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ABSTRACT
Poly(ethylene terephthalate) (PET) is a biostable polymer that is used in several indwelling medical 

applications such as mesh materials for intraperitoneal applications, vascular grafts and artificial 

heart valves. Previously, an ongoing foreign body reaction (FBR) to PET was observed in rats. 

The tissue reaction to PET is known to be determined by its chemical characteristics, particularly 

hydrophobicity. Additional material characteristics that may influence the tissue reaction include 

surface roughness and morphology. The aim of this study was to determine the extent to which 

PET roughness and morphology influence the FBR. We subcutaneously implanted PET disks of 

different morphologies and roughness in rats. The inflammatory response, vascularization and 

fibrous encapsulation were subsequently evaluated for up to 42 days. We showed that increasing 

surface roughness is associated with an increased inflammatory response up to 10 days after 

implantation, but does not trigger an ongoing FBR. Furthermore, we found that in contrast to 

woven PET, both smooth and roughened PET did not trigger a FBR that was characterized by the 

presence of foreign body giant cells. In addition, smooth and roughened PET did not trigger the 

development of a thick fibrous capsule, compared to woven PET.

To exclude the effect of filler and crystallinity, we conducted a pilot study to determine the acute 

tissue response to smooth PET disks of different detailed compositions. This showed that a 

decreased mineral filler content of PET is associated with decreased inflammation up to 10 days 

only. We therefore conclude that structural and morphological aspects of PET can induce an 

ongoing FBR and should be considered in PET-containing medical implants.

INTRODUCTION
Poly(ethylene terephthalate) (PET) films and fabrics are used for several indwelling healthcare 

applications including annuloplasty rings and artificial heart valves44, surgical mesh material for 

abdominal wall repair45, vascular grafts46-49, peritoneal catheters50-52, as well as in form tape for 

ligament repair.53 Previously, we showed that PET mesh materials consisting of thin fibers trigger 

a chronic foreign body reaction (FBR) characterized by a persistent presence of foreign body giant 

cells (FBGCs), up to six months after implantation in rats.78 

The reaction of the body to a non-degradable biomaterial largely depends on the physical and 

chemical characteristics.79 Desai et al. have shown that coating of hydrophobic PET with high 

molecular weight poly(ethylene oxide) (PEO) decreases the hydrophobicity and the adsorption of 

proteins and cellular interactions in vitro.80 Later it was shown that these PEO-coated PET samples 

decrease inflammation and encapsulation in mice for up to 28 days intraperitoneally, compared 

to uncoated PET samples.81 This was further supported by Brodbeck et al. who showed that 

hydrophilic and anionic materials decrease monocyte/macrophage adhesion in vivo, compared to 

hydrophobic and cationic materials.82 In addition to the chemical properties, the morphology of an 

implantable material influences its biological response. This was emphasized by Parker et al. who 

showed that grit-blasted silicone and PLLA samples developed a thinner capsule but a stronger 

and more prolonged inflammatory reaction compared to smooth samples, for up to 12 weeks after 

subcutaneous implantation in goats.83 Furthermore, it was shown clinically that textured silicone 

breast implants had a lower tendency to develop capsular contracture than smooth implants 

at five years after implantation.84 However, the extent to which PET morphology determines 

the outcome of the FBR has not previously been investigated and is of value for future clinical 

applications.

The aim of this study was to determine whether PET morphology and surface characteristics 

influence the tissue reaction. We subcutaneously implanted PET disks of different structure 

and roughness in the backs of rats, after which the inflammatory response, vascularization and 

encapsulation were evaluated for up to 42 days. 

Other biomaterial characteristics that could lead to differences in its biological response, involve 

the methods used to process it. In particular, the solidification of a polymer from the melt 

after extrusion or molding determines properties such as crystallinity, which can influence its 

biological reactions. Parameters of crucial importance for the degree of crystallinity in a polymer 

include cooling rate, cooling temperature and strain-induced molecular orientation. Furthermore, 

inorganic materials, such as nano-sized CaCO3, can be added to PET as a filler material. This is 

done to increase its strength and toughness. The presence of such nanoparticles was reported 

to raise the degradation temperature as well as the glass transition temperature.85 However, the 

influence on the biological response to PET of crystallinity due to processing conditions, and of 
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difference in filler content, has not been reported up to now. To exclude the effect of crystallinity 

and filler content, we conducted a pilot study to test whether detailed compositional variations of 

PET affect the tissue reaction. The tissue response to smooth PET disks of different composition 

was evaluated for 10 days after subcutaneous implantation in the backs of rats.

