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ABSTRACT
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This thesis describes a new in vitro slide chamber model that makes it possible to conduct
studies of molecular and cellular interactions between whole blood and biomaterials. The model
proved to be a suitable tool for detection of cell and platelet binding to a biomaterial surface. It
was possible to monitor activation of the blood cascade systems and cells in the fluid phase and
detect surface-bound molecules.

One finding was that thrombin generation is primarily triggered by FXII on a biomaterial
surface since corn trypsin inhibitor, inhibited thrombin generation in blood.

Another finding was that thrombin generation was dependent on variety types of blood cells,
since thrombin generation was almost negligible in platelet-rich plasma. When various
preparations of blood cells were used to reconstitute platelet-rich and platelet-poor plasma,
erythrocytes were shown to be the most efficient cell type in triggering thrombin generation.
Inhibition of platelet aggregation with aspirin and Ro44-9883 was associated with a decrease in
thrombin generation, confirming that platelet activation is necessary for normal coagulation
activation. These findings suggest that the central events consist of an initial low-grade
generation of thrombin that involves erythrocytes and possibly leukocytes which leads to
activation of platelets; and a second platelet-dependent amplification loop that produces most of
the thrombin.

Titanium exposed to whole blood produced high amounts of thrombin. Stainless steel and
PVC, generated lower amounts. This indicates that titanium might be less suitable as a
biomaterial in devices that are in direct contact with blood for prolonged time. Considering the
superior osteointegrating properties of titanium and titanium's response to blood, a correlation
between high thrombogenicity and good osteointegration seems to exist.

Compstatin, that binds to complement component C3, effectively inhibited the generation of
C3a and sC5b-9 and the binding of C3/C3 fragments to the surface. Our results suggest that a
biomaterial is able to activate complement through both the classical and alternative pathways
and that the classical pathway alone is able to maintain a substantial bioincompatibility reaction.
The results show that complement activation is a prerequisite for activation and binding of
PMNs to the surface in the in vitro model.
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Tänk dig nu: det är första gången vi ser det,
och plötsligt dyker det upp.
Kan något då te sig mer sällsamt än detta
utanför allt fantasin vågat tro var möjligt i världen.

Lucretius, Om naturen II

Jag förutskickar att jag inte i något fall bestämt
påstår
Att det förhåller sig just som jag säger, utan jag ger i
meddelsform en framställning av hur saken för
närvarande ter sig för mig.

Sextus Empiricus
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ABBREVIATIONS

ADP Adenosin diphosphate
APS Ammonium persulphate
AT Antithrombin
ATP Adenosin triphosphate
β-TG Beta-thromboglobulin
C1 INA C1 inactivator
CD Cluster of differentiation
CHS Corline heparin surface
CK Casein kinase
CPB Cardiopulmonary bypass
CR Complement receptor
CTI Corn trypsin inhibitor
DAF Decay acceleration factor
EDTA Ehylenediaminetetraacetic acid
EIA Enzyme immuno assay
ELISA Enzyme-linked immunosorbent assay
ePTFE Expanded polytetrafluoroethylene
FITC Fluorescein isothiocyanate
HMWK High molecular weight kininogen
MAC Membrane attack complex
MBL Mannan-binding lectin
MCP Membrane cofactor protein
PAF Platelet activating factor
PAR Proteinase-activated receptors
PBS Phosphate-buffered saline
PDGF Platelet derived growth factor
PE Polyethylene
PE Phycoerythrin
PMMA Poly methyl methacrylate
PMN Polymorphnuclear granulocytes
PP Polypropylene
PPP Platelet poor plasma
PRP Platelet rich plasma
PVC Poly vinyl chloride
SS Stainless steel
TAT Thrombin antithrombin
TGF-β Transforming growth factor beta
Ti Titanium
TiN Titanium nitride
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BACKGROUND

INTRODUCTION

The demand for synthetic materials in clinical practice has increased dramatically in
recent decades. As an integral component of extracorporeal treatments (e.g.,
hemodialysis, open-heart surgery and orthopaedic surgery), biomaterials are essential to
the successful treatment of various diseases. A biomaterial intended for contact with
living tissue and biological fluids is considered to be biocompatible if, when used in a
medical device, it elicits an appropriate host response in a specific application.

During extracorporeal circulation, blood is in prolonged contact with a foreign
(biomaterial) surface. Also, during the initial phase of the implantation of a biomaterial
into hard or soft tissue, the biomaterial comes into direct contact with whole blood.
These two situations have opposite requirements: In the implant situation, a response is
desired in order to achieve ingrowth, but during contact between blood and an
extracorporeal device, non-reactivity is the goal.

Contact between blood and a biomaterial leads to an inflammatory reaction directed
against the material. Complications resulting from bioincompatibility reactions during
extracorporeal circulation of blood have been reported in several studies, particularly in
those investigating cardiopulmonary bypass. The most common complications are
anaphylactoid reactions, pulmonary and renal dysfunction, cerebral problems and
coagulopathy, all of which are the result of systemic inflammatory reactions [1-4]. It is
the initial contact between blood and a biomaterial, either in an extracorporeal device or
when the material is implanted in body tissues, that determines the fate of the ensuing
response towards the material.

The initial contact between blood and the biomaterial leads to adsorption of plasma
proteins, and particularly those present in high concentrations, such as immunoglobulins
and albumin. The quantity of an individual protein that is bound varies from one
material to another. This binding triggers the cascade systems of blood plasma, such as
the complement, coagulation and kallikrein systems.

Many of the biomaterial-related research findings at the molecular level have thus far
been obtained in in vitro systems using purified blood components such as plasma,
serum and washed platelets [5-12]; comparatively few studies have been performed in
whole blood [13-17].

BIOMATERIALS
Biomaterials are materials intended for contact with living tissue and biological fluids

and are used to diagnose, treat, augment or replace a particular tissue, organ or function
of the body. Biomaterials used for clinical applications can be divided into four
categories on the basis of their chemical structure: 1) ceramics, 2) composites, 3) metals
and 4) polymers.

1) Ceramics include a wide variety of materials of non-metallic and inorganic origin
that can be divided into two categories: bioinert and bioactive. Hydroxyapatite is an
example of a bioactive ceramic that is often used for coating implants to enhance bone
ingrowth.
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2) Composites consist of two or more distinct parts, which are made of different
materials in order to reinforce the device. Because of their high development costs, few
composite devices are used in clinical practice.

3) Today metals that provide good biofunction and biocompatibility are widely used in
surgical implants intended for hard tissue replacement. Because of their corrosion
resistance, iron-chromium-nickel alloys (austenitic stainless steels), cobalt-chromium
alloys and titanium alloys are the most commonly used metals [18]. Stainless steel is
widely used in stents for treatment of arterial stenosis and in temporary screws and
plates for bone fixation.
Pure titanium and some of its alloys are the most corrosion-resistant of the metals used
in clinical practice [19]. Titanium has been used as a biomaterial since the late 1970s
[20], particularly in odontologic and facial surgery. It was originally used for bone
implantation, where it proved to have superior bone integration properties when
compared to other metals, due to its higher bonding strength between bone and implant
[21]. The mechanism for this higher bonding is unknown. Linder and coworkers [22]
have shown that titanium integrates into bone without the presence of fibrous tissue at
the bone-implant interface.
In order to improve its hard-wearing properties, the titanium can be nitrided, thus
forming a wear-resistant ceramic on the surface [23]. Titanium and surfaces coated with
titanium nitride (TiN) have in recent years been evaluated for heart valves, heart-assist
devices and heart pumps, and it has been proposed that TiN coating is a good candidate
for these applications [24-27].

