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GENERAL INTRODUCTION
Implantable medical devices are used for treating a large number of medical conditions. 

Historically, medical devices started with quite simple designs and over time have evolved into 

very sophisticated and intricate devices, including some very complex electronic devices, such 

as pacemakers and defibrillators. Most medical implantable devices are made from polymeric 

or metallic materials that are intended to last the useful life of the device. In addition, some 

applications also use biodegradable implantable materials that are intended to disappear after 

performing their intended function. The latter, however, fall 

outside of the scope of this thesis.  

Examples of implantable medical devices include large 

diameter vascular grafts, which are made of poly(ethylene 

terephthalate) (PET) or poly(tetrafluoro ethylene) (PTFE)1 

and which are used to replace or support diseased large 

blood vessels, such as the abdominal aorta, thereby 

restoring the blood flow. Large diameter vascular grafts 

were first used clinically in around 19502 and have evolved 

from simple tubes to very sophisticated devices, such 

as the self-expanding stent graft (Figure 1). Another 

example involves surgical meshes for intraperitoneal 

applications. Materials used for this application include 

PTFE, poly(propylene) (PP) or PET and have been used 

since the 1970s to repair different abdominal wall defects.3,4 

Other examples include artificial heart valve replacements 

and annuloplasty (AP) devices, which are used to replace 

or repair diseased heart valves (Figure 2). PET is used in 

these devices to support the sutures that hold the device 

in place. Artificial heart valves and AP devices were first 

used in the early 1960s, growing to a market where, today, 

approximately 275,000 valve replacements are carried out 

worldwide every year.2 

Today, medical implant sales in the U.S. alone are estimated 

to approach US$ 30 billion.5 Of this market, cardiac implants 

represent the largest segment of devices. This includes 

stents, pacemakers, defibrillators and artificial heart valves. 

Although most medical implantable devices perform 

satisfactorily, there is also a failure rate associated with each 

type of device. Individually, this may be dependent on the 

age of the patient, differing lifestyles, disease histories and 

body chemistries.2 Although most implantable materials 

are non-immunogenic and non-toxic, devices made of such 

materials can trigger various degrees of a variety of adverse 

reactions. This host-material interaction depends on the 

type of biomaterial, the mechanical and structural properties 

of the device and the site of implantation.6 Implantation 

of a medical device consequently results in activation of a 

number of biological cascades that, in time, may affect the 

performance of the particular material or device. These 

reactions include inflammation of the tissue that surrounds 

many types of implants7, device-centered infections8 

and fibrotic tissue formation around tissue implants and 

prostheses.9 These complications can eventually cause 

failure of the implant, often requiring surgical removal and 

replacement, increasing both the risk to patients and the cost 

of health care. For many implantable applications, surface 

modifications have been proposed to reduce the device-tissue 

reaction after implantation, thereby decreasing post-implant 

complications. This thesis focuses on the tissue reaction against PET and heparin(-like) surface 

modifications that could potentially be used to improve this.

TISSUE REACTIONS WITH MEDICAL IMPLANTS

Issues prior to device implantation
It is unavoidable to damage tissue integrity when implanting a medical device or material. This 

begins with the trauma from the operative procedure to implant the device. The consequence 

is a series of biological and biochemical events (Figure 3). Exposure of blood to subendothelial 

tissue triggers tissue factor-mediated coagulation10 and platelet aggregation through interaction 

with collagen.11 The coagulation cascade ultimately leads to the formation of thrombin, which 

hydrolyses fibrinogen and causes a fibrin network to form. Subsequent activation of the involved 

platelets contributes to coagulation by secretion of procoagulant factors and presentation of a 

phospholipid-containing, procoagulant cell surface.12 This event is essential for the healing of the 

damaged tissue, because the activated platelets also release alpha and dense granules that contain 

Figure 1: Medtronic Talent™ minimally 
invasive endovascular stent graft
Stent graft for endovascular treatment of 
abdominal aortic aneurysms. The device 
consists of a woven PET membrane 
supported by a tubular metal lattice.

Figure 2: Heart valve repair / replacement 
devices
The image at the top shows the Medtronic 
Duran flexible annuloplasty ring for mitral 
valve repair. The image at the bottom 
shows the Medtronic Hall™ mechanical 
heart valve. Both devices contain knitted 
PET for support of the sutures.
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a large number of proteins including growth factors and chemotactic factors that contribute to the 

healing.13 In addition, the release of interleukin 8 (IL8), RANTES and macrophage inflammatory 

protein 1 alpha (MIP1α) by the activated platelets attracts and activates phagocytes14,15, leading to 

the initiation of the inflammatory response.

Opsonization
Upon implantation of a biomaterial, serum proteins such as fibrin(ogen)16, IgG17 and the 

complement factors C3b and C5a18,19 adsorb on the material surface through physical interaction 

(Figure 3). As a result, C3 and C5 convertase complexes will form on the material surface, causing 

soluble C3a, C3b, C5a and C5b to be produced. These protein fragments act as chemoattractants 

that cause neutrophils and monocytes to migrate towards the implanted material. Another 

important protein that adsorbs to the implanted biomaterial is fibrinogen. Second to albumin, 

fibrinogen is the most abundant protein in blood. Interaction of this protein with the often 

hydrophobic biomaterial surface causes it to adopt an energetically more favorable conformation, 

thereby exposing the otherwise occult epitopes P1 (γ 190-202) and P2 (γ377-395).20 Presence 

of these epitopes on the implant surface plays an essential role in the development of the 

inflammatory response, as they will be recognized by the attracted phagocytes. It appears that 

the interaction between phagocytes and surface P1/P2 epitope occurs via the β2 integrin Mac-

1 (CD11b/CD18), which is upregulated on inflammatory cells that are recruited to the implant 

site.21,22 Through this mechanism, the body will recognize the material as being foreign, and will 

subsequently attempt to remove it. However, non-degradable devices cannot be phagocytozed 

because of the disparity in size between the involved inflammatory cells and the device. 

Consequently, a chronic inflammatory response or a fibrous capsule may develop around the 

device.

Cell-material interaction
Neutrophils are the predominant cell type during the acute inflammatory response. A multitude 

of factors is involved in the recruitment of neutrophils to the implant site. Both fibrinogen 

and fibrin play an important role in coagulation and opsonization of the implant surface, but 

also act as chemoattractants for neutrophils, causing them to migrate towards the implant site 

and initiate acute inflammation (Figure 3). In addition, mast cells will degranulate and release 

histamine through interaction with fibrinogen, fibronectin and complement proteins that are 

normally present in the blood.23-25 This increases vascular permeability in the surrounding tissue, 

allowing extravasation of inflammatory cells.26 Simultaneously, histamine attracts phagocytes, 

thereby initiating inflammation.27 Furthermore, the soluble complement factors that are formed 

at the implant surface attract neutrophils. It is thought that the Mac-1 integrin that is involved 

in phagocyte adhesion to the implanted material also interacts with soluble fibrinogen and 

complement factors and thereby drives neutrophil migration towards the implanted material.28,29 

Neutrophils subsequently adhere to the fibrin network and to proteins in the material-protein 

interface through interaction with the abundantly present Mac-1 integrin receptor. Interaction 

through Mac-1 appears to be the dominant activator of neutrophils.30 The activated neutrophils 

are, however, short lived but secrete a number of chemokines and cytokines in the early phase of 

the inflammatory response that will contribute to the further development of the inflammatory 

reaction. The most important protein, and neutrophil chemoattractant IL8, is highly expressed 

by neutrophils, which thereby enhance their own recruitment.14 In addition, macrophage 

inflammatory protein 1 (MIP-1α) is highly expressed by the activated neutrophils, causing 

monocytes to migrate towards the implant site. Adherence of these mononuclear phagocytes to 

the implant surface occurs through interaction of membrane receptors with the material-protein 

interface and causes the cells to adopt a pro-inflammatory phenotype. The monocytes are now 

called macrophages and secrete PDGF, tumor necrosis factor (TNF-α), IL-6, granulocyte-colony 

stimulating factor (G-CSF), and granulocyte macrophage colony stimulating factor (GM-CSF), 

causing more macrophages to migrate to the implant site.

Foreign body giant cells
Non-degradable biomaterials are resistant to phagocytosis and may cause the involved 

macrophages to become frustrated, triggering the formation of foreign body giant cells (FBGCs) 

(Figure 3). Although the exact mechanism that causes the formation of FBGCs has not yet been 

completely elucidated, macrophage fusion is known to be dependent on both the protein interface 

on the implant surface as well as the presence of the appropriate stimuli. Firstly, macrophage 

fusion on biomaterial surfaces is material dependent31, indicating that surfaces must contain an 

appropriate array of absorbed proteins in order for adherent cells to fuse into FBGCs. As such, 

adherent vitronectin was shown to stimulate FBGC formation32, whereas fibronectin inhibits 

FBGC formation.33

Secondly, the formation of FBGCs is induced by IL4 and IL13, which initiate the fusion of 

macrophages.34,35 It was shown that during macrophage development, β1 integrins will 

increasingly be expressed at the cell surface, allowing them to respond to IL4.36,37 Although the 

sources of IL4 and IL13 remain unclear as yet, mast cells are a likely source of IL4 and IL13 during 

a foreign body reaction (FBR).23 In addition, T-cells were suggested to be a possible source of IL4 

and IL13.38 The resulting multinuclear phagocytes secrete reactive oxygen species, degradative 

enzymes and acid and thereby attempt to degrade the implanted material.39,40 
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Formation of a fibrous capsule
As a result of the previously described events, the tissue surrounding the implanted biomaterial 

will remodel. Besides being part of the normal wound-healing reaction, the presence of a 

biomaterial affects these events, thereby influencing the characteristics of the newly formed 

tissue.

Fibroblasts become activated by inflammatory proteins among which TGFβ and, along with 

the inflammatory cells, break down any damaged extracellular matrix (ECM) through the 

secretion of matrix metalloproteinase enzymes.41 Simultaneously, the activated fibroblasts will 

produce new ECM proteins among which different subtypes of collagen. The newly formed ECM 

may, however, become much more stably crosslinked, resulting in the formation of a fibrous 

capsule around the implant. Although the tissue remodeling that occurs after implantation of 

a device is largely caused by fibroblasts, the cascade is essentially triggered by inflammatory 

cells. The newly synthesized ECM proteins will be interconnected or crosslinked by crosslinking 

enzymes such as prolyl hydroxylase, lysyl oxidase and lysyl hydroxylase. The nature and amount 

of these crosslinking enzymes will determine the stability and nature of the resulting ECM. 

An increased expression of lysyl hydroxylase type 2 (telopeptide lysyl hydroxylase) can occur 

after fibroblast activation and during tissue remodeling. This has, however, been shown to 

cause overhydroxylation of collagen telopeptide domains, leading to formation of very stable 

hydroxylysylpyridinoline crosslinks, typical of fibrotic tissue.42,43

POLY(ETHYLENE TEREPHTHALATE) IN MEDICAL IMPLANTS
PET is a widely used non-degradable medical implantable material that is used in different medical 

applications, among which 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 Dependent on the application, the material can be knitted, woven or smooth. 

The structure or form in which PET is used, as well as the nature of the target tissue influences 

the tissue reaction that develops against PET. When used as a smooth material for ligament repair, 

PET is generally well tolerated by the surrounding tissue54, although a chronic FBR, characterized 

by the presence of FBGCs is often reported at sites that are particularly affected by mechanical 

wear and tear.55 The FBR appears to be triggered and maintained by wear particles from the PET 

ligament replacement.56 

Vascular stent grafts that contain woven PET have been described to trigger an inflammatory 

response. Closer examination of the PET-covered stent grafts revealed that the inflammatory 

reaction was also characterized by the presence of FBGCs.57 The reaction to woven PET appears to 

develop against the individual fibers of the woven PET. 

Another application of PET involved the use of knitted mesh for the repair of abdominal hernias. 
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Although the FBR in this application has been reported to be low58, it was still higher against 

PET than against other materials such as PTFE.4 Complications resulting from this FBR include 

insufficient anchoring of the implant and hernia recurrence.59 Although the formation of fibrous 

tissue may be essential in properly anchoring the graft, excessive growth of fibrous tissue causes 

excessive stenosis.60

Lastly, knitted PET fabric is used in sewing rings for annuloplasty rings and artificial heart valves. 

Again, a chronic FBR was reported to cause excessive overgrowth of fibrous tissue, resulting 

in the formation of pannus. This eventually restricts movement of the heart valve leaflets and 

necessitates reoperation.61,62

In summary, PET is used in many medical applications due to its chemical inertness and 

mechanical properties. However, PET implants consistently appear to trigger a chronic 

FBR, potentially leading to complications and necessitating re-operation.53,63,64 The chronic 

inflammation and FBR against PET, as reported by many animal and clinical studies, creates a 

challenge as to improve the tissue reaction. 