MATERIALS AND METHODS
This study addresses the tissue reaction against structurally different PET samples as well as 

the tissue reaction against PET samples of different crystallinity and filler content. The study 

therefore consisted of two parts. In part 1, the differential tissue reaction to smooth, roughened 

and woven PET was measured. In part 2, the tissue reaction to PET that contained different 

amounts of fillers was investigated.

Poly(ethylene 
terephthalate)
For the first part of 

the study, smooth PET 

(SG-PET; Goodfellow), 

roughened PET (RG-

PET; Goodfellow) and 

woven PET (WS-PET; 

Sefar) were used. 

RG-PET was acquired 

by brushing smooth 

PET coupons with a 

circular, stainless steel 

wire brush (Figure 1). 

For the second part 

of the study, SG-PET 

and smooth PET (SB-PET; Bayer) were used. The different materials are summarized in Figure 2. 

To evaluate the tissue response, eight-mm disks were cut from SG-PET, RG-PET, WS-PET and SB-

PET. The disks were then sonicated in isopropanol for one hour, dried on air and ethylene oxide 

sterilized. The absence of any residues on the roughened PET was microscopically confirmed.

Surface roughness and contact angle measurements
The roughness of SG-PET and RG-PET was determined using an optical profiling system (Zygo 

NewView 6300). The average height of the topography (Ra) was determined seven times (n = 7) on 

each material. The water contact angles (WCA) were estimated by the sessile drop method using a 

Contact angle goniometer (Rame-hart). Three measurements were done on each material (n = 3).

Thermal analysis
SG-PET, WS-PET and SB-PET were analyzed using thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) using Perkin Elmer Pyris 1 equipment. Knitted PET (Bard) 

was used as a control (CTRL).78 RG-PET was not included in the thermal analysis, since this was of 

the same origin and batch as SG-PET and, therefore, is chemically and compositionally equal.

Thermal degradation behavior of the PET samples was recorded by heating the samples from 

room temperature to 600ºC at a rate of 20ºC/min. TGA data showing the thermal degradation 

onset temperatures of the samples were used as references for ensuing DSC measurements. DSC 

measurements were carried out by: (1) heating the samples from room temperature to 300ºC at a 

rate of 20ºC/min; (2) cooling to 50°C at 50ºC/min.  

Rat study
In the first part of the study, SG-PET, RG-PET and WS-PET were compared. Male, 8 - 10-week-old 

AO rats were anesthetized with a halothane-N2O-O2 mix. On either flank of the back of the rat, 

three mid-line incisions were made to generate a total of six subcutaneous pockets. In each pocket, 

a single disk was placed. For each material, two disks were implanted per rat. At day 5, 10, 21 

and 42 days after implantation, three rats were sacrificed and the implanted disks, including the 

surrounding tissue, were retrieved. 

In the second experiment, disks of SB-PET and SG-PET were implanted subcutaneously in the 

backs of rats. Two disks of each material were implanted in each rat. At 5 and 10 days after 

implantation, three rats were sacrificed and the disks, including the surrounding tissue, were 

explanted. 

For each rat, one explant of each material was fixed in 2% glutaraldehyde in phosphate buffered 

saline (pH 7.4) for at least 24 hours at 4°C, dehydrated in increasing ethanol concentrations 

(50–70–96–100%), and embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim, Germany). The 

second explant of each material was snap-frozen. 

Histological analysis
Two-micrometer sections of the Technovit 7100 embedded explants were generated for staining 

with toluidine blue in order to quantify blood vessels and cellular nuclei. These slides were 

incubated in toluidine blue solution for 10 minutes, after which these were washed with tap water 

and mounted. After staining, the complete sections were digitally scanned (Nikon Coolscan) 

and analyzed with Visiopharm software (Visiopharm Denmark). In each image, muscle and fat 

Figure 1: Different PET samples included in this study
The brushed PET (A) adopted a milky, white appearance. The smooth PET (B) was 
completely transparent. The woven material (C) is a zero-porosity, multi-filament Dutch 
weave PET, as displayed in the SEM picture. It is woven with 60 μm fibers and bundles of 
6 μm fibers.

