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ABSTRACT

Biomaterials are used in the construction of medical devices intended to be in
intimate contact with blood and tissues of the human body. For many of the biomaterials
in direct contact with blood, the dominant mechanism leading to initiation of thrombus
formation and inflammation, seems to be the adsorption of adhesive proteins onto the
biomaterial surfaces. This adsorbed protein layer may determine the subsequent
biological response to the surface, such as cell adhesion and activation of platelets and
granulocytes.

Blood exposed to polymer materials, commonly used in medical therapy, and to
experimental model surfaces such as hydrophilic and hydrophobic quartz surfaces, with
and without surface modifications by cellulose ethers was investigated in the present
thesis. The kinetics and supramolecular structure of the adsorbed plasma protein layer,
with special emphasis on fibrinogen, was measured by using ellipsometry, ELISA,
fluorescence- and electron microscopy.

The subsequent biological response to this spontaneously adsorbed protein layer,
such as cell adhesion and activation of platelets and granulocytes, was studied by using
ELISA, fluorescence- and electron microscopy, flow cytometry and a new method
developed to study the immediate inflammatory response of a blood-biomaterial
interaction. In this model, the intracellular calcium level of test granulocytes in
suspension reflects the presence of granulocyte activating factors, produced by the
previous interactions between human blood and biomaterial. It was further attempted to
evaluate granulocyte activation concerning complement activation, integrin expression,
respiratory burst and priming.

The results indicate that the wettability of the surfaces significantly affects the
initial protein adsorption regarding its kinetics and supramolecular structure. A reduced
adsorption of adhesive proteins was observed on the cellulose ether modified surfaces,
and the results were in accord with the findings of reduced cell adhesion and activation at
these surfaces.

Studies of the initial inflammatory response, show that blood exposition to
hydrophilic and hydrophobic surfaces leads to the formation of humoral granulocyte
activating factors, which differ between the surfaces. The present data also shows that
biomaterials in clinical and laboratory use, differed in respect to the induction of an early
inflammatory response during exposure of blood, and that this inflammatory response
was dependent on the presence of anticoagulants used during the biomaterial exposure.

In conclusion, the present thesis shows that the properties of a biomaterial surface
and the choice of anticoagulants are important determinants of the outcome of the humoral
and cellular response to a blood-biomaterial interaction.
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1. INTRODUCTION

1.1  General remarks

A biomaterial is defined as any material, natural or man-made, that comprises
whole or part of a living structure or biomedical device which performs, augments or
replaces a natural function. Biomaterials are intended to be in intimate contact with blood
and tissues of the body. In order to prevent biological non-self reactions such as
unwanted thrombus formation and inflammatory reactions, the materials have to be
biocompatible (Silver 1989; Szycher 1983) with the biological host.

The plasma contact activation system is triggered when blood is brought in contact
with solid foreign materials. Besides the activation of the coagulation system, contact
activation leads to the activation of the fibrinolytic, the kallikrein-kinin and the
complement systems (Bouma 1986) .The triggering of the coagulation and complement
systems cause thrombosis and the production of a number of proteolytic activation
products, soluble or surface-bound. These factors have the potential to activate platelets
and inflammatory cells, which in turn lead to various cellular responses including the
release of active products in all, contributing to the incompatibility cascade.

For many of the biomaterials in direct contact with blood such as polymer
materials, used in catheters and other biomedical applications, the dominant mechanism
leading to initiation of thrombus formation and inflammation, seems to be the adsorption
of adhesive proteins onto the biomaterial surfaces (Brash 1987 ; Schmaier 1983 ; Vroman
1964 ; Vroman 1969 ; Vroman 1971 ; Vroman 1977 ; Vroman 1980 ; Vroman 1986 ;
Wojcieshowskij 1986). The initial adsorption of plasma proteins and the resulting
adsorbed layer structure and composition initiates complex processes which determine
the subsequent biological response to the surface, such as cell adhesion and activation of
platelets (Ginsberg 1988 ; Preissner 1991; Zwaal 1986 ) and leukocytes (Bonfield 1989 ;
McEver 1991; Vroman 1977 ). Polymer material surfaces in direct contact with human
blood was investigated in the present thesis, together with experimental model surfaces
such as hydrophilic and hydrophobic quartz surfaces.

A brief introduction is given below concerning events further discussed in detail
in the subsequent individual papers.
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The initial adsorption of water, small ions and plasma proteins onto artificial
surfaces in contact with blood is believed to trigger subsequent cellular responses.
Therefore, it is important to understand the role that human plasma proteins play for the
complicated interactions taking place at interfaces (Brash 1987; Leonard 1987). Proteins
are rather sticky molecules that will be adsorbed to almost any solid surface, and the
process of protein adsorption to solid surfaces is an important step in the physiological
function of plasma proteins. One of the plasma protein of special interest is fibrinogen,
which is the most abundant plasma protein at material surfaces in contact with blood
(Nygren 1995), this protein also acts as an adhesive protein for platelets (Ginsberg 1988)
and participates in surface-induced thrombosis (Packham 1969; Zucker 1969 ). Surface
adsorption of human fibrinogen is discussed in several papers in the present thesis.

1.2.1 Fibrinogen
Molecular structure

Plasma fibrinogen, also known as coagulation factor I, is a glycoprotein present
in blood in concentrations of 3-4 g/l and is synthesised in liver cells. Fibrinogen present
in the platelet a-granules is mainly synthesised by bone marrow megakaryocytes. The
fibrinogen molecule is a 9 nm x 45 nm trinodular rod (Bachman 1975; Fowler 1979 ;
Hall 1959 ; Krakow 1972 ; Siegel 1953 ) with a molecular weight of 340, 000 (Caspary
1957) and is represented as a symmetrical arrangement of two identical sets of
polypeptide chains. Each set consists of three independent subunit chains linked together
with disulphide bonds. The three chains are designated Ac,Bf and . The fibrinogen
molecule is therefore, assigned the general formula (Ac, B, ¥)2 (Blombiick 1972).
Heterogeneity of normal fibrinogen with molecular weight variations in the plasma
fibrinogen population, is due to enzymatic degradation of the Aa-chain protuberance
from the carboxy-terminal end (Mosesson 1967 ; Mosesson 1974). These Aa-chain
variations give rise to three main fibrinogen fractions: High molecular weight fibrinogen
(HMW ; MW 340, 000), low molecular weight fibrinogen (LMW ; MW 300, 000) and a
further degraded low molecular weight fibrinogen (LMW’; MW 280, 000). These
fractions constitute approximately 70 %, 26 % and 4 % , respectively, of the normal
plasma fibrinogen (Blombick 1957).

Supramolecular structure

Surface adsorbed fibrinogen shows a divergence in the supramolecular structure,
i.e. the structure of the adsorbed protein layer, at material surfaces with different surface
energy, such as hydrophilic and hydrophobic quartz surfaces (Nygren 1988b).
Individual molecules appeared at both hydrophilic and hydrophobic surfaces, after
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adsorption from low bulk concentrations of fibrinogen. Adsorption from higher
concentrations of fibrinogen in solution resulted in adsorbed spherical structures at the
hydrophobic surface, and in end-to-end dimers at the hydrophilic quartz surface (Nygren
1988b). An ordered formation of a polymeric network (aggregates) of fibrinogen
molecules, spontaneously occurring on hydrophobic silicone dioxide surfaces, has been
described in another study (Wigren 1991), suggesting that intermolecular interactions
takes place at interfaces. Supramolecular packing patterns of adsorbed fibrinogen have
also been reported by others (Brynda 1986 ; Eberhart 1977) using electron microscopic
techniques, showing ridges and walls on the surface. The amount and configuration of
the fibrinogen deposits and the more extensive local ordering, suggest that protein-
protein interactions are an important determinant of adsorption.

Kinetics

The adsorption of plasma proteins onto a clean surface is a very rapid process and
mass transport may well become the rate limiting step. This means that a material surface
introduced into blood will be covered with.a monolayer of albumin within approximately
4 x 10-4 seconds. Protein adsorption is generally considered to be irreversible in buffer
solution (MacRitchie 1972 ; Norde 1980 ; Soderquist 1980), but desorption may occur in
exchange reactions with other proteins (Brash 1987; Vroman 1980 ).

Measurements of the kinetics of fibrinogen adsorption have shown that the initial
adsorption at a solid-liquid interface is rapid, often becomes diffusion-rate limited
(Gorman 1971 ; Wojcieshowskij 1986) and is followed by a slow association rate
process (Cuypers 1987). A later study (Nygren 1988b) confirmed that the initial
adsorption of fibrinogen at low bulk concentration was diffusion- rate limited, and stable
plateau levels of adsorbed amounts were seen at a surface concentration as low as 0.1
pmol/cm?2 which is below that of a monolayer of fibrinogen adsorbed side-on. However,
the dissociation rate seems slow enough to make the binding of fibrinogen to the solid
surface practically irreversible (Brynda 1986 ; Wojcieshowskij 1986).

In spite of the apparently irreversible adsorption of fibrinogen to solid surfaces,
the surface concentration of adsorbed protein correlates to the bulk concentration of
protein, and a measurable exchange of fibrinogen between surface and solution is seen
when these are in contact (Chan 1981). Adsorbed fibrinogen can also be replaced by
other plasma proteins (Vroman 1980). These findings indicate dynamic equilibrium
properties of fibrinogen adsorption at adequate surface concentrations and bulk
concentrations of protein.



1.2.2 Surface modifications by cellulose ethers

Non-ionic water-soluble cellulose ethers in particular ethyl(hydroxyethyl)cellulose
(EHEC), have been examined with regards to the possibility of a competitive exchange of
fibrinogen to EHEC at a material surface, or to pre-adsorb EHEC to the surface in order
to reduce protein adsorption and a subsequent cell adhesion/activation.

Cellulose ethers are manufactured from cellulose by substitution. Each
anhydroglucose unit in cellulose contains three hydroxyl groups and the cellulose
molecule could be considered as a polyalcohol. It undergoes the normal reactions for
alcohols and is readily converted to ethers and esters (Hercules Incorporated 1982).

A general flow chart of the steps in the synthesis of cellulose ethers is given below
(Felcht 1985);

Milling of cellulose ---- Activation with aqueous NaOH---- Heterogeneous reaction with
etherfying reagents (ethyl chloride and ethylene oxide) ---- Neutralisation with acids----
Isolation of crude cellulose ether ---- Purification by extraction of salts and other by-
products ---- Compounding, cross-linking and drying----Milling and sifting

EHEC display many features typical of non-ionic colloids and has found a broad
technical applicability in colloid chemistry. Thus, besides biomaterials applications in the
biotechnology field, EHEC is applied in a number of fields like industrial adhesives,
building and painting- industry, in food products, in pharmaceutical-, fat- and cosmetics
products.

EHEC belongs to a class of non-ionic polymers and surfactants which displays a
rather complex phase behaviour in water and organic solvent. Above the lower critical
solution temperature a process known as "clouding" occurs. The term "clouding" arises
from the fact that the turbidity of the solution increases rapidly at the phase separation
temperature and is thus easy to detect by eye. If the system is allowed to stand above the
cloud point (CP) for some minutes, a separation into two macroscopic phases occurs,
which in the case of EHEC, one liquid-like polymer-depleted phase and one solid-like
polymer-rich phase is obtained. The process is reversible, on cooling the separated
phases remix and the system retains its original phase behaviour. The cloud point
increases strongly with an increasing substitution of hydrophilic groups (hydroxyethyl)
and decreases with increasing fraction of the hydrophobic (ethyl) groups.

The hydroxyethylcellulose polymer (HEC) is a hydrophilic polymer (i.e. has
substitution with polar groups, such as hydroxyethyl groups) and dissolves quickly in
water and has a cloud point > 100° C. The solubility properties of the cellulose ether is
thereby altered by introducing ethyl groups in the polymer. The
ethyl(hydroxyethyl)cellulose (EHEC) is a hydrophobic polymer (i.e. is substituted with
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non-polar groups consisting of high ratio of ethyl to oxyethylene groups), soluble in
water and organic solvents, and has a cloud point in water slightly above room
temperature.

The possibility of increasing the blood compatibility of biomaterials, was
examined by using surface modifications with cellulose ethers. The questions of whether
adsorbed fibrinogen on material surfaces was exchanged by the presence of cellulose
ethers in the analyte solution, or if pre-adsorption of cellulose ethers may affect the
adsorption of plasma proteins and subsequent cell adhesion/activation, were investigated
in the present thesis.

1.3 |} Barfacs ahcar el I ; ( olsatia)

Blood is a tissue which consists of a variety of cells suspended in a fluid medium
called plasma. Plasma is essentially an aqueous solution of inorganic salts which is
constantly exchanged with the extra cellular fluid of all body tissues. Plasma also
contains proteins, the plasma proteins, of three main types; albumins, globulins and
fibrinogen. Thus, plasma consists of a complex mixture of different proteins together
with other compounds such as lipids, polysaccharides, hormones etc. Some of the
plasma proteins are involved in chain reactions, so called protease cascades, with specific
tasks in the coagulation and inflammation systems of the body. The contact of blood with
an artificial material surface can lead to the activation of one or more of the protease
cascades (Bouma 1986) such as the coagulation and kallikrein-kinin system, the
complement system and the fibrinolysis system, which may trigger the subsequent
adhesion and activation of blood cells, primarily platelets and granulocytes (Zwaal 1986)

1.3.1 The complement system.

The complement system is a part of the non-specific immune system, it is
involved in the eradication of foreign cells and immune complexes, as well as
inflammation and immunoregulation. The complement system comprises a series of at
least 20 serum glycoproteins, that are activated in a cascade sequence, with proenzymes
that undergo sequential proteolytic cleavage (Law 1988) in two pathways of activation
presented below in general:
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Complement activation does not occur in the fluid phase, but is localised on the
surface of artificial materials, foreign cells or immune complexes that triggered the
reaction. Activation of the classical pathway is calcium and magnesium dependent and
occurs by the binding of CIlq with IgM or.IgG-containing antigen-antibody immune
complexes. The alternative pathway can be triggered by numerous foreign surfaces such
as artificial surfaces, microbial surfaces etc., and the components of this pathway are
factor B, factor D and properdin. The pathways converge in the activation of C3, both
forming individual C3 convertases. This leads into the final common pathway with the
assembly of C5-C9 into the membrane attack complex (MAC), which forms a
transmembrane channel leading to cell lysis by osmotic shock (Souhami 1994).



1.3.2 The coagulation system.

Coagulation involves a series of enzymatic reactions leading to the conversion of
soluble plasma fibrinogen to a fibrin clot. The coagulation factors are either enzyme
precursors ( factor XII, XI, X, IX and thrombin ) or co-factors ( V and VIII ), except for
fibrinogen which is the subunit of fibrin. The enzymes apart from factor XIII are serine
proteases and hydrolyse peptide bonds. The system is conventionally divided into
intrinsic and extrinsic pathways, converging on a common pathway (Kumar 1994).
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Extrinsic pathway.

The extrinsic system is triggered by the release of a tissue factor, the tissue
thromboplastin (TTP), a protein-phospholipid mixture that activates factor VII. The
tissue thromboplastin and factor VII activate factors IX and X. In the presence of PL
(platelet phospholipid), Ca2+ and factor V, activated factor X catalyses the conversion of
prothrombin to thrombin, which is part of the common pathway (Souhami 1994).

Intrinsic pathway.

The upper part of the intrinsic pathway includes factor XII, kallikrein and high
molecular weight kininogen (HMWK). Exposure of blood and plasma to non-endothelial
surfaces, leads to an initial adsorption of both factor XII (Hageman factor) and HMWK.
HMWK carries prekallikrein and the coagulation factor XI to the surface(Mandle 1976 ;
Thomson 1977), where they interact with the initially adhered and activated factor XII,
with concomitant activation of factor XI by factor XIIa. Factor XIa activates factor IX,
which in turn activates factor X. This reaction requires calcium ions, a platelet
phospholipid surface and factor VIII as a co-factor. Factor VIII is a complex protein
consisting of a small molecule with procoagulant activity (VIII:C) and a larger part, von
Willebrand factor (VIII:vWF), which is associated with platelet adhesion and readily
forms multimers in the circulation. The high molecular weight multimeric forms of
VIII:vWF are very effective in producing platelet adhesion (Kumar 1994).

Recent evidence suggests that factor XII, HMWK and kallikrein reactions, are
probably the only relevant ones in the in vitro and in ex vivo situations. For in vivo
haemostasis, the complex of activated factor VII and tissue factor has its main role to
activate factor IX in the intrinsic pathway, besides activating factor X (Kumar 1994).

Common pathway

Activated factor X leads to conversion of prothrombin to thrombin. Thrombin
hydrolyses the peptide bonds of fibrinogen, a highly soluble molecule in the plasma,
releasing fibrinopeptides A and B. After removal of the peptides, the newly formed fibrin
monomer molecules polymerise spontancously to fibrin. Thrombin activates factor XIII
to factor XIIIa, which then in the presence of calcium ions, is able to stabilise the fibrin
strands by the formation of covalent cross-links between side chains of adjacent fibrin
molecules (Souhami 1994).



Anticoagulant drugs

The following substances are used in the present thesis :
* EDTA ( ethylenediaminetetraacetic acid ) : EDTA is a metal ion chelator which complex
binds calcium and magnesium, thereby interfering with several steps in the coagulation
cascade (Gemmel 1995).
* Hirudin : Hirudin is a specific thrombin inhibitor, the use of which offers anti-
coagulation at normal Ca2* concentrations (Nygren 1988a).
* Heparin : Heparin has an anticoagulatory effect principally mediated through a
potentiation of antithrombin III, which is the major inhibitor of thrombin. It also inhibits
factors IXa, Xa, XlIa and XIII (Jordan 1987 ; Kestin 1993). In addition, heparin has
numerous other effects such as blocking platelet activation by thrombin (Kestin 1993),
preventing platelet aggregation, preventing serotonin release and thromboxane B2
production (Renesto 1991). Heparin oligosaccharides are effective L- and P-selectin
inhibitors in vitro and have anti-inflammatory activity in vivo (Nelson 1993).

1.3.3. Exchange reactions between proteins in complex protein systems.

Exchange reactions of protein molecules at solid surfaces have mainly been
studied for the plasma proteins, since the nature of the protein film adsorbed from blood
on biomaterials seems to play an important role for the biocompatibility of the material.
When blood or plasma is exposed to a foreign solid surface, the initially formed protein
layer shows varying stability upon prolonged exposure to blood. Protein exchange
reactions on solid surfaces seem to occur in sequence, with kinetics dependent on the
properties of the surface. Earlier studies have shown that fibrinogen initially adsorbed
onto hydrophilic glass and crystalline surfaces is replaced by high molecular weight
kininogen (HMWK) (Schmaier 1983, Wojcieshowskij, 1986 #67 ; Vroman 1980 ;
Vroman 1986 ), a phenomenon known as the *“ Vroman effect “.