AIM AND SCOPE OF THIS THESIS

Aim of this thesis
PET is used in many medical implantable applications. PET is a non-biodegradable polymeric 

material that is historically used for its mechanical properties and chemical inertness. The tissue 

reaction against PET may, however, compromise the function of the implant or cause other 

complications that necessitate reoperation. Surface modifications could improve the tissue 

reaction to PET such that the frequency of post-implant complications is reduced. This thesis 

describes the tissue reaction against PET and the effects of structure, morphology and heparin(-

like) coatings on this tissue reaction.

Scope of this thesis
The acute and long-term tissue reaction against different forms of PET was evaluated and 

characterized in vitro and in vivo. Based on this knowledge, a PET surface modification was applied, 

thereby aiming to improve the tissue reaction. 

Based on indications from reports of a chronic FBR and subsequent fibrous encapsulation around 

knitted PET, we proposed a heparin-based surface modification. Heparin was selected because of 

its reported anti-inflammatory characteristics. Chapter 2 describes the long-term FBR against 

heparin-coated, knitted PET, compared to uncoated PET. 

A factor that appeared to cause the chronic reaction is the fibro-porous nature of the knitted PET. 

We earlier described in patent application US2007/0239267 that tightly woven, smooth PET 

does not trigger fibrous encapsulation, causing leakage in abdominal aorta grafts. This indicates 

that the structure of the PET implant influences the tissue reaction. In Chapter 3 we further 

describe the in vivo tissue reaction that develops against PET of different structure, roughness and 

composition. 

In order to better understand the initial biological events that occur upon PET implantation, 

we investigated the differences in fibrinogen adsorption and conformational change, as well 

as different aspects of inflammation in vitro. Chapter 4 describes the differences in fibrinogen 

denaturation, neutrophil activation, monocyte adhesion and general tissue interaction in vitro 

between heparin-coated and uncoated PET. 

Based on the results and lessons from chapters 2 - 4, we developed a coating based on a synthetic 

heparin analogue, called ReGeneraTing Agent (RGTA). This heparin-like substance has decreased 

anti-thrombotic properties and is resistant to heparinase degradation. Chapter 5 describes the in 

vivo tissue reaction of RGTA-coated, knitted PET compared to uncoated PET.
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ABSTRACT
Dacron-containing heart valve repair devices trigger chronic inflammation characterized by 

the presence of activated macrophages, foreign body giant cells and capsule formation. Upon 

blood contact, pro-inflammatory proteins adsorb to the material and provide a substrate for 

monocyte binding and differentiation. Various heparin-coated polymers have been shown to 

reduce adsorption of pro-inflammatory proteins in vitro and in vivo. In this study, the effect of 

knitted, heparin-coated Dacron on the foreign body reaction was tested subcutaneously in rats. We 

hypothesized that the anti-inflammatory effect of heparin would reduce monocyte recruitment 

and differentiation and therefore limit the inflammatory reaction. An ongoing foreign body 

reaction, characterized by the presence of foreign body giant cells and high vascularization was 

observed in uncoated as well as (heparin-) coated Dacron up to 180 days of implantation. Also, 

a thin capsule was formed around each material up to this time-point. In conclusion, although 

heparin coatings might have an effect on the acute inflammatory response, we were not able to 

show any difference between heparin-coated and uncoated Dacron after 180 days implantation in 

rats. Further research needs to be conducted to assess the difference in pro-inflammatory protein 

adsorption between the tested materials and the effect this has on the long-term foreign body 

reaction.

INTRODUCTION
Heart valve regurgitation is a condition in which the cusps of a valve fail to close properly, resulting 

in backflow of blood.65 The left ventricular remodeling that is associated with mitral valve 

regurgitation can lead to heart failure.66 Current treatment options for these conditions include 

valve replacement (with mechanical, biological or donor valve prosthesis) or valve repair.67 The 

use of valve repair techniques using annuloplasty (AP) devices greatly reduced the occurrence of 

post-operative, valve replacement associated complications such as anticoagulant hemorrhage, 

thromboembolism, prosthetic valve endocarditis and structural valve degeneration.65 Sewing rings of 

valve prosthesis as well as AP devices are covered with elastic, multifilament, knitted poly(ethylene 

terephthalate) (Dacron®). This material has been reported to trigger chronic inflammation 

characterized by the presence of activated macrophages and foreign body giant cells.48 Proliferation 

of surrounding fibroblasts accompanies the chronic foreign body response and can eventually lead 

to excessive encapsulation, causing the device to fail.46,48,68-70 Upon implantation, fibrinogen, among 

other proteins, adsorbs to the material and provides a substrate for integrin mediated macrophage 

binding.20,71 Secretion of monocyte chemoattractant protein-1 (MCP-1) by adhering macrophages 

further contributes to the development of the foreign body reaction (FBR).46 Various heparin-

coated polymers such as PVC and polystyrene have been shown to reduce adsorption of fibrinogen 

compared to uncoated polymers. Also, a reduced adsorption of fibronectin and C3 complement factor 

as well as a decreased activation of neutrophils, terminal complement complex and coagulation has 

been shown. This suggests that a heparin coating may reduce inflammation.72-76

In this study, the effect of heparin-coated Dacron on the FBR was tested. We hypothesized that the 

anti-inflammatory effect of heparin would reduce recruitment of macrophages and therefore limit 

the inflammatory reaction. Disks of heparin-coated and uncoated Dacron were subcutaneously 

implanted in the back of rats, and explants were microscopically reviewed at 5, 10, 21, 42, 90 and 

180 days after implantation. 

MATERIALS AND METHODS

Materials
Dacron® knitted fabric (M04301, C.R. Bard, Inc, Tempe, AZ. USA) was coated with a plasma-

polymerized, carboxyl-group containing polyolefin layer, to which poly(ethylene imine) was 

bound using carbodiimide. After washing with water, NaIO4-modified heparin was covalently 

coupled to the polyamine layer (Figure 1) using NaCNBH3. Eight-mm disks were punched out of 

the untreated, the polyamine modified and the heparin-coated Dacron and ethylene oxide (EtO) 

sterilized. Uncoated, polyamine- and heparin-coated Dacron are further referred to as BARE, PEI 

and HEP respectively.
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Animals
Male, 8 - 10-week old AO rats were anesthetized with a halothane-N2O-O2 mix. Subcutaneous 

pockets were created on both sides of three midline incisions on the back of each rat. One Dacron 

disk was implanted in each of the pockets. Two disks of each of the three materials were implanted 

in each rat. NIH-guidelines for the care and use of laboratory animals (NIH publication #85-23 rev. 

1985) were observed.

Explants
At day 5, 10, 21, 42, 90 and 180 after implantation, three rats were sacrificed and the implanted 

disks, including the surrounding tissue, were retrieved. For each rat, one explant of each material 

was fixed in 2% glutaraldehyde in PBS (pH 7.4) for 24 hours at 4°C, dehydrated in increasing ethanol 

concentrations (50-70-96-100%) and embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim, 

Germany). Two-micrometer sections of these were stained with toluidine blue. The second explant 

of each material was snap-frozen in liquid nitrogen and stained immunohistochemically. A 1:400 

dilution of ED1 (Instruchemie, Hilversum, The Netherlands) monoclonal antibodies were used to 

stain monocytes/macrophages. Vascularization was evaluated after staining with a 1:150 dilution 

anti-collagen IV monoclonal antibodies (ITK Diagnostics BV, Uithoorn, The Netherlands).77

Analysis
Light microscopic evaluation was carried out with a Leica DM-LB microscope (Leica, Rijswijk, The 

Netherlands) and photomicrographs were taken using Leica Qwin 2.3 software (Leica, Rijswijk, The 

Netherlands). Toluidine blue stained slides were used to determine the extent of encapsulation, 

macrophage/giant cells presence and vascularization. Encapsulation around each implant was 

Figure 2: Capsule measurement. 
D = Dacron; C = fibrous capsule area; L = tissue – 
Dacron contact; S = surrounding tissue.  
Fibrous capsule was determined by dividing the total 
capsule area C by the length of the dashed line L.

Figure 3: Aspects of the FBR against (modified) 
Dacron samples in time.

Figure 1: Heparin coating
Dacron fabric was coated with a plasma-polymerized, carboxyl group-containing polyolefin layer, to 
which poly(ethylene imine) was bound using carbodiimide. After washing with water, NaIO4-modified 
heparin was covalently coupled to the polyamine layer using NaCNBH3.

determined by measuring the area of fibrous 

tissue in relation to the size of the tissue-material 

contact (Figure 2). Infiltration of macrophages 

and the presence of giant cells as well as the 

extent of vascularization in and around the 

implanted samples were scored on a scale from 

1 (weakest reaction) to 10 (strongest reaction) 

by two people independently. Moreover, the 

immunohistochemically stained slides were used to 

verify the presence of macrophages, giant cells and 

blood vessels. 

RESULTS

Encapsulation
Encapsulation by fibroblasts was observed from 

day 5 on (Figure 3). In all samples, an increase 

in capsule thickness was evident during the first 

10 days following implantation. Around each of 

the materials, the thickest capsule was present at 

day 10. At later explantation times, the capsule 

thickness had decreased; measurements made 

at 42, 90 and 180 days showed that barely any 

capsule remained around any of the different 

materials. Over time, PEI had the thinnest capsule 

whereas BARE had the thickest. Furthermore, the 

number of fibroblasts between the fibers of the 

implant was generally lowest in HEP and highest 

in BARE.

Macrophages / Giant cells
At all explantation time points, the number of 

macrophages in the surroundings and between 

the fibers of BARE and PEI was comparable 

(Figure 3). At day 5, macrophages were detected 

mainly in the tissue surrounding each of the 
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different materials. At days 5 and 10 larger numbers of macrophages were detected between the 

fibers of HEP than in either BARE or PEI (Figure 4). A decreasing number of macrophages was 

detected from day 21 on (Figure 3). Associated with the decrease in macrophage number, the 

number of giant cells surrounding the individual fibers of each material increased over time.

Giant cells were observed as early as on day 5. A comparable number of giant cells was observed 

in both BARE and PEI throughout the study. The number of giant cells between the fibers of the 

three different materials increased over time and was similar in the different materials at day 21. 

From day 42 on, the number of giant cells between the fibers exceeded the number of unfused 

macrophages around BARE, PEI and HEP. At this time point, HEP contained the lowest number 

of giant cells, compared with BARE and PEI. At 90 days, both BARE and PEI contained higher 

numbers of giant cells than HEP. The highest number of giant cells surrounding the fibers of HEP 

was detected at day 180, whereas in BARE and PEI the highest number was already observed at 

90 days. Generally, the size of the giant cells increased over time from typically three nuclei at day 

5, to seven nuclei at day 180 (Figure 4). The presence, location and abundance of blood vessels was 

confirmed by staining of collagen IV.

Vascularization
Around all three materials, more blood vessels were detected on day 10 than on day 5, indicating 

angiogenesis during the first 10 days after implantation. In the surrounding tissue of both 

BARE and PEI at days 5 and 10 post-implantation, blood vessels were activated as suggested by 

the rounded shape of endothelial cells and the adherence of leukocytes to the blood vessel wall. 

Formation of blood vessels between the fibers of all three different materials was first observed 

at 10 days (Figure 4). The number and diameter of blood vessels within and surrounding the 

implants increased in time (Figure 3). From day 42 on, blood vessel size ranged from capillaries, 

typically inside the implants, to large venules and arterioles within the surrounding tissue. Over 

time, fewer blood vessels and less blood vessel activation was detected in the tissue surrounding 

and between the fibers of HEP, compared to BARE and PEI (Figure 4). No clear difference was 

detected between BARE and PEI, either within the implant or the surrounding tissue, in particular 

at 90 and 180 days. The presence, location and abundance of blood vessels was confirmed by 

staining of collagen IV. 

