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Subsequently, we used an immunochemical method to measure exposure of the fibrinogen P2 

epitope on each of the materials. The anti-inflammatory potential of our heparin coating was 

examined by measuring adhesion of freshly isolated monocytes. Next, leukocyte activation in the 

presence of PET was determined in a blood-contacting model. Lastly, tissue response to heparin-

coated PET was evaluated in an embryonic chicken tissue-based organotypic culture method. 

MATERIALS AND METHODS

Materials
Smooth PET (Goodfellow, Huntingdon, UK) was used for all experiments, except for the blood-

loop study. Knitted PET (Bard, Tempe, Arizona, USA) was used for the blood-loop study. PET 

was firstly coated with plasma-polymerized ethylene gas. These surfaces were then incubated in 

25% acrylamide / acrylic acid (Sigma Aldrich, Zwijndrecht, The Netherlands) containing 1M ceric 

ammonium nitrate (Merck VWR, Amsterdam, The Netherlands). The PET was then washed in 

DI water for 4 hours at 50ºC. Poly(ethylene imine) (PEI; BASF, Arnhem, The Netherlands) was 

bound to the poly(acrylamide) graft by incubation in a solution of 0.1% PEI and 1% carbodiimide 

(Sigma Aldrich, Zwijndrecht, The Netherlands) in borate buffer (pH 9.0; Merck VWR, Amsterdam, 

The Netherlands) for 45 minutes at room temperature. Heparin was covalently coupled to the 

PEI layer by incubation of the PET surfaces in a solution of 0.25 mg/ml heparin (Diosynth, 

Oss, The Netherlands) and 0.2 mg/ml sodium cyanoborohydride (Sigma Aldrich, Zwijndrecht, 

The Netherlands) in acetate buffer (pH 4.6; Sigma Aldrich, Zwijndrecht, The Netherlands) for 

4 hours at 37°C. Lastly the surfaces were rinsed in DI water for 3 x 15 minutes, followed by 

rinsing in 1M NaCl (Sigma Aldrich, Zwijndrecht, The Netherlands) for 3 x 15 minutes. After 

completing the coating process, toluidine blue staining was used to confirm the presence and 

homogeneity of the heparin coating. In addition, the surfaces were exposed to fresh human blood, 

following the blood exposure protocol described below. Generation of thrombin was determined 

by a thrombin-antithrombin assay (Enzygnost, Dade Behring, Marburg, Germany) in order to 

confirm the anti-coagulant action of the coupled heparin. Disks of 1 cm2 were punched out of 

uncoated, poly(ethylene imine) coated and heparin-coated PET and ethylene oxide (EtO) sterilized 

(Sterigenics, Verviers, Belgium). These materials are further referred to as BARE, PEI and HEP 

respectively. 

In addition, poly(tetrafluoro ethylene) film (PTFE; Goodfellow, Huntingdon, UK) was used 

as a hydrophobic control for the contact angle measurements as well as in the fibrinogen P2 

measurements. Thermanox® tissue culture polystyrene film (Merck VWR, Amsterdam, The 

Netherlands) was used as a control in the organotypic culture model.

Contact angle measurements
In order to measure the effect of heparin coating on hydrophobicity of PET (Goodfellow, 

Huntingdon, UK), coupons of PET were first coated with heparin as described above. Dynamic 

contact angle measurements were conducted using the Wilheney plate technique (Cahn dynamic 

contact analyzer 332). Triplicate measurements were conducted on different areas of one coupon 

of the BARE, PEI and HEP. PTFE film was used as a hydrophobic control.