The kinetics of the exchange reactions differ between surfaces (Nygren 1988a;
Vroman 1980 ), but the general rule is that plasma proteins adsorb on hydrophilic
surfaces in the sequence :
albumin - IgG - fibronectin - fibrinogen - high molecular weight (HMWK )
meaning that large and less soluble proteins will be enriched on the surface over time.

The high molecular weight kininogen (HMWK) is one of the proteins that form
the end of the adsorption sequence onto the surfaces. It carries prekallikrein and the
coagulation factor XI, (Mandle 1976 ; Thomson 1977) to the surface , where they
interact with initially adhered and activated factor XII, initiating the coagulation cascade.
Other protease cascades are initiated on the surface in similar ways.

On hydrophobic surfaces, however, the initial layer of fibrinogen is stable (Brash
1987; Horbett 1982 ; Vroman 1969 ; Vroman 1971 ), and no exchange reactions occur.
Fibrinogen is an adhesive protein for cell-interactions (Ginsberg 1988) and has a tri-
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peptide, Arg-Gly-Asp (RGD-sequence) present in the amino-sequence of the protein,
acting as a cell-attachment site. This leads to the adhesion and subsequent activation of
platelets via specific membrane-located receptors (GP IIb / IIla) (Ginsberg 1988 ; Zwaal
1986).

Thus, both hydrophilic and hydrophobic surfaces finally cause thrombus
formation, although via different parts of the initiating pathway of the coagulation
process. The hydrophilic surfaces mainly induce plasma coagulation and the hydrophobic
surfaces initiate the cellular pathway of blood coagulation by platelet activation.

As an illustration of the two pathways for thrombus formation, some model
experiments were performed in the present study and the results are shown below.
Human whole blood was anti-coagulated with hirudin and incubated for 10 minutes in
hydrophilic and hydrophobic glass tubes, rinsed, and the adsorption of plasma proteins
was then measured by an enzyme-linked immunosorbent assay.
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1.3.4  Arg-Gly-Asp (RGD)-sequence, the cell attachment site.

The site in adhesive proteins (adhesive proteins, incorrectly called adhesins in the
third paper in the present thesis) that promotes cell attachment contains a tripeptide, the
amino-sequence Arg-Gly-Asp (RGD), which is recognised by cell surface receptors
(Ruoslahti 1986). Fibrinogen is an adhesive protein together with other adhering proteins
such as fibronectin (a multifunctionell extracellular matrix and plasma protein),
vitronectin (the active component of serum spreading factor and the S-protein of the
complement membrane attack complex) and von Willebrand factor (F VIII : vWF). The
RGD sequence is also the cell recognition site of a number of other extracellular matrix
and platelet adhesion proteins (Ruoslahti 1988).

Platelets express various membrane receptors, some of which belong to the
integrin family. The integrin GP IIb / Illa on platelets binds irreversibly to the RGD-
sequence of surface-bound fibrinogen and promotes adhesion of platelets to fibrinogen
coated surfaces (Savage 1992). As an effect of fibrinogen binding, an extra pool of GP
IIb/ I1la , located inside the platelets, is translocated to the cell surface (Wenchel-Drake
1993). The translocation induces an activation of GPIIb / I1la, necessary for the binding
to the ligands. Besides fibrinogen, also vWF, vitronectin and fibronectin mediate platelet
aggregation (Goto 1995; Ruoslahti 1988 ). Fibrinogen adsorbed to solid surfaces has
been shown to promote platelet adhesion-aggregation and participate in surface-induced
thrombosis (Elam 1992; Packham 1969 ; Park 1991 ; Zucker 1969 ) and may lead to an
inflammatory reaction in the surrounding tissue in contact with biomaterials (Elam 1993;
Tang 1993 ).
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Blood is a tissue which consists of a variety of cells suspended in plasma
(Junqueira 1992). The cells of blood are of three major functional classes: erythrocytes,
leukocytes and platelets.

Cell Size Number / pl
Erythrocytes 6-8 um | 4-6,000,000
Leukocytes - 6-10,000

Gr. Neutrophil | 12-15 um | 6-7,000
Gr.Eosinophil | 12-15pum | 2-400
Gr. Basophil 12-15pm| 0-100
Lymphocyte 6-18 um | 2-3,000
Monocyte | 12-20 um| 3-800
Platelets 2-4um | 2-400,000

The blood cells in a sessile drop of whole blood on material surfaces, make
contact with the surface in accordance with the rules of mass transport. The flux of blood
cells towards the material surface, is governed by parameters similar to those for
proteins, namely size and concentration. Erythrocytes and platelets are the blood cells that
collide most frequently with a material surface introduced into blood, where adhering
platelets are the first reactive cells in the blood-biocompatibility relation. Since leukocytes
are larger than the other blood cells and only represent about 0.1 % of the total flux of
blood cells towards a blood-material interface, their cell adhesion will occur at a later
time.

1.4.1 Platelets

The main function of blood platelets in vivo is to participate in the interactions
with coagulation factors and vessel wall that constitute the haemostatic process. The
major component of haemostasis is the formation of a platelet plug, followed by cross-
binding of fibrin. The haemostatic system in vivo is feed-back controlled by
physiological inhibitors in order to control and limit excessive or inappropriate activation
and thus maintain vascular normal status. Blood is normally separated from the activators
of haemostasis by the endothelial cell. Exposure of platelets to collagen and
subendothelial basement membranes in injured vessels in vivo, or to artificial material
surfaces ex vivo and in vitro, sets in motion a series of events in which the platelets may
undergo adhesion, release and aggregation (Souhami 1994). This process also involves
the expression of integrins and other membrane receptors.
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Platelet cell surface receptors and integrins.

The many cell membrane and cytoplasmic proteins that characterise haemopoietic
cells have been given names in an international system, which relates to proteins
(antigens) expressed at different phases of differentiation (Barclay 1994). These proteins
are called CD molecules (Cluster of Differentiation). Antibodies to CD molecules are
widely in use to identify specific types and activity stages of blood cells.

The integrins, making up one of the families of cell surface receptors, are
heterodimers of two protein subunits, known as the o and the B subunit (Ginsberg
1993). The integrins possess an extracellular domain that binds to the plasma protein
RGD-sequence, a transmembrane domain, and a cytosolic domain binding to actin.
Platelets have at least five different integrins, composed of five different o subunits and
two different B subunits (Wenchel-Drake 1993).

Non activated platelets express CD 61, which is an integrin 3 chain expressed as a
heterodimer, noncovalently associated with the integrin a chain; CD41 forming the
GPIIb/IIla complex, or with CD51 forming the vitronectin receptor (Barclay 1994).
GPIIb/IIIa binds to extracellular matrix proteins in a Ca2+ and Mg2+ dependent way
(Ginsberg 1993).

CD62 also named P-selectin, GMP-140 or PADGEM, is present on activated
platelets. CD62 is a polypeptide and a member of the selectin family of cellular adhesion
molecules, containing lectin domains that recognise carbohydrate ligands. It is localised
in the membrane of secretory granules of platelets and is translocated to the plasma
membrane upon activation. A soluble form of CD62 has also been identified. CD62 has
marked structural homology with E-selectin (ELAM-1) and L-selectin (LAM-1). CD62
mediates the interaction of activated platelets with neutrophils and monocytes (Nagata
1993) and is also responsible for the rolling attachment of neutrophils to activated
endothelium at physiological shear stress in vivo (Barclay 1994).

Adhesion of platelets

Circulating platelets adhere to non-endothelial structures, aided by the plasma
proteins fibrinogen, fibronectin and high molecular weight multimers of factor VIII
complex (FVIII : vWF). The RGD -sequence of those plasma proteins are recognised by
the receptor protein, for example the integrins, leading to cell adhesion. The integrin GP
ITb/I11a binds directly to fibrinogen, fibronectin and F VIII:vWF (Savage 1992 ; Stewart
1993).Thus, GP IIb/IIla on non activated platelets will bind to surface adsorbed
fibrinogen and promote adhesion of platelets to fibrinogen coated surfaces (Nygren
1988a ; Savage 1992). Platelet adhesion to collagen in vivo is dependent on the platelet
membrane receptors GP Ia, which binds directly to collagen, and GP Ib which binds to
von Willebrand factor (VIII : vWF) that adheres to collagen (Kumar 1994; Savage 1992).
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Release

Following the adhesion of a single layer, platelets undergo a shape change from
the normal disc form to a sphere, and they spread and form pseudopods and may release
the contents of their cytoplasmic granules (degranulation). The platelet granules include
the dense bodies (containing ADP, ATP, serotonin etc.) and the a-granules (containing
B-thromboglobulin, fibrinogen, F VIII : vWF, factor V, fibronectin, P-selectin, platelet-
derived growth factor, platelet factor 4, thrombospondin etc.) and lysosomal granules
(containing lysosomal enzymes) (Souhami 1994).

Aggregation

Release of ADP leads to the exposure of an extra pool of GP IIb/IlIa, translocated
from the inside of the adhering platelets to the membranes (Wenchel-Drake 1993).
Fibrinogen binds to the exposed GP IIb/IlIa, forming bridges between the platelets
which form activated aggregates (platelet reversible aggregation) (Vander 1994). Platelet
aggregation requires adequate Ca2+ -levels in the surrounding medium, and it is induced
via a large range of factors which react with receptors on the platelet surface. Many of
these factors such as ADP, serotonin and thromboxane A2, are themselves released by
activated platelets, producing a positive feedback loop (Kumar 1994). The process of
platelet activation and aggregation is mediated by at least two separate pathways (Kumar
1994).

Ligands such as collagen , bind to their specific receptors on platelets. This leads
to activation of membrane phospholipases with the release of arachidonic acid from the
platelet membrane phospholipids. A proportion of arachidonic acid is then converted to
cyclic prostaglandin endoperoxides, and then to thromboxane A2 (TXA2). TXA2 is
biologically highly active, and mediates a rise in intracellular Ca2+ and platelet granule
release of ADP which then promotes further platelet aggregation (Souhami 1994).

Other activating factors such as thrombin, bring about a rise in intracellular Ca2+
and degranulation by a mechanism distinct from that of arachidonic acid metabolism and
TXA? generation. Thrombin, released by the activation of the common pathway in the
coagulation cascade, stimulates the formation of a platelet plug. Factor VIII: vWF, factor
V and fibrinogen are stored in the o-granules and released by the activated platelets,
which in addition, expose phospholipids on the membrane surface that facilitate the
activation of factors VIII and V. In this way, activated platelets trigger the coagulation
cascade by activating factors IX and X which converts prothrombin to thrombin. The
presence of thrombin encourages fusion of platelets, and fibrin formation reinforces the
stability of the platelet plug (irreversible aggregation) (Kumar 1994).
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Formation of platelet-derived microparticles.

Platelet-derived microparticles are formed in response to activation of platelets by
a variety of platelet activators such as thrombin and collagen (Gilbert 1991), the
complement proteins C5b-9 (Gilbert 1991; Sims 1988 ), immune complex (Larsson
1994), artificial material contact (Gemmel 1995) etc. Release of (shedding of) platelet-
derived microparticles from the platelet surface takes place in parallel with secretory
fusion of the a-granule membrane with the plasma membrane (Sims 1988).The platelet-
derived microparticles is a heterogeneous population, ranging in size from 0.1 to 0.8 pm
(Gemmel 1995) and contain the plasma membrane glycoproteins GP Ib and GP IIb/Illa
as well as the a-granule membrane protein P-selectin (CD 62P) (Sims 1988). The fusion
of the microparticle membrane with the cell membrane has been shown to provide a
catalytic phospholipid surface consisting of phosphatidylserine, for assembly of factors
Va, VIIIa, Xa. This stable procoagulant surface has the possibility to accelerate the blood
coagulation with generation of thrombin, leading to fibrin formation and ultimately
causing artificial materials failure (Gilbert 1991 ; Jy 1995; Sims 1988 ).

Platelet markers of artificial material-induced activation.

Several markers of artificial material-induced platelet activation are used in the
present thesis to register activation events, such as ; fibrinogen receptor expression and
up-regulation (activated GP IIb/IIIa, CD 61 expression), analysis of o-granule release of
fB-thromboglobulin (a platelet specific protein), c-granule release with P-selectin
expression (CD 62P expression), platelet derived microparticle formation, registration of
the occurrence of activated platelets binding to granulocytes (platelet-granulocyte
aggregates) and the activation state of the platelet in any such aggregates (Rinder 1992).
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1.4.2. Granulocytes

The neutrophil granulocytes (neutrophils, polymorphonuclear leukocytes or
PMNs) are the dominating phagocytic cell-type during the acute phase of an inflammation
in vivo. The neutrophils have the possibilities to recognise, phagocytose and kill bacteria,
and have been called the body's first line of defence against bacterial infections (Ganong
1995).They leave the circulation at sites of inflammation in order to localise and
neutralise invading bacteria through phagocytosis, followed by the secretion of cytotoxic
agents. The two main types of cytotoxic secretion products are the proteolytic enzymes,
stored in the intracellular granules of the neutrophils, and the oxygen radical species,
produced by a chemical reaction known as the respiratory burst. At sites of prolonged
inflammation, the short lived neutrophils are followed by other phagocytic cell-types,
such as monocytes and macrophages (Gallin 1992). Leukocyte recruitment to sites of
inflammation and tissue injury is mediated by multiple adhesion molecules, which are
required for the attachment of the cells to the blood vessel endothelium, their subsequent
extravasation into the surrounding tissue, their migration and phagocytosis. Leukocyte
adhesion receptors are grouped into three main families: the integrin family, the selectin
family and the super-immunoglobulin family.

The granulocyte is the second type of cell that will interact with an artificial
surface (after the platelets). It is well established that contact between blood and, for
instance artificial surfaces of extracorporeal bypass circuits, results in activation of
neutrophils and the complement, kinin, fibrinolytic and coagulation cascades (Kirklin
1989; Lew 1985; Westaby 1987). This generalised inflammatory response has been
associated with cardiac, pulmonary, and renal dysfunction (Kirklin 1989).

Adhesion

Adhesion between neutrophils and endothelial cells is a complicated process in
vivo, occurring in at least two steps:
* Rolling The first step, known as "rolling”, is constituted by a recurrent transient
adhesion between the leukocytes and the endothelial cells, leading to a rolling motion of
the leukocytes along the vessel wall. The rolling adhesion, often seen early during an
initial inflammatory process, involves members of the selectin family. The P-selectin (CD
62) is localised in the membrane of secretory granules of endothelial cells (and platelets)
and is rapidly translocated to the plasma membrane upon activation (McEver 1989). The
P-selectin is responsible for the rolling attachment of neutrophils to activated endothelium
at physiological shear stress (CD 62 on platelets mediates the interaction of activated
platelets with neutrophils) (Lawrence 1991) where CD 62 binds to the carbohydrate
structure sialyl-Lewis X on neutrophils. Because CD62 can be expressed and rapidly
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mobilised, CD62 may be in position to catch previously unstimulated neutrophils at very
early stages (Polley 1991).

Endothelial cells adjacent to a site of inflammation are stimulated by cytokines

which provide an up-regulation of E-selectin (ELAM-1) on the endothelium. ELAM-1
would then serve to sustain the phenomenon of rolling and mediate the initial interaction
between the stimulated endothelium and unactivated neutrophils (Gallin 1992).
» Sticking The next step is constituted by “sticking” or firm, stationary adhesion (Ley
1992). Stationary adhesion is associated with obvious activation of the neutrophil. The
cells change shape, becoming ruffled, flattened, and bipolar. The mechanisms that
account for these events are not well-defined, though locally generated chemotactic
factors, and the adhesive mechanisms that initially catch the neutrophils may also
contribute (Lo 1991 ; Lorant 1991). This stage accomplishes an important transition for
the neutrophil, not only from an unactivated to an active cell, but from a primarily
selectin-family dependent adhesion to predominantly integrin-mediated adhesion by the
CD18-family molecules expressed in the plasma membrane of the neutrophils.
Downregulation/shedding of the selectin-family molecules and up-regulation of
neutrophil CD11b/CD18 (Mac-1, CR3) occur during this transition. The integrins
CD11b/CD18 and to CD11a/CD18 (LFA-1) bind to the CD54 (ICAM-1) receptor on
activated endothelial cells (Barclay 1994; Harlan 1992 ). CD11b/CD18 also mediates
adhesion to and phagocytosis of particles coated with the complement fragment C3bi
(Lew 1990).

Priming, an enhanced cell reactivity

It has become apparent that neutrophil granulocytes can exhibit different levels of
reactivity to stimulation. Neutrophil cytotoxic responses (respiratory burst and
degranulation) can be obtained by a variety of stimuli. The cells may be ”primed” by
certain stimuli in a manner that amplifies the subsequent response to the same stimulus or
to other stimuli. Most chemoattractants in low doses, such as the chemotactic peptide
f-MLP (N-formyl-methionyl-leucyl-pheylalanine) etc. (Gallin 1992), induce priming. It
is believed that priming of the neutrophils may already take place during the sticking
adhesion to venular endothelium.

Transendothelial emigration

Transendothelial emigration of neutrophil granulocytes across endothelial
monolayers is obtained in response to a chemotactic stimulation, and requires the action
of the CD11a/CD18, CD11b/CD18 receptors on the neutrophils and the PECAM-1
(CD31) réceptors on the endothelial cells, which are concentrated at the junctions
between them (Newman 1990). The activated neutrophils project pseudopods, formed by
the focal polymerisation and depolymerisation of actin, and in this way gain mobility.
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The cells then traverse between two adjacent endothelial cells (diapedese), pass the
basement membrane of the vessel and enter the tissue.

Migration

Neutrophils migrate from the circulation to accumulate at extravascular sites of
inflammation in response to chemotactic mediators. Studies of the cellular actions of
chemotactic factors have demonstrated that they bind to their specific cell-surface
receptors and stimulate the biological responses by neutrophils such as actin
polymerisation, integrin expression and priming (Harlan 1992). Migratory responses of
neutrophils i.e. chemotaxis, are induced by chemoattractant doses that are at least 20-fold
lower than those required to stimulate a secretory response. For example, the
chemoattractant receptors share the property of being able to trigger directional movement
in the presence of very low concentrations of ligand (10-11 to 10-8 M), whereas at higher
ligand concentrations there is an arrest of cell movement and activation of secretory
processes (10-7 to 10-6 M) (Lew 1990).

Chemotactic factors include f-MLP (bacterial peptides), C5a (a product of the
complement cascade), PAF and LTB4 (platelet-activating factor and leukotriene B4;
secreted products of stimulated phospholipid metabolism) and cytokines such as IL-8
(interleukin-8). Lipid chemoattractants (e.g. PAF and LTB4), while equally potent and
active as chemotactic agents, are less effective secretagogues (Gallin 1992).

The intracellular calcium level

Under native conditions, most agonists that elicit receptor responses in
neutrophils and net actin assembly, also seems to induce transient rises in intracellular
calcium concentration (Caz*')i. The (Ca2+)i of a resting neutrophil is around 100nM,

approximately 20,000-fold lower than the extracellular free Ca2+ in vivo. To obtain and
maintain this low (Ca2+)i. intracellular Ca2* is pumped and sequestered into intracellular
CaZ* stores i.e. calciosomes, and the plasma membrane pump also transports Ca2* to the
extracellular space (Krause 1987; Lagast 1984a ; Lagast 1984b ).