4) Polymers are often used for soft tissue replacements and in devices for
extracorporeal circulation, such as hemodialysis and cardiopulmonary bypass devices,
catheters and vascular grafts. Polymers for use in applications involving blood contact
should ideally have a high water contact angle (hydrophobic), which is considered to
give good hemocompatibility [28]. Two types of polymer used for tubing in
extracorporeal devices are polyvinyl chloride (PVC) and polyesters. Pure PVC is a hard,
brittle material, but with the addition of plasticizers, it can be made flexible and soft.
Expanded polytetrafluoroethylene (ePTFE) and Dacron are used in vascular grafts.
Polyethylene (PE) and polypropylene (PP) are often used in tubing for drains and
catheters [29]. For fixation of bone implants, as an interface between the implant and
bone, poly methyl methacrylate (PMMA, bone cement) is used [30].

Heparin treatment of biomaterial surfaces
Immobilisation of heparin transforms an artificial surface into an endothelium-like

surface that is non-thrombogenic and blood-compatible, with a low potential for
activation of the intrinsic coagulation pathway [31, 32]. If it is to have anticoagulant
properties, the antithrombin (AT)-binding sequence in the immobilized heparin
molecule should be intact and available for interaction with AT.
The development of heparin surfaces dates back to the early 1960s [33], and presently
some ten different heparin surfaces are available [34-37]. However, only three of these
have been documented to display an appropriate capacity to bind AT (see review in ref,
[38]). The heparin surface used in this study, the Corline heparin surface (CHS), is
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based on a covalently bound macromolecular conjugate of heparin, which is attached to
the biomaterial surface in two steps. In the first step, a cationic surface is prepared by
irreversible adsorption of a polymeric amine from a dilute aqueous solution. The second
step involves treatment with the macromolecular conjugate of heparin in a dilute
aqueous solution, so that the anionic macromolecule binds irreversibly to the substrate
surface in a self-assembly type of process.

THE COMPLEMENT SYSTEM
The complement system consists of approximately 30 plasma and cellular proteins

with a primary function in host defence. The complement system destroys invading
foreign cells and organisms, either by direct lysis by recruitment and activation of
phagocytic cells or by modulating the immune response. Three different pathways, the
classical, alternative and mannan-binding lectin (MBL) pathways, can activate the
complement system.

The classical pathway: The formation of antigen-antibody complexes activates the
classical pathway via C1, C4 and C2. Activation occurs upon binding of the C1
complex to the Fc portions of IgG or IgM. The activated C1s is able to cleave C4 into
C4a and C4b. C2 binds to the bound C4b, and is then cleaved by C1s into C2a and C2b.
C2a remains in a complex with C4b and acts as the classical pathway C3 convertase,
which cleaves C3 to C3a and C3b.

The alternative pathway is triggered by C3 and is elicited by foreign surfaces that do
not provide adequate down-regulation, such as microorganisms and biomaterials. This
pathway basically includes three complement proteins: C3, factor B and factor D. The
pathway is triggered either by C3b (from the classical pathway) bound to a surface or by
soluble "C3b-like" spontaneously hydrolyzed C3 (C3H2O). Factor B binds to C3b and is
then cleaved by factor D. The initial alternative C3 (C3bBb) generates new C3b
molecules, which can initiate new convertase complexes and thereby activate a positive
feedback loop.

The MBL pathway is activated independently of antibodies and is triggered by the
binding of MBL to carbohydrates. The MBL pathway generates a classical pathway C3
convertase (C4bC2a).

The terminal pathway: The three activation pathways converge into a common
pathway that forms the membrane attack complex (MAC, C5b-9). C5 is cleaved into
C5a and C5b, and the latter binds to C6 and C7. The activated soluble C5b67 complex
binds to the cell membrane. Complement proteins C8 and C9 subsequently bind to the
C5b67 complex and initiate cell lysis by insertion into the lipid bilayer of the cell
membrane [39, 40].

Complement regulators in vivo
Regulation of complement, e.g. the alternative pathway positive feedback loop, is

needed in order to avoid complement activation on autologous cells. In the classical
pathway, the C1 complex is regulated by C1 inactivator (C1 INA), a soluble serine
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protease inhibitor of the serpin family. In addition, there are a number of proteins that
interfere with the various convertase complexes and with C5b-9.

Cofactor activity: C3b and C4b are proteolytically regulated by factor I in the presence
of cofactors such as membrane cofactor protein (MCP), complement receptor 1 (CR1),
factor H and C4 binding protein (C4bp).

Decay accelerating activity: CR1, C4bp, decay acceleration factor (DAF), factor H and
MCP inhibit both the classical and alternative pathways by binding to the C3 and C5
convertases and thereby accelerating their dissociation.

C5b-9 inhibitors: CD59 and homologous restriction factor/C8-binding protein prevent
the insertion of C5b-9 into the cell membrane at the C8C9 level [39, 40].

Complement and biomaterial interactions
The complement system is known to be activated during extracorporeal circulation,

e.g., during hemodialysis, plasmapheresis and cardiopulmonary bypass surgery (CPB)
[41-43]. Depending on the properties of the material, complement activation is
preferentially initiated by the alternative pathway, but classical pathway activation has
also been reported [44]. The complement activation results in deposition of C3b and
iC3b on the biomaterial surface [13], and these C3 fragments act as ligands for
complement receptors on leukocytes, e.g. CR1 (CD35), CR3 (CD11b/CD18) and CR4
(CD11c/CD18) [45-48]. The generation of soluble C3a, C5a and sC5b-9 leads to
chemotaxis, cytokine release and generation of prostaglandins and leukotrienes [46, 49,
50].
In addition, sC5b-9 induces platelet activation, resulting in procoagulant activity, and
expression of P-selectin, which mediates the binding of platelets to leukocytes [51-53].
Complement-related complications resulting from bioincompatibility reactions
accompanying CPB have gained increasing attention. During CPB the blood in the
oxygenator is in direct contact with two phases: the polymer surface and the oxygen gas
surface. Both interfaces are known to activate complement through the alternative
pathway [54, 55]. In addition, ischaemia and reperfusion trigger complement activation
[4, 56]. Two major areas of concern during CPB are neurological sequelae and
postperfusion inflammation reactions that may lead to lung damage [1-4, 57]. During
CPB, complement activation is likely to contribute to both of these conditions by
activating platelets and leukocytes, through which the ongoing ‘‘whole body’’
inflammation is supported [2, 52].