DISCUSSION
In this study, capsule thickness, phagocyte infiltration and vascularization in, and around bare, 

poly(ethylene imine) and heparin-coated Dacron was assessed at 5, 10, 21, 42, 90 and 180 days 

after subcutaneous implantation in rats. We hypothesized that the anti-inflammatory effect 

of heparin would reduce recruitment of cytokine-producing macrophages and therefore limit 

Figure 4: FBR against BARE, PEI, and HEP Dacron (original magnification x 20). 
D = Dacron fiber; C = capsule; M = macrophage; V = blood vessel; GC = giant cell; F = fibroblast.
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formation of a fibrous capsule. However, we did not see a clear difference in any of the measured 

aspects between heparin-coated and bare Dacron, 180 days after implantation. A decreased 

adsorption of pro-inflammatory proteins such as fibrinogen, fibronectin and C3 on different 

heparin-coated polymers after contact with blood or plasma has been reported in literature.72,73,75,76 

In sheep, an anti-inflammatory effect was reported up to 5 days after blood exposure to a heparin-

coated extracorporeal circulation.74 In addition, it has been shown that the extent of adsorption of 

denatured fibrinogen on implanted Dacron is directly related to the severity of inflammation.20

Since a decreased inflammation was not detected at 180 days of subcutaneous implantation, it 

remains to be determined whether there is indeed a decreased inflammatory protein adsorption 

on heparin-coated Dacron and whether this acute difference contributes to an improved long term 

performance. Although the described heparin coating has anticoagulant properties (unpublished 

results), it is chemically distinct from the coatings described in the aforesaid studies. The chemical 

stability in the presence of macrophage-derived reactive oxygen species has not been investigated. 

A potential alteration of the coating would have an effect on the protein-adsorption characteristics 

of the surface.

Additionally one shall bear in mind that when applied clinically, the heparin-coated Dacron will be 

in continuous contact with blood where the acute response of coagulation factors and blood cells 

plays a significant role in the chronic performance. In the present model, specifically, the presence 

of platelets that potentially accumulate and secrete wound-healing mediators, such as growth 

factors and remodeling factors, has not been accounted for.

In conclusion, the chemical properties of heparin-coated Dacron that were thought to determine 

the acute protein adsorption and tissue response seem to play a smaller role with respect to long 

term performance. Further research needs to be done to understand the mechanisms that govern 

the ongoing FBR to this undegradable biomaterial and to elucidate the effect of heparin coating.

CHAPTER 3

Surface structure and composition of poly(ethylene terephthalate) 
influences the tissue reaction in rats

Paul H.J. van Bilsen 1,2, Edze J. Tijsma1, Martin Schipper2, Linda W. Brouwer2, Marja J.A. van Luyn2

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

2 Stem Cell & Tissue Engineering, Dept. of Pathology and Medical Biology, University Medical Center Groningen, University of Groningen, Hanzeplein 1, 

9713 GZ Groningen, The Netherlands 
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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. 
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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.



50  •  Effects of structure, morphology and heparin(-like) coatings on the tissue reaction to PET  •  Paul van Bilsen, 2008 Chapter 4  •  51

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.
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ABSTRACT
Implantation of a medical device activates biological cascades such as inflammation, affecting 

the performance of the medical device over time. One way to modulate the inflammation 

resulting from the implantation of medical devices is to modify their surface e.g. with a heparin 

coating. This application is only partly effective, because the body contains heparinases, 

which degrade heparin. Regenerating agent (RGTA) is a synthetic polysaccharide that acts as a 

heparinase-resistant analog of heparin. Similar to heparin, RGTA binds and stabilizes a plethora 

of immunomodulatory factors, such as TGFβ and VEGF, thereby improving (wound) healing in 

various animal models. Unlike heparin, RGTA does not influence coagulation. 

We hypothesized that RGTA could act as a beneficial substance for long-term implanted medical 

devices, either as a solute in the tissue surrounding the implant, or applied as a coating to the 

implant surface. We tested our hypothesis through assessment of the FBR to poly(ethylene 

terephthalate) (PET) in the presence of injected or coated RGTA, or a combination thereof. We 

showed that RGTA coating inhibits the presence of inflammatory giant cells and cell influx in 

general, delays blood vessel growth and prevents the build-up of collagen. Injection of RGTA 

increases the number of blood vessels during the first 10 days. The combination of coated and 

injected RGTA results in larger, seemingly more permanent, blood vessels than the other test 

conditions.  RGTA is also more potent in augmenting the foreign body reaction than heparin and 

saline. These characteristics make RGTA an appropriate substance for improving the FBR to PET.

INTRODUCTION
Implantation of a medical device activates biological cascades such as inflammation, affecting the 

performance of the device over time. In a previous study, we reported a chronic inflammatory 

reaction against knitted PET, as it is used in sewing rings of heart valves and annuloplasty devices.78 

In order to improve biocompatibility it has been proposed to chemically alter the material surface 

such that it has immunomodulatory properties. Heparin enhances the activity of a large number 

of chemotactic cytokines and growth factors.125,126 Heparin surface modifications have therefore 

been shown to improve the acute tissue reaction to medical materials, including poly(ethylene 

terephthalate) (PET), poly(tetrafluoro ethylene) (PTFE) and poly(vinyl chloride) (PVC).127,128 

This makes it suitable as a modification in tubing and other parts of extracorporeal circulation 

systems129-131, where it reduces complement activation and inflammatory response during 

cardiopulmonary bypass.108 In addition, heparin coatings are used on intraocular lenses.132,133

Because heparin is degraded by naturally present heparinase, we speculated that heparin surface 

modifications only acutely enhance the function of heparin-binding proteins.78 Regenerating agent 

(RGTA) is a heparin-like, synthetic polysaccharide that is resistant to heparinase degradation 

and it does not influence coagulation.134,135 It does, however, enhance the function of cytokines 

and growth factors.136 RGTA has been shown to improve healing of crushed skeletal muscle in 

rats137,138, infarcted myocardium in pigs139, colonic anastomosis in rats140,141, skull defects in rats 

and rabbits142-144, periodontitis in hamsters145,146, gastric and colic ulceration in rats147 and skin 

burn wounds in rats.148

We hypothesize that, in the presence of implanted PET, RGTA will improve the tissue reaction 

against the implant, thereby increasing vascularization, reducing inflammation and reducing the 

formation of a fibrous capsule. For this purpose, we coated RGTA onto knitted PET and implanted 

it subcutaneously in the back of rats. Smooth PET disks were used as a control. In order to mimic 

an RGTA-releasing system, we also co-injected RGTA with the implanted (coated or uncoated) 

PET samples and compared this to heparin co-injection. The effect of the RGTA on inflammation 

and vascularization was evaluated using digital histological analysis at 5, 10 and 21 days after 

implantation. The effect of RGTA on collagen deposition was measured by digital histological 

analysis. In addition, collagen crosslinks were characterized.

MATERIALS AND METHODS

RGTA
RGTA OTR4120 was prepared according to a previously described method.149 Briefly, a water-

soluble dextran derivative was prepared from T40 dextran by carboxymethylation with 

monochloracetic acid treatment, followed by O-sulfonation with SO3-DMF complex in the 
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EtO sterilized prior to implantation. 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.

The subcutaneous pockets of the rats were co-injected with either 200 μl saline, 200 μl heparin 

(100 μg/ml) or 200 μl RGTA (100 μg/ml). This was done about 10 minutes after creating the 

pockets in order to allow initiation of the acute inflammatory response (Table 1).

At day 5, 10 and 21 after implantation, three rats were sacrificed for each of the co-injection 

conditions and the implanted disks, including the surrounding tissue were retrieved. For each rat, 

one explant of each material was fixed in 2% glutaraldehyde in phosphate-buffered saline (pH 7.4) 

for at least 24 h 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 fixed in formalin for at least 24 hours. These samples were analyzed for hydroxylysyl 

pyridinoline content, as described later.

Sample i.d. Material / coating Type of subcutaneous co-injection

Bare-S Uncoated, knitted PET
Saline (200 μl)

n = 3 per timepoint
RGTA-S RGTA coated, knitted PET

Control-S Uncoated, smooth PET

Bare-R Uncoated, knitted PET
RGTA (200 μl; 100 μg/ml)

n = 3 per timepoint
RGTA-R RGTA coated, knitted PET

Control-R Uncoated, smooth PET

Bare-H Uncoated, knitted PET
Heparin (200 μl; 100 μg/ml)

n = 3 per timepoint
RGTA-H RGTA coated, knitted PET

Control-H Uncoated, smooth PET

Table 1: Experimental setup
Two disks of uncoated, knitted PET, RGTA coated PET and control PET were implanted subcutaneously in the back of 
rats. Saline, heparin or RGTA was co-injected into the subcutaneous pockets of each rat (n = 3 per timepoint). Each test 
condition is therefore a combination of a type of PET and a type of co-injection. The different types of PET are referred to  
as BARE, RGTA and control. The different types of co-injection are referred to by the additive –S (saline), -H (heparin)  
and –R (RGTA).

Staining of tissue sections
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 they were washed with tap water 

and mounted. Additionally, four-micrometer-thick sections were stained with alcian-picrosirius 

presence of 2-methyl-2-butene. Degrees of substitution, defined as the number of groups 

substituted by glucosidic units, were 0.50 for carboxymethyl groups and 1.30 for sulphate groups. 

This process generates reproducible batches of RGTA.

RGTA coating
RGTA was coated onto PET in order to lessen this reaction. Knitted PET fabric (M04301; C.R. 

Bard, Inc, Tempe, AZ) was treated with plasma-polymerized ethylene to which an acrylamide/

acrylic acid graft was coupled using ammonium cerium(IV) nitrate. Poly(ethylene imine) was 

bound to the poly(acrylamide) graft using carbodiimide. After washing with water, RGTA was 

covalently coupled to the polyamine layer using NaCNBH3 (Figure 1a and 1b) and washed with 

water again. From the RGTA-

coated PET sheet, several strips 

were randomly cut out and 

stained with toluidine blue 

(binds to the negatively charged 

polysaccharide molecules) in 

order to confirm homogeneity 

of the coating.

During this study, we tested 

uncoated knitted PET, RGTA-

coated knitted PET and 

uncoated smooth PET. These 

materials will be referred to 

as BARE, RGTA and Control 

respectively (Table 1).

Rat study
Male, 8 - 10-week-old Albino 

Oxford rats were anesthetized 

with a halothane-N2O-O2 mix. 

For the animal study, eight-mm 

disks were generated for the 

following test groups: uncoated, 

knitted PET, RGTA-coated, 

knitted PET and uncoated, 

smooth PET. All samples were 

Figure 1: RGTA coating of poly(ethylene terephthalate) (PET)
(Color figure: pg. 88)
A) After plasma treatment, acrylamide and acrylic acid are polymerized 
onto the PET, resulting in a poly(acrylamide) graft, providing amide and 
carboxyl groups for further treatment. B) Poly(ethylene imine) is coated 
onto the acrylamide graft, after which the RGTA is covalently bound 
through random ring opening chemistry.
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red, which specifically stains collagen. These slides were incubated in 1% alcian blue 8GX (Sigma 

Aldrich) in 3% acetic acid at room temperature, for one hour. The slides were then successively 

washed with tap water, distilled water and incubated overnight in 96% ethanol, followed by air 

drying. After this, the slides were incubated for 24 hours at 50ºC in a 0.1% solution of sirius red 

F3B (Direct Red 80, Sigma Aldrich) in saturated picric acid (Sigma Aldrich), after which they 

were again successively washed with tap water, distilled water and incubated for six hours in 

96% ethanol. After drying, the slides were incubated for one hour at 50°C in Gill’s haematoxylin 

(Sigma). Lastly, the slides were successively washed with tap water and distilled water, dried and 

incubated in xylene (Sigma) for 10 minutes. All slides were mounted with DPX mountant (Fluka).

Histological analysis
All complete stained sections were digitally scanned (Nikon Coolscan) and analyzed with 

Visiopharm software (Visiopharm Denmark). In each image, muscle and fat tissue as well as the 

background was first excluded from further consideration. Of the toluidine-blue stained sections, 

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 2). The 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 for inflammation. Significance of differences was calculated 

separately for each of these parameters at each time point using a one-way ANOVA with a 

Dunnet’s post test (GraphPad).

Figure 2: Visiopharm-mediated histological analysis (Color figure: pg. 87)
Slides were scanned and analyzed using Visiopharm software. Firstly, background (white areas), artifacts and the 
biomaterial (PET) were excluded from analysis. Then, blood vessels (BV) were defined, as shown in red. Dark blue cell nuclei 
were defined, shown in black. The relative surface area of both the blood vessels and cells was calculated. ‘A’ shows a 
representative section before digital analysis, ‘B’ shows the same section after analysis. 