Fibrinogen adsorption and exposure of the P2 epitope
To assess fibrinogen adsorption and conformational change on heparin-coated PET (Goodfellow, 

Huntingdon, UK), the presence of total fibrinogen as well as the P2 fibrinogen epitope was 

determined using an immunoassay. Three coupons of PTFE, BARE, PEI and HEP were incubated 

with human fibrinogen (15 μg/ml; Sigma Aldrich, Zwijndrecht, The Netherlands) for 180 

minutes, after which they were washed with phosphate-buffered saline (PBS; Invitrogen, Breda, 

The Netherlands). Next, the surfaces were blocked with PBS containing 1% BSA (Sigma Aldrich, 

Zwijndrecht, The Netherlands) at 37°C for one hour, after which the surfaces were incubated 

with goat polyclonal antibody (Ab) to human fibrinogen (1:20,000 in TBS/BSA/Tween; Accurate 

Chemical, Westbury, New York, USA) at 37°C for one hour. After incubation with the primary Ab, 

the surfaces were incubated with alkaline phosphatase-conjugated polyclonal rabbit Ab to goat IgG 

(1:4,000 in TBS/BSA/Tween; Abcam, Cambridge, Massachusetts, USA) at 37°C for one hour. Next, 

the surfaces were incubated with Alkaline Phosphatase Yellow (pNPP) Liquid Substrate System 

for ELISA (Sigma Aldrich, Zwijndrecht, The Netherlands) at 37°C for 45 minutes. Absorbance 

of the substrate solutions was measured at 405 nm using an ELISA-plate reader (Molecular 

Devices, Sunnyvale, California, USA). Another set of three coupons of PTFE, BARE, PEI and HEP 

was incubated with mouse monoclonal Ab to the fibrinogen γ 392-411 & 392-406 chain (1:750 

in TBS/BSA/Tween; Accurate Chemical, Westbury, New York, USA) at 37°C for one hour. After 

incubation with the primary Ab, these surfaces were incubated with HRP-conjugated polyclonal 

goat Ab to mouse IgG (1:12,000 in TBS/BSA/Tween; U.S. Biological, Swampscott, Massachusetts, 

USA) at 37°C for one hour. Next, the surfaces were incubated with tetramethyl benzidine (TMB; 

Sigma Aldrich, Zwijndrecht, The Netherlands) at room temperature for 10 minutes. The substrate 

conversion reaction was stopped by adding 1N sulfuric acid (Sigma Aldrich, Zwijndrecht, The 

Netherlands). Absorbance was measured at 450 nm.

CD14+ adhesion test
CD14+ Mononuclear cells (MNC) were isolated from buffy coats obtained from healthy donors 

(Sanquin, Groningen, The Netherlands) using density gradient centrifugation on Lymphoprep 

(Nycomed Pharma, Zurich, Switzerland). Donors signed a donor consent form prior to the 

Advancing angle (deg) Receding angle (deg)

PTFE 107.5 ± 0.3 *** 77.7 ± 0.7 ***

BARE 89.6 ± 0.5 52.5 ± 0.9

PEI 87.3 ± 0.6 *** 42.6 ± 0.3 ***

HEP 70.9 ± 0.6 *** 32.5 ± 0.2 ***
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experiment. CD14+ monocytes were isolated by magnetic bead separation.109 Briefly, 1 x 107 

MNC were labeled with 20 μL MACS MicroBeads (Miltenyi Biotec, Utrecht, The Netherlands) and 

incubated in a volume of 80 μL PBS supplemented with 0.5% fetal bovine serum (BioWhittaker, 

Verviers, Belgium) and 2 mM EDTA (BioWhittaker, Verviers, Belgium) on ice for 15 minutes. 

Cells were washed with buffer and resuspended in 500 μL PBS. The cell suspension was separated 

on a LS+/VS+ column placed in a strong magnetic field. CD14+ cells were retained in the column, 

washed extensively and flushed out with buffer after removal of the column from the magnet. 

Aliquots of 1 x 106 cells were labeled with FITC-conjugated monoclonal Ab to human CD14 (1:10 

in 2% BSA/PBS; IQ Products, Groningen, The Netherlands) on ice for 15 minutes. Flow cytometric 

analysis revealed a purity of 97% for isolated CD14+ cells. 

Three disks (9.5 mm in diameter) were punched from BARE, PEI and HEP coupons and fixed 

on the bottom of 48-well plates using silicone medical adhesive (Dow Corning, Midland, 

Michigan, USA), followed by EtO sterilization. Prior to cell seeding the surfaces were pretreated 

with either fibrinogen at 3 mg/ml, fibrinogen at 15 μg/ml or saline, at 37˚C for 180 minutes. 