Complement inhibitors intended for therapeutic intervention
New inhibitors of complement activation have been shown to decrease the severity of

bioincompatibility reactions during extracorporeal treatment [51]. Several types of
inhibitors have been developed in recent years: recombinant natural inhibitors of
complement (soluble CR1) [58], antibodies against complement components (anti-C5)
[51] and protease inhibitors (e.g., against factor D) [59, 60]. However, a specific low-
molecular-weight complement inhibitor has recently become available: Compstatin, a
specific peptide inhibitor with a completely different mechanism of action [61]. In its



12

active state this peptide, consisting of 13 amino acid residues in cyclic form, inhibits the
formation of C3b.

LEUKOCYTES
Three major groups of leukocytes, the polymorphonuclear granulocytes (PMN),

monocytes and lymphocytes, are distinguished on the basis of their morphology, cell-
surface antigens, function and site of origin. When blood comes in contact with artificial
surface, leukocytes (particularly PMNs and monocytes) are activated and adhere,
secrete various substances and engage in phagocytosis. Adhesion of leukocytes to solid
surfaces depends on many different parameters, such as the surface characteristics of the
material, surface hydrophilicity, surface chemistry and protein adsorption. The
activation is mainly elicited by C3a, C5a [49, 51] and platelet activating factor (PAF)
[62] and causes an increase in the level of adhesion molecules expressed on the surface.
In addition, studies have shown that there is a link between the coagulation cascade and
leukocytes. Thrombin, kallikrein and activated coagulation factor XII are important in
neutrophil aggregation and activation [63, 64].
Binding of leukocytes to artificial surfaces can be achieved via the leukocyte membrane
receptors FcRγIII (CD16), P-selectin (CD62P), CR1 (CD35), CR3 (CD11b/CD18) and
CR4 (CD11c/CD18) [48, 50, 60, 65]. Heparin treatment of the surface reduces both the
leukocyte activation and adhesion to the biomaterial [66-70].

THE HAEMOSTATIC SYSTEM
The function of the haemostatic system is to stop bleeding at the site of vascular

injury. Normal haemostasis depends on the activity of blood vessels, platelets, the blood
coagulation cascade and the fibrinolytic system. Complex interactions between blood
cells, coagulation and fibrinolytic systems regulate the haemostatic balance.

Platelets
Platelets circulate in a non-activated state in the blood. Most biomaterial surfaces

cause adhesion of platelets to the surface and induce a change in platelet shape, an
increase in cytosolic Ca2+, liberation of thromboxane A2 and, finally, release of storage
granules [12].
Platelets can be activated both by direct binding of platelets to fibrin and/or fibrinogen
on the biomaterial and by agonists in the solution such as thrombin, ADP, PAF and
sC5b-9. Platelet activation results in expression of P-selectin and an increased affinity
of the receptor GPIIb/IIIa (CD41/CD61) for its ligand, fibrinogen [16, 71, 72].
Activation of platelets results in the release of granule contents, including coagulation
factors such as FV, FVIII and fibrinogen. The platelets also release chemokines and
growth factors such as β-thromboglobulin (β-TG), platelet-derived growth factor
(PDGF) and transforming growth factor beta (TGF-β) [73-75]. Activated platelets
expose negatively charged phospholipids on their surface, which are important for the
activation of coagulation factor X and prothrombin (FII). In addition, the activation of
platelets causes the release of casein kinases (CK), which phosphorylate coagulation
factors (e.g., fibrinogen and FXI) as well as complement factor C3. The
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phosphorylation of FXI increases its susceptibility to activation by FXIIa and thrombin
[76].

Fig. 1: The intrinsic coagulation cascade on a biomaterial surface. Hatched arrows indicate catalytic
activity.

Blood coagulation cascade
The blood coagulation cascade, which is a key regulator of blood haemostasis,

primarily comprises a set of plasma proteins. The system can be activated either by the
intrinsic or the extrinsic pathway.

The intrinsic pathway is activated on negatively charged surfaces as a result of binding
of FXII, which is autoactivated by an internal auto-catalytic cleavage of the polypeptide
chain.  Prokallikrein complexed with high molecular weight kininogen (HMWK) is
cleaved by active FXII, and the generated kallikrein converts more FXII to FXIIa.
FXIIa activates FXI, which in turn causes the activation of FIX. The generated FIXa, in
a complex with the activated cofactor FVIII in the presence of phospholipids (exposed
on platelets and erythrocytes), activates FX, which is part of a common pathway shared
with the extrinsic pathway [77] (Fig 1).

The extrinsic pathway is activated by tissue factor exposed in the in vascular
adventitia of the blood vessel wall or on activated endothelial cells or activated
monocytes [78]. Tissue factor binds coagulation factor VII, which in turn is activated in
the presence of phospholipids. This tissue factor/FVIIa complex activates FIX and FX
[79, 80].

The common pathway is initiated by the activation of coagulation factor X. Active FX
complexed with FV cleaves prothrombin to thrombin in the presence of phospholipids
and Ca2+. This activation results in thrombin generation and subsequent cleavage of
fibrinogen to fibrin monomers, which polymerise to form a gel [77].
The coagulation cascade in vivo is controlled by members of the serpin family. The
most important is antithrombin (AT), which inhibits FXIIa, FXIa, FIXa, FXa and FIIa.
Complement C1 inactivator (C1 INA) is a major inhibitor of activated FXII, reported to
account for more than 90% of its inhibition in solution [81].
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Blood coagulation and platelet interaction with biomaterials
Activation of the coagulation system occurs upon contact with a biomaterial.

However, the mechanisms by which the activation occurs are not yet fully understood.
In vivo activation of both the extrinsic [82] and the intrinsic [43] systems has been
demonstrated. The intrinsic coagulation pathway is considered to be the main initiator
of the coagulation cascade when blood specifically comes in contact with biomaterial
surfaces, and particularly surfaces that are negatively charged [83, 84]. Other in vivo
mechanisms also lead to extrinsic activation. Thrombin formation causes a fibrin layer
on the biomaterial surface. The fibrin deposition is further enhanced by the binding of
activated platelets to bound fibrinogen and fibrin on the biomaterial surface. Both the
fibrin layer and the generated thrombin promote platelet activation, aggregation and
release of granule contents [11, 85, 86].

REGULATORS OF PLATELET FUNCTION AND COAGULATION ACTIVATION
Several types of new inhibitors for both in vitro and in vivo use have been developed

in recent years:

Platelet inhibitors:
Inhibitors of platelet function act by blocking different receptors on the platelet

surface. Since ligand binding to GPIIb/IIIa is a prerequisite for platelet aggregation and
activation of granular contents, the search for molecules with antagonistic effects has
been a focus of drug development. A number of inhibitors of GPIIb/IIIa have been
developed. ReoPro™ (abciximab) is an antibody against platelet GPIIb/IIIa that inhibits
fibrinogen binding to the receptor. Other inhibitors are of peptide origin, such as
Aggrastat™ (tirofiban, RGD-based) and Integrilin™ (eptifibatide, KGD-based) [87].
Ro-44-9883 is a potent and selective non-peptide GPIIb/IIIa antagonist that inhibits
serotonin secretion and platelet aggregation [88].
ADP receptor inhibitors such as ticlopidine and clopidogrel act as irreversible
antagonists of the platelet receptors for ADP, so that platelets are unable to aggregate
after stimulation by ADP [87]. Aspirin is a well-known drug that affects platelet
function by inhibiting the cyclooxygenase pathway activity, thereby abrogating the
generation of thromboxane A2. This blockade results in inhibition of the aggregation
triggered by platelet activators such as ADP, thrombin and collagen. Clinical trials have
shown aspirin to be efficient in preventing thrombosis in patients with established
atherosclerotic disease [87, 89, 90].