Figure 2: Different materials that were studied

Structure / Roughness Vendor Referred to as:

Roughened Goodfellow RG-PET

Woven Sefar WS-PET

Smooth Goodfellow SG-PET

Smooth Bayer SB-PET

Part1

Part 2
(pilot)
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tissue as well as the background was first excluded from further consideration. Blood vessels were 

manually defined after which all cellular nuclei were (automatically) defined. The total blood vessel 

area as well as the total area of the selected nuclei was related to the total tissue area (Figure 3). 

Relative blood vessel area around the knitted samples was corrected for the control samples in 

each rat. The resulting value was used as a measure for vascularization. Cellular density was used 

as a measure of inflammation. The fibrous capsule around each of the implants was scored by a 

combination of measuring capsule thickness and arbitrary review of homogeneity.

Immunohistochemistry
The presence of macrophages and collagen type III (Col III) was investigated using 

immunohistochemistry. Seven-micrometer sections were cut from snap-frozen explants at -25°C 

and fixed with 100% acetone for 10 minutes at 4°C. For macrophage detection, the sections were 

subsequently incubated in a 1:400 dilution of mouse anti-rat ED-1 (Serotec) in PBS containing 

1% bovine serum albumin (BSA) for 45 minutes. The samples were then washed with PBS and 

incubated in PBS containing 0.1% H2O2 for 20 minutes. The samples were then incubated with 

HRP conjugated anti-mouse IgG (Dako). Next, the slides were washed with PBS, after which 

the substrate 3-amino-9-ethyl-carbazole (Sigma Aldrich) dissolved in N,N-dimethylformamide 

(Merck VWR) and 0.5 M acetate buffer (pH 4.9) was added. The substrate was converted into a red 

precipitate by peroxidase activity. Slides were counterstained with toluidine blue and mounted in 

Kaiser’s glycerin.

For Col III detection, the sections were incubated in a 1:50 dilution of rabbit anti-rat Col III 

(Chemicon) in PBS containing 1% bovine serum albumin (BSA) for 60 minutes. The samples were 

then washed with PBS and incubated in PBS containing 0.1% H2O2 for 20 minutes, followed by 

incubation in a 1:100 dilution of HRP-conjugated goat anti-rabbit IgG (Dako). In addition, the 

slides were incubated in a 1:100 dilution of HRP-conjugated rabbit anti-goat IgG (Dako). Next, the 

slides were washed with PBS, after which the substrate 3-amino-9-ethyl-carbazole (Sigma Aldrich) 

dissolved in N,N-dimethylformamide (Merck VWR) and 0.5 M acetate buffer (pH 4.9) was added. 

Slides were counterstained with toluidine blue and mounted in Kaiser’s glycerin.

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), thereby comparing brushed and 

woven PET to smooth PET. Probabilities of p < 0.05 were considered to be statistically significant. 

RESULTS

Surface roughness and contact angle measurements
SG-PET and RG-PET samples were of the same origin and batch of PET. RG-PET was roughened 

using a wire brush, resulting in a significantly increased surface roughness (p < 0.0005; Table 1). 

Contact angle measurements revealed that this also significantly reduces hydrophobicity, as 

indicated by a lower contact angle (p < 0.0005; Table 1).

Surface roughness (n = 7) Contact angle (n = 3)

Smooth PET (SG-PET) 2.369 nm ± 0.263 nm 72.00 ± 1.73

Roughened PET (RG-PET) 515.092 nm ± 15.568 nm*** 55.67 ± 2.08***

Table 1: Surface roughness and contact angle measurements

Thermal Analysis
In one part of the study, SG-PET, RG-PET and WS-PET were compared. TGA analyses of all three 

varieties of PET showed a weight decrease at the same temperature. Hence, the bulk polymer 

content of SG-PET, RG-PET and WS-PET is the same for all these materials. There were no signs of 

volatile compounds, such as remaining solvents, monomers or plasticizers, in any of the samples, 

as is evident from the absence of weight loss at lower temperatures (Figure 4a). In the second 

experiment, SG-PET and SB-PET were compared using TGA. SB-PET approximately had 10% 

residual weight, while SG-PET had approximately 15-20% residual weight (p < 0.01; Figure 4b). 