Figure 3: Vascularization in the tissue surroundings at day 10
Micrographs (20x) taken from toluidine blue stained slides of explants at day 10. Examples of blood vessels are indicated 
by arrows. Examples of PET fibers are indicated by double arrowheads. The total blood vessel area around the RGTA-coated 
samples was larger than around BARE. This was mainly caused by the larger diameter of the blood vessels surrounding 
RGTA-coated PET. The diameter of blood vessels around RGTA-R was larger than any of the other test conditions.
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Figure 4: Effect of RGTA coated vs. uncoated 
PET on vascularization
A) RGTA-S has a lower blood vessel area than 
BARE-S at days 5. At day 10, however, RGTA-S 
has a higher blood vessel area, compared to 
BARE-S. There is no difference at day 21. B) 
Similar to RGTA-S and BARE-S, RGTA-R has a 
lower blood vessel area than BARE-R at days 
5. At day 10, however, RGTA-R has a higher 
blood vessel area, compared to BARE-R. There 
is no difference at day 21. Data only reflect 
the relative blood vessel area in the tissue 
surrounding the implant. The values were 
corrected for the smooth control samples 
within each rat.  
* p < 0.05

Figure 5: Effect of RGTA, heparin or saline 
co-injection on vascularization
A) Both BARE-S and BARE-R had a higher 
blood vessel area compared to BARE-S at 
day 5. At day 10, only BARE-R continued to 
have a significantly higher blood vessel area 
compared to BARE-S. B) Only RGTA-R had 
a larger blood vessel area than RGTA-S at 
both day 5 and 10. There was no difference 
between RGTA-H and RGTA-S. Data only 
reflect the relative blood vessel area in the 
tissue surrounding the implant. The values 
were corrected for the control samples within 
each rat.  
* p < 0.05; ** p < 0.01

Figure 6: Effect of RGTA coating or RGTA  
co-injection on collagen formation 
Sections of the explanted samples were 
stained with Sirius red in order to evaluate the 
build-up of collagen around the implanted 
materials. A) RGTA-S showed less collagen 
in the tissue surroundings than BARE-S. The 
deposition of collagen around RGTA-S was 
slower than around BARE-S. B) BARE-R had 
less collagen in the surrounding tissue than 
both BARE-S and BARE-H. Data only reflect 
the relative collagen deposition in the tissue 
surrounding the implant. 
* p < 0.05; ** p < 0.01 

Of each alcian-picrosirius red stained section, the red-colored area was calculated and divided by the 

total tissue area as a measure for total collagen. In addition, histopathological analysis of all sections 

was carried out to confirm the results of the digital analysis. Results of both the digital analysis as 

well as the histopathological analysis were confirmed blindly by a second, independent reviewer. 

HPLC analysis of collagen crosslinks
The collagen that is present in fibrotic and scar tissue contains a larger number of hydroxylysyl 

pyridinoline (HP) and lysyl pyridinoline (LP) inter-molecule crosslinks that greatly increase 

the resistance of collagen to enzymatic degradation.150 As part of this study, we measured the 

number of HP and LP crosslinks surrounding the implanted PET. The analysis was performed 

at TNO Leiden, The Netherlands. Briefly, the formalin-fixed samples were hydrolyzed in 6 M 

HCl and used for amino acid and cross-link analysis. Hydroxyproline (Hyp) and hydroxylysine 

(Hyl) levels were determined in the acid hydrolysates by reverse-phase high-performance liquid 

chromatography (RP-HPLC) after derivatization with 9-fluorenylmethyl chloroformate (FMOC).151 

Hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP) cross-links were measured in the same 

acid hydrolysates as described previously.152,153 Pyridinoline and Hyl levels were expressed as total 

amount of residues per collagen molecule, assuming 300 Hyp residues per triple helix.

RESULTS
RGTA is a synthetic, heparin-like substance with anti-inflammatory and pro-healing properties. In 

this study, we tested whether immobilized and soluble, injected RGTA improves the foreign body 

reaction (FBR) against subcutaneously implanted PET in rats. This was compared with BARE PET 

and with co-injection of either saline or heparin.

Vascularization around RGTA-coated PET versus bare PET
Blood vessels around RGTA-coated PET generally had a larger diameter than uncoated PET 

samples at 10 days (Figure 3). This caused the total blood vessel area to be larger around RGTA-

coated PET samples, compared to uncoated PET (Figure 4). In time, the RGTA-coated PET samples 

showed a different course of vascularization, compared to BARE (Figure 4). Around the RGTA-

coated samples, a smaller total blood vessel area was measured at day 5 (p < 0.05). At day 1, 

however, a larger blood vessel area was measured around the RGTA-coated samples (p < 0.05). 

There was no difference between the tested conditions at 21 days. Around BARE, a larger blood 

vessel area was measured at day 5, followed by a decrease at day 10, indicating a delayed blood 

vessel growth around the RGTA-coated samples.
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Vascularization in the surrounding tissue after RGTA co-injection
Co-injection of RGTA during implantation resulted in a larger blood vessel area in the tissue 

surrounding the PET implants, compared to saline or heparin co-injection (Figure 5). Around 

BARE, RGTA co-injection resulted in a higher blood vessel area than both heparin co-injection 

(p < 0.05) and saline co-injection (p < 0.001) at day 5. At day 10, RGTA co-injection only differed 

significantly from saline co-injection (p < 0.05). No significant differences between any of the 

test conditions were calculated at day 21 (Figure 5a). Around the RGTA-coated PET, co-injection 

of RGTA yields a larger blood vessel area compared to saline co-injection (p < 0.05) at day 5. At 

day 10, co-injection of RGTA yields a larger blood vessel area than co-injection of either heparin 

or saline (p < 0.05). No significant differences were calculated at day 21 (Figure 5b). Supporting 

micrographs from day 10 are displayed in Figure 3. Histopathological analysis of these showed 

that around BARE, the increase in total blood vessel area that we measured in the surrounding 

tissue of the RGTA-co-injected samples was mainly caused by an increase in the total number 

of blood vessels. Around the RGTA-coated samples,  however, the additional RGTA-co-injection 

appeared to result in an increase in blood vessel size.

Collagen deposition around RGTA-coated PET
In contrast to the RGTA-coated PET, the BARE samples showed an increase in collagen content 

between day 5 and 10, resulting in a significant difference between the samples at day 10 (p < 

0.05). An increase in collagen content around the RGTA-coated samples was measured between 

day 10 and 21 (Figure 6a). This suggested a delay in collagen build-up around the RGTA-coated 

samples. Supporting micrographs from day 10 (Figure 7) confirmed the difference in collagen 

deposition around BARE-S and RGTA-S.

Collagen deposition in the surrounding tissue after RGTA co-injection
Co-injection of either saline or heparin during implantation caused an increase in collagen content 

around BARE between day 5 and 10 (Figure 6b). Collagen build-up around the RGTA co-injected 

samples did, however, not increase until day 21. Collagen content around the RGTA co-injected 

samples was significantly lower compared to both the saline and heparin co-injected samples at 

day 10 (p < 0.01). Moreover, this showed a delayed build-up of collagen in the presence of injected 

RGTA in time. Representative micrographs of the picrosirius-stained slides (Figure 7) demonstrate 

the decreased amount of collagen around BARE-R, compared to BARE-H and BARE-S. It also 

shows a complete lack of collagen around RGTA-R, compared to RGTA-H and RGTA-S. Figure 7: Collagen deposition in the tissue surroundings at day 10 (Color figure: pg. 89)
Micrographs (20x) taken from picrosirius red stained slides of explants at day 10. Examples of red-colored collagenous 
areas are indicated by arrows. Examples of PET fibers are indicated by double arrowheads. RGTA-S showed less collagen 
deposition compared to BARE-S. In addition, BARE-R showed less collagen than both BARE-S and BARE-H. Lastly, RGTA-R 
showed less collagen than any of the other samples.
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Figure 8: Collagen deposition between the PET fibers at day 21 (Color figure: pg. 89)
Micrographs (20x) taken from picrosirius red stained slides of explants at day 21. Examples of red-stained collagen sections 
are indicated by arrows. Examples of PET fibers are indicated by double arrowheads. RGTA-S, RGTA-H and RGTA-R showed 
less collagen between the PET fibers than any of the BARE samples. RGTA coating therefore prevents collagen deposition.

Figure 9: Cell influx at day 21
Micrographs (20x) taken from toluidine blue stained slides of explants at day 21. Examples of foreign body giant cells are 
indicated by arrows. Examples of PET fibers are indicated by double arrowheads. In contrast to the BARE samples, the fibers 
of RGTA-S, RGTA-H and RGTA-R are barely surrounded by giant cells. In addition, cellularity between the fibers is much 
lower between the fibers of RGTA-coated samples.
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Collagen deposition between fibers of RGTA coated, knitted PET
Micrographs in Figure 8 show almost a complete lack of collagen build-up between the fibers of 

the RGTA-coated PET at day 21, although some collagen appears to be present closely around 

the fibers. This is in contrast to BARE, where the abundance of red color shows that collagen was 

formed between the PET fibers. Although RGTA coating appears to affect collagen formation 

inside the material, we did not see any effect of RGTA co-injection (Figure 6a). In addition to 

histological analysis the explanted samples were analyzed by reverse phase HPLC to determine the 

number of hydroxylysyl pyridinoline (HP) and lysyl pyridinoline (LP) crosslinks per collagen triple 

helix (TH). Although we detected a difference in collagen formation both in the surroundings and 

between the fibers of PET using histological analysis, none of the samples contained more than 

0.05 HP+LP crosslinks per collagen triple helix in total. This was earlier shown to be a normal 

value for skin tissue.150

Cellular influx and giant cell formation in RGTA-coated PET
The individual fibers of BARE are mostly surrounded by foreign body giant cells (FBGCs), as 

indicated by arrows in Figure 9. On average, each giant cell appeared to contain at least 10 

active, large nuclei. This is in contrast to RGTA-coated PET. The number of giants cells present 

in this material was much lower. Also, the number of nuclei per giant cell was lower in RGTA 

and frequently had an apoptotic appearance. In addition to the low presence of FBGCs, general 

cellularity between the fibers of RGTA-coated PET was decreased. RGTA coating clearly inhibits 

the presence of inflammatory giant cells. Co-injection of RGTA does, however, not further 

minimize this aspect of the FBR.

DISCUSSION
Synthetic heparin-like RGTA has been shown to modulate wound healing in different animal 

models. In this study, we showed that RGTA coating on implanted PET inhibits the presence 

of inflammatory giant cells and cell influx in general, delays blood vessel growth and prevents 

the build-up of collagen for up to 21 days. Injection of RGTA around implanted PET triggers an 

increase in the number of blood vessels during the first 10 days after implantation, compared to 

both heparin and saline co-injection. The combination of RGTA co-injection around an RGTA-

coated PET disk results in larger, seemingly more permanent, blood vessels.

Heparin-binding cytokines and angiogenic proteins are important regulators in the onset and 

progression of the FBR.154 The presence of a heparin (-like) substance in an environment where 

these factors are likely to accumulate could cause them to become immobilized, thereby preventing 

them from exerting their function. RGTA coating clearly impairs the FBR. We speculate that, in 

time, the inflammatory reaction possibly causes coating degradation. Phagocytes that are present 

at the implant site have been shown to generate oxidants that will affect the chemistry of the 

coating.155 Gradual oxidative or hydrolytic breakdown of the coating after implantation could 

then cause (the delayed) release of the heparin-binding, angiogenic proteins at later time points. 

Although the histological evaluation showed a collagen increase around the saline and heparin 

co-injected samples at day 10 and 21, a commensurate increase in collagen HP and LP crosslinks 

per TH was not observed. The stable HP and LP crosslinks that are common in cartilage, tendon 

and scar tissue prevent enzymatic degradation. In an earlier study we have already reported that a 

capsule builds up around PET implants during the first 10 days after subcutaneous implantation 

in rats.78 At later time points, however, this capsule disappeared. The remodeling that takes 

place after 10 days suggests that the deposited collagen is susceptible to enzymatic degradation. 

Although we show that collagen build-up around PET is delayed in the presence of both soluble 

and coated RGTA, none of the samples caused the formation of a stable capsule until 21 days, as 

demonstrated by the absence of HP and LP crosslinks.

Co-injection of RGTA results in a larger blood vessel area at 5 and 10 days compared to both 

injection of heparin and saline. In situ injection of RGTA was shown by Desgranges et al. to 

enhance neovascularization after skeletal muscular ischemia in rats.156 Others have shown that 

RGTA sequesters heparin-binding proteins among which VEGF, TGFβ and fibroblast growth 

factors (FGFs), thereby augmenting the formation and growth of blood vessels.157-159 It appears 

that RGTA has similar pro-angiogenic properties in the presence of a foreign body-mediated 

inflammatory response. Co-injection of either heparin or RGTA into the subcutaneous pockets 

causes an increase in the blood vessel area. However, RGTA shows a larger increase at least until 

10 days after implantation, indicating it to have a higher potency than heparin. A second property, 

which does not exclude the first, is that RGTA is resistant to heparinase degradation, causing it to 

act longer than heparin.