Coagulation inhibtors:
Protease inhibitors extracted from seeds, such as corn trypsin inhibitor (CTI), are

highly specific for factor βXIIa [91]. Originally extracted from the salivary secretions of
the medicinal leech, hirudin is a potent thrombin inhibitor that prevents the activation of
coagulation factors V, VIII, XIII and fibrinogen [92]. Artificial thrombin inhibitors such
as melagatran have been developed and are currently in clinical trials [93].

Heparin
Intact endothelium is a non-thrombogenic surface, as a result of the presence of

heparan sulphate or heparin-like molecules on the surface of the vascular lumen.
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Heparin, a polysaccharide of 10,000-15,000 daltons, is purified for commercial use
from porcine intestinal mucosa or bovine lung. Heparin acts as a cofactor for
antithrombin (AT) by increasing the rate at which AT inhibits serine proteases such as
FXIIa, FXa and thrombin. Heparin also accelerates the inhibitory effect of AT on the
tissue factor-FVIIa complex [94, 95]. The interaction between heparin and AT is
mediated by a specific pentasaccharide sequence. Heparin has a catalytic role, and once
the inhibition process is completed, it dissociates from the complex and can then
interact with other AT molecules.
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STUDY AIMS

The general aim of this thesis was to develop an in vitro model system that would be
applicable to studies of whole blood-biomaterial interactions and would increase our
understanding of the activating mechanisms involved in the triggering of both blood
cascade systems and the activation of blood cells.

The specific aims were:

• to characterise the molecular and cellular events taking place in the model when whole
blood is allowed to come in contact with a polymer material, in order to mimic the
conditions in an extracorporeal circuit;

• to elucidate the process of thrombin generation upon contact between whole blood and
biomaterials, using various inhibitors of coagulation factors and platelet function;

• to investigate the relative importance of erythrocytes and leukocytes in the activation
of cascade systems and platelets in whole blood;

• to investigate the molecular events taking place in whole blood in contact with a
variety of commonly used biomaterials, in order to determine whether there are any
distinctive properties associated with haemocompatibility and tissue-integration;

• to elucidate the biological effects associated with complement activation during
contact between whole blood and biomaterials by using a synthetic cyclic C3-binding
peptide (Compstatin).
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MATERIALS AND METHODS

PREPARATION OF BLOOD AND PLASMA
Whole blood was collected from healthy volunteers who were not on medication.

Platelet poor plasma (PPP) and platelet-rich plasma (PRP) were prepared by
centrifugation from blood collected in a heparinized tube, which also contained soluble
heparin to give a final concentration of 1.0 IU heparin/ml.

PURIFICATION OF COMPLEMENT COMPONENTS
C3 and factor B were prepared from human plasma according to Hammer et al. [96],

and Lambris and Müller-Eberhard [97], respectively. Factor D was purified from
peritoneal fluid as described by Catana and Schifferli [98]. C3 was digested with trypsin
to C3a and C3b, and the fragments were separated by gel filtration as described by
Bokisch et al. [99].

HEPARIN TREATMENT
The slide chamber and PVC slides were furnished with Corline heparin surface

(Corline systems AB, Uppsala, Sweden) according to the manufacturer's
recommendations. The surface concentration of heparin was 0.5 µg/cm2, corresponding
to approximately 0.1 IU/cm2, with an AT binding capacity of 2–4 pmol/cm2. In
addition, heparin-coated equipment was used for blood collection and preparation of the
various blood fractions.

B.

Waterbath  37 °C

Blood or plasma

Air

A.

Fig. 2.
The slide chamber model (A) and the microtiter well block (B).

SLIDE CHAMBER MODEL
Two polymethylmethacrylate (PMMA) rings, with a height of 0.5 cm, an outer

diameter of 2.5 cm and an inner diameter of 1.9 cm were fixed to a microscope slide of



18

PMMA, creating two wells with a volume of 1.65 ml each (Fig. 2A). The whole device
was coated with heparin. The test surfaces were cleaned in ammonium persulphate
(APS) before attachment with two clips as a lid, creating two circular chambers. Two
thin O-rings between the upper side of the rings and the test slide prevented leaking.

The wells of the slide chamber were filled with 1.3 ml of plasma, PRP, or blood. After
closure, the slide chamber was mounted on the outer rim of a plastic disc, which was
rotated vertically in a 37°C water bath (Fig. 2B). The device was rotated for up to 60
min.

TUBING LOOP MODEL
The experiments were performed as previously described [13, 48]. PVC tubing loops

(inner diameter 4 mm, length 315 mm, volume 4.0 mL) were filled with 2.5 mL of
whole blood or PRP alone, or with increasing concentrations of erythrocytes. The
tubing loops were then closed into circuits with connectors of stainless steel bearing
immobilized heparin, to give a gas volume of approximately 1.5 mL. Each device was
rotated for 60 min vertically at 32 rpm in a 37°C water bath.

ANALYSIS OF SAMPLES OBTAINED FROM THE IN VITRO MODELS

A. Blood and plasma samples
After incubation in the two in vitro models, blood, plasma or PRP was drawn and

mixed with EDTA or citrate, respectively. The 0-min sample was mixed immediately
with additives. Prior to centrifugation the EDTA samples were gently mixed for 5 min
at room temperature and analysed for leukocytes and platelets on a haematology
analyser. The blood samples were centrifuged, and the plasma was collected and stored
at -70°C before analysis. For detection of C3a an EIA described by Nilsson et al. was
used [100]. sC5b-9 was analysed by a modification of the EIA described by Mollnes et
al. [101]. FXIIa-AT and FXIIa-C1INA complexes were analysed by EIA as described
by Sanchez et al. [102]. Thrombin-antithrombin (TAT) complex, β-thromboglobulin (β-
TG) and platelet-derived growth factor (PDGF) were all quantified using commercial
EIA kits.

B. Flow cytometry
The expression of CD11b/CD18 (CR3) on PMNs was quantified by using monoclonal

anti-CD11b conjugated with phycoerythrin (PE). In some experiments the cells were
double-labelled by adding anti-CD16 antibody conjugated with fluorescein
isothiocyanate (FITC). The samples were analysed using an Epics Profile XL-MCL
cytometer (Coulter Electronics, Hialeah, FL).