This indicates that SG-PET contained more filler material, most probably of mineral nature.85 

Following TGA analysis, DSC analysis was conducted on SG-PET and WS-PET (Figure 5a). This 

Figure 3: Visiopharm-mediated histological analysis (Color figure: pg. 85)
Slides were scanned and analyzed using Visiopharm software. First, background (white areas), muscle, fat 
(F), artifacts (*) and the PET implant were excluded from analysis. These areas are marked by horizontal lines. 
Then, blood vessels (V) were defined, as shown in red. Dark blue stained cells were defined, as shown in 
black (C). The relative surface area of both the blood vessels and cells was calculated.
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showed that SG-PET was at least partly amorphous in nature, as shown by the glass transition 

at about 80ºC. Some cold crystallization was visible in SG-PET at 140ºC. This could be caused by 

the presence of the relatively large amount of filler, which was shown by Cheng et al. to affect 

the mobility of the polymer in the melt.86 This cold crystallization may be completely responsible 

for the melt peak at approximately 250ºC. The approximately equal surface area of the cold 

crystallization peak at 140ºC and melt peak at 250ºC suggests that the material was complete 

amorphous at ambient temperature. In contrast to SG-PET, WS-PET was completely crystalline in 

nature, as demonstrated by the single melt peak at approximately 250ºC (Figure 5a). DSC analysis 

also revealed that SB-PET was completely amorphous in nature, as shown by the glass transition at 

approximately 80ºC (Figure 5b).

Figure 5: Differential scanning calorimetry
The temperature of the samples was gradually increased at 20°C/min. This increase is displayed on the x-axis. The y-axis 
shows the relative energy required to achieve this temperature increase. The small peaks at approximately 80°C indicate a 
glass transition of the material, characteristic of amorphousness. The peaks at approximately 255°C indicate melting of the 
material, characteristic of crystallinity. The peaks at 140°C (SG-PET) indicate crystallization during heating.  
A) SG-PET vs. WS-PET; B) SG-PET vs. SB-PET

Figure 6: Cellular density, vascularity and fibrous capsule formation 
A) Cellular density in the surroundings of SG-PET, RG-PET and WS-PET was determined by relating the total surface area of 
the toluidine blue stained cells to the total tissue area (n = 3). The percentage of cellularity is displayed on the y-axis. B) The 
total blood vessel area around SG-PET, RG-PET and WS-PET was determined digitally (n = 3) and related to the total tissue 
area (y-axis). C) Capsule thickness was arbitrarily determined by digital measurement of the thickness and arbitrary scoring 
of the homogeneity around the implants. Thickness is displayed on the y-axis. * p < 0.05; ** p < 0.01

Figure 4: Thermogravimetric analysis results (Color figure: pg. 85)
The x-axis displays the increasing temperature in °C at which the different samples were weighed. The y-axis displays the 
weight change in % that occurred as a result of increasing temperature. A) SG-PET and WS-PET show a clean weight drop at 
the same temperature. B) SB-PET has less residual weight than SG-PET.

Figure 7: Representative histology per material in time
Micrographs (20x and 40x) taken from toluidine blue stained slides of SG-PET, RG-PET and WS-PET. Blood vessels are 
indicated by B. The PET implants are indicated by P; capsule that formed around the implanted PET is indicated by C; giant 
cells are indicated by G.
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Materials of different structure: cellular density and inflammation
SG-PET, RG-PET and WS-PET were implanted subcutaneously in the backs of rats. The tissue 

reaction was evaluated at 5, 10, 21 and 42 days after implantation. Cellular density in the implant 

surroundings was highest for all samples at day 5 and 10 and decreased over time (Figure 6a). 

ED-1 stained sections revealed that the tissue surrounding either SG-PET or RG-PET contained 

ED-1 positive macrophages at day 5. In contrast to SG-PET and RG-PET, WS-PET only contained 

ED-1 positive macrophages at the material-tissue interface and between the individual fibers of 

the woven fabric (Figure 7). Toluidine blue stained sections revealed that both SG-PET and RG-

PET did not contain any FBGCs throughout the study (Figure 8). In contrast to SG-PET and RG-

PET, FBGCs were present at the material-tissue interface and between the fibers of WS-PET from 

day 10 onwards. 