The intracellular calcium level acts as an intermediate messenger in several
processes included in different responses to neutrophil activation, evoked by particulate
and soluble activators (Dore 1990; Haag Weber 1994 ). For example; during
f-MLP activation , there is a rapid rise in (Ca2+); resulting from a transient Ca2+ release
from internal stores, and a more sustained Ca2+ influx from the extracellular space
(Anderssson 1986).

A transient increase in intracellular Ca2+-level, is a typical feature of chemotactic
stimulation of neutrophils (Gallin 1992). It is known that intracellular calcium is an
important signal for neutrophil degranulation (Haag Weber 1994 ; Lew 1990), actin
polymerisation (Bengtsson 1986), integrin expression (Berger 1985) and phagocytosis
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(Jaconi 1990). The respiratory burst is in some cases associated with an increased
intracellular Ca2+ level (Ishihara 1990; Walker 1991 ). The pre-activation or priming that
takes place upon weak stimulation of the neutrophils is in some cases (Walker 1991 ;
You 1991), but not always (You 1993), associated with changes in the intracellular Ca2+
level.

Phagocytosis

The specific process of phagocytosis may be divided into two steps (Gallin 1992):
* binding of the foreign particle to the surface of the neutrophil (which is a prerequisite
for phagocytosis)
* engulfment of the bound particle
Engulfment of a bound particle occurs through the elaboration of broad, flat pseudopods
which surround the particle on all sides. Remodelling of the cortical actin cytoskeleton
causes advancing pseudopods to meet at a single point, and fusion of opposing
membranes at this point pinches off the resulting phagosome into the cytoplasm of the
neutrophil. The pseudopods are elaborated in response to signals in the cytoplasm arising
from ligated receptors, and the movement of a phagocyte's plasma membrane along the
surface of a ligand-coated particle is governed by the availability of receptors on the
surface of the neutrophil, and is also guided by the distribution of ligands on the surface
of the particle. The neutrophils are also primed for an enhanced cytotoxic response
during phagocytosis of the foreign particles (Gallin 1992).

Phagocytic neutrophils express on their surfaces a large variety of phagocytic
receptors such as receptors for IgG and complement etc. (Barclay 1994; Lew 1990 ).

Receptors for IgG.

The antigen-combining sites of IgG molecules bind to surface antigens on foreign
particles and expose the Fc domains on the particle surface, a process known as
opsonisation. The opsonised particles are then recognised by three classes of receptors
on human leukocytes, termed FcyRI, FeyRII and FeyRIII (CD16). These receptors have
been shown to be members of the immunoglobulin superfamily. The three Fcy receptors
mediate binding and phagocytosis of particles coated with immune complexes. During
phagocytosis of IgG-coated particles, the ligation of Fcy receptors appears sufficient to
initiate production of toxic molecules which are secreted into the newly formed
phagosomes. However, some leakage of proteolytic enzymes and oxygen free radical
species into the extracellular space occurs during phagocytosis.
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Receptors for complement.

C3 is the most abundant complement protein in serum and it can be deposited on

foreign particles by covalent binding, leading to the opsonisation of the particles. Upon
proteolytic activation C3 is then rearranged to yield C3b, which is recognised by a
receptor termed CR1 (CD35) on the cells. After C3b is deposited on the surface of
foreign particles, its life time is short and the surface-bound C3b is subsequently
degraded to C3bi, a form which is stable in serum for several hours and is recognised by
a receptor termed CR3 (CD11b).
CR1 and CR3 mediate binding of foreign particles, and when appropriately stimulated,
mediates phagocytosis. In contrast with the other opsonic receptors (CR1 and Fcy
receptors), the CR3 receptor requires divalent cations (Ca2+ and Mg2+) for optimal
ligand binding. Furthermore, CR3 is an integrin oM chain which is expressed as a
heterodimer noncovalently associated with CD18 (integrin (7). Thereby, besides the
interaction with the complement component C3bi, CD11b/CD18 also mediates the
interaction with both extracellular matrix proteins and cell surface proteins such as CD54
expressed on activated endothelium.

Secretion

During phagocytosis, the neutrophil granules move to the cell membrane and
discharge their contents into the phagocytic vacuole and into the extracellular medium, a
process known as degranulation (Sengelgv 1993). The degranulation also leads to the
translocation of the NADPH oxidase to cell membranes, and the subsequent activation of
this enzyme initiates a production of toxic oxygen metabolites i.e. the respiratory burst

(Turner 1994). The activation of NADPH oxidase is associated with a sharp increase in
O, uptake and metabolism in the neutrophil, and a production of superoxide anions

(O77). Through secondary reaction steps, hydrogen peroxide (H,O;) and single oxygen
(102) is generated. These molecules are oxidants, that are effective cytotoxic agents for
foreign particles, by direct or indirect action with their DNA (Miller 1995). In addition,
neutrophil degranulation discharges the enzyme myeloperoxidase, which catalyses the
conversion of CI", Br™, I" and SCN" to the corresponding acids (HOCI, HOBr, etc.),

which also acts as potent oxidants. The proteolytic enzymes in the discharged granules
together with the myeloperoxidase enzyme act in a cooperative fashion with the O;",

H»0, and HOCl to produce a killing zone around the activated neutrophil, thus forming
the last step in the inflammatory process (Gallin 1992; Ganong 1995 ).
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Granulocyte markers of artificial material-induced activation.

A very small percentage of the granulocytes in whole blood are in direct contact
with the walls in a macroscopical flow device such as a dialyser or oxygenator
(Kjellstrand 1991). Furthermore, it is shown that granulocyte adhesion will occur at a
later time than platelet adhesion, thereby indicating that direct activation of the cells by a
biomaterial surface is limited. In order to be harmful to the patient, the activation of
granulocytes must be generalised in the vascular bed, where major complication for the
patient occurs when activated granulocytes accumulate in vital organs such as the lungs,
thereby causing subsequent tissue damage through the secretion of oxygen radicals and
proteolytic enzymes. A minor complication for the patient is for example, the tendency to
develop thrombophlebitis during use of polymer catethers commonly used in medical
therapy (Dabir 1982 ; Gaukroger 1988 ; Larsson 1989 ; Reynolds 1995 ; Madan 1992 ;
Lindblad 1987 ; Myles 1991 ; Payne-James 1991). However, there may be a number of
possible pathways that generate plasma soluble activation products that end up in
granulocyte adhesion and activation during blood-material contact.

Several studies have focused on complement activation of granulocytes (Cheung
1990 ; Haag Weber 1994) caused by the direct contact between a dialyser membrane
surface and the complement factors present in plasma. Studies of patients under cardio-
pulmonary bypass showed a possible interaction between platelets and granulocytes
(Rinder 1992) where the circulating platelets where shown to express P-selectin with the
possibility to bind and activate the granulocytes (Nagata 1993). Potential granulocyte
activation is also provided by the release of platelet-derived microparticles during blood
exposure to various biomaterial surfaces, shown in a previous study (Gemmel 1995).

Several markers of artificial material-induced granulocyte activation are used in the
present thesis to register activation events such as ; expression and upregulation of the
IgG-receptor (CD16) and complement receptors 1 and 3 (CD35 and CDI11b) on
granulocytes, evaluation concerning granulocyte intracellular Ca2+ concentration (by
Calcium Green-1 fluorescence), evaluation concerning priming (increase of f-MLP
induced respiratory burst) and respiratory burst (by chemiluminescence). In order to
investigate the mechanisms behind the material-induced granulocyte activation, the
possible role of complement was investigated by measurements of the complement
protein C3 on material surfaces, and in serum from surface exposed blood. The
occurrence of platelet-derived microparticles was examined by ultra centrifugation of
serum from surface exposed blood, and evaluated in respect to their induced Ca2+
responses in granulocytes.

241



2. AIMS OF THE PRESENT THESIS

The aims of the present work were:

* To elucidate the relationship between kinetics, supramolecular structure, and
equilibrium properties of surface adsorption of plasma adhesive proteins, with special
emphasis on fibrinogen.

* To study the subsequent biological response to the surface adsorbed protein layer, such
as cell adhesion and activation of platelets and granulocytes, using different established
techniques.

* To develop a new method to study an immediate inflammatory response of a blood-
biomaterial interaction, in respect to the liberation of granulocyte activating factors.

* To investigate if the properties of a biomaterial surface and the choice of anticoagulants,

were important determinants of the outcome of humoral and cellular response to a blood-
biomaterial interaction.
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3. MATERIALS AND METHODS.

A general description is given below, whereas the experimental procedures are
described in detail in the subsequent individual papers. All human and animal
experiments were approved by the respective ethical committees of the University of

Goteborg.
3.1 Kineti Jeisl i ilibri : ¢
fibri i : liquid-solid i f a0

The present study was undertaken in order to elucidate the relationship between
kinetics, supramolecular structure and equilibrium properties of fibrinogen adsorbed onto
hydrophilic and hydrophobic quartz surfaces, studied by ellipsometry and transmission
electron microscopy (TEM).

Ellipsometry; Quartz surfaces (silicon wafers) were either made hydrophobic
with hexamethyl-disilazane (Jonsson 1985) or made hydrophilic by oxidation with
dichromate sulphuric acid (Nygren 1988b). The static contact angle with water was
measured from photographs of resting water drops placed at the surfaces (Nygren
1988b). Human fibrinogen was diluted in PBS (phosphate-buffered saline) and placed in
droplets on the surfaces and incubated for various times of adsorption of up to 3 days.
Dissociation of bound fibrinogen was studied by rinsing the plates in PBS for differing
time periods up to 24 h. The amount of bound fibrinogen was determined by
measurement of the optic mass of protein in each spot in a comparison ellipsometer
(Stenberg 1982), equipped with a SiO2-reference surface and by calculation of the

corresponding amount of protein as described previously (Stenberg 1983).

Electron microscopy, Negative staining of adsorbed fibrinogen, incubated 20h or
72 h, was performed on hydrophilic or hydrophobic quartz grids (Stenberg 1987) to
allow comparison with ellipsometry data. The specimen were then dried and examined in
a transmission electron microscope (TEM).

Evaluation of data; The reaction at the interface of two phases, the liquid-solid
interface, is involved in a number of distinct processes. The reactants in the solution must
first diffuse to the interface, be adsorbed there, and participate in a reaction mechanism
on the solid surface, the products on the surface may then desorb and diffuse into the
solution again. Often is the rate-determining step assumed to be the actual reaction on the
surface, where the rate depends on the concentration of the reactants adsorbed on the
surface (Berry 1980) .
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a) For an unstirred solution and a flat surface geometry, the maximum and
diffusion-rate limited amount of bound fibrinogen could be described by the time-
dependence equation (Trurnit 1954):

S=(2\m)coVDt (1)

where § is the surface concentration of protein (mol/cm?), Co is the concentration of protein in solution
at time zero (mol/cm3), D is the diffusion constant of the protein (cm2/s) for fibrinogen (D=2.02 x 107
cm?/s), and t is time (s).
b) Assuming the reaction-rate limited adsorption of protein to be an equilibrium
reaction, the reaction rate is given by the equation (Berry 1980; Langmuir 1918 ):
dS/dt = k1c(Smax-S) - k1S (2)

where k1 is the forward reaction rate constant M-Iy, k-1 is the dissociation rate constant s, c ™)
is the protein concentration in the bulk solution at time t, S (moleslcmz) is the surface concentration of
protein at time t ,and Spax (moles/cm?2) is the maximum amount of bound protein at the surface.

¢) The rate of the reverse reaction, the dissociation of protein, is evaluated by
measuring the surface concentration of protein at rinsing time t. For rinsing the Eq. (2) is

used with c=0: dS/dt=-kS 3)
separating the variables and integrating, gives the following equation:
In S/So= -kt (C))

where S is the surface concentration of protein at time t=0 (moles/cm?).
The dissociation rate constant k. is evaluated as the slope from plots of In (S/S,) versus
time t.

d) Assuming the reaction rate limited adsorption of protein to have reached a
dynamic equilibrium where dS/ dt = 0, Eq. (2) then could be written:

k-]S = k]C(Smax'S) (5)
which could be rearranged to give:

where K,=k1/k.1 is the equilibrium constant (M-1). A commonly used graphic method of
analysing complex binding data, Scatchard plot (Creighton 1984; Scatchard 1949 ) could
thereby be plotted. Thus, binding of a protein to one site on the surfaces could increase
or decrease the affinities of the other sites; i.e. there could be either positive or negative
cooperativity in the protein layer. The concentration-dependence of fibrinogen adsorption
could thereby show deviations from a simple Langmuir isotherm described by Eq. (6),
which should give a straight line in this plot. The Scatchard plots were obtained by plots
of S/c versus S based on the data obtained by the ellipsometry.
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The amount of fibrinogen adsorbed on the surface (abscissa, moleslcmz).The bound / free ratio of
fibrinogen (ordinate, cm) was calculated as the ratio between the measured amount of bound fibrinogen, S
(moles/cmz) and the remaining free concentration in the bulk solution of the droplets, ¢ (moles/cm3)
according to the equation;

¢=¢o - S(A/V) @)
calculated of concentration of protein in solution at time zero (cq), where V (cm3) is the volume of the
droplet, and A (cm?) is the area of the spot.
e) The spatial distribution of the fibrinogen molecules during adsorption was shown by
TEM by a negative staining of the protein layer. The average intermolecular distance (16
nm) was calculated from micrographs. Theoretical calculations of the maximum amount
of bound protein at the surface in one monolayer of tight-packed fibrinogen molecules
were performed. This was done by assuming different types of molecular orientation of
the fibrinogen molecules, together with different average intermolecular distances. The
intermolecular distance of 16 nm between parallel molecules was applicable to dehydrated
fibrinogen. Fibrinogen molecules appear as hydrated protein molecules in the native
state, and has the molecular dimensions with concomitant theoretical average
intermolecular distance of 9 nm, as previously described (Bachman 1975).

2 rativity in th sorption of cellulo hers and fibrinogen

liquid-solid interf 11

The possibility of reducing fibrinogen adsorption to solid surfaces by competitive
adsorption of water-soluble cellulose ethers (EHEC,HEC) was investigated by an ELISA
assay. The ELISA assay was calibrated by ellipsometry, assuming the diffusion rate
limitation of the initial adsorption of protein to the surface. The total depletion of
fibrinogen from the bulk solution was also noticed as the maximum amount of fibrinogen
that can bind to the surface when a droplet of bulk solution is depleted of all its protein.

ELISA; ELISA was performed as a spot-test on glass slides (SiO2 content 72-
74%), which were made hydrophobic with hexamethyl-disilazane (J6nsson 1985) or
made hydrophilic by oxidation with dichromate sulphuric acid (Nygren 1988b). The
static contact angle with water was measured from photographs of resting water drops
placed at the surfaces (Nygren 1988b). Human fibrinogen was diluted in PBS and placed
in droplets on the surfaces and incubated. The fibrinogen solution was in some
experiments mixed with EHEC; ethyl(hydroxyethyl)cellulose (Bermocoll CST-103), or
HEC; hydroxyethylcellulose (Natrosol 250 HBR), diluted in PBS. The fibrinogen and
polymer solutions were mixed, placed in droplets and incubated. After rinsing, the
primary antibody rabbit-antihuman fibrinogen was added, followed by peroxidase-
conjugated sheep anti-rabbit immunoglobulin. The substrate reaction was performed by
incubation with diaminobenzidine containing hydrogen peroxide. The optical density was
measured by a spectrophotometer equipped for density measurements of glass slides.
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Ellipsometry; The ELISA was calibrated by ellipsometry to allow interpretation of
optical density values in terms of surface concentration of fibrinogen. The calibration
procedure was similar to the procedure described previously (Nygren 1985), using the
diffusion rate limitation of protein to the surface. A dilution series of human fibrinogen
solution was placed in droplets on hydrophobic (Jénsson 1985) or hydrophilic (Nygren
1988b) quartz surfaces (silicon wafers), incubated, rinsed and blown dry with an air
current.

Evaluation of data; The amount of bound fibrinogen on the surfaces was
determined as described in section 3.1. The initial adsorption of fibrinogen at low surface
concentrations was diffusion-rate limited, as shown in a previous study (Nygren 1988b).
Experimental values of the amount of bound fibrinogen measured by ellipsometry were
plotted against the calculated amount for fibrinogen according to Eq. (1) in section 3.1.
The experimental values were seen to be close to the calculated amount below 0.90
pmol/cm2: The calibration curve of the ELISA was then obtained by plotting experimental
light absorbance values measured by ELISA, versus the calculated surface concentration
of bound fibrinogen according to Eq. (1) in section 3.1. It was seen from this plot that
the absorbance values were adequately described as a function of surface concentrations,
as evaluated from Eq.(1). For the absorbance values below 1.0 the response was almost
linear with a correlation coefficient of r=0.95 and a slope of the line of m=2.30 abs. units
per pmol/cmZ2.

Calculations of total depletion of the maximal amount of fibrinogen present in the
droplets of the solutions used for incubations, were performed according to the equation;

Sdep=co(V/A) ®)

where Sdep(moles/cmz) is the maximum amount of fibrinogen that can bind to the surface when the
droplet is depleted of all its protein, co (molcslcm3) is the concentration of protein in solution at time
zero, V (cm3) is the volume of the droplet, and A (cm2) is the area of the spot.

Scatchard plots were obtained, S/c versus S, based on the data obtained by the
calibrated ELISA and according to the equations (2,5,6,7) in section 3.1.

3.3 Pre-adsorption of a cellulose ether onto polymer surfaces, (III),

The effect of pre-adsorbed cellulose ethers upon the adsorption of plasma proteins
at polymer surfaces was measured by an enzyme-linked immunosorbent assay. Tubes of
polyurethane and Teflon® were used and cellulose ethers EHEC A,B,C and HPC
(Bermocoll CST-103; DVT 85007; SM 8713 and Klucel MF) were pre-adsorbed for
20h, the tubes were then emptied and carefully rinsed with saline.

The tubes were filled with human fibrinogen solution or human whole blood ,
anticoagulated with hirudin, a specific thrombin inhibitor. Retained Ca2+ activity was
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thereby made possible, keeping the initial coagulation cascade and calcium-dependent
cell-protein interactions intact during the experiments. The final concentrations of hirudin
(50 units / ml) allowed the blood to remain liquid in the tubes after 2h (Elam 1992).The
blood or fibrinogen solution were incubated in the tubes and after 5 min the tubes were
emptied and rinsed.

In one group of tubings, the relative amounts of adhesive proteins were
investigated using ELISA (Elam 1992) with specific antisera directed against human
fibrinogen, fibronectin and monoclonal antibody against human vitronectin. In the
second group of tubings, the amount of platelet released B-thromboglobulin was
measured and the test was performed as described by the manufacturer.