After washing with PBS, 2.5 x 105 cells were seeded in each well and cultured in RPMI medium 

(BioWhittaker, Verviers, Belgium) containing 10% FBS and 1% penicillin / streptomycin (Sigma 

Aldrich, Zwijndrecht, The Netherlands). The plates were placed in a cell culture incubator at 37°C 

and 5% CO2. At 1, 2 and 4 hours after seeding, non-adherent cells were removed by extensive 

washing. Adherent cells were then fixed with 2% paraformaldehyde (Merck VWR, Amsterdam, 

The Netherlands) in PBS at room temperature for 10 minutes and stained with 6 μM DAPI (Sigma 

Aldrich, Zwijndrecht, The Netherlands). Micrographs were taken from each well using a Leica 

DMRXA microscope and the percentage of PET surface covered with nuclei was determined using 

VIS software (Visiopharm, Hørsholm, Denmark).

Blood exposure study
A closed blood loop model110 was used to evaluate the activation of leukocytes in contact with 

BARE, PEI and HEP. The complete experiment was conducted twice using blood from two different 

volunteers, both of which signed a donor consent form prior to the experiment. Briefly, loops were 

formed of 38-cm-long pieces of Sh.70 USP class VI ¼ x 3/32 pvc tubing (Medtronic, Minneapolis, 

Minnesota, USA). Each loop contained a check valve and had a total internal volume of 12 ml. 

Also, each loop contained a 20 x 1 cm strip of woven PET (Bard, Tempe, Arizona, USA). The loops 

were filled with Plasma-Lyte® solution (Baxter, Deerfield, Illinois, USA) containing 0.5 IU/ml 

heparin (American Pharmaceutical partners, Los Angeles, California, USA). Six ml of blood was 

drawn directly into each loop, replacing 50% of the Plasma-Lyte solution. The final concentration 

of heparin in the blood-filled loops was 0.25 IU/ml. After addition of blood, the loops were 

immediately placed in a 37°C waterbath and rotated in a unidirectional, pulsatile manner at 1Hz 

for one hour. Three blood loops were used for each material, for each donor. Empty PVC loops 

were used as a control. Serum elastase concentrations in each loop where determined in triplicate 

using the PMN elastase immunoassay (Merck VWR, Amsterdam, The Netherlands). 

Organotypic culture method
An organotypic culture method111 was used to examine the cellular response to heparin-coated 

PET. Culture dishes were pretreated with nutrient medium consisting of 50% Bacto-agar (1%; 

Difco, Becton Dickinson, Breda, The Netherlands) in Gey’s solution112, 38.5% M199 (Gibco, 

Invitrogen, Breda, The Netherlands), 10% FCS (Gibco, Invitrogen, Breda, The Netherlands), 1% 

L-glutamine (Gibco, Invitrogen, Breda, The Netherlands) and 0.05% penicillin / streptomycin 

solution (Gibco, Invitrogen, Breda, The Netherlands). Aortas were isolated from 14 day old 

White Leghorn’s chicken eggs and placed in sterile PBS. The vessels were cut into pieces of 1 mm2 

and layered onto the bottom of a pretreated 70 cm2 culture dish (Merck VWR, Amsterdam, The 

Netherlands), with the endothelial side facing upward. Twelve aorta fragments were placed in each 

culture dish and a 0.5 cm2 piece of material was deposited on each of those fragments. Each dish 

was used for only one material. Seven dishes were prepared for each material. The cultures were 

incubated at 37°C for 7 days, after which the materials were removed and stained with neutral 

red. Next, the total surface area covered by tissue was measured using a custom microscope 

with a digitizing tablet (Université de Technologie de Compiègne). Additionally, the cells were 

detached from the disks using 0.025% trypsin-EDTA (Gibco, Invitrogen, Breda, The Netherlands) 

in Isoton® II electrolyte solution (Beckman Coulter, Mijdrecht, The Netherlands). The rate of cell 

detachment was determined by counting the detached cells with a Multisizer® (Beckman Coulter, 

Mijdrecht, The Netherlands) after 5, 10, 20, 30 and 60 minutes. The rate of detachment was used 

as a measure of adhesion strength. The total number of adherent cells was determined after an 

additional incubation of the surfaces in 0.25% trypsin for 15 minutes.