Figure 6a shows that significant differences in cellular density were only measured at day 5, 

where cellular density around SG-PET was lower than around either RG-PET (p < 0.01) or WS-

PET (p < 0.05), indicating a lesser acute tissue response. Closer examination of WS-PET revealed 

that although cellular density in the surrounding tissue was lower than for SG-PET or RG-PET, 

ED-1 positive cells were continuously present at the material interface. In addition, WS-PET was 

the only material that triggered the formation and a persistent presence of FBGCs over time, 

indicating a chronic FBR.

Materials of different structure: vascularization
The relative blood vessel area in the tissue surrounding SG-PET and WS-PET did not differ 

throughout the duration of the study (Figure 6b). At 5 days, the blood vessel area around RG-PET 

Figure 8: ED1 Immunostaining of SG-PET, RG-PET and WS-PET (Color figure: pg. 86)
Micrographs (40x) taken from SG-PET, RG-PET and WS-PET. Red immunostaining marks ED-1 positive macrophages.  
The PET implants are indicated by P; macrophages are indicated by M; giants cells are indicated by G.

Figure 9: Col III Immunostaining of SG-PET, RG-PET and WS-PET (Color figure: pg. 86)
Micrographs (40x) taken from SG-PET, RG-PET and WS-PET. Dark red immunostaining marks collagen type III.  
The PET implants are indicated by P.
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was smaller than around either SG-PET or WS-PET (p < 0.05). Between day 5 and 10 however, the 

blood vessel area around RG-PET increased, resulting in a significantly larger blood vessel area than 

compared to both SG-PET and WS-PET (p < 0.01). After day 10, the blood vessel area around RG-

PET decreased. Although the blood vessel area at day 21 was still larger around RG-PET (p < 0.05), 

no differences were measured at later time points. Further histological analysis revealed that size 

distributions of the blood vessels surrounding SG-PET, RG-PET and WS-PET were all comparable. 

Materials of different structure: capsule formation and ECM buildup
WS-PET showed the thickest fibrous capsule throughout the study, followed by RG-PET and SG-

PET, as determined by the evaluation of toluidine blue stained sections (Figure 6c). Coll III stained 

sections revealed that the newly formed collagen around RG-PET was denser than that around 

WS-PET (Figure 9).

Pilot study: PET implants of different filler content
To exclude the effect of crystallinity and filler content, we conducted a pilot study to test whether 

detailed compositional variations of PET affect the tissue reaction. The tissue response to smooth 

PET disks of different composition was evaluated for 10 days after subcutaneous implantation. 

Although displayed differently in this pilot study, cellular density in the tissue surrounding SG-

PET was similar to that observed in the main part of the study.

At day 5, the cellular densities in the tissue surrounding SG-PET and SB-PET were comparable 

(Figure 10). However, at day 10, the cellular density around SB-PET was less than around SG-PET 

(p < 0.01). Evaluation of ED-1 immunostained micrographs revealed that, at day 10, the tissue 

surrounding SB-PET contained less mononuclear macrophages than SG-PET (Figure 10). No clear 

differences in vascularization and encapsulation were noted among these samples.

DISCUSSION
The aim of this study was to characterize the tissue reactions observed in a rat model as a function 

of morphologically different PET implants. We observed that increasing surface roughness is 

associated with a temporally increased inflammatory response. In contrast to woven PET, we also 

showed that both smooth and roughened PET did not trigger an FBR that is characterized by 

the presence of FBGCs. In addition, smooth and roughened PET did not develop a thick fibrous 

capsule, as was observed around woven PET. Although chemically equivalent, SG-PET, RG-PET and 

WS-PET differ with regard to surface roughness, total surface area and structure. With increasing 

surface roughness, the water contact angle decreases, making the material less hydrophobic, 

and the presence of mononuclear inflammatory cells and the formation of a fibrous capsule 

increases. Although it was shown by others that decreasing hydrophobicity of smooth surfaces 

is associated with a decreased inflammatory response82,87, roughening the surface increases the 

total surface area, potentially intensifying the cell-material interaction. Upon implantation, 

plasma proteins adsorb and denature on the biomaterial, forming a protein interface. Zdolsek et 

al. described the importance of fibrinogen in the formation of this protein interface as it allows 

adhesion of neutrophils, monocytes and macrophages through interaction with cell membrane 

receptors.88 Irregularities that are present on the RG-PET implant may cause these cells to adhere 

more strongly thereby prolonging the attraction and presence of macrophages at the surface. 