C. Immunohistochemical staining of test slides
The test slides were incubated in veronal-buffered saline and thereafter allowed to dry

at room temperature. They were then stored at -70°C for further analysis or staining.
Slides were stained using immunochemical techniques for plasma proteins (fibrinogen,
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IgG, C3 fragments), leukocytes (CD3, CD11b, CD14, CD16, CD19, CD56), and
platelets (CD41, CD62P). After staining and mounting, a circle with a specific diameter
was drawn on the microscope slide of PVC, and positive cells were counted within the
marked area. The results are given as cells/mm2.

D. Enzyme immunoassay on test slides
For analyses of the test slide, a block of PMMA with two groups of triple channels

(with a diameter of 6 mm) was placed tightly on the microscope slide (Fig. X). The
channels were grouped so that they covered the area where blood or plasma had been in
contact with the test slide. To prevent leakage, O-rings lined the outlets of the channels
facing the test slide. The microtiter well block was used for the detection of C3-
fragments, fibrinogen and platelets on test slides by enzyme immunoassay.

The number of bound platelets on the test slide was semiquantified by assessing the
amount of ATP, using a commercial kit containing luciferase and luciferine.

PLASMON RESONANCE MEASUREMENTS
These experiments were performed on a Biacore 2000 instrument (BiaCore AB,

Uppsala, Sweden). C3b was coupled to CM5 chips according to the manufacturer’s
recommendation [103, 104]; for these experiments a working buffer, phosphate-
buffered saline (PBS) containing 1 mM Ni2+ was used. In order to generate alternative
pathway convertases, Factor B was injected into the flow cell, and when the binding had
reached equivalence, factor D was injected.  This resulted in the formation of alternative
pathway C3 convertases. Upon injection of C3, additional C3b molecules were
deposited on the surface and a new cycle of B and D could be started. After additional
cycles, C3 was injected in the presence of either Compstatin or reduced control peptide.
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RESULTS AND CONCLUSIONS

Previous investigations of blood-biomaterial interactions have mainly used isolated
fractions of blood such as serum, plasma, platelets or leukocytes and have not taken into
consideration the “cross-talk” between the various components. To gain insight into this
interplay between cascade systems and other plasma proteins and cellular components
in bioincompatibility reactions, we have developed a whole blood model to study these
interactions.

THE SLIDE CHAMBER MODEL (PAPER I)

This study describes a new in vitro chamber model that makes it possible to conduct
studies of molecular and cellular interactions between whole blood and biomaterials and
has proved useful in defining coagulation and complement reactions. This model
involved using two microscope slides, separated by two rings, to create two chambers in
which whole blood with a low concentration of soluble heparin can be incubated. The
rings and one of the slides are permanently fixed to each other. Heparin coating of these
parts reduces their reactivity by lowering coagulation, complement, leukocyte and
platelet activation [105]. The other slide (the test slide) is detachable and can be made of
any material. The use of potential biomaterials in the form of microscope slides and as
walls in the slide chamber makes it possible to analyse both the biomaterial surface with
regard to adsorbed proteins and cells and the cellular and molecular events taking place
in the fluid phase. By using transparent PVC slides it was possible to use light
microscopy combined with immunochemical staining for detection of cells.
Furthermore, the use of immunofluorescence techniques allowed any type of material to
be evaluated. By applying an EIA module to the microscope slide, EIA measurements
could be performed in order to quantify bound proteins and cells on the surface.
Platelets could also be quantified by assessing the amount of ATP that was associated
with the test slide [105]. In the fluid, activation products (e.g. C3a, sC5b-9 and TAT)
were measured as indicators of complement and coagulation activation. Cellular and
platelet activation were estimated by analysing the soluble products released from cells
(such as elastase and myeoloperoxidase, and, in particular, β-TG from platelets) and by
monitoring the changes in cellular phenotype that occurred  (e.g., CD11b on PMNs and
monocytes and P-selectin on platelets).
In order to mix the blood during incubation the slide chamber contains an air bubble
whose size can be varied. The latter interface could be compared with the gas-fluid
interface in extracorporeal circuits (e.g., cardiopulmonary bypass circuits). The
heparinization of the ring and the fixed slide makes the interphases between the fluid
and the test slide, and between the fluid and the bubble, the main activators of the
cascade systems and the cellular components. After incubation, the test slide and the
fluid are available for analysis.
Incubation of blood in the slide chamber resulted in rapid binding of complement and
coagulation proteins and of leukocytes and platelets to PVC slides. Binding of C3/C3
fragments and fibrinogen to the surface increased rapidly with time. A corresponding
rapid and massive binding of platelets to the test slide was confirmed by quantitation of
the expression of CD41 and ATP on the surface. Immunohistochemical staining of
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leukocytes using anti-CD3, anti-CD19, anti-CD11b, anti-CD16 and anti-CD14
antibodies indicated that the cells bound to the surface were predominantly PMNs and
monocytes and that the bound cells filled in the gaps between the platelets, forming a
layer of cells that essentially covered the underlying layer of proteins. Conjugation of
heparin to the slide abrogated the binding of leukocytes, as well as platelets, to the test
surface.
In the fluid phase, C3a, sC5b-9 and thrombin-antithrombin (TAT) levels in the plasma
samples increased continuously during the incubation time; these experiments also
demonstrated that the coagulation activation was dependent on the concentration of
soluble heparin.
One interesting finding was that TAT generation was almost negligible in either plasma
or PRP, when compared to its generation in whole blood; this observation suggests that
other cellular elements besides platelets are required for TAT generation. However,
platelets were also shown to be necessary, since inhibition of platelet aggregation on the
material surface with aspirin suppressed the generation of TAT. Significantly higher
levels of bound platelets were found to be associated with the test slides before aspirin
ingestion than after its ingestion. Together with the microscopic analysis, which showed
no significant difference in the distribution of platelets on the slide, this finding suggests
that the binding of platelets to the PVC surface was not inhibited but that the build-up of
a multilayer of platelets was abrogated.
Taken together, these findings indicate that the slide chamber is a suitable tool for
detection of cell and platelet binding to a biomaterial surface. In addition, it was
possible to monitor the activation of the blood cascade systems and cells in the fluid
phase by detection of activation products and detection of surface-bound molecules. Our
finding that no substantial TAT was generated in PRP indicates that other blood cells in
addition to platelets are necessary for significant thrombin generation.