Animal ex vivo studies were performed using male, New Zealand white rabbits.
PUR tubes were connected as a shunt between arteria carotis and vena jugularis for 2h.
The first half of the tubes were pre-filled with PBS and the second half pre-treated with
cellulose ethers, Bermocoll CST-103 or SM 8713. After being rinsed with saline, fixed
in glutaraldehyde and gold sputter coated, the tubings were examined in a scanning
electron microscope and the number of adhering platelets were counted.

3.4 Protein-platel § mistelcsbons ¢ A ials i
contact with human blood, (IV),

The adhesion and activation of human platelets and leukocytes together with
analysis of adsorbed plasma proteins at blood-material interfaces, was studied by using
fluorescence microscopy and photometry. Three groups of experimental models were
investigated by using specific anti-CD and anti-plasma protein antibodies, and the
calcium probe Fura-2.

In the first group, hydrophilic or hydrophobic (methylised) glass slides were
prepared and human blood was placed in droplets on the glass surface from 15s to 2h
incubation time and the slides were then rinsed. The adsorption of plasma proteins was
detected by incubation with FITC (fluorescein isothiocyanate) labelled antibodies directed
against albumin, IgG, fibrinogen, fibronectin, v. Willebrand factor (VIII : vWF),
prothrombin / thrombin and complement factor C3c. The adhesion of platelets was
shown by FITC-labelled antibodies directed against CD61 (GPIIIa), specific for this cell
type. Adhesion of leukocytes was measured by staining their DNA with 0.1% acridine
orange, which is a specific stain for DNA-containing cells i.e. leukocytes in blood. The
glass slides were examined in a fluorescence microscope and the fluorescence intensity
was recorded and photographed.

In the second group of experiments, human granulocytes were isolated by a one-
step Percoll® technique (Braide 1986), suspended, recalcified and loaded with the
calcium indicator Fura-2ZAM® together with pluronic acid, added to solubilise Fura-2 in
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physiological media (Poenie 1986). The supernatant of hirudin-anticoagulated blood
(Elam 1992) (from blood previously exposed to hydrophilic or hydrophobic glass
surfaces) was added to the loaded granulocytes and the fluorescence was recorded by a
spectrofluorometer. A rapid peak was seen , indicating calcium influx into the cytoplasm.
An attempt was also made to remove the activating substance from the supernatant by
filtering through a 0.1-0.45 pm Millipore® filter and then adding it to the cell
preparation. As a biological control of the system, the chemotactic peptide for leukocytes,
f-MLP was used as stimulus, with a final concentration of 10-7 M in the cuvette. After
the measurements, an identical reference recording was made with unloaded cells to
compensate for medium autofluorescence.

Thirdly, blood samples were taken from patients undergoing cardiopulmonary
bypass operations for measurement of the expression of cell surface receptors on
leukocytes. Consecutive blood samples were drawn from 5 patients at defined stages: 1.
before surgery ; 2. after 1h of surgery; 3. after cooling and 15 minutes of oxygenator
circulation; 4. after 45 min of extra corporal circulation; 5. after blood warming before
disconnection; and 6. 30 min after disconnection. Blood samples were anticoagulated
with hirudin, cooled, incubated with antibodies for 30 min and fixed with formaldehyde.
Fluorochrome-conjugated monoclonal mouse antibodies directed against human CD11b
(CR3), CD16 (IgG-receptor), CD35 (CR1), CD61 (platelet GPIIla) and CD62 (platelet
P-selectin) were used in order to evaluate the occurrence of platelet-granulocyte
aggregates and the activation state of the platelet and granulocyte in any such aggregates
(Rinder 1992). In the following FACSCAN (fluorescence activated cell sorting)
evaluations, the granulocyte cells were discriminated by size and granularity and
evaluated by the mean fluorescence in relation to controls with non-related antibodies. In
each patient the obtained values were normalised to the values obtained before the
operation. Results were expressed as the mean of all patients for each antibody and stage
of surgery.

35 E f blood bi ial i libera bst d
activate PMNGs, (V),

The present study shows an experimental model, where the intracellular calcium
level of test granulocytes in suspension reflects the presence of granulocyte activating
factors, produced by the previous interaction between human blood (anti-coagulated in
different ways) and hydrophilic or hydrophobic (methylised) glass surfaces.

Human blood was obtained by vein puncture of a healthy donor, anti-coagulated
with different concentrations of heparin (10, 1 and 0.1 units/ml whole blood) or hirudin
(Revasc® ; 500, 250 and 50 units/ml whole blood), a specific inactivator of thrombin. In
some experiments, native serum was obtained instead. The whole blood was transferred
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under saline to the bottom of a glass test tube with either hydrophobic (Jonsson 1985) or
hydrophilic (Nygren 1988a) inner surfaces. After 10 minutes of incubation, the test tube
was spun and the platelet-poor plasma layer or serum layer was removed and transferred
to a suspension of fluorescent test granulocytes.

Human granulocytes, used as test granulocytes in the study, were obtained from
the same donor and isolated by a one-step Percoll® technique (Braide 1986), suspended,
recalcified and loaded with the long-wavelength calcium indicator Calcium Green-1/AM®
together with pluronic acid (Poenie 1986). The use of a long-wavelength fluorochrome
such as Calcium Green-1® minimised the background autofluorescence of the
suspending medium.

The rise of intracellular calcium level of the test granulocytes after addition of the
supernatant from surface-exposed blood (constituted 1/4 of the total fluid volume of the
cuvette), was used to quantitate the degree of granulocyte activation. The signal was
detected by the fluorescence intensity and measured in a spectrofluorometer. The calcium
level was also related to the Ca2+ signal obtained after a standardised activation of the
same granulocyte suspension by 10-7 M f-MLP used as a positive biological control,
where HBSS was used as negative control. A dose-response relationship for the Ca2+
rise upon f-MLP (from 10-1! to 10-7 M) stimulation was established in separate
experiments and used to evaluate the effects of the test surfaces.

In a series of control experiments, the direct effect of the anti-coagulant heparin on
the test granulocytes was investigated. In those experiments, the fluorescence increase
upon f-MLP (10-7 M) stimulation or stimulation with hydrophilic serum were compared
between samples of the same granulocyte suspension that had been preincubated for 10
min with or without heparin (10 unit/ml).

In order to further characterise the granulocyte activation, detected by the
intracellular Ca2* responses, measurements of integrin CD11b (CR3) and respiratory
burst in response to f-MLP stimulation were performed on activated granulocytes. The
CD11b expression on the granulocytes was investigated by addition of a stimulus (serum
from blood exposed to the test surfaces) to granulocytes in suspension, which was
immediately placed in droplets on hydrophilic or hydrophobic glass slides. Preparation
control was performed by excluding the stimulus. Double specimens were prepared from
each stimulation , allowing staining for CD11b integrins and cell nuclei in each pair of
specimens, to normalises the obtained values. CD11b integrin was detected by incubation
with primary antibody; specific mouse monoclonal antibodies directed against human
CD11b, followed by the secondary antibody; FITC-conjugated rabbit anti-mouse Ig-
antibodies. The granulocyte nuclei were detected by staining their DNA with 0.1%
acridine orange, a specific stain for DNA-containing cells. The glass slides were
examined in a fluorescence microscope and the fluorescence intensity was recorded,
photographed and analysed with a computerised image analysis. The % surface coverage
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of fluorescence with an intensity above background was used as quantitative
measurements.

In order to examine the possible role of complement in the granulocyte activation,
measurements of complement activation on the test surfaces and in serum from surface
exposed blood were performed. Hydrophilic or hydrophobic (methylised) glass slides
were prepared and human blood was placed in droplets on the glass surface for 10 min
incubation time and the slides were then rinsed. The adsorption of complement on the test
surfaces, was detected by incubation with the primary antibody (specific rabbit anti-
human C3 complement) and the secondary antibody (FITC-conjugated swine anti-rabbit
IgG). The glass slides were examined in a fluorescence microscope and the fluorescence
intensity was recorded, photographed and analysed with a computerised image analysis.
The % surface coverage of fluorescence with an intensity above background was used as
quantitative measurements.

The content of human complement C3 in the serum from blood exposed 10 min to
hydrophilic or hydrophobic glass tubes was also analysed by using a commercially
available radial immunodiffusion kit (RID-kit C3-NL). The test was performed as
described by the manufacturer and the concentration of C3 was obtained in mg/ml.

Four types of granulocyte respiratory burst response were analysed separately in
each experiment: spontaneous activity, response to f-MLP, response to serum stimuli and
response to f-MLP after exposure to serum stimuli. The measurements were performed
using luminol-amplified chemiluminescence. Spontaneous activity was measured after
mixing the granulocyte suspension with HBSS-buffer and Luminol. Response to f-MLP
and serum stimuli was measured after replacing HBSS with f-MLP or serum stimuli
respectively. Response to f-MLP after exposure to serum stimuli, was measured in order
to detect a priming effect of the serum from blood exposed to hydrophilic or hydrophobic
surfaces. In this case, serum was added (1/4) to the cell suspension and the mixture was
incubated at 37°C for 10 min, before addition of f-MLP and Luminol. All samples were
analysed immediately in a luminometer, controlled by a desk-top computer. The final
results were presented in terms of priming effect and direct response to serum stimuli.
The priming effect was calculated as the increase in the responses to f-MLP induced by a
prior exposure to serum stimuli. The magnitude of the direct response was calculated as
the difference between the response to serum and the spontaneous activity. Both types of
measurements (priming and direct response) were normalised in relation to the f-MLP
response.
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The following study focused on the possibility to characterise and compare

biomaterials concerning the immediate inflammatory response of a blood-biomaterial
interaction, by using the recently developed analysis method in the fifth paper in the
present thesis, together with analysis of biophysical measurements of the biomaterial
surfaces.

According to the previous experimental procedure, human whole blood was
transferred under saline to glass test tubes with either hydrophilic or surface modified
inner surfaces, modified with two different pre-adsorbed cellulose ethers (EHEC
Bermocoll CST-103 and EHEC SM 8713). The whole blood was also syringed into
tubes of different polymer materials commonly used in medical therapy, such as
polyvinylchloride (PVC), polyurethane (PUR), silicon rubber (SIL),
polytetrafluoroethylene (PTFE, Teflon®) and polypropylene (PP). Tubes for preparative
ultra centrifugation, such as Ultra-Clear® (UC), polyallomer (PA) and cellulose nitrate
(CN) were also examined.

After 10 min blood incubation, the test tubes were spun and the sera were
removed and transferred to suspensions of human granulocytes, loaded with the calcium
sensitive fluorochrome Calcium Green-1/AM®. The rise of granulocyte intracellular
Ca2+ after addition of the serum was used to quantify the degree of granulocyte activation
in relation to the Ca2+ signal, obtained after a standardised activation of the same
granulocyte suspension by 10-7 M f-MLP. HBSS was used as the negative control.

Since preliminary data showed that sera from Ultra-Clear® uitracentrifugation
tube, induced a rise of the granulocyte intracellular Ca2+-level, additional samples of
those sera were treated by ultra centrifugation at 100,000 g for 120 min and re-evaluated.

In order to investigate the mechanisms behind the granulocyte activation,
measurements of complement C3 in sera from hydrophilic surface and Ultraclear® tube
exposures were performed. The content of human C3 was analysed by using a
commercially available radial immunodiffusion kit (RID-kit C3-NL). The test was
performed as described by the manufacturer and the concentration of C3 was obtained in
mg/ml.

The material surfaces in the present study were also analysed biophysically with
respect to their surface qualities by studying the static contact angle (Zisman 1964), i.e.
the angle formed between a sessile drop of water (with a volume of 10 pl) and a flat
material surface. The static contact angle was used to characterise and compare the
wettabilities of the solid material surfaces of glass, polymer tubes and tubes for
preparative ultra centrifugation, and the critical surface tension was then estimated.
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4. RESULTS AND DISCUSSION

1 St alsition oo sineia o) :

4.1.1 Fibrinogen, (I)
Kinetics

Adsorption of fibrinogen onto hydrophobic and hydrophilic quartz surfaces was
studied by ellipsometry and TEM. The experimentally found amount of bound fibrinogen
onto hydrophobic or hydrophilic quartz surfaces versus time of adsorption, was shown
in the first paper in the present study. A logarithmic plot was also given, together with
the theoretically calculated amount of adsorbed fibrinogen, assuming a diffusion-rate
limited adsorption. The experimentally found amount of bound fibrinogen was close to
the theoretically calculated amount at low bulk concentrations, showing that the initial
binding was rapid and transiently became diffusion-rate limited. The increase in surface
concentration was proportional to the logarithm of time, with plateau levels or saturation
levels of adsorption dependent on the bulk concentration of fibrinogen and on the surface
energy of the quartz surfaces. The plateau levels of adsorption was lower at the
hydrophilic quartz surfaces than at the hydrophobic surfaces, the results being in
accordance with similar measurements made by others (Chuang 1978 ; Jonsson 1982).

Assuming a reaction-rate limited adsorption of fibrinogen, the initial adsorption to
a hydrophobic surface could be described by an apparent forward rate constant ki,
which decreases with time. The rate decrease was proportional to the logarithm of time,
so that the rate coefficient was kapp o< kit-h, where h is a fractional number. The
apparent forward rate constant of adsorption to a hydrophilic surface was both time-
dependent and concentration-dependent.

Chemical reactions with time-dependent forward reaction rate constants have
collectively been named fractal kinetics (Blumen ; Kopelman 1988 ). Fractal kinetics as a
phenomenon is related to situations where the reactants are spatially constrained by phase
boundaries, but the molecular mechanism is still unclear. The findings in the present
study that the apparent forward rate constant was both time- and concentration
dependent, indicates that the adsorption of new molecules was dependent on the presence
of previously adsorbed molecules. This process can also be described as cooperative
process, and positive and negative cooperativity can be analysed by the use of a
Scatchard plot (Scatchard 1949).

The dissociation of bound fibrinogen from both hydrophilic and hydrophobic
surfaces shows an initial rapid dissociation. Assuming first-order kinetics of the initial
desorption, it was possible to calculate a dissociation rate constant k.j. The initial
desorption rate of fibrinogen bound to hydrophilic surfaces was slightly higher than the
desorption from the hydrophobic surfaces. A more stable plateau level was reached after
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about 15 min rinsing time, down to 80-90 % of the initial surface concentration. The
stable level was lower at the hydrophilic than at the hydrophobic surface. Even some
other studies (Chan 1981 ; Jonsson 1982) like the present one, report an initial
dissociation of protein from hydrophilic quartz surfaces followed by an establishment of
a stable level.

Assuming the reaction-rate limited adsorption of fibrinogen to have reached an
ideal dynamic equilibrium after 24h and 72h long incubation time, a graphic method of
analysing binding data was used (Scatchard plot). For the hydrophobic surfaces, the
curves were concave (concave up) and the concavity increases with time. The concavity
was extremely sensitive to a small change in surface-concentration, indicating negative
cooperativity of the adsorbed layer. At the hydrophilic surfaces the curves were convex
(concave down), indicating a positive cooperativity between fibrinogen molecules at low
surface concentrations. The positive cooperativity may be seen in the structure of the
adsorbed layer analysed by TEM, as the formation of polymers of fibrinogen. The part of
the Scatchard plot showing positive cooperativity, corresponds to the surface
concentrations where a phase transition to an orderly polycrystalline orientation of
fibrinogen molecules were adsorbed side-on.

In a recent study (Alaeddine 1996), the adsorption of fibrinogen onto hydrophilic
and hydrophobic silicon surfaces was investigated by using off-null ellipsometry,
thereby showing that the highest surface concentration of fibrinogen appeared on the
hydrophobic surface. The kinetics for both surfaces show an initial concentration-
dependent lag-phase, followed by an accelerating binding rate. The reaction rate then
decreased abruptly at a surface concentration far below monolayer coverage and the rate
became proportional to the logarithm of time. The saturation levels of adsorption were in
accordance with the number of the initial binding sites on the surface, i.e. the levels were
lower at hydrophilic surfaces. The kinetics in the study was described by a logistic law of
limited growth function. The lateral surface diffusion of adsorbed fibrinogen was not
detectable on either of the surfaces, but fibrinogen was still adsorbed with accelerated
kinetics, thus indicating that the accelerated kinetics must probably be due to cooperative
interactions between the adsorbed molecules and the molecules in the bulk solution.

Molecular and supramolecular structure of fibrinogen

Adsorption from fibrinogen solution at low bulk concentrations, resulted in a
heterogeneous distribution of fibrinogen molecules found at the hydrophilic quartz
surface, below monolayer coverage. The dried and negatively stained fibrinogen
molecule appears as a 5 nm x 45 nm rod. The supramolecular structure was characterised
by the formation of end-to-end dimers and trimers laying down at the hydrophilic
surface, whereas on a hydrophobic surface the adsorbed fibrinogen was distributed as
single molecules or smaller aggregates, as reported in a previous study (Nygren 1988b).
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Thus, the adsorption of fibrinogen to hydrophilic and hydrophobic quartz surfaces
reveals differences in the adsorbed interaction layer.

An increase of the bulk concentration of fibrinogen adsorbed onto a hydrophilic
surface, showed protein-protein interactions that resulted in an orderly layer of end-to-
end polymerised fibrinogen molecules along with polycrystalline-like structure where
different domains were visible with parallel orientation of the molecules adsorbed side-
on. The average intermolecular distance between the parallel molecules was 16 nm.

The molecular dimension of the dried fibrinogen molecule seen in our experiments
is smaller than that of the hydrated fibrinogen molecule with a diameter of 9 nm
(Bachman 1975). The intermolecular distance of 16 nm seen in the orderly layer of
fibrinogen molecules adsorbed side-on at the hydrophilic quartz surface, suggests the
existence of a 7 nm layer of water between two parallel molecules. This indicates the
formation of a two-phase system at the solid surface, where more or less orderly
structured water is included. Therefore all parameters affecting the solubility of the
protein (Leavis 1974), also affects the properties of the adsorbed protein layer at solid
surfaces and the partition of proteins between the surface phase and the bulk.

4.1.2. Surface modifications by cellulose ethers, part 1, (II, III).

The possibility of reducing fibrinogen adsorption to hydrophilic and hydrophobic
glass surfaces by competitive adsorption of cellulose ethers (EHEC, HEC) was
investigated using an ELISA assay calibrated by ellipsometry, in the second paper in the
present study. The measurements of fibrinogen adsorption were made at low surface
concentration in the study. The surface adsorption of fibrinogen increases with increasing
bulk concentration up to a surface concentration of 0.1 pmol/cm2, where a stable level is
seen at a hydrophilic surface. At a hydrophobic glass surface the amount of bound
fibrinogen increases with the bulk concentration up to a stable plateau level at a surface
concentration of about 0.12 pmol/cm2, and at the lowest measurable surface
concentration, the bulk solution was completely depleted of fibrinogen.

These results were in accordance with results from a previous study (Nygren
1988b). The surface concentration at the plateau level corresponds to a protein layer
below a monolayer of fibrinogen molecules adsorbed side-on. Thus, the interactions that
are studied are taking place in spaced layers of adsorbed fibrinogen molecules, containing
significant amounts of solvent as previous discussed in the section 4.1.1 above.