Macrophages secrete chemoattractants that have the potential to recruit additional macrophages, 

thereby amplifying the inflammatory response. In addition, fibronectin is an important interfacial 

protein that acts as a ligand and activator of fibroblasts89 and has been described to preferentially 

orient along the grooves of textured surfaces.90 The randomly grooved surface of RG-PET could 

therefore cause more fibroblasts to be recruited and activated, compared to SG-PET. Lampin et al. 

tested PMMA of different surface roughness91 and showed a larger migration area of vascular and 

corneal tissue on roughened versus smooth PMMA. This supports our suggestion that increased 

surface roughness causes an increase or a change in the adherence of interfacial protein complexes, 

thereby increasing cell-material interaction. 

WS-PET is a woven material composed of thin PET fibers. It was the only material in our study 

that caused the formation of FBGCs. The tissue surrounding WS-PET behaved remarkably 

similarly to the tissue surrounding the knitted control material.78 A number of studies by others 

Figure 10: Cellular density in the tissue 
surrounding SG-PET and SB-PET
(Color figure: pg. 87)
The acute inflammatory reaction against 
SG-PET and SB-PET was evaluated up to 
10 days after implantation. Inflammation 
around SB-PET was less than around 
SG-PET. ** p < 0.01. The bottom part of 
the figure displays micrographs (10x) 
taken from SG-PET and SB-PET at day 10. 
Red immunostaining marks ED-1 positive 
macrophages. The PET implants are 
indicated by P.
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have shown that fibers of different size evoke a different inflammatory response.92-94 The absence 

of a chronic FBR to the smooth and roughened PET may, therefore, be due to the structural 

difference. However, the mechanism by which this structural aspect could trigger ongoing FBGC 

formation remains to be determined. 

In addition, the flexible nature of WS-PET might be responsible for triggering a chronic FBR. 

Movement between the individual PET fibers will cause a constant disruption of the tissue-

material interfaces. As a result, cells present at the interfaces may be constantly agitated, and 

induce a chronic FBR, including the ongoing formation of FBGCs. Walboomers et al. previously 

described that the constant mechanical stimulus evoked by the implant causes capsule 

thickening.52 Our observation that WS-PET formed the thickest and most mature fibrous capsule, 

supports this theory.

To exclude the effect of crystallinity and filler content, we conducted a pilot study to test whether 

detailed compositional variations of PET affect the tissue reaction. Firstly, we showed that the 

tissue reaction to SG-PET in this pilot study was similar to the main study. Furthermore, neither 

SG-PET, nor SB-PET triggered the formation of FBGCs. Most importantly, we showed that SB-PET 

contained less filler material than SG-PET and this induced a decreased inflammatory response. 

We did not find any effect of crystallinity on the tissue response. A causal relation between 

polymer filler content and inflammation has not been described in literature before. Regnault 

et al. demonstrated that calcium and phosphate ions are released from different non-degradable 

calcium phosphate-filled polymers after immersion in saline.95 Knowing this, it is easy to imagine 

that local changes, such as pH changes, induced by the released ions, could thereby affect the 

inflammatory response.  

In conclusion, differences in PET structure determine whether or not a chronic FBR with the 

formation of FBGCs will be induced. Furthermore, differences in roughness and filler content only 

affect the acute inflammatory response. Structural, morphological and detailed compositional 

aspects of PET should, therefore, be considered in future PET-containing medical implantable 

devices.