THROMBIN GENERATION IN BLOOD CONTACTING A POLYMER (PAPER II)

Generation of thrombin is a key event in biocompatibility/incompatibility reactions.
The mechanism by which thrombin is generated on the polymer surface of a biomaterial
is not yet fully understood. One of the key observations in paper I, that TAT generation
was almost negligible in platelet-rich plasma as compared to whole blood, raises the
question of the importance of the various cellular blood components in the amplification
steps of the coagulation cascade that leads to thrombin generation. In order to analyse
the steps in the generation of thrombin, we used the slide chamber and tubing loop
models in which whole blood containing heparin comes in contact with a commonly
used biomaterial, PVC, which is not considered an efficient activator of FXII.
As already shown in paper I, incubation of blood in the slide chamber resulted in
binding of platelets to the material surface and the generation of TAT complexes. The
PVC was confirmed to be a poor activator of factor XII, in that the PVC surface did not
generate detectable quantities of FXIIa-AT or FXIIa-C1INA complexes. However, CTI,
a specific inhibitor of FXIIa, inhibited TAT generation in blood that was in contact with
the PVC surface. This inhibition suggests that a minute degree of activation of FXII
occurs and that these initiating molecules are a prerequisite for further activation of the
intrinsic pathway.
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The addition of the GPIIb/IIIa inhibitor Ro44-9883 abrogated platelet
binding/aggregation, significantly reduced the release of β-TG and resulted in decreased
generation of TAT, confirming that platelets are necessary for the generation of TAT.
When various preparations of blood cells were used to reconstitute TAT generation in
platelet-rich plasma, the results indicated that erythrocytes were able to partially restore
PRP; leukocytes in the form of buffy coat preparations had only a minor effect on
thrombin generation.
To summarise, these data show that thrombin generation is triggered by FXII on a PVC
surface. The response to PVC in the slide chamber appears to begin with a low-grade
generation of thrombin that involves mainly erythrocytes; this response causes the
activation of platelets, which is followed by a platelet-dependent amplification loop that
produces most of the thrombin formed. Our findings emphasise the importance of
cellular components in amplifying the coagulation activation when blood is in contact
with a polymer biomaterial such as PVC.

COAGULATION ACTIVATION ON METALLIC BIOMATERIALS IN CONTACT WITH BLOOD

(PAPER III)

In this study we used the slide chamber model to expose a variety of commonly used
biomaterials to whole blood. The selected materials differed in their surface roughness,
structure and chemical composition, and the goal of the study was to determine whether
any of these properties correlated with high blood compatibility and good
osteointegration.
Five different surfaces composed of titanium (Ti), titanium nitride (TiN) or steel were
produced: one mirror-polished titanium alloy (Ti13Nb13Zr= Ti), three different
titanium nitrides of differing surface roughness (smooth TiN, rough TiN I and II) and
one mirror polished austenitic stainless steel (SS) sample. PVC was used as the
reference material.
When whole blood was used, all of the titanium surfaces induced macroscopic clotting.
This effect was reflected in the generation of TAT, which was much higher in the case
of the titanium samples than in those composed of steel or PVC. It is interesting that Ti
and TiN showed almost identical properties with regard to clotting and TAT generation.
It was suggested that the intrinsic pathway triggered the coagulation activation caused
by titanium, since the generation of FXIIa-AT/C1-INA complexes paralleled that of
TAT, and since both TAT and FXIIa-AT/C1-INA complex generation were abrogated
by CTI. The binding of platelets was increased on all titanium surfaces as compared to
the other biomaterial surfaces, and the state of platelet activation seemed to be more
pronounced, as reflected by the release of β-TG and PDGF.
This study indicates that titanium might be less suitable as a biomaterial in devices that
are in direct contact with blood for prolonged periods of time. In addition, these
experiments demonstrated that surface roughness increases the degree of
thrombogenicity, since greater roughness resulted in higher TAT generation. This
situation was most evident when the rough TiN I and II were compared. These surfaces
differed mainly with respect to the structure of the material. The spinier (rougher)
surface induced twice as much TAT, suggesting that the way the platelets were binding
to the surface affected the degree of activation.
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In conclusion, the intrinsic pathway triggers the coagulation activation and the resulting
platelet activation and deposition on titanium in contact with blood. In addition,
considering the titanium response to whole blood, a correlation may exist between high
thrombogenicity and good osteointegration.

COMPLEMENT ACTIVATION AND REGULATION IN BLOOD CONTACTING A POLYMER

(PAPER IV)

The leukocyte activation and binding that are observed when whole blood contacts a
biomaterial surface are a part of the inflammatory process directed against the
biomaterial. In order to investigate the role of complement activation and its effects on
cellular responses in whole blood, we have examined the influence of Compstatin in
two models of extracorporeal circulation.
Compstatin is a C3-binding cyclic synthetic peptide that binds to complement
component C3 and inhibits its proteolytic activation. The peptide was developed from a
clone of a phage-displayed random peptide library that was screened for binding to C3b,
a fragment of complement component C3 [61]. Surface plasmon resonance technology
confirmed that Compstatin exerts its inhibitory effect on complement activation by
binding to native C3. The cleavage of purified C3 to C3a and C3b was completely
inhibited when the peptide was allowed to bind to native C3, but preincubation of the
peptide with the convertase had no effect.
Compstatin effectively inhibited the generation of C3a and sC5b-9 and the binding of
C3/C3 fragments to the polymer surface. An eight-fold molar excess of Compstatin (as
compared to plasma C3) produced a significant, but not total, inhibition of complement
activation. When the classical pathway was inhibited by Ca2+ chelation in combination
with addition of the peptide in eight-fold excess, a complete inhibition of complement
activation was achieved, indicating that the classical pathway required a higher dose for
complete inhibition. Total inhibition required approximately 40-fold excess.
Our results indicate that a polymer (a potential biomaterial) is able to activate
complement through both the classical and alternative pathways and that the classical
pathway alone is able to maintain a substantial bioincompatibility reaction.
Furthermore, the results support the concept that the classical pathway is initiated prior
to the alternative pathway and might, under non-inhibitory conditions, be the reaction
that initially deposits C3b on the surface and eventually triggers the alternative pathway.
As a result of the inhibition of complement activation, the activation of
polymorphonuclear leukocytes (PMNs) and monocytes, as assessed by the up-
regulation of CD11b/CD18 and by the binding of CD11b+ and CD16+ cells to the
polymer surface, were almost completely lost.
This study suggests that both the classical and the alternative pathway trigger
complement activation on biomaterials. It also shows that complement activation is a
prerequisite for activation and binding of PMNs to the biomaterial surface in the slide
chamber model, and that this effect can be abolished by the addition of Compstatin to
blood. The properties of Compstatin make it a promising drug candidate for use in
extracorporeal circuits to avoid bioincompatibility reactions.
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GENERAL DISCUSSION

The need for blood compatibility studies has been obvious since the early days of
dialysis treatment, when contact between blood and a biomaterial was shown to induce
anaphylactic reactions [106-108]. Most studies of the mechanisms by which cascade
systems and cells are activated in blood, upon contact with a biomaterial, have been
focused on specific interactions in purified systems (e.g., complement activation in
serum or receptor interactions with its ligand) and have not taken into account the
complex interplay between the different components in whole blood. For studies of
molecular events in this environment, the development of reliable in vitro models is of
great importance.

GENERATION OF THROMBIN IN THE SLIDE CHAMBER MODEL WHEN BLOOD COMES IN
CONTACT WITH A BIOMATERIAL SURFACE

Activation of the coagulation cascade is inevitable when a biomaterial comes in
contact with whole blood. The relative importance of particular steps in the consequent
generation of thrombin after such direct contact occurs is not yet fully understood. The
understanding of these processes is important if we are to be successful in regulating the
clotting and inflammatory reactions that occur when blood comes in contact with a
biomaterial surface.