Statistical analysis
All data are represented as means ± standard error of means. The data were compared using a one-

way ANOVA followed by a Dunnett post test (Prism software, La Jolla, California, USA), thereby 

comparing PEI, HEP and the control samples with BARE. Lastly, the Pearssons of Spearmans 

correlation between the different assays was calculated (Prism software, La Jolla, California, USA). 

Probabilities of p < 0.05 were considered to be statistically significant. 
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RESULTS

Heparin coating
BARE, PEI and HEP were exposed to 

recirculating blood for one hour. Next, the 

presence of thrombin was measured using a 

thrombin – antithrombin assay. No thrombin 

was formed in the empty control loops. Blood 

exposed to BARE had the highest thrombin 

levels, followed by PEI and HEP (Figure 1). All 

differences were significant (p < 0.01).

Hydrophobicity
Dynamic contact angle measurements were 

conducted on BARE, PEI and HEP. PTFE was 

used as a hydrophobic control material. All 

PET-based samples were less hydrophobic 

than PTFE. Of the PET samples, BARE was 

most hydrophobic, followed by PEI and HEP 

(Table 1). All differences were significant 

(p < 0.001).

Advancing angle (deg) Receding angle (deg)

PTFE 107.5 ± 0.3 *** 77.7 ± 0.7 ***

BARE 89.6 ± 0.5 52.5 ± 0.9

PEI 87.3 ± 0.6 *** 42.6 ± 0.3 ***

HEP 70.9 ± 0.6 *** 32.5 ± 0.2 ***

Table 1: Contact angle measurements
Dynamic contact angle measurements were conducted for uncoated Dacron (BARE), poly(ethylene imine) coated Dacron 
(PEI), heparin coated Dacron (HEP) and poly(tetrafluoro ethylene) (PTFE) (n = 3). Results are represented as means ± SEM. 
*** p < 0.001

Fibrinogen adsorption and exposure of the P2 epitope
BARE, PEI, HEP and PTFE were exposed to a fibrinogen solution for 180 minutes, after which an 

antibody-based method was used to measure the presence of total fibrinogen as well as exposure 

of the fibrinogen P2 epitope. The amount of total fibrinogen was equal on all samples (Figure 2a). 

All PET-based materials were revealed to contain less fibrinogen P2 epitope than PTFE (p < 0.01). 

Of the PET samples, BARE was determined to expose most fibrinogen P2 epitope, followed by PEI 

(p < 0.05) and HEP (p < 0.05). We furthermore determined that an increasing hydrophobicity was 

associated with increased exposure of the fibrinogen P2 epitope on PET. Herein, the correlation 

coefficient (r2) of P2 epitope exposure and the advancing contact angle was 0.8666 (p < 0.01), 

whereas the correlation coefficient with the receding contact angle was 0.9838 (p < 0.01; Figure 2). 

Thus, increased exposure of the fibrinogen P2 epitope is associated with increased hydrophobicity.  

CD14+ adhesion
CD14+ cells were isolated from a healthy human donor and plated on BARE, PEI and HEP disks 

(n = 3) that were preincubated with 3 mg/ml fibrinogen (high fib), 15 μg/ml fibrinogen (low 

fib) or with saline. The number of adherent CD14+ cells on each of the surfaces was measured 

after 1, 2 and 4 hours. The number of adherent CD14+ cells on the fibrinogen preincubated 

surfaces decreased after 2 hours of incubation. The cells, however, appeared to have detached, as 

determined by microscopic evaluation. Subsequent DAPI staining revealed that the detached cells 

were still alive. 

There were no differences in CD14+ cell adhesion at any of the time points on the saline 

preincubated surfaces (Figure 3a). At one and two hours after high fib preincubation, adhesion of 

CD14+ cells on both HEP and PEI differed significantly from BARE (Figure 3b). At one hour after 

low fib preincubation, adhesion of CD14+ cells on HEP and PEI differed significantly from BARE 

Figure 1: Thrombogenicity of CTRL, BARE, PEI 
and HEP
Uncoated (BARE), poly(ethylene imine)-coated 
(PEI) and heparin-coated (HEP) PET were 
exposed to recirculating blood, after which 
the presence of thrombin was measured. The 
bar marked CTRL indicates that no thrombin 
was present in the empty blood loop. Results 
show that HEP inhibits the release of thrombin, 
compared to BARE. This shows that the coating 
was successfully applied. ** p < 0.01.