The effects of cellulose ethers on the adsorption of fibrinogen shows that the
adsorption increases at the hydrophilic surface in the presence of the EHEC and HEC in
the solution. The presence of HEC in a mixture of fibrinogen in the solution, caused
complete depletion of fibrinogen from the solution. The effect was less prominent in the
presence of the more hydrophobic EHEC. The adsorption of fibrinogen to a hydrophobic
surface was reduced in the presence of cellulose polymers. The reduction was most
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obvious for the hydrophobic EHEC, which completely inhibits the adsorption of
fibrinogen. The effect was less prominent in the presence of the hydrophilic HEC, which
showed a reduction of the surface concentration from the stable level and a decrease of
the adsorption of fibrinogen at low concentrations.

Scatchard plots for analysing binding data of fibrinogen adsorption onto
hydrophilic and hydrophobic glass surfaces were also shown. The Scatchard plot of
fibrinogen adsorption to a hydrophilic surface, shows a convex curve indicating a strong
positive cooperativity of adsorption at surface concentrations below 0.05 pmol/cmZ.
Similar results were shown in the previous first study using a different technique, where
the fibrinogen-fibrinogen interaction at the hydrophilic surfaces resulted in positive
cooperativity at low surface concentrations as seen in the Scatchard plot of the
concentration dependence of fibrinogen adsorption.

For the fibrinogen adsorption to a hydrophilic surface and in the presence of
EHEC, a break point was shown in the adsorption curve, and a concave curve was seen
at higher surface concentrations. This breakpoint disappeared in the presence of HEC,
showing that the adsorption at low concentrations had resulted in complete depletion of
the fibrinogen from the droplet. A tendency to a concave curve at higher surface
concentrations was observed.

A Scatchard plot of fibrinogen adsorption to a hydrophobic surface shows a
concave curve indicating negative cooperativity in the adsorption. In the presence of
HEC, a breakpoint was seen, with decreased binding at both low and high surface
concentrations.

The results above reveal an interesting effect on the adsorption of fibrinogen by
the presence of cellulose ethers. The results indicate that the polymer compatibility of
mixed polymer solutions and the polarity of the solid surface on which the protein
adsorption takes place, must be considered as important factors in the protein adsorption.

The decrease of adsorption of fibrinogen to a hydrophobic surface could be
explained as a direct competition between fibrinogen and the cellulose ether (EHEC and
HEC), where the more hydrophobic EHEC has a higher apparent affinity of binding to
the hydrophobic surface. However, the increase of fibrinogen adsorption onto the
hydrophilic surface seen in the presence of the same polymer, indicates that the binding
strength between fibrinogen and the surface is not the only factor that determines the
concentration dependence of fibrinogen adsorption to a solid surface. Phenomena such as
protein-protein interactions, which could be seen as cooperativity of adsorption between
different polymers, must also be taken in account. Similar effects of positive
cooperativity between plasma proteins on hydrophilic surfaces has previously been
reported (Chuang 1978).

Addition of HEC abolished the positive cooperativity of fibrinogen adsorption to
hydrophilic surfaces seen in the Scatchard plots, thereby suggesting a positive
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cooperative interaction between fibrinogen and the hydrophilic HEC itself. The
hydrophobic EHEC most likely interacts with fibrinogen and itself, or with the surface,
since the positive cooperativity of fibrinogen adsorbed to hydrophilic surfaces, was still
partially present after addition of this polymer. At a hydrophobic surface, the
hydrophobic EHEC interacts with the surface and the effect could be explained as a direct
competition between fibrinogen and EHEC as mentioned above, which completely
abolished the surface-adsorption of fibrinogen.

In conclusion, the presence of different water-soluble cellulose ethers in a protein
containing solution, may increase protein adsorption to hydrophilic surfaces or abolish
surface adsorption of the protein onto hydrophobic surfaces. Phenomena such as protein-
protein interaction and ordering of protein molecules during surface adsorption, have
been suggested on the indirect basis of kinetics of adsorption and have also been shown
directly by TEM. The supramolecular structure of the adsorbed and ordered fibrinogen
layer as seen by TEM, also showed that the space between the ordered fibrinogen
molecules could accommodate amounts of solvent, such as water, present in the
interaction layer, as discussed in the section 4.1.1 above. This even suggests the
existence of a solvent-protein interaction in the presence of water-soluble cellulose ethers
within the adsorbed layer. The effect on the adsorption of fibrinogen was thus dependent
on the polarity of the cellulose polymer, and on the surface energy of the solid surface.

The possibility of reducing fibrinogen adsorption by pre-adsorption of
hydrophobic cellulose ethers (EHEC, HPC) onto polymer surfaces commonly used in
medical therapy, was investigated using an ELISA assay, in the third paper in the present
study. There was a statistically significant decrease of adsorbed fibrinogen on PUR
surfaces pre-adsorbed with EHEC (Bermocoll CST-103, DVT 85007 or SM 8713)
compared with the native PUR surface. On PTFE surfaces, pre-adsorption with EHEC
(Bermocoll CST-103 or SM 8713) resulted in a statistically significant decrease of the
adsorbed fibrinogen. Pre-adsorption with cellulose ether HPC (Klucel MF) showed no
decrease of adsorbed fibrinogen either on PUR or PTFE surfaces. Adsorbed fibrinogen
onto PTFE surfaces first pre-adsorbed with EHEC (Bermocoll CST-103) and then stored
dry for various times up to 30 days, showed significant decreases compared with native
PTFE surfaces, regardless of dry storing time. Thus, surface modifications with EHEC
had a significant effect on the fibrinogen adsorption onto PUR and PTFE surfaces.
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4.2.1 Plasma proteins, (IV)

Almost any medical device introduced into the human body will interact initially
with blood. Plasma proteins, being present in high concentrations, will be the first
components present at the blood-material interface, where the adsorption is a rapid
process. This initially formed protein layer is not always stable, but may be exchanged
upon prolonged exposure to blood (Vroman 1969 ; Vroman 1980) and these exchange
reactions will differ between surfaces (Nygren 1988a).

This may be expressed in a theoretical model of protein adsorption (Alaeddine
1996; Nygren 1994 ) in which the surface water acts as one phase and the bulk solution
as a separate phase. According to Brgnsted partition (Brgnsted 1931), proteins will be
distributed in the two phases according to their molecular size and surface properties as
C1/Cy=e-lA7kT  where C1/C7 are the concentration of the molecules in two
phases (bulk and surface), A is the molecular area and 1 relates to molecular properties
e.g. hydropathy, k is the Boltzmann’s constant and T is the absolute temperature. This
formalism has been used in order to explain the partition of proteins in macromolecular
two-phase systems (Albertsson 1986).

The adsorption of the adhesive proteins from native blood onto hydrophilic and
hydrophobic glass surfaces, was investigated in the fourth paper in the present study
using FITC-labelled antibodies directed against the proteins. The surface concentration of
plasma proteins was analysed by measuring the fluorescence intensity, showing that the
surface concentration of fibrinogen was twice as higher than that of albumin and IgG.
The fluorescence from the FITC-labelled anti-fibrinogen antibodies was also found
evenly distributed onto the material surfaces, with a higher intensity at the material
surfaces near adhering platelets. For anti-von Willebrand factor (a-VIII:vWF) and anti-
fibronectin antibodies, the fluorescence was found localised at the cell surface of
adhering platelets. The fluorescence from FITC-labelled anti-C3c antibodies was found
localised at platelet cell surfaces and on microvesicles adhering to the material surfaces.
Fibrinogen was thus the most abundant plasma protein occurring onto the material
surfaces, whereas von Willebrand factor (VIII: vWF) and fibronectin were found at the
cell surfaces.

Thus, the pattern of surface-adsorbed protein molecules suggests that platelets can
adhere to surface-immobilised fibrinogen, since the other adhesive proteins were found
localised at the cell surface and not on the material surface. Fibrinogen is thus suggested
to be the substrate for platelet adhesion to material surfaces, in accordance with the
results of other studies (Nagai 1993). Platelet adhesion to surface-immobilised fibrinogen
has been shown to induce tyrosine phosphorylation, cause reorganisation of the
cytoskeleton resulting in cell spreading (Haimovich 1993), but does probably not induce
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secretion, because no detectable secretion was seen in the surrounding medium.
However, the study still suggests that platelet adhesion to surface-immobilised fibrinogen
may stimulate the release of small potentiating amounts of ADP from platelet-dense
granule into the local platelet milieu. The suggestion was that it may appear to be a “co-
stimulatory” role for ADP to ligand-occupy GP IIb-IIla complex (CD61) on platelets.

Possible ligands and candidates for platelet activation of secretion are von
Willebrand factor (VIII:vWF) that has been shown to affect platelet aggregation (O'Brien
1987), or thrombin which has previously been shown to be activated on hydrophilic but
not on hydrophobic glass surfaces (Nygren 1988a). Thrombin is a potent activator of
platelet secretion (Haimovich 1993 ; Tapparelli 1993) and may increase the binding of
fibrinogen to the platelets (Huzoor 1993). The immunofluorescence method used in the
fourth paper failed to demonstrate prothrombin/thrombin on the cell surfaces, that may be
due to lack of sensitivity of the immunoassays. The results from the fourth paper thereby
suggests, that von Willebrand factor (VIII: vWF) may be a strong candidate for platelet
activation and secretion, at the material surfaces described in the paper.

4.2.2 Surface modifications by cellulose ethers regarding complex protein
system, part 2, (III).

Fibrinogen, fibronectin, vitronectin and von Willebrand factor acting as adhesive
proteins for platelets are often to be enriched at the surface of solid biomaterial surfaces in
contact with blood (Elam 1992). Several investigations have been made in order to find
ways of reducing the adsorption of the adhesion-promoting proteins onto material
surfaces. The effect of pre-adsorption of hydrophobic cellulose ethers (EHEC) onto
polymer material surfaces was investigated in the third paper in the study, with the
expectation that this would prevent the enrichment of adhesive proteins on the surface,
according to the second paper in the study. Cellulose ethers readily soluble at room
temperature, but insoluble at 37°, was chosen with the assumption that the cellulose ether
would not be exchanged with plasma proteins in the blood, which would prevent platelet
activation, thrombus formation and a further inflammatory response. Studies on surface-
induced thrombus formation at polymer materials show little or no activity of the serine-
protease coagulation factors suggesting that the most important pathway of thrombus
formation at these surfaces is via cell adhesion and activation (Elam 1992 ; Nygren
1988a).

Whole blood interacting with polymer tubes consisting of PUR and PTFE,
showed significant reductions of the adsorption of the proteins fibrinogen and
vitronectin, for the EHEC-modified surfaces (Bermocoll CST-103 or SM 8713)
compared with native PUR and PTFE surfaces. A significant reduction in the amount of
adsorbed fibronectin from whole blood was observed for PUR and PTFE surfaces pre-
coated with EHEC Bermocoll CST-103.
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The data showed that it was possible to significantly reduce the adsorption of
fibrinogen, fibronectin and vitronectin at polymer surfaces by surface-modification with
cellulose ethers. A concomitant platelet adhesion and activation were also reduced,
indicating that the amount of adhesive proteins adsorbed at the surface is important for
cellular reactions at the blood-material interface.
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4.3.1 Whole blood interactions, (IV, V, VI)
Kinetics

The kinetics of platelet and leukocyte adhesion from native blood onto hydrophilic
and hydrophobic glass surfaces was studied in the fourth paper in the present thesis.
Adhering platelets were found after 15 s of blood-material contact on both surfaces. The
number of adhering platelets rapidly decreased at the hydrophilic surface, but remained
high for more than 8 min at the hydrophobic surface. The kinetics of leukocyte adhesion
from native blood show only a few scattered cells on both surfaces from 2 through 32
min of blood-material contact. After 64 min the number of cells increases significantly at
the hydrophobic surface, and after 2 h of blood-material contact a significant number of
leukocytes were seen on both surfaces. Thus, the study shows that platelets seems to be
the first reactive cell type initially adhered to foreign surfaces, and thereby possibly
having an effect on the ensuing cell-surface reactions, e.g. leukocyte-surface reactions
during blood-material contact.

Cell surface antigens

A plausible effect of an extensive blood-material surface contact, was studied in
the fourth paper in the present thesis, where blood samples were drawn from five
patients at defined stages of cardiopulmonary bypass (CPB) and thoracic surgery
(coronary bypass). The blood samples were drawn for measurements of the expression
of cell surface receptors on granulocytes. The evaluations of the FACSCAN
measurements of the blood samples, showed an upregulation of the IgG receptor (CD
16, FcyRIII) and the complement receptor 1 (CD 35) and 3 (CD 11b), starting at the
onset of extracorporeal circulation and remaining after disconnection. The time histories
of the three receptors were almost identical, suggesting that the underlying mechanisms
for upregulation were closely connected.

The presence of the platelet-associated antigens CD 61 and CD 62P (P-selectin)
on granulocytes was ascribed to adhering platelets (Rinder 1992). The number of
adhering platelets increased during surgery. Oxygenator circulation induced a decrease of
non-activated platelets (CD 61) and a concomitant increase of activated platelets
expressing P-selectin (CD 62P) adhering to the granulocytes. There was no apparent
correlation in time between the expression of the platelet antigens and the granulocyte
surface receptors, but the granulocytes were indeed shown to be activated rapidly after
the onset of oxygenator circulation.
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Material-induced cell activation; hydrophilic and hydrophobic surfaces, and the outcome
of anticoagulants

To be harmful to a patient, an activation of granulocytes must be generalised in the
vascular bed. This requires an efficient mechanism of activation, and a direct activation of
granulocytes on a biomaterial surface (Betz 1988) should be an inefficient mechanism,
because a very small percentage of the granulocytes is in direct contact with the walls in a
macroscopic flow device such as an oxygenator or dialyser (Kjellstrand 1991). Thus, an
experimental system designed to measure blood biocompatibility in terms of granulocyte
activation, should emphasise the release of plasma-soluble granulocyte activators capable
of acting in the entire vascular bed. Such an experimental model system was shown
mainly in the fifth paper in the present thesis, where intracellular calcium level of test
granulocytes in suspension, reflected the presence of granulocyte activating factors.
These granulocyte activating factors were produced by the previous interaction between
human blood (anti-coagulated in different ways) and hydrophilic or hydrophobic glass
surfaces.

The changes in intracellular Ca2+ level of test granulocytes in suspension were
expressed as fluorescence increase over time, normalised in relation to the peak Calcium
Green-1 fluorescence change obtained after stimulation with f-MLP. Serum from human
blood exposed to hydrophilic surfaces, produced a 40 % mean fluorescence peak
increase (f-MLP=100 %), significantly larger than the corresponding 10 % from a
hydrophobic surface.

The addition of the specific thrombin blocker, hirudin (500, 250 or 50 U/ml
whole blood), before exposure of the whole blood to hydrophilic or hydrophobic
surfaces did not affect the level of granulocyte activators in plasma after the exposure.
Unlike the results with hirudin, the addition of heparin at concentrations of 10, 1 or 0.1
U/ml whole blood significantly affected the liberation of granulocyte activators
(intracellular Ca2+ increase in test granulocytes) during the interaction between blood and
hydrophilic surfaces. The data clearly showed a dose-response relationship with a
negative correlation between heparin concentration and mean relative peak fluorescence.
The granulocyte calcium levels obtained with 10 U heparin per millilitre of blood, were
significantly smaller than the values obtained from untreated blood. Heparin had no
significant effects on the calcium response after the exposure of blood to hydrophobic
surfaces.

To clarify the mechanism behind the blocking effect of heparin on granulocyte
activation, heparin (10 U/ml) was added directly to the Calcium Green-1"loaded
granulocytes before f-MLP and serum from hydrophilic surface exposures were tested.
For both stimuli, the similarity between heparin-pretreated and untreated granulocytes
was confirmed by p levels above 0.95. Thus, the heparin effect was not exerted through
a direct blocking of the test granulocytes.
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Intracellular Ca2+ levels after exposure of granulocytes to different concentrations
of f-MLP were also investigated. The dose-response relationship between f-MLP
concentration and Calcium Green-1 fluorescence was presented as a family of average
curves, and the curve family was used as a tool for semiquantitative evaluation of the
responses to surface exposures.

In order to examine the possible role of complement in granulocyte activation,
measurements of complement activation were performed on the test surfaces and in the
serum from surface exposed blood. The adsorption of human complement factor C3
from human whole blood onto the treated glass surfaces showed a much higher surface
concentration at the hydrophobic surfaces, than at the hydrophilic surfaces. Furthermore,
the analyses of the concentrations of human complement factor C3 in serum samples
from blood exposed to hydrophilic and hydrophobic surfaces, were compared with
standard male and female serum samples. The C3 concentrations were lower than normal
after exposure to hydrophobic surfaces, indicating a consumption by complement
activation in this case. Serum from hydrophilic surface exposures showed C3
concentrations at a normal level for male and female serum.

The integrin CD 11b (CR 3) was generally expressed by a large fraction of the
granulocytes after stimulation with serum from material exposures. Measurements were
expressed as the ratios between CD 11b surface fractions and the acridine orange stained
cell nucleus surface fractions in the paired specimens obtained after each experiment.
Serum samples from hydrophobic surface exposures produced slightly higher surface
ratios, than serum samples from hydrophilic surface exposures, although the difference
was not statistically significant .

The chemiluminescence measurements of respiratory burst were presented in
terms of the priming effect and direct response of granulocytes on stimulation by serum
samples from hydrophilic and hydrophobic surface exposures of blood. Serum from
hydrophobic surface exposure generally induced a stronger direct response and priming
effect when added to granulocyte suspensions, than did serum from hydrophilic surface
exposure.

The results indicate that humoral factors formed during the surface exposure of
blood were able to activate the test granulocytes. A transient increase in intracellular Ca2*
is known to accompany the chemotactic stimulation of granulocytes, suggesting that the
granulocyte activator or activators produced by the surface exposure of blood had
chemotactic properties. The established dose-response relationship between f-MLP
concentrations and Calcium Green-1 fluorescence, allows a quantification of the calcium
transients induced by serum samples from the different surfaces. Thus, the calcium
transients induced by surface exposures in the present model were equal to those of f-
MLP concentrations, which ranged from 10-!! to 10-9 M, concentrations known to
initiate a chemotactic response. Chemotactic factors include f-MLP (bacterial peptides),
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C5a (a product of the complement cascade), PAF (platelet-activating factor) and LTB4
(leukotriene B4) (both secreted products of stimulated phospholipid metabolism), and a
number of cytokines such as IL-8 (interleukin-8). There are differences between peptide
and lipid chemotactic factors with regard to their ability to stimulate secretory responses
in vitro. Lipid chemotactic factors (e.g. PAF or LTB4), while equally potent and active
as chemotactic agents, are less effective secretagogues (Gallin 1992).

The control experiments showed evidence of complement activation during the
exposure of blood to hydrophobic glass surfaces. Consequently , the fact that priming,
integrin expression and respiratory burst took place in parallel with the calcium transient
in the granulocytes, suggests that the complement factor C5a may have been liberated at
the hydrophobic surface.