Contact activation
Biomaterials have been reported to activate the coagulation system through the

intrinsic pathway [85, 109]. However, there has been no consensus as to whether the
intrinsic pathway and thrombin generation are triggered by factor XIIa or by other
mechanisms [64]. Negatively charged surfaces such as glass have been considered to be
strong activators of factor XII, whereas polymers such as PVC have not [64, 110]. Other
investigators have reported binding of components of the intrinsic coagulation pathway
to biomaterial surfaces, and it has been shown that titanium binds prekallikrein [111,
112].

In papers II and III we demonstrate that the thrombogenic effect of PVC and titanium
is triggered by factor XIIa, since the reaction can be blocked by CTI, which inhibits β-
factor XIIa [102]. Contact with titanium also results in the generation of significant
quantities of factor XIIa complexed with AT or C1-INA. Recently Sánchez et. al. have
shown that the intrinsic pathway is activated in contact with both metals and polymer
materials used for blood contact [113]. These and our results therefore support the idea
that factor XII is a likely trigger of the intrinsic pathway on biomaterial surfaces and
also on those not considered to be good activators of factor XII. They also support the
calculation of Basmadjian and co-workers [114], who have suggested that only a small
number of factor XIIa molecules are necessary to trigger the coagulation cascade.
Furthermore, Mitropoulos [115] has shown that activation of the intrinsic pathway
requires only a small number of intrinsic pathway factors, when plasma is in contact
with an electronegative surface. One can speculate that the same reaction occurs on
polymer surfaces, but at a lower level.
The fact that CTI almost completely blocks TAT generation speaks against an
involvement of tissue factor in triggering coagulation activation on the biomaterial
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surfaces in the slide chamber model. This conclusion is supported by the fact that there
is a lag phase for tissue factor expression on monocytes [116, 117]. However, we cannot
rule out the possibility that tissue factor is involved in the amplification of the later
stages of coagulation activation.

Platelet amplification of thrombin generation
Activation and binding of platelets proved to be the second prerequisite for significant

thrombin generation. The inhibition of platelet binding to the PVC surface in the
presence of Ro44-9883 in paper II supports the hypothesis that GPIIb/IIIa is the main
ligand responsible for platelet binding to, and aggregation on, biomaterials. These
findings are in accordance with the results obtained by Carroll et al. [118] and Li et al.
[119], who showed a 60% inhibition of α-granule release and a strong inhibition of
thrombin generation with GPIIb/IIIa inhibitors. We were also able to show in papers I
and II that inhibition of platelet aggregation with aspirin and Ro44-9883 is associated
with a pronounced decrease in TAT, suggesting that platelet aggregation is necessary
for normal coagulation activation in whole blood contacting the biomaterial surface in
the slide chamber model.

Platelets can amplify the coagulation cascade at various levels, of which phospholipid-
dependent assembly of coagulation factor complexes on activated platelets is the most
thoroughly investigated. An amplification loop involving factor XI and thrombin has
also been discussed in recent year's [120]. This amplification may be explained by the
fact that factor XI is more efficiently cleaved by thrombin on activated platelets than on
non-activated cells [121] and that platelet-mediated phosphorylation of factor XI leads
to an increase in its susceptibility to both thrombin and factor XIIa [76]. In addition,
Briedé et al. [122] have recently shown that platelet-derived factor Va contributes to the
thrombin generation that occurs when platelets adhere to fibrinogen. Adherent platelets
have been shown to be as much as 26 times more procoagulant than are bulk-phase
unstimulated platelets [83].

Effect of other blood cells on thrombin generation
In paper I an almost total loss of thrombin generation was observed when plasma and

PRP were tested instead of whole blood. This finding emphasises the importance not
only of platelets but also of other cellular components in the coagulation activation that
occurs when blood contacts a biomaterial surface. As shown in paper II, erythrocytes
were the most efficient cell type in triggering thrombin generation in PPP and PRP. This
finding is in agreement with previous reports in which erythrocytes have been shown to
expose phospholipids on their membranes that are important for the assembly of the
initial coagulation factor complexes [123, 124]. It suggests that erythrocytes, at least on
a quantitative basis, expose much more phosphatidylserine than do non-activated
platelets and leukocytes. A further possible explanation for erythrocyte-dependent
generation of thrombin comes from the results obtained by Santos et al. [125], who have
shown that an enhanced platelet reactivity can be caused by intact erythrocytes. The
mechanism they describe involves increased thromboxane production and ADP release
[125, 126]. In addition, erythrocytes are able to force platelets to the periphery of a
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vessel and thereby increase the platelet concentration at the surface of the vessel [127].
The same phenomenon might occur in the chamber model.

In our study, leukocytes affected thrombin generation only marginally, despite the fact
that erythrocytes alone could not fully reconstitute the thrombin generation seen in
whole blood. It is therefore likely that the leukocyte fraction contributes more to
thrombin generation than is reflected by the results we obtained for leukocytes in PRP.
This conclusion is supported by previous reports which have shown that activation of
platelets results in the expression of P-selectin and platelet activating factor (PAF),
which interact with PMNs and other leukocytes [128, 129]. Evidence for the reverse
situation, in which leukocytes influence platelet activation, was recently presented by Li
et al. [130], who showed that leukocyte activation in whole blood causes an up-
regulation of P-selectin on platelets, an effect that was partly blocked by GPIIb/IIIa
inhibitors. One explanation for the nonresponsiveness in the slide chamber model might
be that unfractionated heparin inhibits this interaction between P-selectin and Lex [131,
132]. This possibility is also supported by the results obtained by Karlsson and co-
workers [133], who showed that a leukocyte response to platelet activation was
dependent on the heparin concentration in an in vitro model.

Taken together, our data show that thrombin generation on PVC and titanium in the
slide chamber model is triggered by factor XII. The central events consist of (i) an
initial low-grade generation of thrombin that involves erythrocytes and possibly
leukocytes and that activates platelets; and (ii) a second platelet-dependent amplification
loop that produces most of the thrombin. These findings highlight the significance of
cross-talk between the various components of whole blood, in association with
thrombus formation triggered by a biomaterial surface in the slide chamber model.

INFLAMMATION INDUCED BY BIOMATERIALS IN CONTACT WITH WHOLE BLOOD

Inflammation induced by coagulation activation
Thrombin not only cleaves fibrinogen but also contributes to inflammation via the

thrombin receptor (CD42b) and the proteinase-activated receptors (PAR) [134, 135].
These PAR are expressed by many types of cells that take part in the inflammatory
process directed against a biomaterial, including platelets, lymphocytes, monocytes and
osteoblasts.

Another connection between clotting and inflammation appears to exist in the acute
inflammatory response that is induced by leukocytes bound to fibrinogen that is
adsorbed to a biomaterial [136]. This interaction is mediated via a recognition site for
fibrinogen in the CD11b/CD18 complex on both monocytes and PMN [137, 138]. In the
slide chamber model we were able to show a rapid binding of PMNs and monocytes to
the biomaterial surface, and this finding is in accordance with results obtained by others
[65]. One can literally speak of a cellular layer, which masks the protein layer from the
circulating blood. However, in our model the binding of leukocytes was shown to be
complement-mediated (see below).