In contrast to BARE, collagen deposition was minimal between the fibers of RGTA-coated PET. 

The presence of some collagen closely around the fibers of RGTA-coated PET might indicate that 

heparin-binding, pro-fibrotic proteins are indeed immobilized and draw the fibrotic response away 

from the tissue that is more distant from the immediate material-tissue interface. As a result, the 

individual fibers contain a very thin capsule that possibly also shields the fibers from a long-term 

inflammatory response. Our observation that there is an absence of FBGCs inside RGTA-coated 

PET after 21 days supports this argument. We earlier reported that a chronic inflammatory 

reaction, characterized by the presence of giant cells, persists inside subcutaneously implanted, 

knitted PET.78 

In summary, immobilized RGTA delays blood vessel growth, delays collagen deposition and prevents 

giant cell formation up to three weeks after implantation. Injected, soluble RGTA increases growth of 

blood vessels and prevents collagen deposition, compared to both saline and heparin. Having these 
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properties, RGTA could be used to acutely improve blood vessel formation around implanted devices, 

making it an excellent substance for improving survival of cells and tissues in devices that contain 

tissue-engineered components or living cells. In addition, we conclude that RGTA could be used 

to improve the performance of PET-containing implantable devices such as the earlier mentioned 

sewing rings of artificial heart valves and annuloplasty devices.

CHAPTER 6

Summary
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aiming to improve the tissue response. Through its interaction with heparin-binding cytokines 

and growth factors, heparin is known to have anti-inflammatory properties. In addition, the 

heparin coating changes the physicochemical properties of the PET surface, which could alter 

the formation of the material-protein interface, and therefore the cell-material interaction. Our 

hypothesis was that the heparin coating would reduce the (chronic) inflammatory response to 

knitted PET, and the formation of a fibrous capsule. We found that FBGCs were surrounding 

the fibers of both the uncoated and the heparin-coated PET implants, up to 180 days after 

implantation. In addition, no differences in capsule thickness were noted among these samples. 

Small differences in the tissue reaction between uncoated and heparin-coated PET implants 

were mainly visible during the first 21 days after implantation. We therefore concluded that the 

properties of heparin-coated PET that were thought to determine the acute protein adsorption 

and tissue response play a smaller role with respect to long term performance. Aiming to better 

understand, and, secondly, to improve the tissue reaction to implanted PET, we subsequently 

investigated different determinants of the tissue response to PET. Our observation that FBGCs 

surround individual fibers of the PET implant particularly triggered an interest in the role of 

morphological and detailed compositional aspects in determining the tissue reaction. This is 

discussed in chapter 3.

STRUCTURAL / COMPOSITIONAL ASPECTS OF THE TISSUE REACTION
The morphological and detailed compositional aspects of PET appear to affect the tissue reaction 

against PET. In chapter 3, we showed that PET roughness, morphology and detailed composition 

(i.e. the amount of filler content) at least in part determine the severity of the tissue reaction. 

In contrast to woven PET, we showed that smooth and roughened PET do not trigger an FBR, 

characterized by the presence of FBGCs. Similar to the tissue reaction that was observed to 

develop to knitted PET, the individual fibers of the woven PET were surrounded by FBGCs from 

day 10 onwards. We speculated that the flexible nature of woven and knitted materials allows 

movement between the individual PET fibers, possibly causing the cells at the material interface 

to be constantly agitated. This may contribute to the formation of FBGCs. Alternatively, woven 

and knitted PET are fibro-porous materials that have a much larger surface area than PET films. 

Although we did not determine the quantity and quality of adsorbed interfacial proteins, the 

larger surface area of knitted and woven PET provides the potential for the adsorption of a 

large quantity of interfacial proteins. As a result, the increased surface area could allow more 

macrophages / FBGCs to interact and, in addition, intensify cell-material interaction. This implies 

that changing the structural appearance of PET may improve the tissue reaction, independent of 

the physicochemical surface properties. However, for a number of applications such as heart valve 

sewing rings and intraperitoneal applications, the structural appearance i.e. thin woven or knitted 

Implantation of a biomaterial triggers a host tissue response that is generally characterized by 

acute inflammation, a foreign body reaction (FBR) and fibrous encapsulation. Upon implantation 

of a biomaterial, plasma proteins adsorb on its surface and form a material-protein interface. 

This initially allows the material to be recognized by neutrophils through interaction with its 

cell membrane receptors.30 Neutrophils are activated and secrete chemoattractants, thereby 

recruiting monocytes to the site of implantation. The developing inflammatory reaction is further 

stimulated by the activated complement system as well as mast cells that secrete histamine as a 

result of the tissue damage.88,160 At the implant site, monocytes differentiate into macrophages 

and auto-amplify their recruitment. Activated macrophages contribute to the repair and 

remodeling of the tissue surrounding the implant through secretion of extracellular matrix (ECM)-

related proteins such as matrix metalloproteinases (MMPs).41 In addition, the macrophages secrete 

fibroblast-stimulating cytokines such as TGFβ.161 As a result, fibroblasts will be recruited and 

activated and will further contribute to the repair and remodeling of the tissue through secretion 

of e.g. collagen and collagen crosslinking proteins.150 Depending on the type of biomaterial, the 

target tissue and the particular medical application, this could result in the formation of a fibrous 

capsule surrounding the implant, thereby shielding the implant from the surrounding tissue. 

Formation of a fibrous capsule may prevent proper functioning of mechanical devices, such as 

artificial heart valves.162,163

In addition to the acute inflammatory response and fibrous encapsulation, the macrophages 

may become frustrated in the attempt to breakdown the biomaterial.78 As a result, macrophages 

fuse into foreign body giant cells (FBGCs) which secrete a myriad of bioreactive agents including 

reactive oxygen species, degradative enzymes, and acid. This FBR can become chronic and may 

eventually compromise the function of the implanted device.164

Although much research is being conducted into the biological mechanisms of the biomaterial-

tissue response, as well as into development of biomaterials with better biocompatibility, the 

exact mechanism of the biomaterial-tissue response is not yet completely understood. This thesis 

focuses on the host tissue reaction that develops against poly(ethylene terephthalate) (PET) 

and possible ways of improving it, thereby potentially prolonging and improving the function of 

medical implants that contain PET.

THE HOST TISSUE RESPONSE TO PET
Implantable medical devices that contain PET include sewing rings, mesh materials for 

intraperitoneal applications and vascular grafts. These devices may trigger a chronic FBR and 

subsequent fibrous encapsulation that causes device failure. In chapter 2 we show that knitted 

PET triggers a FBR, characterized by the presence of FBGCs up to 180 days after subcutaneous 

implantation in the backs of rats. We proposed to apply a heparin-based coating to knitted PET, 
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fibers, is essential to the function of the PET implant, as it facilitates anchorage of the device 

by suturing. Methods for improving the tissue reaction to these materials, therefore, are largely 

limited to potent surface modifications. The heparin surface modification that we investigated 

earlier was thought to alter PET surface characteristics, thereby improving the tissue reaction. The 

lack of a significant short and long-term improvement caused us to more closely investigate the 

formation of the protein interface and the subsequent cellular interaction to heparin-coated PET.

PROTEIN ADSORPTION / IN VITRO RESPONSE TO HEPARIN-COATED PET
Heparin coating, as described in chapter 2 was hypothesized to reduce protein / cell / tissue 

interaction with PET. Heparin is not only known to stabilize heparin-binding cytokines and 

proteins that are present as a result of material implantation, but heparin also reduces PET 

hydrophobicity, thereby changing the protein interface that forms on the material upon 

implantation. In chapter 4 we studied the in vitro characteristics of heparin-coated PET and show 

that the reduction in PET hydrophobicity by coating it with heparin is associated with a decrease 

in fibrinogen adsorption, neutrophil activation, monocyte adhesion and tissue interaction. Failure 

of the heparin coating to improve the tissue reaction during the long term in vivo response is most 

likely due to the loss of heparin coating effectiveness. As described earlier, the local inflammatory 

response, as well as heparinase action, are the probable causes of this. Our in vitro results show 

that the mechanism by which heparin was hypothesized to improve the tissue reaction may 

remain valid. However, heparin appears to lack potency and/or stability to achieve this effect 

in vivo. These results triggered an interest in developing a heparin-like coating with increased 

stability and potency.

RGTA-COATED PET
Intrinsic properties of heparin make it a suitable compound for improving the tissue reaction 

against implanted PET. Besides the potential of heparin to stabilize heparin-binding cytokines and 

growth factors, heparin coating reduces the hydrophobicity of PET. Consequently, it reduces the 

interaction and activation of monocytes and neutrophils in vitro. However, in vivo we showed that 

heparin coating does not significantly reduce the inflammatory response, FBR and encapsulation 

around knitted and woven PET. As shown earlier, the inflammatory reaction is largely determined 

by the morphological and structural aspects of knitted and woven PET. Reactive oxygen species, 

degradative enzymes, and acid that are secreted by the inflammatory cells could be responsible for 

the degradation of the heparin coating, thereby causing it to lose its anti-inflammatory potential. 

In order for heparin to maintain its anti-inflammatory potential during the tissue reaction, it 

is necessary to increase the stability and potency of heparin. ReGeneaTing Agent (RGTA) is a 

synthetic heparin-like analog with decreased anticoagulant properties and increased resistance to 

heparinase degradation. In chapter 5 we applied an RGTA coating to PET and show that this, in 

contrast to heparin, significantly reduces the inflammatory response and fibrous encapsulation 

up to 21 days after subcutaneous implantation in rats. In conclusion, our research showed that 

the tissue reaction to PET is largely determined by the morphological and structural aspects of 

PET. Furthermore we conclude that the acute tissue reaction to knitted PET can successfully be 

improved by applying an RGTA-based surface coating.
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CHAPTER 7

General Discussion
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INTRODUCTION
PET is a chemically inert, non-degradable implantable material that is used in a broad range 

of medical implantable devices such as annuloplasty rings, mesh materials for intraperitoneal 

applications and vascular grafts. PET is applied as a smooth, tightly woven, or open weave 

(knitted) structure. Although chemically inert materials usually do not trigger a strong tissue 

reaction, knitted PET triggers a chronic foreign body reaction (FBR), characterized by the 

formation and persistent presence of foreign body giant cells (FBGCs).60,162,165 In addition, knitted 

PET triggers the formation of a thick fibrous capsule, which may mechanically restrict the function 

of implanted devices, such as annuloplasty rings and artificial heart valves. Both the chronic FBR 

and thick fibrous encapsulation can intervene with implant functions and need to be avoided. 

Therefore, we investigated the extent to which physical, chemical and morphological aspects 

determine the FBR against PET. Furthermore, we applied heparin(-like) surface modifications in 

order to investigate whether this ongoing FBR could be avoided.

INFLAMMATION AND FORMATION OF FOREIGN BODY GIANT CELLS 
Bellon et al. has shown that the tissue reaction to a non-degradable biomaterial largely depends 

on the physical and chemical characteristics.79 Furthermore, the structure and morphology of the 

material contributes to the development of the tissue reaction. However, research into the effect 

of structure and morphology is largely limited to the effects of (nano)structuring of smooth metal 

and polymeric biomaterials.166,167

The development of a tissue reaction to a foreign material involves a complex sequence of 

biochemical and cellular events. Adsorption and denaturation of (plasma) proteins to the material 

during and after implantation allows recognition of the material by inflammatory cells. The 

composition of the protein interface that forms on the material is dependent on the chemical 

and physical characteristics and determines the nature of the acute inflammatory response. 

In particular, the presence of the fibrinogen p1/p2 epitope on an implant surface activates 

neutrophils, monocytes and macrophages and, therefore, is believed to play a detrimental 

role in the nature of the acute inflammatory response against the material.88 The fibrinogen 

conformational change that leads to exposure of the normally occult p1/p2 epitope is associated 

with the hydrophobicity of the material. Being a hydrophobic material, PET therefore can 

be expected to trigger a stronger inflammatory response compared to hydrophilic materials. 

We indeed showed that an acute inflammatory response develops against smooth film PET 

implants, as measured by the presence of mononuclear phagocytes surrounding the implant at 

five days only. We also showed that a reduction of fibrinogen p2 epitope on PET coupons leads 

to a reduction in monocyte adhesion, leukocyte activation and tissue interaction in vitro. More 

importantly, this is in agreement with the nature of the in vivo inflammatory response, at least up 

to 10 days after implantation.