The serum samples from the hydrophilic surfaces led to a calcium transient three
times the magnitude of that from hydrophobic surfaces, although, the effects on integrin
expression, priming, and respiratory burst were weaker than those obtained after
hydrophobic surface exposure. Because there was no evidence of significant complement
activation at the hydrophilic surface, C5a may be excluded as a mediator in this case. A
lipid chemotaxins, PAF or LTB4, could be suggested as the mediator in this case,
because those substances are known to produce a chemotactic response without the
accompanying respiratory burst produced by other chemotaxins. The source of PAF or
LTB4 may be platelets or granulocytes in the exposed blood (Ganong 1995). A previous
study (Lorant 1993) discussed that PAF and P-selectin may be components with distinct
roles in a common adhesion and activation cascade for granulocytes; where P-selectin
tethers and captures the granulocytes, whereas PAF mediates activation of the
granulocytes.

Alternative mediator candidates are interleukins produced from mononuclear cells
at the biomaterial surface. The only cytokine known to bind to a chemotactic receptor that
produces a calcium transient is IL-8. This cytokine is produced by monocytes (Agace
1993), but the short incubation time used in this method contradicts this possibility,
because cytokine production generally is a slow process that requires DNA transcription
(Kasahara 1994 ; Tufano 1994).

Results of the calcium measurements performed after the addition of heparin to the
probe granulocytes were in accordance with earlier results, showing that the intracellular
calcium increase after f-MLP stimulation was not affected by heparin (Webb 1993).
Thus, heparin exerted its blocking effects during the surface exposure of the blood. The
heparin effect is, however, not conclusive evidence of any specific underlying
mechanisms, because in addition to its anticoagulatory effect, principally mediated
through a potentiation of anti-thrombin (Jordan 1987 ; Kestin 1993), heparin has a great
number of different effects on various blood cells and compounds released from blood
cells.
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The adhesion/activation of platelets is an early event during the surface exposure
of blood, studied in the fourth paper in the present thesis, and has a potential for a
subsequent release of granulocyte activators (Gemmel 1995). Besides blocking platelet
activation by thrombin (Kestin 1993), different heparin preparations completely prevent
human platelet aggregation, serotonin release, and thromboxane B2 production (Renesto
1991). The fact that hirudin, present at adequate anticoagulatory doses (Elam 1992),
failed to affect the liberation of granulocyte activators, clearly excludes the involvement
of thrombin in this process.

There are, however, numerous pathways that lead to platelet adhesion/activation,
and earlier data from the fourth paper in this thesis, have demonstrated the presence of
activated platelets during blood exposure to the surfaces used in the present study.
Assuming that the surface activation of platelets is important for the subsequent formation
of soluble granulocyte activators, the heparin must have been interfering with processes
further down the chain of events. Recently it has been shown that platelet-derived
microparticles are liberated during the exposure of blood to biomaterial surfaces (Gemmel
1995) and that they have a potential for granulocyte activation. Platelet activation also
leads to the expression and secretion of P-selectin (CD 62P) (Chong 1994) and earlier
data from the fourth paper in this thesis, have demonstrated the presence of activated
platelets expressing P-selectin during blood exposure to artificial surfaces, where CD
62P has the ability to bind and activate the granulocytes (Nagata 1993). In this case,
heparin may interfere with the process of granulocyte activation by binding to and
blocking P-selectin, because heparin oligosaccharides, including non-anticoagulant
tetrasaccharides, are effective L- and P-selectin inhibitors in vitro and have anti-
inflammatory activity in vivo (Nelson 1993).

Although further studies are needed to explain the heparin effect in the present
experiments, this study provides information on the importance of anticoagulants in
systems designed to evaluate the blood biocompatibility of biomaterial surfaces.
According to the present results, hirudin seems to be the best choice of anticoagulant to
evaluate the blood biocompatibility of biomaterial surfaces, because it did not interfere
with the measurements. This was in agreement with an experimental study (Nygren
1988a) of human whole blood, anticoagulated with hirudin or citrate. In this study the
results emphasised that the adsorption of plasma proteins at the blood-solid interface and
the subsequent adhesion/activation of platelets, were dependent on the anticoagulant
used.

To conclude, the present study clearly showed that the properties of a biomaterial
surface and the choice of anticoagulants were important determinants of the outcome of a
blood-biomaterial interaction. Hydrophobic surfaces seem to induce complement
activation in contact with blood, leading to the liberation of C5a, which activates
granulocytes. Hydrophilic surfaces show no evidence of complement activation, but
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nevertheless induce the production of soluble granulocyte-activating substances in contact
with blood, thereby suggesting the presence of a lipid chemotactic factor.

Material-induced cell activation; polymer material surfaces

In the sixth paper in the present thesis, it was intended to characterise and
compare biomaterials, such as polymer materials, concerning an immediate inflammatory
response of a blood-biomaterial interaction by using the recently developed method in the
fifth paper. In this method, the intracellular calcium level of test granulocytes in
suspension, reflects the presence of granulocyte activating factors, produced by the
previous interaction between human blood and biomaterial.

The results show that the changes in intracellular Ca2+ were expressed as
fluorescence increase over time, normalised in relation to the peak Calcium Green-1
fluorescence change obtained after stimulation with f-MLP 10-7 M. Serum from blood
exposed to polymer tubes, commonly used in medical therapy, such as; PUR, PVC, SIL
and PP did not significantly affect the level of granulocyte activation compared with the
negative control HBSS. However, a statistically significant early peak was shown
induced by serum from blood exposed to polymer tubes of PTFE.

Intracellular Ca2+* levels following exposure of granulocytes to serum from
preparative ultra centrifugation tubes consisting of PA and CN induced no significant
effect compared with HBSS. Serum addition from Ultra-Clear® ultra centrifugation
tubes showed a significant calcium peak. Statistical comparison between serum addition
from UC tubes and additional samples of those sera, treated by ultra centrifugation at
100, 000 g for 120 min (UC-cent) did not reveal any significant difference regarding the
calcium response.

The content of human complement C3 was measured in the sera from blood
exposed to UC, ultra centrifugation tubes and glass tubes with a hydrophilic inner
surface and were compared with standard male and female sera. The measurements
(using commercially available radial immunodiffusion kit) showed no significant
complement activation in sera from the hydrophilic surface or in sera from UC tubes.

In the sixth paper in the present study, the investigation of the polymer tubes
commonly used in medical therapy, show that sera from PTFE tubes, in contrast to that
from the other tubes, induced a significant granulocyte activation. Some previous studies
of polymer material surfaces (Gaukroger 1988 ; Larsson 1989 ; Linder 1984; Madan
1992 ; Myles 1991 ; Payne-James 1991 ; Reynolds 1995 ; Woodhouse 1980 ), used in
catheters, have focused on clinical evaluations such as the incidence of thrombophlebitis
and the degree of thromboresistance. Several of those studies have shown that clinical
use of PTFE cannulae is limited by a high incidence of thrombophlebitis.
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The initial events at the material surfaces in contact with human whole blood and
common polymer materials used in this study have been investigated in a previous
experimental study (Elam 1992). On most of the surfaces, the amounts of adsorbed
protein seemed stable after initial adsorption, but showed significant differences between
the polymer materials. There was a correlation between the adsorption of adhesive
proteins onto the material surfaces and the release of the specific protein B-
thromboglobulin from platelets. The highest amount of adhesive proteins was detected on
PTFE , together with more antigenically detectable B-thromboglobulin in blood incubated
in PTFE tubing’s. PUR demonstrated the lowest values of adhesive proteins , and also
show the lowest value of B-thromboglobulin. Thereby, the previous results suggest that
the polymer surfaces in the experimental study, induced adhesion of adhesive proteins
followed by platelet activation, and only to a lesser extent was initiating plasma
coagulation at the surfaces.

The adhesion/activation of platelets have been shown to be an early event during
surface exposure of blood and the platelets also have a potential for a subsequent release
of granulocyte activators. Platelet-derived micro particles with the ability for granulocyte
activation have been shown to be liberated during the exposure of blood to biomaterial
surfaces (Gemmel 1995). It is possible to remove platelet-derived microparticles by
ultracentrifugation because they have a known size and density. The failure in the present
study to show any effects of ultracentrifugation in the sera from Ultra-Clear® tubes,
suggests that the granulocyte activators present in these sera were humoral rather than
particulate. Filtration of sera through a Millipore filter have previously been shown to
have decreased the ability for granulocyte activation. This effect may have been produced
by the contact between serum and filter-material surfaces, rather than by a removal of
particulate activators from the sera.

Biophysical measurements of the material surfaces in hydrophilic-hydrophobic
glass tubes, polymer tubes and tubes for preparative ultra centrifugation were performed
in this study using static contact angle measurements. The Ultra-Clear® tube showed the
lowest value of static contact angle with concomitant highest values of critical surface
tension of the polymer materials, thereby having the most hydrophilic surface of the
chosen polymer materials. The measurements of human complement, C3, in blood
exposed to UC tubes or hydrophilic glass tubes produced normal concentrations and thus
no evidence of complement activation. It was previously shown, in the fifth paper, that
sera from hydrophilic surface exposure of blood induced a low level of granulocyte
respiratory burst in relation to the calcium transients, thereby suggesting the presence of a
humoral lipid chemotactic factor as the mediator that may have been liberated from the
hydrophilic surface.

In conclusion, the data in the sixth paper showed that biomaterials in clinical and
laboratory use differed in respect to the induction of an early inflammatory response
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during exposure to blood. The inflammatory response to various polymer materials
seemed to correlate with the wettability, since the most hydrophilic polymer material
produced a similar inflammatory response as that of hydrophilic glass. The results in the
study were also partly in line with clinical data on the biocompatibility of the same
materials.

4.3.2 Surface modifications by cellulose ethers regarding complex cell
system (whole blood), part 3, (III, VI).

The third paper in the present thesis demonstrates the number of platelets adhering
to polymer tubes consisting of native PUR or PUR pretreated and surface-modified with
EHEC Bermocoll CST-103 or EHEC SM 8713, after exposure to whole rabbit blood in
an ex vivo shunt for 2h. There was a reduction in the number of adhered platelets on the
PUR surfaces with pre-adsorbed cellulose ethers. This reduction was statistically
significant on the surfaces pre-adsorbed with EHEC SM 8713.

Studies on human whole blood anticoagulated with hirudin, and exposed to
different polymer tubes pre-adsorbed with cellulose ethers, were also performed in the
third paper. The polymer surfaces consisted of native PUR or native PTFE surfaces,
with corresponding surface modifications with EHEC Bermocoll CST-103. The release
of the platelet specific protein B-thromboglobulin into the blood plasma, was measured
by ELISA. There was a significant reduction of released B-thromboglobulin from the
polymer surfaces with pre-adsorbed EHEC Bermocoll CST-103, thereby indicating less
activation of the platelets at these surfaces. Thus, there was a good correlation between
the reduced surface concentrations of adhesive proteins onto the polymer surfaces pre-
treated with cellulose ethers discussed in section 4.2.2, and the reduced activation of
platelets, measured as the release of B-thromboglobulin from the cells. A reduction in the
number of adhered platelets was also observed at the polymer surfaces with pre-adsorbed
cellulose ethers, thereby decreasing the attachment of blood cells, minimising this
pathway of thrombus initiation at polymer surfaces.

In the sixth paper of the present thesis, in which the immediate inflammatory
response of a blood-biomaterial interaction was studied, the effect of surface-
modification by cellulose ethers was also investigated. Serum from human blood
exposed to hydrophilic surfaces, reveal a significant increase regarding the intracellular
calcium response, compared with the negative control HBSS. The fluorescence-peak
increase was larger than the response from corresponding hydrophilic surface with pre-
adsorbed cellulose ethers, EHEC Bermocoll CST-103 and EHEC SM 8713, which
seemed to block the production of granulocyte activators.

Statistical comparison between the hydrophilic glass surfaces and the surface-
modified glass surfaces reveal significant difference between the surfaces, with the
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response inhibited by pre-adsorption with cellulose ethers. Thus, the study clearly
showed that surface modifications by cellulose ethers onto hydrophilic glass, reduced the
liberation of granulocyte activators during the interaction between blood and material
surfaces, thereby minimising the immediate inflammatory response of a blood-
biomaterial interaction .
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5. GENERAL DISCUSSION

Fibrinogen, fibronectin, vitronectin and von Willebrand factor (VIII:vWF) acting
as adhesive proteins for platelets, are often enriched at the surface of solid biomaterial
surfaces in contact with blood (Elam 1992). Patterns of surface-adsorbed plasma proteins
(demonstrated with fluorescence-labelled antibodies) from native whole blood interacting
with hydrophilic or hydrophobic surfaces in the present study, showed that fibrinogen
was the most abundant plasma protein during the initial blood-material contact. In
contrast, von Willebrand factor and fibronectin were mainly located on the cell surface of
scattered adhering platelets, suggesting that platelets can adhere to the surface-
immobilised fibrinogen, since the other adhesive proteins were not found on the material
surface.

To elucidate the relationship between kinetics, supramolecular structure and
equilibrium properties, the adsorption of plasma adhesive proteins onto material surfaces
was studied in the present thesis, with special emphasis on fibrinogen. The adsorption of
fibrinogen from solution to quartz surfaces, show that the initial adsorption at low bulk
concentrations was rapid and diffusion-rate limited. The increase in surface concentration
at the hydrophobic surface was found to be proportional to the logarithm of time, and the
adsorption to a hydrophilic surface was both time-dependent and concentration-
dependent, indicating cooperative processes between the fibrinogen molecules. These
processes were demonstrated by Scatchard plots, indicating negative cooperativity
between the fibrinogen molecules at hydrophobic surfaces and positive cooperativity at
hydrophilic surfaces. The plateau levels of adsorption were dependent on the bulk
concentration of fibrinogen and on the surface energy of the quartz surfaces, and was
lower at hydrophilic than at hydrophobic surface quartz surfaces. The dissociation of
bound fibrinogen was also studied, and the data showed an initial dissociation of protein
followed by an establishment of a stable level. These findings are in agreement with those
reported previously by others (Brash 1987 ; Brynda 1986).

Adsorbed fibrinogen showed different supramolecular structures at hydrophilic
and hydrophobic quartz surfaces. On a hydrophobic surface the adsorbed fibrinogen was
distributed as single molecules or smaller aggregates as reported in a previous study
(Nygren 1988b). Adsorption from low bulk concentration of fibrinogen to a hydrophilic
surface, resulted in a heterogeneous distribution of fibrinogen molecules, and the
supramolecular structure was characterised by the formation of end-to-end dimers and
trimers lying down at the surface. At higher surface concentrations, adsorbed molecules
showed polycrystalline structure with repeated nearest neighbour distances of 16 nm in
the present study. The distribution of adsorbed fibrinogen molecules indicates that
surface-adsorbed fibrinogen may form a two-phase system containing significant
amounts of water. Therefore, all parameters affecting the solubility of fibrinogen, also
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affect the properties of the adsorbed protein layer at solid surfaces and the partition of
proteins between the surface phase and the bulk (Nygren et al 1994).

When blood or plasma is exposed to an artificial solid surface, the initially formed
protein layer shows varying stability upon prolonged exposure to blood. Protein
exchange reactions on solid surfaces seem to occur in sequence, with kinetics dependent
on the properties of the surface. Earlier studies have shown that fibrinogen initially
adsorbed on hydrophilic glass surface is replaced by high molecular weight kininogen
(HMWK), a phenomenon known as the “Vroman effect” (Vroman 1980 ; Schmaier
1983; Wojcieshowskij 1986 ; Vroman 1986). The HMWK carries prekallikrein and the
coagulation factor XI to the surface (Mandle 1976 ; Thomson 1977), where they interact
with initially adhered and activated factor XII, initiating the coagulation cascade. Other
protease cascades are initiated on the surface in a similar way. On hydrophobic surfaces,
however, the initial layer of fibrinogen is stable (Brash 1987 ; Horbett 1982 ; Vroman
1969 ; Vroman 1971), and no exchange reactions occur. Fibrinogen is an adhesive
protein for cell-interactions (Ginsberg 1988) and has a tri-peptide, Arg-Gly-Asp, present
in the amino-sequence of the protein, acting as a cell-attachment site. This leads to the
adhesion and subsequent activation of platelets via specific membrane-located receptors
(Ginsberg 1988 , Zwaal 19869). Thus, both hydrophilic and hydrophobic surfaces
finally can cause thrombus formation, although via different parts of the initiating
pathway of the coagulation process. The hydrophilic surfaces mainly induce plasma
coagulation and the hydrophobic surfaces can initiate the cellular pathway of blood
coagulation by platelet activation.

The kinetics of platelet and leukocyte adhesion from native blood onto hydrophilic
and hydrophobic surfaces was also studied. Adhering platelets were found after 15 s of
blood-material contact on both surfaces, and a significant numbers of leukocytes were
seen after 2h of blood-material contact. Thus, the study showed that platelets seem to be
the primary reactive cell type adhered to artificial material surfaces, thereby indicating that
platelet adhesion is an early event during the initial blood-material contact.

The granulocyte is the second type of cell that will interact with an artificial
surface. It is known that this event can cause a generalised inflammatory response during
an extensive blood-material contact and has been associated with cardiac, pulmonary and
renal dysfunction. To be harmful to a patient, an activation of the granulocytes must be
generalised in the vascular bed. A direct activation of granulocytes on a biomaterial
surface is not a likely mechanism for such generalised activation due to the small
percentage of the granulocytes in direct contact with the walls in a macroscopic flow
device such as an oxygenator or dialyser. Thus, an experimental system designed to
measure blood biocompatibility in terms of granulocyte activation, should emphasise the
release of plasma-soluble granulocyte activators capable of acting in the entire vascular
bed. A new method, introduced in the present thesis, was therefore developed to study
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the immediate inflammatory response of a blood-biomaterial interaction with respect to
the liberation of granulocyte activating factors.

In this method, the intracellular calcium level of test granulocytes in suspension
reflects the presence of granulocyte activating factors, produced by the previous
interaction between human blood (anticoagulated in different ways) and biomaterial. The
results, mainly from the fifth paper in the present study, indicate that humoral factors
formed during the surface exposure of blood were able to activate test granulocytes in
suspension. A transient increase in intracellular calcium is known to accompany the
chemotactic stimulation of granulocytes (Gallin 1992), suggesting that the granulocyte
activator produced by the surface exposure of blood had chemotactic properties.

Exposure of blood to hydrophobic surfaces showed evidence of complement
activation in serum, with accompanying integrin expression, priming and respiratory
burst of the test granulocytes. These processes took place in parallel with the calcium
transient of the granulocytes, suggesting that the complement factor C5a may have been
liberated at the hydrophobic surface. The serum samples from hydrophilic surfaces
produced an intracellular calcium increase three times the magnitude of the early peak
from blood exposed to hydrophobic surfaces, although the effects on integrin expression,
priming and respiratory burst were weaker. Measurements of human complement in
blood exposed to hydrophilic surfaces produced normal concentrations and thus no
evidence of complement activation. Because there was no evidence of significant
complement activation, C5a may be excluded as the mediator in this case. The low level
of granulocyte respiratory burst in relation to the calcium transients instead suggests the
presence of a lipid chemotaxin (PAF or LTB4), as the mediator of granulocyte activation
from hydrophilic surface exposure. The source of PAF or LTB4 may be platelets or
granulocytes in the exposed blood.