Complement activation and leukocyte adhesion on biomaterials
A synthetic cyclic peptide was recently described that specifically inhibits C3

activation [61]. This peptide, Compstatin, has been shown to affect both the classical
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and the alternative pathways by inhibiting the C3 convertase-mediated cleavage of
native C3 to C3a and C3b. The inhibition does not involve direct blocking of the
protease cleavage site, since trypsin cleavage is not affected. Instead, Compstatin binds
to a site on C3 that is important for the interaction with C3 convertase complexes.

Investigation of the effect of the peptide in the tubing and slide chamber models
showed that Compstatin inhibited complement activation in a dose-dependent fashion,
as indicated by a reduction in C3a, sC5b-9 and binding of C3b to the surface. Both
models involve systems that are partially filled with blood, in which complement
activation takes place both on the blood/polymer surface and at the blood/air interface
[13]. In a previous study using the same two experimental models, addition of
recombinant sCR1 at a dose of 0.5 µmol/L was shown to inhibit complement activation
completely [48]. In comparison, 43 µmol/L of Compstatin was required to achieve a
similar effect. Not unexpectedly, the biological effect produced by Compstatin was
similar to that of sCR1. Both inhibitors abrogate the up-regulation of CD11b on PMNs
as well as the binding of these cells to the polymer surface. These findings suggest that
complement activation represents the major cause of inflammation in these models, and
presumably during extracorporeal circulation. Thus, experiments using complement
inhibitors have indicated that binding of leukocytes to the biomaterial surface is mainly
dependent upon the complement activation that occurs upon contact with whole blood
[47, 48].

PLATELET AND COAGULATION ACTIVATION ON METALLIC SURFACES

During the initial phase of bone implantation, the biomaterial comes into direct contact
with blood. Metals are often used for bone implants, and titanium has been shown to be
superior to other biomaterials in terms of its osteointegrating properties. The reason for
this superiority is currently unknown.

When we compared titanium surfaces with different composition and structure and
two other common biomaterials with poorer osteointegrating properties (i.e. stainless
steel and the polymer PVC) in the slide chamber model, clotting was visible only on the
Ti and TiN surfaces. This difference in clotting behaviour was reflected in pronounced
differences in TAT generation, with titanium exposed to whole blood producing high
TAT values. In contrast the stainless steel and, in particular, the PVC showed little
generation of TAT. These results are in contrast to those obtained by Yun et al. [139],
who found that the alloy Ti13Nb13Zr was a moderate activator when compared to glass
and pyrolytic carbon. However, our findings have been confirmed by Jones et al. [6],
who obtained evidence of thrombus formation on both titanium and TiN surfaces. From
these data one would expect a more pronounced platelet activation in the chambers
containing titanium and TiN. This expected result was confirmed when the amount of
released β-TG was quantified, with the most pronounced release being obtained with
these surfaces.

Titanium and its alloys are often used in heart pumps and heart-assist devices, where
the metal comes into direct contact with whole blood [26]. In an animal model, Yang
and co-workers [27] have reported smaller areas of thrombus formation on titanium
discs than on pyrolytic carbon discs implanted into the intrathoracic venae cavae of
sheep. Kanagaraja et al. [112] have reported that binding and aggregation of platelets to
titanium after contact with human blood does not result in platelet activation and
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microvesicle generation. However, no further systemic characterisation of the
coagulation activation has been performed. In contrast, the results in paper III suggest
that titanium alloys are less suitable for direct blood contact because of their
thrombogenicity. Activation of platelets would probably contribute to the activation of
coagulation to a lesser extent in situations in which the devices are exposed to a high
rate of flow; in regions where the flow is less vigorous, clotting would be expected to
occur.

TiN samples with different degrees of roughness and structure induced distinctly
different levels of TAT generation, despite the fact that the differences in intrinsic
activation and platelet binding were less pronounced. These surfaces differed mainly
with respect to the structure of the material, suggesting that a spinier surface influences
the way the platelets bind and, in turn, affects the degree of activation. These findings
are in accordance with the results obtained by Nygren et al. [14], who reported
increased platelet binding and activation on rough titanium surfaces.

The chemokine β-TG is stored in the α-granules of platelets [74], together with the
growth factors PDGF and TGF-β [73, 75]. These growth factors have been shown to
promote osteogenesis both in vitro and in vivo [140-143]. Since the PDGF release
paralleled that of β-TG, it is therefore conceivable that the pronounced thrombogenicity
of the titanium alloy surfaces contributes to the superior osteogenic and osteointegrating
properties of titanium. The increased thrombin generation on titanium surfaces, when
implanted, might also stimulate proliferation of osteoblasts. [144]. Recently, new
evidence for this hypothesis was presented by Rompen and co-workers., who showed in
an animal model that blood clotting enhances new bone formation [145]. In addition,
Fuji and co-workers have demonstrated expression of PDGF proteins and their receptor
mRNA during fracture healing in the normal mouse [146]. It is interesting that surface
roughness, which has been shown to be essential for the osteointegrating properties,
also increases the degree of thrombogenicity. Greater roughness, which promotes
osteointegration [147-149], also results in high levels of TAT generation. Furthermore,
we have preliminary results from in vivo implant experiments in humans, which
involved the insertion of various surfaces into bone for a 30-min period. These results
indicate that titanium and one of its alloys induce more clotting than does stainless steel
or PVC.

Confirmation of the hypothesis that platelet and coagulation activation may promote
osteointegration would help us to generate new approaches to the production of
biomaterials for bone implantation.

THERAPEUTIC INTERVENTION TO PREVENT COMPLEMENT-MEDIATED ADVERSE
EFFECTS RELATED TO BIOMATERIAL-WHOLE BLOOD INTERACTIONS

In general, alternative pathway activation has been reported to occur on biomaterials
[41, 150], but the present study indicates that classical pathway activation also occurs,
at least upon initial contact between blood and a polymer. In recent years, various types
of heparin coatings of CPB circuits have been shown to decrease bio-incompatibility
[13, 151-155]. Nevertheless, complete inhibition of complement activation in heparin-
coated cardiopulmonary circuits has not been achieved, and the degree of inhibition
obtained has varied from report to report. One reason that heparin coatings should not
be expected to inhibit complement activation completely is that the activation that takes
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place on the gas surface cannot be inhibited by surface-conjugated heparin. The results
of our study suggest that the addition of a complement inhibitor could further improve
the biocompatibility.

Compstatin, soluble CR1 and other recombinant complement inhibitors have been
shown to inhibit complement activation in vivo in a number of animal models [58, 156-
158]. Such drugs will be instrumental in alleviating complement-dependent injury and
inflammation in extracorporeal circulation situations such as CPB. A further step
forward will be the introduction of an anti-complement drug for oral use, which can be
used for prolonged treatment in connection with implants that come in contact with
whole blood (e.g., treatment with stents and valves). Compstatin, an easy compound to
manufacture, is a possible candidate for such an inexpensive inhibitor. It produces
biological effects that are very similar to those of sCR1. Unlike the recombinant
proteins that can only be administered parenterally, however, Compstatin is a markedly
less complex molecule that has the potential to be given orally.
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