Figure 2: Fibrinogen P2 epitope exposure on PTFE, BARE, PEI and HEP
The striped bars represent total fibrinogen measurements after 180 minutes of incubation with fibrinogen solution (n = 3). 
The amount of fibrinogen P2 epitope exposure on uncoated PET (BARE), poly(ethylene imine) coated PET (PEI), heparin-
coated PET (HEP) and poly(tetrafluoro ethylene) (PTFE) (n = 3) is represented by the plain bars. A) Results are represented 
as means ± SEM. * p < 0.05, ** p < 0.01. B) Presence of fibrinogen P2 epitope on PET correlates with data from the contact 
angle measurements. 
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recirculated in the absence of any material was used as a reference. In both donors, elastase levels 

were highest in BARE, followed by PEI and HEP. Both HEP and PEI differed significantly from 

BARE (p < 0.001; Figure 4a). Elastase levels again correlate with fibrinogen P2 epitope exposure 

(r2 = 0.9039, p < 0.01; Figure 4b), showing that leukocyte activation is associated with the 

conformational status of fibrinogen. 

ORGANOTYPIC CULTURE METHOD

Tissue spreading
Spreading of cells from embryonic chicken tissue was determined by measuring the total surface 

area covered by cells after one week of culture. Although there was no difference between HEP, PEI 

and BARE (Figure 5a), the cell-covered area did associate with the contact angle measurements 

(r2 = 0.8536, p < 0.01; Figure 5b). The association between tissue area and contact angle showed 

increased cell mobility at increasing hydrophobicity.

Adhesion
Pieces of embryonic chicken aorta were cultured on BARE, PEI and HEP for one week (n = 7). 

Thermanox® was used as a control (n = 14). Adherent cells were then detached with a low 

concentration of trypsin and counted in time. Cell detachment from Thermanox® was higher 

than from any of the PET-based samples (p < 0.001 at all time points). After 60 minutes, cell 

(p < 0.05) as well. At two hours after low 

fib preincubation, only HEP differed 

significantly from BARE (p < 0.05; Figure 

3c). No differences in cell adhesion were 

measured after 4 hours. The correlation 

coefficient between monocyte adhesion 

on high fib samples and fibrinogen P2 

epitope exposure was 0.8486 (p < 0.01) 

at one hour and 0.9840 (p < 0.01) at two 

hours (Figure 3d).

Leukocyte activation
Strips of knitted BARE, PEI and HEP 

were exposed to recirculating fresh 

human donor blood for one hour, after 

which the levels of the leukocyte marker 

PMN elastase were measured using 

ELISA. The experiment was conducted 

in duplicate for each material, using 

two different donors. Blood that was 

Figure 4: PMN elastase secretion in recirculating blood in contact with BARE, PEI, HEP
PVC tubing loops were prepared to contain strips of uncoated PET (BARE), poly(ethylene imine) coated PET (PEI) and 
heparin-coated PET (HEP). Fresh human blood from 2 separate donors was drawn into the loops and recirculated for one 
hour. Empty PVC loops were used as controls (Ctrl). The data collected from both donors were pooled. The y-axis of figure 
A) shows the concentration of PMN elastase, relative to BARE. Values are depicted as mean ± SEM. B) Elastase secretion 
data also correlate with fibrinogen P2 exposure. ** p < 0.01.