The induced calcium response in this assay was not affected by the presence of
hirudin (a specific thrombin blocker), but heparin exerted a blocking effect during the
surface exposure of blood. Heparin has besides its anticoagulatory effect, a great number
of different effects on various blood cells and compounds released from blood. The
adhesion/activation of platelets is an early event during the surface exposure of blood,
and has a potential for a subsequent release of granulocyte activators. Besides blocking
platelet activation by thrombin, different heparin preparations completely prevent human
platelet aggregation, serotonin release, and thromboxane B2 production. The fact that
hirudin, present at adequate anticoagulatory doses, failed to affect the liberation of
granulocyte activators, clearly excludes the involvement of thrombin in this process.

There are, however, numerous pathways that lead to platelet adhesion/activation.
Assuming that surface activation of platelets is important for the subsequent formation of
soluble granulocyte activators, heparin must have been interfering with processes further
down the chain of events. Platelet activation leads to the expression and secretion of P-
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selectin (CD 62P) (Chong 1994), which has the ability to bind and possibly activate the
granulocytes (Nagata 1993). In this case, heparin may interfere with the process of
granulocyte activation by binding to and blocking P-selectin, because heparin
oligosaccharides, are effective L- and P-selectin inhibitors in vitro and have anti-
inflammatory activity in vivo.

Although further studies are needed to explain the heparin effect in the present
experiments, this study provides information on the importance of anticoagulants in
systems designed to evaluate the blood biocompatibility of biomaterial surfaces.
According to the present results, hirudin seems to be the best choice of anticoagulant to
evaluate the blood biocompatibility of biomaterial surfaces, because it did not interfere
with the measurements.

In the present thesis an attempt was made to characterise and compare
biomaterials, such as polymer materials commonly used in medical devices, with respect
to an immediate inflammatory response of blood-biomaterial interaction using the method
discussed above. The sera taken from blood exposed to Teflon® (PTFE) tubes induced a
significant granulocyte activation, measured as intracellular Ca2+ response. Blood contact
with other polymers e.g. polyvinyl chloride, polyurethane, polypropylene or silicon
rubber did not induce this response.

Platelet-derived microparticles with the ability for granulocyte activation have been
shown to be liberated during the exposure of blood to biomaterial surfaces (Gemmel
1995). It is possible to remove these microparticles by ultracentrifugation, since they
have known size and density. The failure in the present study to show any effects of
ultracentrifugation in the sera taken from blood exposed to hydrophilic ultracentrifugation
tubes, suggests that the granulocyte activators present in these sera were humoral rather
than particulate.

A further aim of the present thesis was to investigate the effect of surface
modifications onto biomaterial surfaces by competitive adsorption or pre-adsorption of
water-soluble cellulose ethers (e.g. EHEC). The results obtained showed that it was
possible to significantly reduce the adsorption of adhesive proteins on material surfaces
by surface-modification with certain cellulose ethers.There was also a good correlation
between the reduced surface concentrations of adhesive proteins on biomaterial surfaces
pre-treated with cellulose ethers and the reduced activation of platelets, measured as the
release of B-thromboglobulin from the cells. A reduction in the number of adhered
platelets was also observed at material surfaces with pre-adsorbed cellulose ethers,
thereby decreasing the attachment of blood cells, minimising this pathway of thrombus
initiation at material surfaces. A possible granulocyte activation was also evaluated
regarding intracellular calcium response from sera taken from blood exposed to cellulose
ether-modified surfaces. The study showed that surface modification by cellulose ethers
on material surfaces, reduced the liberation of granulocyte activators during the blood-
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material contact, thereby minimising the immediate inflammatory response of a blood-
biomaterial interaction.

It was shown that the presence of different water-soluble cellulose ethers in a
protein containing solution may affect the protein adsorption to material surfaces,
suggesting the probable existence of a solvent-protein interaction within the adsorbed
protein layer. The effect on the adsorption of fibrinogen and other adhesive proteins was
thus dependent on the polarity of the cellulose polymer, and on the surface energy of the
solid surfaces, which may trigger the subsequent adhesion and activation of blood cells,
primarily platelets and granulocytes.

To conclude, the experimental model surfaces (hydrophilic or hydrophobic quartz
surfaces) used in the present thesis reveal significant differences in kinetics,
supramolecular structure and equilibrium properties of protein adsorption at solid
surfaces. Phenomena such as protein-protein interaction and ordering of protein
molecules during surface adsorption have been suggested on the indirect basis of kinetics
of adsorption and have also been shown directly by electron microscopy. Hydrophilic or
hydrophobic surface treatment seem also to induce a significant effect on the subsequent
biological response to the surface adsorbed protein layer, during an initial blood-
biomaterial interaction.The present thesis shows that the properties of a biomaterial
surface and the use of anticoagulants are important determinants of the outcome of a
blood-biomaterial interaction.

53



6. ACKNOWLEDGEMENTS

First of all I wish to express my sincere gratitude to my supervisor Assoc. prof. Hikan
Nygren for introducing me to this field of biomaterials research, and for generous
support and advice during the completion of this thesis. I also want to sincerely thank my
supervisor Assoc. prof. Magnus Braide for scientific guidance, invaluable advice and
support. Professor Bo Samuelsson is also greatly acknowledged in his capacity as
supervisor.

I am also grateful to my co-authors, Assoc. prof. Manne Stenberg, Dr. Jan-Henrik Elam
MD, PhD and Dr. Anders Carlsson PhD for their contribution to this work.

Assoc. prof. Ulf Bagge, prefect Jan-Olof Karlsson and all professors at the Department
of Anatomy and Cell Biology are greatly acknowledged.

My warm thanks to Ann Albrektsson for invaluable cooperation and stimulating
discussions during this work.

I am also very grateful to Dr. Sanjiv Kanagaraja DDS for interesting scientific
discussions and important comments in the final preparation of this thesis.

Many thanks to Cecilia Eriksson, Marita Broberg and Therese Rosklint for interesting
discussions, good company and pleasant tea- and lunchbreaks.

I also wish to thank all colleagues and friends at the Department of Anatomy and Cell
Biology and at the Department of Oral Biochemistry for providing a friendly atmosphere
and a nice working environment.

Finally, my love and thanks to my husband Lennart, my son Anders and daughter Anna.
All relatives and friends are greatly acknowledged.

The present thesis was supported by grants from the Medical Faculty at the University of

Goteborg, Anna Ahrenbergs Foundation and the Swedish Medical Research Council
(MFR grant no. 06235).

54



7. REFERENCES

Agace, W., Hedges, S., Andersson, U., Andersson, J., Ceska, M., Svanborg,C. 1993.
Selective cytokine production by epithelial cells following exposure to Escherichia coli.
Infect Immun 61(2):602-609

Alaeddine, S. 1996. Kinetics and isotherms of protein adsorption. PhD thesis,
University of Giteborg, Sweden. 1SBN nr: 91-628-1936-4

Albertsson, P.-A. 1986. Partition of macromolecules and cellparticles.
Wiley, New York: 1-55

Anderssson, T., Dahlgren, C., Pozzan, T., Stendahl, O., Lew, P.D. 1986.
Characterization of f-met-leu-phe receptor mediated Ca2* influx across the plasma
membrane of human neutrophils. Molec. Pharmac. 30:437-443

Bachman, L., Schmitt-Fumian, W.W., Hammel, R., Lederer, K. 1975. Size and shape
of fibrinogen. I. Electron microscopy of the hydrated molecule. Macromol. Chemie
176:2603-2618

Barclay, A. N., Beyers, A.D., Birkeland, M.L., Brown, M.H.,Davis, S.J., Somoza,
C., Williams, A.F. 1994. The leucocyte antigen facts book. Academic Press, Harcourt
Brace and Company, London, Great Britain

Bengtsson, T., Stendahl, O., Andersson, T. 1986. The role of the cytosolic free Ca2+
transient for fMet-Leu-Phe induced actin polymerization in human neutrophils. Eur J Cell
Biol 42(2):338-343

Berger, M., Birx, DL., Wetzler, EM., O'Shea, JJ., Brown, EJ., Cross, AS. 1985.
Calcium requirements for increased complement receptor expression during neutrophil
activation. J Immunol 135(2):1342-1348

Berry, R. S., Rice, S.A., Ross, J. 1980. Physical Chemistry. John Wiley and Sons,
Inc., New York, USA.

Betz, M., Haensch, G-M., Rauterberg, E-W., Blommer, J., Ritz E. 1988.

Cuprammonium membranes stimulate interleukin 1 release and arachidonic acid
metabolism in monocytes in the absence of complement. Kidney Int. 34:67-73

55



Blombiick, B., Blombiick, M. 1957. Purification of human and bovine fibrinogen.
Ark. Kemi 10:415

Blombick, B., Blombick, M. 1972. The molecular structure of fibrinogen. Ann. N.Y.
Acad. Sci. 202:77

Blumen, A., Zumofen, G., Klafter, J. Fractal concepts in reaction kinetics.
in Fractals, Quasicrystals, Chaos, Knots and Algebraic Quantum Mechanics (Amann, A.,
Cedebaum, L., Gans, W., eds.), NATO ASI series, serie C. 235:21-52

Bonfield, T. L., Colton, E., Andersson, J.M. 1989. Plasma protein adsorbed biomedical
polymers; Activation of human monocytes and induction of interleukin-1. J Biomed
Mater Res 23:535-548

Bouma, B. N, Griffin, J.H. 1986. Initiation mechanisms. The contact activation system
in plasma. In: Blood coagulation. ed. Zwaal, R.F.A. and Hemker, H.C.; Elsevier,
Amsterdam. 103-128

Braide, M., Bjursten, LM. 1986. Optimized density gradient separation of leukocyte
fractions from whole blood by adjustment of osmolarity. J Immunol Meth 93:183-191

Brash, J. L. 1987. Protein adsorption at the solid -solution interface in relation to blood-
material interaction . In Proteins at Interfaces.Physicochemical and biochemical studies
eds. Brash, J.L. and Horbett, T.A. American Chemical Society Symposium Series.
American Chemistry Society, Washington DC. 343

Brynda, E., Houska, M., Lednicky, F. 1986. Adsorption of human fibrinogen onto
hydrophobic surfaces: The effect of concentration in solution. J.Colloid Interface Sci.
113:164-169

Brgnsted, J. N. Z. 1931. Phys. Chem., A ( Bodenstein - Festband ): 257-263

Caspary, E. A., Kekwick, R.A. 1957. Some physicochemical properties of human
fibrinogen. J. Biochim. 67:41

Chan, B. M. C., Brash, J.L. 1981. Adsorption of fibrinogen on glass: Reversibility
aspects. J.Colloid Interface Sci. 82:217-225

56



Cheung, A. 1990. Biocompatibility of hemodialysis membranes. J Am Soc Nephrol
1:150-161

Chong, B., Murray, B., Berndt, MC., Dunlop, LC., Brighton, T., Chesterman, CN.
1994. Plasma P-selectin is increased in thrombotic consumptive platelet disorders. Blood
83(6):1535-1541

Chuang, Y. H., King, W.F., Mason, R.G. 1978. Interaction of plasma proteins with
artificial surfaces: protein adsorption isotherms. J. Lab. Clin.Med. 92:483-486

Creighton, T. E. 1984. Proteins. Structures and Molecular Principles. W.H. Freeman
and company, New York, USA.

Cuypers, P. A., Willems, G.M., Kop, J.M., Corsel, J.W., Jansen, M.P., Hermens,
W.T. 1987. Kinetics of protein adsorption onto phospholipid membranes measured by
ellipsometry. In: Proteins at Interfaces. Physicochemical and Biochemical Studies. eds.
Brash, J.L. , Horbett, T.A. ACS Symposium Series, American Chemical Society,
Washington D.C. 343:208-221

Dabir, R., Moore, J.P., Price, J.K., Clark, C.R. 1982. A prospective trial comparing a
silicone elastomer intravenous cannula ( Visis ) with a polytetrafluoroethylene cannula
( Cathlon ). British Journal of Surgery 69:136

Dore, M., Slauson, DO., Suyemoto, MM., Neilsen, NR. 1990. Calcium mobilization in
C5a-stimulated adult and newborn bovine neutrophils. Inflammation 14(1):71-82

Eberhart, R. C., Prokop, L.D., Wissenger, J., Wilkov, M.A. 1977. Observation of
albumin deposits on teflon surfaces. Trans. Am. Soc. Artif. Intern Organs 23:134-139

Elam, J., Nygren, H. 1992. Adsorption of coagulation proteins from whole blood onto
polymer materials: relation to platelet activation. Biomaterials 13:3-8

Elam, J.-H., Elam, M. 1993. Surface modification of intravenous catheters reduces local
tissue reactions. Biomaterials 14 (11 ):861-864

Felcht, U.-H. 1985. Cellulose and its derivates: chemistry, biochemistry and

applications. In: eds. Kennedy, J,F., Phillips, G.O., Wedlock, D.J. and Williams, P.A..
Ellis Horwood, Chichester. ch. 23

57



Fowler, W. E., Erickson, H.P. 1979. Trinodular structure of fibrinogen. Confirmation
by both shadowing and negative stain electron microscopy. J. Mol. Biol. 134:241-249

Gallin, J. I, Goldstein, .M., Snyderman, R., eds. 1992. Inflammation: Basic principles
and clinical correlates. New York: Raven Press Ltd.

Ganong, W. F. 1995. Review of medical physiology. Prentice Hall International.
Appleton and Lange, Connecticut, USA. 17:th edition

Gaukroger, P. B., Roberts, J.G., Manners, T.A. 1988. Infusion thrombophlebitis: a
prospective comparison of 645 Vialon® and Teflon® cannulae in anaesthetic and
postoperative use. Anaesthesia and Intensive Care 16 (3 ):265-271

Gemmel, C. H., Sotero, M.R., Yeo, E.L., Sefton, M.V. 1995. Platelet activation in
whole blood by artificial surfaces: Identification of platelet-derived microparticles and
activated platelet binding to leukocytes as material-induced activation events. J. Lab.
Clin. Med. 125(2):276-287

Gilbert, G. E., Sims, P.J., Wiedmer, T., Furie, B.,Furie, B.C., Shattil, S.J. 1991.
Platelet-derived microparticles express high affinity receptors for factor VIIL J. Biol.
Chem. 266(26):17261-17268

Ginsberg, M. H., Loftus, J.C., Plow, W.F. 1988. Cytoadhesins, integrins and platelets.
Thromb. Haemostas. 59:1-6

Ginsberg, M. H., Xiaoping,D., O'Toole, T.E., Loftus, J.C., Plow, E.F. 1993. Platelet
Integrins. Thromb. Haemostas. 70 ( 1 ):87-93

Gorman, R. R., Stoner, G.E., Catlin, A. 1971. The adsorption of fibrinogen. An
electron microscope study. J. Phys. Chem. 75:2103-2107

Goto, S., Salomon,D.R., Ikeda, Y., Ruggeri, Z.M. 1995. Characterisation of the unique
mechanism mediating the shear-dependent binding of soluble von Willebrand Factor to
the platelets. J.Biol.Chem. 270 ( 40 ):23352-23361

Haag Weber, M., Mai, B., Deppisch, R., Horl, WH. 1994. Studies of biocompatibility

of different dialyzer membranes: role of complement system, intracellular calcium and
inositol-triphosphate. Clin Nephrol 41(4):245-251

58



Haimovich, B., Lipfert, L., Brugge, J.S., Shattil, S.J. 1993. Tyrosine phosphorylation
and cytoskeletal reorganization in platelets are triggered by interaction of integrin
receptors with their immobilized ligands. J. Biol. Chem. 268(21):15868-15877

Hall, C., Slayter, H. 1959. The fibrinogen molecule: its shape and mode of
polymerisation. J. Biochem. Biophys. Cytol. 5:11-15

Harlan, J. M., Liu, D.Y. 1992. Adhesion: its role in inflammatory disease. W.H.
Freeman and Company, New York, USA.

Hercules Incorporated. 1982. Cellulose ethers, chemical and physical properties.
Hercules Incorporated (manufacturer), Market Street, Wilmington, U.S.A.

Horbett, T. A. 1982. Protein adsorption on biomaterials. Adv Chem Ser 199:233-244

Huzoor, A., Kundu, N., Kornhauser, R. 1993. Normal thrombin binding leads to
greater fibrinogen binding and increased platelet aggregation in spontaneously
hypertensive rats. Life Sci. 53(26):1967-1974

Ishihara, Y., Rosolia, DL., McKenna, PJ., Peters, SP. Albertine, KH., Gee, MH.
1990. Calcium is required for PMA induced superoxide release from human neutrophils.
J Leukoc Biol 48(1):89-96

Jaconi, M., Lew, DP., Carpentier,JL., Magnusson, KE., Sjégren, M., Stendahl, O.
1990. Cytosolic free calcium elevation mediates the phagosome-lysosome fusion during
phagocytosis in human neutrophils. J Cell Biol 110(5):1555-1564

Jordan, R., Kilpatrick, J., Nelson, RM. 1987. Heparin promotes the inactivation of
antithrombin by neutrophil elastase. Science 237(4816):777-779

Junqueira, L. C., Carneiro, J., Kelley, R.O. 1992. Basic Histology. Appleton and
Lange, Norwalk, CT.

Jy, W., Mao, W., Horstman, L.L., Tao, J., Ahn, Y.S. 1995. Platelet microparticles
bind, activate and aggregate neuthrophils in vitro. Blood Cells, Molecules, and Diseases.
21:217-231

Jonsson, U., Ivarsson, B., Lundstrom, I., Berghem, 1. 1982. Adsorption behaviour of
fibronectin on well characterized silicon surfaces. J. Colloid Interface Sci. 90:148-163

59



Jonsson, U., Olofsson, G., Malmqvist, M., Ronnberg, I. 1985. Chemical vapour
deposition of silanes. Thin Solid Films 124:117-123

Kasahara, K., Tobe, T., Tomita, M., et al. 1994. Selective expression of monocyte
chemotactic and activating factor/ monocyte chemoattractant protein 1 in human blood
monocytes by Mycobacterium tuberculosis. J Infect Dis  170(5):1238-1247

Kestin, A., Valeri, CR., Khuri, SF,, et al. 1993. The platelet function defect of
cardiopulmonary bypass. Blood 82(1):107-117

Kirklin, J. K. 1989. The postperfusion syndrome: inflammation and the damaging
effects of cardiopulmonary bypass. In: Cardiopulmonary bypass: current concepts and
controversies, ed. Tinker, J.H. Philadelphia : Saunders. 131

Kjellstrand, P., Okmar, P., Odselius, R., Thysell, H., Riede, G., Holmquist, B. 1991.
Adherence of blood cells to dialyzer membranes as a measure of biocompatibility.
Int J Artif Org  14:698-702

Kopelman, R. 1988. Fractal reaction kinetics. Science 241:1620-1627

Krakow, W., Endres, G., Siegel, B., Scheraga, W. 1972. An electron microscopic
investigation of the polymerisation of bovine fibrin monomer. J. Mol. Biol. 71:95-103

Krause, K. H., Lew, P.D. 1987. Subcellular distribution of Ca2* pumping sites in
human neutrophils. J. Clin. Invest 80:107-116

Kumar, P., Clark, M. 1994. Clinical Medicine. Baillie're Tindall, W.B. Saunders,
London, UK.