Having a larger surface area, the roughened PET film showed a slightly stronger acute inflammation. 

This is probably due to the presence of more fibrinogen p1/p2 epitopes on the surface. Importantly, 

and in contrast to knitted PET, neither smooth nor roughened PET film triggered an ongoing FBR 

and the formation of FBGCs. This implies that the structural difference of knitted PET apparently 

plays an important role in the development of the ongoing FBR. We observed that giant cells were 

surrounding the individual fibers of the knitted PET material, while the surrounding tissue was 

not activated and appeared comparable to smooth and roughened PET film. This indicates that the 

flexible structure and the mesh-like morphology of knitted PET may be responsible for a change 

in the local intra-fibrillar microenvironment. The major difference between the PET films and 

knitted PET that are described in this thesis is flexibility of the material. We speculate that this 

flexible nature of knitted PET causes the intra-fibrillar tissue to be constantly mechanically agitated, 

triggering infiltration of macrophages and the formation of FBGCs.

The persistent presence of FBGCs at the material interface requires that the FBGCs adhere to 

the implanted PET. As described, fibrinogen is an important interfacial protein that facilitates 

activation and adherence of inflammatory cells e.g. neutrophils, monocytes and macrophages. 

However, formation of FBGCs by fusion of macrophages may require the presence of different 

interfacial proteins. McNally et al. showed that FBGCs strongly adhere to adsorbed vitronectin.32 

Furthermore, Vroman et al. described that interfacial proteins can be displaced in time, causing 

the material-protein interface to become dynamic.168 We postulate that the mechanical action of 

knitted PET may also be responsible for allowing interstitial fluid components such as vitronectin 

to continuously access the material surface and to adsorb on it. 

The mechanical action of the flexible, knitted PET could continuously reinitiate the events that 

define the initial phase of implantation, i.e. tissue damage, material-protein interface formation, 

activation of inflammatory cells (Figure 1). Supportive evidence for this hypothesis could be 

obtained in future studies by using immunoassays to quantify adherent vitronectin and other 

interfacial proteins on knitted PET explants over time.

FIBROUS ENCAPSULATION
Another aspect of the tissue reaction is the formation of a fibrous capsule around the implant. The 

formation of a thick fibrous capsule was detected around knitted PET, compared to smooth and 

roughened PET film. In concurrence with the persistent presence of FBGCs, we postulate that the 

formation of a thick fibrous capsule is a consequence of the inherent flexibility and consequent 

mechanical action of subcutaneously implanted knitted PET. Non-exclusive hypotheses that could 
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support this postulation include: 1) The PET mechanical action directly and continuously triggers 

fibroblast-myofibroblast transdifferentiation and results in a pro-fibrotic fibroblast phenotype; 

and 2) Continuous re-activation of inflammatory cells indirectly triggers the formation pro-

fibrotic fibroblasts through secretion of pro-fibrotic cytokines, such as TGFβ.

HEPARIN(-LIKE) COATINGS
To study modification of the tissue reaction against knitted PET, surface coatings were applied. 

At first, a heparin surface modification was applied to knitted PET. Surface modifications can 

be used to alter the physicochemical characteristics of a biomaterial, but may also add biological 

functionality to the material surface. Heparin is a natural bioactive molecule that acts as a cofactor 

for a number of proteins. Besides its anticoagulant action, heparin is well known to enhance the 

function of heparin-binding growth factors and is shown to have anti-inflammatory properties.169 

A heparin surface modification makes PET more hydrophobic, reducing the amount of adherent 

fibrinogen p1/p2 epitope, as well as the initial surface interaction with inflammatory cells, as we 

demonstrated in our in vitro experiments. However, after subcutaneous implantation in rats we 

only observed a slight beneficial effect of heparin during the acute tissue response. Furthermore, 

the heparin biological functionality was believed to alter the biochemical microenvironment, such 

that inflammation would be inhibited. After three weeks, however, we did not see any difference 

between the tissue reaction to heparin coated and uncoated knitted PET surfaces. Being a natural 

biomolecule, heparin is susceptible to degradation by heparinase enzymes. We speculated that, 

at least in part, heparinase action could have degraded the heparin coating, thereby diminishing 

its effect in vivo. Therefore, we subsequently studied a PET coating based on RGTA, a heparinase-

resistant, synthetic heparin analog. We observed that RGTA coating on PET improved the tissue 

reaction up to three weeks after implantation, indicating that RGTA remains present during 

this period of time. Most importantly, RGTA coating inhibited the inflammatory response and 

minimized FBGC formation. In addition, only a thin fibrous capsule was formed around RGTA-

coated PET. Although these results are promising, long-term implantation studies should be 

conducted to prove feasibility of this coating. Nevertheless, the potency of the RGTA coating 

appears to be sufficient to overcome the strong pro-inflammatory stimuli that would otherwise 

result in the ongoing presence of FBGCs.

CONCLUSION
In conclusion, because (roughened) PET film 

did not trigger a chronic FBR, mechanical 

movement between fibers of knitted PET 

may be responsible for the ongoing FBR, the 

formation of FBGCs and the formation of a thick 

fibrous capsule. This fiber movement may cause 

intra-fibrillar tissue disruptions that lead to 

changes in the tissue microenvironment. These 

changes probably include biochemical signals 

that reinitiate the acute events of the tissue 

reaction, including formation (modulation) 

of the material-protein interface as well as re-

induction of an inflammatory response. This 

continuous cycle probably triggers the formation 

of FBGCs and results in the development of 

a chronic FBR against the non-degradable 

biomaterial. By coating PET with the synthetic 

heparin-like biomolecule RGTA, this continuous 

cycle can potentially be avoided. The use of an 

RGTA coating is, therefore, promising for future 

applications that require the use of knitted 

PET. Long-term studies should, however, be 

performed in the future to prove feasibility.

Figure 1: Modulation of the tissue reaction 
against knitted PET
During the acute events after subcutaneous 
implantation of knitted PET (1), an 
inflammatory response will be induced (2) 
and a material-protein interface will form 
(3), allowing activation and adherence 
of inflammatory cells. These events 
characterize the acute tissue reaction i.e. 
the foreign body reaction (FBR) (4), which 
also includes the formation of giant cells 
(5). Movement between the fibers of the 
knitted PET (6) could cause continuous 
intra-fibrillar tissue disruptions (7). This may 
continuously reinitiate the events that define 
the acute tissue reaction (8), leading to the 
development of an ongoing FBR (9). However, 
RGTA coating prevents adverse remodeling of 
the material-protein interface and affects the 
biochemical microenvironment such that the 
formation of giant cells and the chronic FBR 
is prevented.
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CHAPTER 8

Appendices



84  •  Effects of structure, morphology and heparin(-like) coatings on the tissue reaction to PET  •  Paul van Bilsen, 2008 Chapter 8  •  85

ABBREVIATIONS

Ab Antibody

BARE Uncoated PET

BSA Bovine Serum Albumin

Coll III Collagen type III

DSC Differential Scanning Calorimetry

ECM Extracellular Matrix

EtO Ethylene Oxide

FBGC Foreign Body Giant Cell

FBR Foreign Body Reaction

FCS Fetal Calf Serum

FGF Fibroblast Growth Factor

G-CSF Granulocyte-colony Stimulating Factor

GM-CSF Granulocyte Macrophage Colony 

 Stimulating Factor

HEP Heparin-coated PET

HP Hydroxylysyl Pyridinoline

HRP Horseradish Peroxidase

Hyl Hydroxylysine

Hyp Hydroxyproline
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Figure 4. Pg. 32. Chapter 3. 
Thermogravimetric analysis results
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 3. Pg. 30. Chapter 3. 
Visiopharm-mediated histological analysis
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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Figure 8. Pg. 34. Chapter 3.  
ED1 Immunostaining of SG-
PET, RG-PET and WS-PET
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. Pg. 35. Chapter 3. 
Col III Immunostaining of 
SG-PET, RG-PET and WS-PET
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.

Figure 10. Pg. 37. Chapter 3. 
Cellular density in the tissue surrounding 
SG-PET and SB-PET
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.

Figure 2. Pg. 60. Chapter 5. Visiopharm-mediated histological analysis
Slides were scanned and analyzed using Visiopharm software. Firstly, background (white areas), artifacts and the 
biomaterial (PET) were excluded from analysis. Then, blood vessels (BV) were defined, as shown in red. Dark blue cell nuclei 
were defined, shown in black. The relative surface area of both the blood vessels and cells was calculated.  
‘A’ shows a representative section before digital analysis, ‘B’ shows the same section after analysis. 
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Figure 1. Pg. 58. Chapter 5. RGTA coating of poly(ethylene terephthalate) (PET)
A) After plasma treatment, acrylamide and acrylic acid are polymerized onto the PET, resulting in a poly(acrylamide) graft, 
providing amide and carboxyl groups for further treatment. B) Poly(ethylene imine) is coated onto the acrylamide graft, 
after which the RGTA is covalently bound through random ring opening chemistry.

Figure 7. Pg. 65. Chapter 5. 
Collagen deposition in the  
tissue surroundings at day 10
Micrographs (20x) taken from picrosirius 
red stained slides of explants at day 10. 
Examples of red-colored collagenous 
areas are indicated by arrows. Examples 
of PET fibers are indicated by double 
arrowheads. RGTA-S showed less collagen 
deposition compared to BARE-S. 
In addition, BARE-R showed less collagen 
than both BARE-S and BARE-H.  
Lastly, RGTA-R showed less collagen than 
any of the other samples.

Figure 8. Pg. 66. Chapter 5. 
Collagen deposition between the  
PET fibers at day 21
Micrographs (20x) taken from picrosirius 
red stained slides of explants at day 21. 
Examples of red-stained collagen sections 
are indicated by arrows. Examples of 
PET fibers are indicated by double 
arrowheads. RGTA-S, RGTA-H and RGTA-R 
showed less collagen between the PET 
fibers than any of the BARE samples. 
RGTA coating therefore prevents collagen 
deposition.
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INTRODUCTIE TOT HET PROEFSCHRIFT
Het menselijke lichaam bestaat uit een groot aantal organen met verschillende functies. Bij 

veroudering en (chronische) ziekte kan er functieverlies van een weefsel of een orgaan optreden. 

Soms is het mogelijk om met behulp van een medisch implanteerbaar materiaal of apparaat een 

dergelijk functieverlies te ondervangen. Dit is bijvoorbeeld het geval bij een kunsthartklep (Figuur 

1), een kunstbloedvat en een pacemaker. Implantaten zoals deze bestaan meestal uit verschillende, 

lichaamsvreemde materialen. Wanneer een materiaal geïmplanteerd wordt, zal het lichaam op de 

aanwezigheid ervan reageren door middel van een vreemdlichaamsreactie (VLR). Het primaire 

doel hiervan is om het lichaamsvreemde materiaal te verwijderen, door het bijvoorbeeld af te 

breken. Indien dit niet lukt, vormt er zich een littekenachtig weefsel rondom het implantaat, met 

als doel om het af te schermen van het omliggende weefsel. Een dergelijk littekenachtig weefsel 

wordt ook wel kapsel genoemd. 

Hoewel de meeste medisch implanteerbare materialen specifiek voor een toepassing zijn 

ontwikkeld, kan een voortdurende VLR de levensduur van een implantaat beperken. Het kan 

bijvoorbeeld de oorzaak zijn dat een kunsthartklep na verloop van jaren niet meer goed werkt. 

Hoewel de klep dan mechanisch nog in orde is, kan er een kapsel rondom de hartklep gevormd zijn 

dat de mechanische functie ervan beperkt. Dit kan leiden tot complicaties van de hartfunctie op 

langere termijn. De mate waarin een materiaal verenigbaar is met de biologische functie van een 

orgaan of een weefsel, wordt biocompatibiliteit genoemd. 

Dit proefschrift beschrijft de VLR die ontstaat na implantatie van een veel gebruikt, niet 

afbreekbaar medisch materiaal poly(ethylene terephthalate), afgekort als PET (Figuur 1). Dit 

materiaal wordt bijvoorbeeld gebruikt in producten 

voor de reparatie of vervanging van hartkleppen en 

bloedvaten. Er werd aangetoond dat een voortdurende 

VLR optreedt tegen geweven PET. De VLR tegen PET 

kan mogelijk verminderd worden door het oppervlak 

ervan te behandelen of te coaten met een ander, meer 

biocompatibel materiaal. In dit poefschrift zijn twee 

type coatings onderzocht waarmee werd getracht om de 

voortdurende VLR tegen geweven PET te verminderen en 

daarmee biocompatibiliteit van PET te vergroten. 