Figure 3: Adhesion of CD14+ monocytes to BARE,  
PEI and HEP
Adhesion of freshly isolated CD14+ monocytes 
from one human donor to uncoated PET (BARE), 
poly(ethylene imine) coated PET (PEI) and heparin-
coated PET (HEP) (n = 3). A) preincubation with saline 
for 3 hours results in very low adhesion of cells. B) 
preincubation with fibrinogen at 3 mg/ml 3 hours 
results in adhesion of cells, where most cells adhere to 
BARE, followed by PEI and HEP. C) preincubation with 
fibrinogen at 15 µg/ml for 3 hours shows again that 
most cells adhere to BARE, followed by PEI and HEP. 
Levels of cell coverage are, however, lower than after 
preincubation with 3 mg/ml fibrinogen. The y-axis in 
figure 3a, 3b and 3c show the % of surface that was 
covered with cells. The x-axis shows the incubation 
time in hours. Values are depicted as mean ± SEM. 
D) Cell adhesion levels from figure 3b correlate with 
fibrinogen P2 data from figure 2a.  
* p < 0.05, ** p < 0.01.
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Figure 5: Total surface area covered with cells
The surface area covered with embryonic chicken tissue was measured on Thermanox, uncoated PET (BARE), poly(ethylene 
imine) coated PET (PEI) and heparin-coated PET (HEP). A) There are no differences between the PET materials. Values are 
depicted as mean ± SEM. B) Data do, however, correlate with the results of the contact angle measurements. ** p < 0.01.

Figure 6: Cell detachment from BARE, PEI and HEP
Chicken embryonic tissue was cultured in contact with Thermanox, uncoated PET (BARE), poly(ethylene imine) coated 
PET (PEI) and heparin coated PET (HEP) for one week, after which the speed of trypsin-mediated cell detachment was 
measured. A) The y-axis represents the percentage of cumulative cell detachment, as related to the total number of cells, 
as determined after full trypsinization at 70 minutes. Cells detached more rapidly from HEP than from either BARE and PEI. 
Values are depicted as mean ± SEM. B) Detachment percentages after 60 minutes of trypsinization correlate with results of 
the contact angle measurements. ** p < 0.01.

detachment from HEP was higher than from both PEI and BARE (p < 0.01). Although there 

was no significant difference between PEI and BARE (Figure 6a), detachment percentages at 60 

minutes correlated inversely with contact angles (r2 = 0.9301, p < 0.01; Figure 6b), indicating that 

hydrophobicity is related to cell adhesion strength.

Tissue growth
Growth of embryonic chicken tissue in contact with BARE, PEI and HEP was determined by 

counting the total number of cells adhering to each material. Tissue growth on HEP differed 

significantly from BARE (p < 0.01; Figure 7a). Although there was no significant difference 

between PEI and BARE, tissue growth correlated with contact angles (r2 = 0.9138, p < 0.01; 

Figure 7b), indicating that the speed of growth of tissue is related to hydrophobicity.

DISCUSSION
In this study we show that coating of PET with poly(ethylene imine) and heparin decreases 

hydrophobicity. We confirmed that the heparin coating had a very low thrombogenicity. 

Surprisingly, however, we also found that thrombogenicity of PEI was slightly decreased. We 

furthermore show that hydrophobicity correlates with a decrease in exposure of the fibrinogen P2 

epitope, a decrease in the adhesion of freshly isolated monocytes, and a decrease in the activation 

of leukocytes after exposure to blood. Lastly we show that embryonic chicken tissue adheres less 

strongly and grows less rapidly on heparin-coated PET than on PEI and BARE. The correlation 

between the different measurements that we conducted suggests a causal relationship between 

hydrophobicity of a biomaterial and cell / tissue behavior.

Figure 7: Tissue growth in contact with BARE, PEI and HEP
Embryonic chicken tissue was cultured in contact with Thermanox, uncoated PET (BARE), poly(ethylene imine)-coated 
PET (PEI) and heparin-coated PET (HEP). A) Values are depicted as mean ± SEM. B) Correlation between tissue growth and 
contact angles. ** p < 0.01.
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Hydrophobicity has been shown by others to be an important determinant for adhesion and 

adsorption of proteins.113 In an aqueous solution such as serum or blood (plasma), proteins 

will adopt a conformation where the hydrophobic amino acid residues associate, while the 

more hydrophilic amino acids reside on the surface of the protein. This conformational change 

minimizes the contact of the hydrophobic amino acid residues with water and determines the 

tertiary structure of blood proteins such as fibrinogen.114,115 In the presence of a hydrophobic 