Lagast, H., Lew, P.D., Waldvogel, F.A. 1984a. ATP-dependent Ca** pump in the
plasma membrane of guinea pig and human neutrophils. J. Clin. Invest. 73:107-115

Lagast, H., Pozzan, T., Waldvogel, F.A., Lew, P.D. 1984b. Phorbol myristate acetate
stimulates the ATP-dependent calcium transport by the plasma membrane of neutrophils.

J. Clin. Invest. 73:878-883

Langmuir, I. 1918. The adsorption of gases on plane surfaces of glass, mica and
platinum. J. Am. Chem. Soc. 40:1361-1403

60



Larsson, A., Egberg, N., Lindahl,T.L. 1994. Platelet activation and binding of
complement components to platelets induced by immune complexes. Platelets 5 (3):
149-155

Larsson, N., Stenberg, K., Linder, L.E., Curelaru, I. 1989. Cannula thrombophlebitis:
a study in volunteers comparing polytetrafluoroethylene, polyurethan, and polyamide-
ether-elastomer cannulae. Acta Anaesthesiologica Scandinavica 33:223-231

Law, S. K. A,, Reid, K.B.M. 1988. Complement. In Focus ed. Male,D. and
Rickwood, D. IRL Press Limited, Oxford, UK.

Lawrence, M. B., Springer, T.A. 1991. Leukocytes roll on a selectin at physiologic flow
rates: distinction from and prereqisite for adhesion through integrins.Cell 65(5):859-873

Leavis, P. C., Rothstein, F. 1974. The solubility of fibrinogen in dilute salt solutions.
Arch. Biochem. Biophys. 161: 671-682

Leonard, E. F., Turitto, V.T., Vroman, L., eds. 1987. Blood in contact with natural and
artificial surfaces. Ann. N.Y. Acad. Sci. 516

Lew, P. 1990. Receptors and intracellular signaling in human neutrophils. Am Rev
Respir Dis 141 : 127-131

Lew, P. D. F,, A,, Perrin, L.H., et al. 1985. Complement activation in the adult
respiratory distress syndrome following cardio-pulmonary bypass. Bull. Eur.
Physiopathol. Respir. 21: 231-235

Ley, K. L. 1992. Leukocyte adhesion. Molecular basis and physological consequences.
Clinical Hemorheology 12:93-108

Lindblad, B., Johansson, A. 1987. 125 J-fibrinogen uptake on peripheral venous
cannulas: a comparison between different cannula materials and coatings. J. Biomed.
Mater. Res. 21 ('1):99-105

Linder, L. E., Curelaru, I., Gustavsson, B. 1984. Material thrombogenicity in central
venous catheterisation: A comparison between soft, antebrachial catheters of silicone
elastomer and polyurethane. J. Parenter. Enteral. Nutr. 8:399-406

61



Lo, S. K., Lee, S., Ramos, R.A., Lobb, R., Rosa, M. Chi-Rosso, G., and Wright,
S.D. 1991. Endothelial-leukocyte adhesion molecule 1 stimulates the adhesive activity of
leukocyte integrin CR3 (CD11b/CD 18, Mac-1, alpha m beta 2) on human neutrophils.

J. Exp.Med. 173(6):1493-1500

Lorant, D. E., Patel, K.D., Mclntyre, T.M., McEver, R.P., Prescott, S.M.,
Zimmerman, G.A. 1991. Coexpression of GMP-140 and PAF by endothelium
stimulated by histamine or thrombin: a juxtacrine system for adhesion and activation of
neutrophils. J. Cell. Biol. 115(1):223-234

Lorant, D. E., Topham, M.K., Whatley, R.E., McEver, R.P., Mclntyre, T.M.,
Prescott, S.M., Zimmerman, G.A. 1993. Inflammatory roles of P-selectin.
J.Clin.Invest. 92(2):559-570

MacRitchie, F. 1972. The adsorption of proteins at the solid / liquid interface. J.Colloid
Interface Sci. 38 (2 ):484-488

Madan, M., Alexander, D.J., McMahon, M.J. 1992. Influence of catheter type on
occurrence of thrombophlebitis during peripheral intravenous nutrition. Lancet 11; 339
(8785):101-103

Mandle, R., Colman, R.W., Kaplan, A.P. 1976. Identification of prekallikrein and
HMW kininogen as a circulating complex in human plasma. Proc. Nat. Acad. Sci. USA.
73:4179

McEver, R. P., Beckstead, J.H., Moore, K.L., Marshall-Carlsson, L., Bainton, D.F.
1989. GMP-140, a platelet alpha-granule membrane protein, is also synthesized by
vascular endothelial cells and is localized in Weibel-Palade bodies. J. Clin.Invest.
84:92-99

McEver, R. P. 1991. GMP 140 a receptor for neutrophils and monocytes on activated
platelets and endothelium. J Cell Biochem 45:156-161

Miller, R. A., Britigan, B.E. 1995. The formation and biologic significance of
phagocyte-derived oxidants. J.Invest.Med. 43:39-49

Mosesson, M. W., Alkjaersig, N., Sweet, B., Sherry, S. 1967. Human fibrinogen of
relatively high solubility. Comparative biophysical, biochemical and biological studies
with fibrinogen of lower solubility. Biochemistry 6:3279

62



Mosesson, M. W., Galanakis, D.K., Finlaysson, J.S. 1974. Comparison of human
plasma fibrinogen subfractions and early plasmic fibrinogen derivates. J. Biol. Chem.
249:4656

Myles, P. S., Buckland, M.R., Burnett, W.J. 1991. Single versus double occlusive
dressing technique to minimize infusion thrombophlebitis: Vialon and Teflon cannulae
reassessed. Anaesth. Intensive Care 19 (4 ):525-529

Nagai, H., Handa, M., Kawai, Y., Watanabe, K., Ikeda, Y. 1993. Evidence that plasma
fibrinogen and platelet membrane GPIIb-IIIa are involved in the adhesion of platelets to
an artificial surface exposed to plasma. Thromb. Res. 71(6):467-477

Nagata, K., Tsuji, T., Todoroki, N., et al. 1993. Activated platelets induce superoxide
anion release by monocytes and neutrophils through P-selectin (CD 62). J Immunol
151(6):3267-3273

Nelson, R., Cecconi, O., Roberts, WG., Aruffo, A., Linhardt, RJ., Bevilacqua, MP.
1993. Heparin oligosaccharides bind L- and P-selectin and inhibit acute inflammation.
Blood 82(11):3253-3258

Newman, P. J., Berndt, M.C., Gorski, J., White, G.C., Lyman, S., Paddock, C.,
Muller, W.A. 1990. PECAM-1 (CD31) cloning and relation to adhesion molecules of the
immunoglobulin gene superfamily. Science 247 (4947):1219-1222

Norde, W. 1980. Adsorption of proteins at solid surfaces. Adhesion and adsorption of
polymers part B. ed. Lee L.H. In: Polymer Science and Technology. Plenum, New
York. 12 B:801-825

Nygren, H., Stenberg, M. 1985. Calibration by ellipsometry of the enzyme-linked
immunosorbent assay. J. Immunol. Meth. 80:15-24

Nygren, H., Elam, J.-H., Stenberg, M. 1988a. Adsorption of coagulation proteins and
adhesion and activation of platelets at the blood-solid interface. An experimental study of
human whole blood. Acta Physiol. Scand. 133:573-577

Nygren, H., Stenberg, M. 1988b. Molecular and supramolecular structure of adsorbed

fibrinogen and adsorption isotherms of fibrinogen at quartz surfaces. J. Biomed. Mater.
Res. 22:1-11

63



Nygren, H., Alaeddine, S., Lundstrém, I., Magnusson, K-E. 1994. Effect of surface
wettability on protein adsorption and lateral diffusion. Analysis of data and a statistical
model . Biophysical Chemistry 49:263-272

Nygren, H., Braide, M., Karlsson, C. 1995. Protein-platelet and platelet-leukocyte
interaction at materials in contact with human blood. J Vac Sci Technol A
13(5): 2613-2618

O'Brien, J. R., Salmon, G.P. 1987. Shear stress activation of platelet glycoprotein
IIb/IIIa plus von Willebrand factor causes aggregation: filter blockage and the long
bleeding time in von Willebrand's disease. Blood 70 (5):1354-1361

Packham, M. A., Evans, G., Glynn, M.F., Mustard, J.F. 1969. The effect of plasma
proteins on the interaction of platelets with glass surfaces. J. Lab. Clin. Med. 73:686-697

Park, K., Mao, F.W., Park, H. 1991. The minimum surface fibrinogen concentration
necessary for platelet activation on dimethyldichlorosilane-coated glass. J.Biomed.
Mater. Res. 25 : 407-420

Payne-James, J., Rogers, J., Bray, M.J., Rana, S.K., McSwiggan, D., Silk, D.B.
1991. Development of thrombophlebitis in peripheral veins with Vialon and PTFE-Teflon
cannulas: a double-blind, randomised, controlled trial. Ann. R. Coll. Surg. Engl.

73 (5) : 322-325

Poenie, M., Alderton, J., Steinhardt, R., Tsien, RY. 1986. Calcium rises abrubtly and
briefly throughout the cell at the onset of anaphase. Science 233:886-889

Polley, M. J., Phillips, M.L., Wayner, E., Nudelman, E., Singhal, A.K., Hakomori,
S., Paulson, J.C. 1991. CD62 and endothelial cell-leukocyte adhesion molecule 1
(ELAM-1) recognize the same carbohydrate ligand, sialyl-Lewis X. Proc. Natl. Acad.
Sci. USA 88 (14):6224-6228

Preissner, K. T., Jenne, D. 1991. Structure of vitronectine and its biological role in
haemostasis. Thrombosis and Haemostasis 66 (1 ):123-132

Renesto, P., Ferrer Lopez, P., Chignard, M., Eglin, C. 1991. Heparin inhibition of

platelet activation induced by cathepsin G or human neutrophils. Ann N Y Acad Sci
624:321-324

64



Reynolds, J. V., Walsh, K., Ruigrok, J., Hyland, J.M. 1995. Randomised comparison
of silicone versus teflon cannulas for peripheral intravenous nutrition. Ann. R. Coll.
Surg. Engl. 77 (6 ):447-449

Rinder, C., Bonan, JL., Rinder, HM., Mathew, J., Hines, R., Smith, BR. 1992.
Cardiopulmonary bypass induces leukocyte-platelet adhesion. Blood 79:1201-1205

Ruoslahti, E., Pierschbacher, M.D. 1986. Arg-Gly-Asp: A versatile cell recognition
signal. Cell 44:517-518

Ruoslahti, E. 1988. Fibronectin and its receptors. Ann. Rev. Biochem. 57:375-413

Savage, B., Shattil, S.J., Ruggeri, Z.M. 1992. Modulation of platelet function through
adhesion receptors. A dual role for GP IIb-Illa, mediated by fibrinogen and GP Ib-vWF.
J. Biol. Chem. 267 (16):11300-11306

Scatchard, G. 1949. The attractions of proteins for small molecules and ions. Ann. N.Y.
Acad. Sci. 51:660-672

Schmaier, A. H.,, Silver, L., Adams, A.L., Fischer, G.C., Munoz, P.C., Vroman, L.,
Colman, R.W. 1983. The effect of high molecular weight kininogen on surface adsorbed
fibrinogen. Thromb Res 33:51-67

Sengelgv, H., Kjeldsen, L., Borregaard, N. 1993. Control of exocytosis in early
neutrophil activation. J. Immunol. 150:1535-1543

Siegel, B. M., Mernan, J.P., Scheraga, H.A. 1953. The configuration of native and
partially polymerized fibrinogen. Biochim. Biophys. Acta. 11:329-336

Silver, F., Doillon, C. 1989. Biocompatibility- interactions of biological and implantable
materials. VCH Publishers, Inc., New York Volume 1 : Polymers

Sims, P. J., Faioni,E.M., Wiedmer, T., Shattil, S.J. 1988. Complement proteins C5b-9
cause release of membrane vesicles from the platelet surface that are enriched in the
membrane receptor for coagulation factor Va and express prothrombinase activity.

J.Biol. Chem. 263(34):18205-18212

Soderquist, M. E., Walton, A.G. 1980. Structural changes in proteins adsorbed on
polymer surfaces. J. Colloid Interface Sci. 75:386-397

65



Souhami, R. L., Moxham, J. 1994. Textbook of Medicine. Churchill Livingstone Inc,
N.Y.

Stenberg, M., Sandstrém, T., Stiblert, L. 1982. A new ellipsometric method for
measurements on surfaces and surface layers. Mater. Sci. Eng. 42:65-69

Stenberg, M., Nygren, H. 1983. The use of the isoscope ellipsometer in the study of
adsorbed protein and biospecific binding reactions. J. de Phys. Ser. Coll. 10:12-15

Stenberg, M., Stemme, G., Nygren, H. 1987. An improved negative staining technique
using a thin quartz membrane as sample support. Stain. Technol. 62:231-236

Stewart, G. J. 1993. Neutrophils and deep venous thrombosis. Haemostasis
23 (suppl 1) : 127-140

Szycher, M. e. 1983. Biocompatible polymers, metals and composites. Technomic
Publishing Co.,Inc., Lancaster.

Tang, L., Eaton, J.W. 1993. Fibrin(ogen) mediates acute inflammatory responses to
biomaterials. J. Exp. Med. 178:2147-2156

Tapparelli, C., Metternich, R., Cook, N.S. 1993. Structure and function of thrombin
receptors. Trends Pharmacol. Sci. 14(12):426-428

Thomson, R. E., Mandle, R., Kaplan, A.P. 1977. Association of factor XI and high
molecular weight kininogen in human plasma. J. Clin. Invest. 60:1376

Trurnit, H. J. 1954. Studies on enzyme systems at a solid-liquid interface. II. The
kinetics of adsorption and reaction. Archs. Biochem. 51:176-199

Tufano, M., Rossano, F., Catalanotti, P., et al. 1994. Properties of Yersinia
enterocolitica porins: interference with biological functions of phagocytes, nitric oxide
production and selective cytokine release. Res Microbiol 145(4) : 297-307

Turner, N. C., Wood, L.J., Foster, M., Gueremy, T. 1994. Effects of PAF, FMLP and

opsonized zymosan on the release of ECP, elastase and superoxide from human
granulocytes. Eur. Respir. J. 7:934-940

66



Vander, A. J., Sherman, J.H., Luciano, D.S. 1994. Human Physiology, the
mechanisms of body function, sixth edition. McGraw-Hill, Inc., New York, USA.

Vroman, L., Lukosevicius, A. 1964. Ellipsometer recordings of changes in optical
thickness of adsorbed films associated with surface activation of blood clotting. Nature
204:701

Vroman, L., Adams, A. 1969. Identification of rapid changes at plasma-solid interfaces.
J Biomed Mater Res 3:43-69

Vroman, L., Adams, A., Kling, M. 1971. Interactions among human blood proteins at
interfaces. Fed Proc 30:1494-1502

Vroman, L., Adams, A., Klings, M. Fischer, G.C., Munoz, P.C., Sonzky, R.P. 1977.
Reaction of formed elements of blood with plasma proteins at interfaces. Ann N Y Acad
Sci 283:65-76

Vroman, L., Adams, A.L., Fischer, G.C.,Munoz, P.C. 1980. Interaction of high
molecular weight kininogen, factor XII and fibrinogen in plasma at interfaces. Blood
55:156-159

Vroman, L., Adams, A. 1986. Adsorption of proteins out of plasma and solutions in
narrow spaces. J Coll Interface Sci  3:391-402

Walker, B., Hagenlocker, BE., Ward, PA. 1991. Superoxide responses to formyl-
methionyl-leucyl-phenylalanine in primed neutrophils. Role of intracellular and
extracellular calcium. J Immunol 146(9):3124-3131

Webb, L. E., MU,, Clark Lewis, I. Baggiolini, M., Rot, A. 1993. Binding to heparan
sulfate or heparin enhances neutrophil responses to interleukin 8. Proc Natl Acad Sci
USA 90(15):7158-7162

Wenchel-Drake, J. D., Dieter, M.G., Lam, S.C.T. 1993. Immunolocalisation of B1
integrins in platelets and platelet -derived microvesicles. Blood 82 (4 ):1197-1203

Westaby, S. 1987. Organ dysfunction after cardiopulmonary bypass. A systemic

Inflammatory reaction initiated by the extracorporeal circuit. Intensive Care Med.
13:89-95

67



Wigren, R., Elwing, H., Erlandsson, R., Welin, S. 1991. Structure of adsorbed
fibrinogen obtained by scanning force microscopy. FEBS Lett. 280 ( 2 ):225-228

Wojcieshowskij, P., Ten Hove, P., Brash, J.L. 1986. Phenomenology and mechanism
of the transient adsorption of fibrinogen from plasma. J Colloid Interface Sci
111:455-465

Woodhouse, C. R. J. 1980. Infusion thrombophlebitis: the histological and clinical
features. Annals of the Royal College of Surgeons of England. 62:364

You, A., Kitagawa, S., Kasahara, T., Matsushima, K., Saito, M., Takaku, F. 1991.
Stimulation and priming of human neutrophils by interleukin-8: cooperation with necrosis
factor and colony-stimulating factors. Blood 78:2708-2714

You, A., Kitagawa, S., Azuma, E., et al. 1993. Tyrosine phosphorylation and
intracellular alkalinization are early events in human neytrophils stimulated by tumour
necrosis factor, granulocyte-macrophage colony-stimulating factor and granulocyte
colony-stimulating factor. Biochim Biophys Acta 1156:197-203

Zisman, W. A. 1964. Relation of the equilibrium contact angle to liquid and solid
constitution. Adv. Chem. Ser. 43:1-51

Zucker, M. B., Vroman, L. 1969. Platelet adhesion induced by fibrinogen adsorbed onto
glass. Proc. Soc. Exp. Biol. Med. 131:318-320

Zwaal, R. F. A, Bevers, E.M., Comfuris, P. 1986. Platelets and coagulation . In Blood
coagulation, ed. Zwaal, R.F.A., Hemker, H.C. Elsevier, Amsterdam: 103-128

68



P& grund av upphovsrittsliga skl kan vissa ingdende delarbeten ej publiceras har.
For en fullstindig lista av ingaende delarbeten, se avhandlingens borjan.

Due to copyright law limitations, certain papers may not be published here.
For a complete list of papers, see the beginning of the dissertation.

GOTEBORGS UNIVERSITET



Tryckt & Bunden
Vasastadens Bokbinderi AB
1997