Figuur 1: Medische implantaten
Boven: Annuloplasty ring voor reparatie van een hartklep.  
Onder: Kunsthartklep. Beide implantaten bevatten PET (wit weefsel).

INTRODUCTIE TOT DE VREEMDLICHAAMSREACTIE
De VLR is een complexe reactie die bestaat uit een aantal, elkaar overlappende, fasen waaronder 

acute ontsteking, chronische ontsteking, en inkapseling. De mate en duur waarin deze fasen 

plaatsvinden, is afhankelijk van het type materiaal, het weefsel waarin het materiaal wordt 

geïmplanteerd en de duur van implantatie. De VLR wordt geïnitieerd tijdens de implantatie. Om 

een implantaat te implanteren moet eerst een incisie gemaakt worden. Door deze chirurgische 

ingreep beschadigen bloedvaten en wordt de bloedstolling geactiveerd. Hierdoor ontstaat er een 

ontstekingsreactie die normaal gesproken leidt tot genezing van de wond (Figuur 2). 

Een niet afbreekbaar medisch implantaat wordt als zodanig niet door het lichaam herkend. 

Tijdens en na implantatie vormt er namelijk eerst een laagje eiwitten op het materiaal (Figuur 3). 

Deze eiwitten zijn ondermeer afkomstig uit het bloed en andere lichaamsvloeistoffen die 

aanwezig zijn op de plaats van implantatie. Het eiwitlaagje wordt de interface genoemd en maakt 

herkenning van het materiaal door ontstekingscellen mogelijk. De vorming van de interface op het 

oppervlak van het materiaal is daarom een essentiële fase tijdens de VLR. 

Een belangrijk detail is dat de eigenschappen van het geïmplanteerde materiaal bepalend zijn 

voor de samenstelling van de interface. Het soort en de hoeveelheid eiwitten, alsook de manier 

waarop de eiwitten aan het materiaal hechten, is dus bepalend voor de ontstekingsreactie. Een 

belangrijk eiwit in de interface is fibrinogeen. Dit eiwit is in een hoge concentratie aanwezig in 

het bloed en speelt ook een belangrijke rol bij de stolling. Zodra fibrinogeen zich heeft afgezet op 

het geïmplanteerde materiaal zullen ontstekingscellen, met name neutrofiele granulocyten, zich 

aan het materiaal hechten. De ontstekingscellen raken hierdoor geactiveerd en oefenen een grote 

aantrekkingskracht uit op een ander soort ontstekingscellen, de monocyten. Net als de neutrofiele 

granulocyten zullen monocyten aan het materiaal hechten en hierdoor geactiveerd raken. 

Geactiveerde monocyten worden nu macrofagen genoemd. Deze ontstekingscellen zullen trachten 

het implantaat af te breken. Bij een niet afbreekbaar materiaal, zoals PET, zullen de macrofagen 

hierin echter niet slagen. 

Figuur 2: Initiële gebeurtenissen  
bij implantatie
Tijdens incisie worden bloedvaten 
beschadigd en wordt de stolling in 
gang gezet. Tijdens implantatie zullen 
eiwitten uit het bloed zich afzetten op 
het implantaat. Deze eiwitten vormen 
een interface die herkenning van het 
implantaat door ontstekingscellen 
mogelijk maakt.
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Ook raken de omliggende bindweefselcellen tijdens deze reactie geactiveerd. Deze cellen zijn 

aanwezig in bijna alle weefsels en zorgen voor het onderhoud ervan. In het geval van een normale 

genezingsreactie zorgen deze cellen er bijvoorbeeld voor dat het weefsel weer dichtgroeit, al dan niet 

met de vorming van littekenweefsel. In de aanwezigheid van een implantaat vervullen fibroblasten 

nog steeds deze functie, maar ze kunnen tevens een kapsel vormen rondom het implantaat. 

Ondanks deze inkapseling kunnen macrofagen blijven trachten om het geïmplanteerde materiaal 

af te breken. De macrofagen kunnen hierbij fuseren tot grote reuscellen. Bij PET is gezien dat 

reuscelvorming chronisch kan worden. De stofjes die hierbij door de reuscellen uitgescheiden 

worden, leiden wellicht tot een doorgaande verdikking van het kapsel.

Hieronder wordt beschreven wat er in elk van de afzonderlijke hoofdstukken van dit proefschrift 

is onderzocht.

DE VREEMDLICHAAMSREACTIE TEGEN GEWEVEN PET  
EN HET EFFECT VAN EEN HEPARINE COATING
In hoofdstuk 2 is de VLR tegen geweven PET onderzocht door het onder de huid van ratten te 

implanteren en na vastgestelde tijdstippen het omliggende weefsel microscopisch te onderzoeken. 

Hierbij viel op dat er zelfs na zes maanden nog reuscellen aanwezig waren rondom de individuele 

vezels van het materiaal. Geweven PET werd tevens gecoat met heparine en er werd verwacht dat 

dit het oppervlak van PET meer biocompatibel zou maken. Heparine is een stofje dat van nature in 

het lichaam voorkomt en is bekend door zijn antistollende of bloedverdunnende werking. Tevens 

werkt het ontstekingsremmend. Het bleek dat de heparine coating slechts gedurende de eerste 

paar dagen na implantatie een mildere VLR liet zien. Op de langere termijn was er echter geen 

verschil tussen ongecoat en heparine gecoat PET. Dit wil zeggen dat ook bij heparine gecoat PET 

reuscellen aanwezig waren rondom de individuele PET vezels. Dit was aanleiding om de invloed 

van de materiaalstructuur verder te onderzoeken.

DE VREEMDLICHAAMSREACTIE IN RELATIE TOT PET STRUCTUUR
In hoofdstuk 3 werd onderzocht of de VLR tegen PET gerelateerd is aan de PET structuur. 

Hiervoor werden glad, ruw en geweven PET onder de huid van ratten geïmplanteerd en op 

vastgestelde tijdstippen werd het omliggende weefsel microscopisch geëvalueerd. Hierbij viel op 

dat zelfs drie weken na implantatie zowel het gladde als het ruwe PET geen reuscellen bevatte en 

er een dun kapsel om deze materialen gevormd was. Het geweven PET vertoonde echter wederom 

een chronische ontstekingsreactie warbij grote aantallen reuscellen aanwezig waren. Tevens was 

het materiaal omringd door een dik kapsel. Hieruit kunnen we concluderen dat de PET structuur 

een grote rol speelt bij de ontwikkeling van een (chronische) VLR. Mogelijk zorgt de flexibele aard 

van het geweven PET er keer op keer voor dat het nieuw gevormde weefsel tussen de PET vezels Fi
gu

ur
 3

: V
re

em
dl

ic
ha

am
sr

ea
ct

ie

1)
 

Ti
jd

en
s d

e 
im

pl
an

ta
tie

 z
ul

le
n 

bl
oe

dv
at

en
 b

es
ch

ad
ig

d 
w

or
de

n.
 D

e 
st

ol
lin

g 
w

or
dt

 in
 

ga
ng

 g
ez

et
.

2)
 

Ei
w

itt
en

 u
it 

he
t b

lo
ed

 z
et

te
n 

zi
ch

 a
f o

p 
he

t o
pp

er
vl

ak
 v

an
 h

et
 im

pl
an

ta
at

. M
et

 n
am

e 
fib

rin
og

ee
n 

sp
ee

lt 
hi

er
in

 e
en

 b
el

an
gr

ijk
e 

ro
l

3)
 

N
eu

tr
of

ie
le

 o
nt

st
ek

in
gs

ce
lle

n 
zu

lle
n 

he
t a

fg
ez

et
te

 fi
br

in
og

ee
n 

he
rk

en
ne

n 
en

 z
ic

h 
er

aa
n 

he
ch

te
n.

4)
 

D
e 

ne
ut

ro
fie

le
n 

w
or

de
n 

hi
er

do
or

 g
ea

ct
iv

ee
rd

 e
n 

sc
he

id
en

 v
er

vo
lg

en
s l

ok
st

of
fe

n 
ui

t 
vo

or
 m

on
oc

yt
 o

nt
st

ek
in

gs
ce

lle
n.

5)
 

O
ok

 d
e 

m
on

oc
yt

en
 h

ec
ht

en
 a

an
 h

et
 o

pp
er

vl
ak

 e
n 

ra
ke

n 
ge

ac
tiv

ee
rd

. G
ea

ct
iv

ee
rd

e 

m
on

oc
yt

en
 w

or
de

n 
m

ac
ro

fa
ge

n 
ge

no
em

d 
en

 z
ul

le
n 

tr
ac

ht
en

 h
et

 im
pl

an
ta

at
 o

p 
te

 
ru

im
en

.
6)

 
In

 so
m

m
ig

e 
ge

va
lle

n 
fu

se
re

n 
m

ac
ro

fa
ge

n 
to

t r
eu

sc
el

le
n.

 D
ez

e 
ve

el
 g

ro
te

re
 c

el
le

n 
zu

lle
n 

tr
ac

ht
en

 h
et

 im
pl

an
ta

at
 ‘o

p 
te

 e
te

n’
.

7)
 

D
e 

st
of

fe
n 

di
e 

do
or

 d
e 

re
us

ce
lle

n 
w

or
de

n 
ui

tg
es

ch
ei

de
n 

zu
lle

n 
he

t b
io

lo
gi

sc
he

 
w

ee
fs

el
 e

n 
m

og
el

ijk
 h

et
 im

pl
an

ta
at

 sc
ha

de
 to

eb
re

ng
en

.
8)

 
D

e 
m

ac
ro

fa
ge

n 
en

 re
us

ce
lle

n 
ku

nn
en

 d
e 

gr
oe

i v
an

 n
ie

uw
e 

bl
oe

dv
at

en
 st

im
ul

er
en

.
9)

 
Bi

nd
w

ee
fs

el
ce

lle
n 

(fi
br

ob
la

st
en

) w
or

de
n 

ge
st

im
ul

ee
rd

 to
t h

et
 v

or
m

en
 v

an
 e

en
 

lit
te

ke
na

ch
tig

 k
ap

se
l r

on
do

m
 h

et
 im

pl
an

ta
at

.



104  •  Effects of structure, morphology and heparin(-like) coatings on the tissue reaction to PET  •  Paul van Bilsen, 2008 Chapter 9  •  105

op microscopische schaal beschadigd raakt, waardoor de ontstekingsreactie keer op keer opnieuw 

geactiveerd wordt. Dit betekent dat als het gebruik van geweven PET vermeden kan worden, dit 

mogelijk leidt tot een verbeterde weefselreactie. In sommige gevallen is de geweven structuur 

echter essentieel voor de functie. Dit is bijvoorbeeld het geval bij kunsthartkleppen, waarin 

geweven PET stevigheid geeft aan de hechtingen die de hartklep op zijn plaats houden. 

Indien men de biocompatibiliteit van PET in deze toepassingen wil verbeteren, zou dit met behulp 

van een duurzamere coating kunnen. Dit werd onderzocht in hoofdstuk 5. Omdat de heparine 

coating slechts een kleine verbetering op  korte termijn bewerkstelligt, werd eerst onderzocht of 

de heparine coating de interactie met eiwitten en ontstekingscellen potentieel kon verbeteren.

DE PET EIWIT INTERFACE EN INTERACTIE MET (ONTSTEKINGS)CELLEN
Eerder werd al beschreven dat eiwitafzetting op een implanteerbaar materiaal plaatsvindt. De 

samenstelling van deze zogenoemde eiwit interface wordt bepaald door de eigenschappen van 

het materiaaloppervlak. Uit onderzoek van anderen was bekend dat de waterafstotendheid van 

een materiaal hierbij een grote rol speelt. Dit zou dus kunnen betekenen dat als PET minder 

waterafstotend gemaakt wordt, er wellicht een minder ontstekingsactiverende interface 

op gevormd wordt. In hoofdstuk 4 werd bevestigd dat de heparine coating het PET minder 

waterafstotend maakt. Daarna werden ongecoat en heparine gecoat PET in het laboratorium 

blootgesteld aan fibrinogeenoplossingen, bloedplasma, ontstekingscellen, bloed en stukjes 

weefsel. Zoals verwacht werd op het heparine gecoat PET minder fibrinogeen afgezet, hechtten er 

minder ontstekingscellen aan, raakten minder ontstekingscellen geactiveerd en groeide er minder 

weefsel op. De heparine coating lijkt dus de PET materiaaleigenschappen te verbeteren. Het 

mechanisme waarvan eerder werd gedacht dat de heparine coating voordelig kan werken, blijkt 

dus valide. De meest voor de hand liggende oorzaak van het feit dat de coating enkele dagen na 

implantatie geen effect meer heeft, is dat deze wordt afgebroken. Het lichaam is immers in staat 

om heparine afbrekende enzymen te produceren. Tevens zou de coating (maar niet het PET zelf) 

beschadigd kunnen worden door de ontstekingsreactie. Er dient dus voorkomen te worden dat de 

coating wordt aangetast en daardoor zijn werking verliest.