 

CHAPTER 4

Heparin coating of poly(ethylene terephthalate) decreases 
hydrophobicity, monocyte/leukocyte interaction and tissue 
interaction

Paul H.J. van Bilsen 1,2, Guido Krenning2, Didier Billy1, Jean-Luc Duval3, Judith Huurdeman-Vincent1,  

Marja J.A. van Luyn2

1 Medtronic Bakken Research Center BV, P.O. Box 1220, 6201 MP Maastricht, The Netherlands

2 Stem Cell & Tissue Engineering Research Group, Dept. Pathology & Medical Biology, University Medical Center Groningen, University of Groningen, 

Hanzeplein 1, 9713 GZ Groningen, The Netherlands

3 UMR CNRS 6600 – Domaine Biomatériaux-Biocompatibilité, Université de Technologie de Compiègne, BP 20529, 60205 Compiègne, France



40  •  Effects of structure, morphology and heparin(-like) coatings on the tissue reaction to PET  •  Paul van Bilsen, 2008 Chapter 4  •  41

ABSTRACT
Woven poly(ethylene terephthalate) (PET) is widely used in implantable medical devices. Upon 

implantation, fibrinogen interacts with the PET and changes conformation, such that the 

fibrinogen P2 epitope may become exposed. This allows inflammatory cells to interact with 

the material. In this study we have coated PET with heparin and show that this decreases PET 

hydrophobicity and the presence of fibrinogen P2 epitope on the surface. In addition we show 

that heparin-induced reduction of PET hydrophobicity correlates with decreased exposure of the 

fibrinogen P2 epitope and reduced adhesion of monocytes. Reduction of PET hydrophobicity was 

furthermore associated with reduced PMN elastase production and decreased interaction between 

PET and embryonic chicken tissue. We conclude that the heparin coating-induced decrease in 

PET hydrophobicity is associated with decreased interaction between PET and inflammatory 

cells. Independent of this interaction, the hydrophobic nature of the heparin coating is related 

to tissue interaction as demonstrated by a reduction in adhesion, growth and spreading of tissue 

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

biocompatibility of PET.

INTRODUCTION
Implantable medical devices are used for a wide range of applications to support damaged 

tissues, repair tissue integrity or enhance the function of diseased organs. Many of these 

devices, which include vascular grafts, artificial heart valves and mesh materials for 

intraperitoneal applications, contain non-degradable polymeric materials. The foreign 

body reaction (FBR) that is triggered by such materials can potentially cause device-related 

complications.96 Woven or knitted poly(ethylene terephthalate) (PET) is used as a medical 

implantable material. The FBR to woven PET is characterized by a chronic inflammation and 

subsequent formation of a fibrous capsule.78 The nature of this FBR is initially determined 

by the protein interface that forms on the biomaterial surface upon implantation. Tang 

et al. showed that adsorption and denaturation of fibrinogen allows Mac-1 positive cells 

such as neutrophils and monocytes to interact with the material.97 Subsequent activation 

of neutrophils and monocytes results in secretion of inflammatory proteins, causing a 

FBR. The physicochemical and biological properties of a biomaterial are important factors 

that influence the conformation of the proteins that accumulate on it. As such, the protein 

interface on hydrophobic materials differs from the protein interface on hydrophilic 

materials.98 Consequently, the nature of the developing FBR is different as well.99 To alter the 

physicochemical properties it has been proposed to chemically modify the material surface. Such 

modifications aim to improve the materials’ performance. Such a strategy involves providing a 

material with particular biological functionality so as to improve the outcome. 

Heparin is a naturally occurring glycosaminoglycan that is known to enhance the function of 

heparin-binding proteins100, including antithrombin III101,102, extracellular matrix (ECM) proteins, 

growth factors and cytokines.103,104 This property makes heparin potentially useful as an anti-

inflammatory compound. In this respect, heparin prevents leukocyte chemotaxis105, inhibits 

leukocyte adhesion106 and slows ECM breakdown by inhibiting the expression of neutrophil 

elastase107. In extracorporeal circulation systems, heparin surface modification is used to reduce 

complement activation and inflammation during cardiopulmonary bypass procedures108. Besides 

enhancing the function of heparin-binding proteins, immobilized heparin also potentially reduces 

PET hydrophobicity. This change in surface chemistry might contribute to altering the proteins 

present at the interface, thereby influencing biocompatibility in a manner that is independent 

of the biological action of heparin. We hypothesized that coating of PET with heparin improves 

its performance as an implantable medical material.78 More precisely, we hypothesize that 

immobilized heparin changes the physicochemical and biological properties of PET, altering the 

protein interface and improving the cellular response, compared to uncoated PET. In order to 

assess the influence that heparin coating has on PET biocompatibility we have used a number 

of different in vitro techniques. Firstly we characterized hydrophobicity of heparin-coated PET. 