surface such as PET, the proteins in an aqueous solution adsorb to that surface. The hydrophobic 

amino acid residues will turn to the hydrophobic material in order to achieve an energetically more 

favorable conformation. The conformational change that is associated with this process is referred 

to as protein denaturation and results in the exposure of different epitopes, thereby forming a 

material-protein interface.98

The adsorption to and conformational change of fibrinogen on a biomaterial results in the 

exposure of the P2 fibrinogen epitope and allows interaction of cells through the Mac-1 surface 

receptor, present on monocytes.30,116 This makes fibrinogen an important protein in the formation 

of the protein interface on implanted biomaterials. We show that coating of hydrophobic PET with 

poly(ethylene imine) and heparin reduces hydrophobicity and we confirm that this is associated 

with exposure of the fibrinogen P2 epitope as well as the adhesion of monocytes. Interestingly, 

monocytes detached from fibrinogen preincubated surfaces after two hours of incubation. We 

speculate that serum proteins that are present in the culture medium eventually displace the 

adsorbed fibrinogen, causing the CD14+ cells to detach. An alternative approach would be to use 

plasma instead of culture serum, or to add fibrinogen to the culture medium. The latter approach 

would, however, necessitate the addition of hirudin in order to avoid the thrombin that is present 

in the serum and would cause the fibrinogen to polymerize. 

In addition we show that the coating-mediated reduction in PET hydrophobicity is related to 

the reduced activation of leukocytes as measured by PMN elastase secretion in blood. Campbell 

et al. have described that PMN elastase is mainly secreted by leukocytes117 and we therefore can 

conclude that the reduction of elastase secretion after exposure of PET to blood is caused by a 

reduction in leukocyte activation.

In the organotypic culture model, we researched the interaction of embryonic chicken aorta tissue 

with (heparin-coated) PET. This model is based on tissue-surface interaction in the presence of 

fibrinogen-free, serum containing culture medium. Interaction of cells or tissue with a polymer 

surface under these in vitro conditions has been shown to be related to the amount of adsorbed 

fibronectin and vitronectin.89,118,119 Denaturation of these proteins at a surface results in the 

exposure of their arginine-glycine-aspartic acid (RGD) peptide domain, which allows integrin-

mediated cell adhesion.89,120-122 As with fibrinogen, the adsorption of fibronectin and vitronectin 

is influenced by the hydrophobicity of the polymer surface.123 We showed that cell adherence is 

weaker, and that cells are less mobile on heparin-coated PET than on PEI and BARE. The results, 

in part, support the earlier conclusion of Letourneur et al., who showed that heparin inhibits 

cell proliferation.124 Although we did not measure the presence of fibronectin and vitronectin on 

these surfaces, this suggests that the decrease in hydrophobicity as caused by the heparin coating 

may cause a decrease in the surface availability of RGD peptide domains, thereby inhibiting cell 

adhesion and decreasing cell mobility on the surfaces. In addition to reducing PET hydrophobicity, 

heparin can bind certain growth factors.125,126 Immobilized heparin could sequester the heparin-

binding growth factors, thereby covering the heparin coating and sterically preventing a RGD-

integrin interaction. Also, positively charged arginine residues, such as present in the RGD 

complex, have been observed to interact with negatively charged heparin.101 Through such an 

interaction, heparin could occupy the RGD motif, preventing it from interacting with cellular 

integrins. This would explain the reduction in tissue growth, as was observed in our organotypic 

culture model. 

CONCLUSION
In conclusion, besides its biological properties, heparin coating decreases PET hydrophobicity, 

which is associated with a reduction in cell-material interaction. We conclude that the reduced 

cell-material interaction may be caused by a reduction of fibrinogen P2 epitope exposure on PET. 

This conclusion was recently supported by Zdolsek et al. who showed that inhibition of fibrinogen 

adsorption on woven PET is associated with reduced inflammation in healthy volunteers.88 

Independent of the inflammatory response, the hydrophilic nature of the heparin coating may 

affect the tissue interaction as demonstrated by a reduction in adhesion, growth and mobility 

of cells on PET. The combination of these properties makes heparin coating a candidate for 

improving biocompatibility of PET.