RGTA COATING
In hoofdstuk 5 hebben we gebruik gemaakt van RGTA, een synthetische heparineachtige stof die 

is ontwikkeld door het Franse bedrijf OTR3. RGTA staat voor “ReGeneraTing Agent”, waarmee 

wordt verwezen naar de mogelijke eigenschap van deze substantie om weefsel te regenereren. 

Chemisch gezien lijkt deze stof erg op heparine. Het heeft de eigenschap om genezing te 

bevorderen, maar heeft geen bloedverdunnende werking en is bestand tegen heparineafbrekende 

enzymen. Het was echter nog niet onderzocht of RGTA de VLR positief kon beïnvloeden. RGTA 

gecoat, geweven PET werd geïmplanteerd in ratten en vergeleken met ongecoat, geweven PET. De 

ratten werden wederom geanalyseerd tot drie weken na implantatie. Het weefsel rond en tussen 

de vezels van RGTA gecoat PET bleek bijna geen reuscellen te bevatten en bleek omringd te zijn 

door een dun kapsel. De RGTA coating was dus zelfs drie weken na implantatie nog doelmatig, 

hetgeen aannemelijk maakt dat de eerder geteste heparine coating werd afgebroken door 

heparineafbrekende enzymen. De belangrijkste conclusie is dat de chronische VLR en de vorming 

van reuscellen rondom geweven PET minimaal gehouden kan worden door het aanbrengen van 

een RGTA coating.

CONCLUSIE
De resultaten van dit onderzoek hebben geleid tot een beter begrip van de VLR tegen PET. Het 

lijkt dat de geweven structuur van PET ervoor zorgt dat een chronische VLR ontstaat met de 

vorming van reuscellen. Een mogelijke verklaring hiervoor is dat de flexibiliteit van het materiaal 

het omliggende weefsel agiteert. Kleine weefselbeschadigingen tussen de individuele vezels van 

het materiaal zorgen er mogelijk voor dat er nieuwe eiwitafzetting op het materiaaloppervlak 

plaatsvindt en de ontstekingsreactie aanhoudend opnieuw geactiveerd en versterkt wordt. 

Een andere belangrijke bevinding is dat een heparine coating niet stabiel genoeg is om deze 

cyclus te voorkomen. RGTA daarentegen blijkt, bij de geteste ratten, wel voldoende potent. 

Vervolgonderzoek zal echter moeten uitwijzen of deze coating voor specifieke klinische 

toepassingen ook afdoende is.
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Na mijn studie Gezondheidswetenschappen startte mijn professionele carrière in februari 2000 

bij de Biomaterials Technology afdeling van het Medtronic Bakken Research Center in Maastricht. 

Deze afdeling werd toen geleid door Dr. Marc Hendriks, die mij na verloop van tijd de mogelijkheid 

bood om in combinatie met mijn normale dagelijkse werkzaamheden te werken aan een 
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vele betrokkenen. Dit proefschrift is hiervan het resultaat. 

Marc, bedankt voor het creëren van deze unieke mogelijkheid. Zonder jouw steun was dit project 

nooit van de grond gekomen. Ik heb onze samenwerking bij Medtronic als bijzonder plezierig 

ervaren en vond het dus erg jammer toen je besloot om een nieuwe carrière bij DSM na te volgen. 

Ik stel het dan ook bijzonder op prijs dat je, ondanks dit, nog steeds genegen bent om als mijn 

copromotor op te treden.

Prof. Dr. Marja van Luyn bedank ik voor haar bereidheid om het project vanuit de Universiteit 

Groningen te begeleiden en uiteindelijk op te treden als mijn promotor. Terwijl het werkingsgebied 

van de samenwerking met Medtronic grotendeels verschoof van biocompatibiliteitsonderzoek 

naar endotheel voorlopercellen, heb ik zowel van jou als van de andere Groningse collega’s altijd 

advies en hulp gekregen. Ik bedank Ing. Linda Brouwer, Dr. Daniël Luttikhuizen,  

Drs. Guido Krenning, Ing. Martin Schipper en Ing. Arjen Petersen voor hun praktische 

ondersteuning en inhoudelijke bijdragen. Verder bedank ik Prof. Dr. Lou de Leij, Dr. Eliane Popa, 

Dr. Pauline van Wachem († 2-12-2001) en Dr. Marco Harmsen voor de discussies en kritische kijk 

op mijn plannen, mijn werk en mijn manuscripten.

Een niet minder belangrijke bijdrage aan dit promotieproject werd geleverd door mijn Medtronic 

collega’s. Ik bedank Dr. Michel Verhoeven (BRC), Dr. Darrel Untereker (S&T Minneapolis) en  

Dr. Brian Fernandes (BRC) voor hun intellectuele bijdrages. Tevens bedank Ing. Judith 

Huurdeman-Vincent (BRC), Dr. Kate Taylor (S&T Minneapolis), Ing. Christine Spronkmans (BRC), 

Dr. Shyam Pakala (S&T Minneapolis), Dr. Lance Lohstreter (S&T Minneapolis), Dr. Terri Bartlett 

(S&T Minneapolis) en Dr. Mike Wolf (S&T Minneapolis) voor hun praktische bijdrages. 

Een aparte vermelding verdienen Dr. Didier Billy (BRC) en Dr. Edze Tijsma (BRC) die afgezien van 

de talloze gesprekken, suggesties en assistentie tevens genegen bleken om mij voor te bereiden op 

mijn verdediging en als paranimf op te treden. 

Verder wil ik een aantal andere collega’s bedanken voor hun geduld en begrip op momenten dat 

mijn promotiewerk de overhand had ten opzichte van mijn andere projecten. Ing. Leonie Jaspers 

(BRC), Ing. Mirian Gillissen (BRC), Dr. Frank Everaerts (BRC), Dr. Stella Lombardi (BRC),  

Dr. Nieves Gonzales (BRC), Ing. Anita Driessen (BRC), Ing. Nancy Schaffhausen (BRC) en  

Vivian Lahaye (BRC); ik stelde dit bijzonder op prijs.

Ook bedank ik Dr. Jean-Luc Duval (UTC, Compiegne) voor gebruik van zijn organotypisch 

kweekmodel, Prof. Dr. Ruud Bank (TNO, Leiden; VUMC, Amsterdam) voor gebruik van zijn HPLC 

methode ter kwantificering en kwalificering van collageen crosslinks, en Prof. Dr. Denis Barritault 

(OTR3, Parijs) voor gebruik van zijn RGTA.

Verder wil ik de leden van de leescommissie, Prof. Ruud Bank, Prof. Dirk Grijpma en  

Prof. Leo Koole hartelijk bedanken.

Another important contribution to this Ph.D. project was made by my Medtronic colleagues.  

I thank Dr. Michel Verhoeven (BRC), Dr. Darrel Untereker (S&T Minneapolis) and Dr. Brian Fernandes 

(BRC) for their intellectual contribution. I also thank Judith Huurdeman-Vincent B.Sc. (BRC), Christine 

Spronkmans B.Sc. (BRC), Dr. Kate Taylor (S&T Minneapolis), Dr. Shyam Pakala (S&T Minneapolis), 

Dr. Lance Lohstreter (S&T Minneapolis), Dr. Terri Bartlett (S&T Minneapolis) and Dr. Mike Wolf (S&T 

Minneapolis) for their practical contribution.  

I especially want to thank Dr. Didier Billy (BRC) and Dr. Edze Tijsma (BRC) for the discussions, 

suggestions and assistance and their willingness to act as paranymphs during the defense of my thesis.

In addition, I want to thank a number of other Medtronic colleagues for their patience and understanding 

during times that my Ph.D. work may have somewhat compromised my attention for other projects. 

Leonie Jaspers B.Sc. (BRC), Mirian Gillissen (BRC), Dr. Frank Everaerts (BRC), Dr. Stella Lombardi 

(BRC), Dr. Nieves Gonzales (BRC), B.Sc., Anita Driessen (BRC), B.Sc., Nancy Schaffhausen, B.Sc. (BRC) 

and Vivian Lahaye (BRC), I really appreciated this.

Also I thank Dr. Jean-Luc Duval (UTC, Compiègne) for his organotypic culture model,  

Prof. Dr. Ruud Bank (TNO, Leiden; VUMC, Amsterdam) for his HPLC method for quantification and 
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En daan de aofdeiling Mestreech. Vrun, femilie, Scouting Sint Gerlach, Sous Bras Band Tête de 

Veau, FM Kaffee, de Veteranen (oet Stein), Bedaank! Zoonder uuch had dit beukske in de hèlf vaan 

d’n tied aof kinne zien. Mer oondaanks dit waor ‘t miech noets gelök zoonder uuch. 

Mien leiersjap bij scouting kòsde miech klawwe vol cent, ‘nen houp gesjangeneer en zoe’n 20 oor 

tied per week. Meh iech höb heidoor weerdevol vrun liere kinne, hiel väöl gelierd en ouch de 

nudege oontspanning gehad. Iech kin röstig zègke tot miene scoutingtied miech veur ’n groet deil 

gevörmp heet, zoetot iech in staot waor um dit projek suksesvol aof te ronne. 

Iech bedaank de kern vaan Sous Bras Band Tête de Veau (geer weit zellevers wel wee iech mein). 

Geer waord ’t sjöld tot iech mèt naome in ’t vijfde sezoen op maondag dèkser neet väöl weerd 

waor. Mer geer waord ouch de lui wat informeerde nao mien studie en miech zagte tot iech ‘t aof 

mòs make es iech weer ‘ns de sjiet devaan had. En daonao droonke veer nog e pèlske.

Iech bedaank FM Kaffee veur ’t pötsje beer wat haos eeder weekend mèt leefde veur m’n vrun en 

miech getap woort. Dit kòsde miech allein väöl cent, mer wat mòt ’ne Mestreechteneer zoonder 

zien pèlske in ‘ne gezèllege kaffee?

Iech bedaank de Veteranen oet Stein die miech es jonge gàs opnaome in hun club en die miech op 

maondagaovend eeders kier obbenuits m’n tès volsjödde mèt verstendege praot. Ouch kòs iech dao 

mien sport beoefene op oontspannende en rösgevende wijs (dat is gein aw kloete!) – get wat zeker 

in de lèste fase vaan dit projek erg nudeg waor.

Iech bedaank mien vrun, boe oonder mie broor Frank, die ’n importante rol in mien leve späölde 

en speule. Iech höb väöl aon uuch gehad en hoop nog väöl aon uuch te höbbe. Geer waort d’r 

jummers ouch in slechte tije en neet allein mèr es d’r gèt te zoepe veel. ‘ne Mins maag ziech 

gelökkig prijze mèt zoe’n kammeraote.

Daan bedaank iech mien sjoenawwers en mien femilie, boe oonder Oma Timmermans, Tant 

Bertien, Andre, Noonk Jaak en Tant Marjan, die ziech altied interèsseerde in mien vorderinge. 

En daan de twie belangriekste: Chantalle en Pa. Chantalle moot aoventouw ’n ingelegedöld gehad 

höbbe. Zeker op mominte es iech tot haaf nach zaot te wèrke, terwijl iech eigelek had belaof um 

kemissies te doen, lekker te koke en daonao gezelleg op ’t baankstèl te goon zitte. Chantalle, 

bedaank heiveur! 

Pa, kammeraot, diech kòs miech zake laote relativere es dat nudeg waor. Diech bis miene bèste 

liermeister gewees en hoop totste dat nog lang zals blieve. Zoene sjieke heet neet eederein!

Es lèste bedaank iech mien ma zaoleger († 26-8-2004). Iech bin devaan euvertuig tot ze miech 

mèt väöl vertrouwe zaog beginne aon dit projek. Ze heet miech ouch altied hei in gesteund. Ma 

zouw noe gruuts zien gewees mer kint dit momint neet in eige persoen mètmake. Slivvenhier heet 

jummers aanders beslote en gaof häör ’t privileesj um vaan bove mèt te loere. Iech weet zeker tot 

ma miech hei en dao ‘nen oonziegbare zat in de rögk heet gegeve (en soms mesjiens wel ‘ne stamp 

oonder mien kont). In ’t lèste gesprek wat iech mèt ma had, heet ze miech laote belaove tot iech dit 

beukske aof zouw make. De belofte is ingelos…
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