contrasts with bacterial cell adhesion onto these surfaces in 
serum-free medium”. Maximal adhesion of bacteria 
(Staphylococcus epidermidis) occurs onto PM MA, while the 
adhesion onto the more hydrophilic surfaces is considerably 
reduced. 

In the presence of serum, HEC adhere onto the nega- 
tively-and positively-charged MMA copolymers (85 MMA/ 
15 MAAand 85 MMA/15 TMAEMA-Cl) and the positively- 
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charged HEMA copolymer (85 HEMA/ TMAEMA-Cl) 
(series b). In order to detach the cells from the positively- 
charged surfaces, incubation with a concentrated trypsin 
solution was required. This indicates that a strong electro- 
static interaction between the negatively-charged cell mem- 
brane and the positively-charged surface occurs. The 
adhesion of HEC onto the negatively-charged MMA co- 
polymer may be partly ascribed to interactions between the 
cell surface and proteins adsorbed onto hydrophic domains 
of the polymer surface. Protein adsorption onto the 
negatively-charged HEMA copolymer, lacking hydrophobic 
domains at the surface, is supposed to be slight and 
reversible and no cell adhesion was found to occur onto this 
surface. Our results are in agreement with those of Hattori 
et a/.6 who found maximal adhesion of fibroblasts upon 
positively-charged HEMAcopolymers, whereas no adhesion 
was observed upon negatively-charged HEMAcopolymers. 

The number of cells adhering onto copolymers of 
HEMA or MMA and MAA or TMAEMA-Cl is reduced when 
HEC are seeded in serum-free medium (series c; Tab/e 3). In 
particular, the adhesion onto the negatively-charged MMA 
copolymer after 1 h is dramatically reduced, confirming the 
assumption that serum proteins adsorbed onto this material 
are involved in HEC adhesion. However, the number of 
adhering cells increased in time as confirmed by light 
microscopy (not shown). Apparently, the rate of adhesion 
onto the negatively-charged MMA copolymer is substantially 
lower when compared to the adhesion rate on the positively- 
charged copolymers, due to a high potential energy barrier 
for adhesion in the former case. 

In the absence of serum, HEC adhere very strongly 
onto the positively-charged surfaces, because detachment 
by trypsin was not possible. It is interesting that in the 
absence of serum complete cell spreading occurred upon 
the positively-charged MMA copolymer. Complete spreading 
of HEC in the absence of serum upon surfaces, which had 
not been preadsorbed with cell adhesive protein, has not 
been observed previously. In this case, cell spreading may be 
facilitated by electrostatic interactions. Bacteria in serum- 
free medium also show maximal adherence onto positively- 
charged HEMA or MMA copolymers, whereas the adhesion 
onto a negatively-charged MMA copolymer was somewhat 
reduced. No bacteria adhered onto the negatively-charged 
HEMA copolymer”. 

CONCLUSIONS 

This study demonstrates that in the presence of serum 
the highest number of adhering HEC is found on a 
moderately wettable copolymer of HEMA and MMA. Further- 
more, HEC adhere onto copolymers containing positively- 
charged monomers. Copolymers containing negatively- 
charged monomers only show HEC adhesion when the 
second monomer has a hydrophobic character. In the 
absence of serum, adhesion of HEC onto these charged 
copolymers still occurs but is somewhat reduced. Under 
these conditions complete spreading of HEC was oniy 
observed upon the positively-charged copolymers. 
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